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Preface

This book is a revised and expanded version of the book titled Postharvest Handling: 
A Systems Approach published in 1993. Following the publication of the first book, 
the application of systems thinking and a systems approach to postharvest han-
dling of fruits and vegetables has generated enough interest to stimulate the emer-
gence of a multidisciplinary group of scientists interested in the topic. The systems 
approach applied to the fresh fruit and vegetable supply chain treats it as a single 
entity focused on the delivery of quality desired by consumers. The entity consists of 
individual businesses that increase benefits because they share the same values and 
recognize the effects of cooperation for their individual trade reputation. Attributes 
such as trust and reputation improve the competitive position of the fresh fruit and 
vegetable industry relative to other segments of the food market.

The consumer is viewed as the ultimate powerbroker in systems approach. 
Therefore, the sequence of this book’s chapters follows the path of information flow 
beginning with the consumer and tracking back through the supply chain to the pro-
duction and breeding programs. Transparency of information flow about consumer 
preferences reflected in purchasing decisions changes expectations along the supply 
chain. Uninhibited information flow is vital to the sustainability of the whole industry.

A number of postharvest handling tasks remain narrowly defined and require an 
advanced disciplinary approach to find solutions. Innovation of processes and prod-
ucts takes place and accelerates, new technologies are applied, and the range of fruit 
and vegetable products broadens and diversifies into segments. However, any proposed 
solution must find acceptance with consumers. Since the publication of the first edi-
tion of this book, consumer preferences have gradually been altered. The role of fresh 
fruits and vegetables in nutrition, and their potential in disease prevention and health 
maintenance has captured consumer attention and become a focus of international 
organizations (e.g. WHO), national governments and the private sector. The rapidly 
growing scientific evidence linking fresh fruit and vegetable consumption to well-
being has altered the decision-making process and behavior of people and institutions.

International and national programs have been formulated to increase the con-
sumption of fresh fruits and vegetables. However, the recommended consumption 
still falls short of the recommended level in many parts of the world. International 
trade in fresh fruits and vegetables is likely to increase significantly to offset changing  
seasonal production, increase the variety offered and meet consumer expectations with  
regard to desired attributes. Long-distance shipment of fresh produce brings with 
it the emerging need to prevent contamination, especially microbial contamination. 
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The ability to trace back any shipment quickly and accurately is the current issue 
within the industry. It is traceability that provides the much needed justification to 
tighten the cooperation among various links in the supply chain, turning the systems 
approach from a management training tool to reality.

The informal multidisciplinary group of scientists interested in the practical side of 
systems thinking application in the supply chain of fresh fruits and vegetables organ-
ized the First International Conference on Fruit and Vegetable Quality in Potsdam, 
Germany, in 1997. It created a series of triennial conferences with the meeting in 
Griffin, Georgia, USA, in 2000, Wageningen, the Netherlands in 2003, and Bangkok, 
Thailand, in 2006. Since 2003 the group has been meeting under the auspices of 
the ISHS. The group has recognized the critical importance of both physiology and 
technology in improving the quality and handling of fresh fruits and vegetables. Its 
mission has been to place this technical information in a broader systems context. 
It is the desire of the editors of this current edition to stimulate, advance and chan-
nel research in postharvest of fresh fruits and vegetables to the ultimate benefit of 
consumers, by increasing the awareness of interdependencies within this emerging 
global sector.



List of Contributors

Nigel H. Banks, Scinnova Limited, Tauranga, New Zealand (Chapter 1)
Remigio Berruto, DEIAFA, University of Turin,Via L. Da Vinci, 44, 10095 – 

Grugliasco (TO), Italy (Chapter 11)
Frank Bollen, Lincoln Ventures Ltd, Hamilton, New Zealand (Chapters 12 and 14)
Claudio Bonghi, Department of Environmental Agronomy and Crop Science, 

University of Padova, Italy (Chapter 21)
Bernhard Brueckner, Institute for Vegetable and Ornamental Crops (IGZ) Theodor-

Echtermeyer-Weg 1, 14979 Grossbeeren, Germany (Chapters 4 and 22)
Inge Bulens, Flanders Centre of Postharvest Technology/BIOSYST-MeBioS, Katholieke 

Universiteit Leuven, Willem de Croylaan 42, 3001, Leuven, Belgium (Chapter 15)
Patrizia Busato, DEIAFA, University of Turin,Via L. Da Vinci, 44, 10095 – 

Grugliasco (TO), Italy (Chapter 11)
Ray Collins, School of Natural and Rural Systems Management, The University of 

Queensland, Australia (Chapter 6)
Carlos H. Crisosto, Department of Plant Sciences, University of California, Davis, 

One Shields Avenue, Davis, CA 95616 USA (Chapter 5)
Josse De Baerdemaeker, Flanders Centre of Postharvest Technology/BIOSYST-

MeBioS, Katholieke Universiteit Leuven, Willem de Croylaan 42, 3001, Leuven, 
Belgium (Chapter 15)

Bart De Ketelaere, Flanders Centre of Postharvest Technology/BIOSYST-MeBioS, 
Katholieke Universiteit Leuven, Willem de Croylaan 42, 3001, Leuven, Belgium 
(Chapter 15)

Dr Gabriel Ezeike Food Science, University of Georgia, Griffin Campus, 1109 
Experiment Street, Griffin, GA 30223, USA (Chapter 19)

Elazar Fallik, ARO – The Volcani Center, Institute of Food Technology and Storage 
of Agricultural Products, P.O. Box 6, Bet Dagan 50250, Israel (Chapter 13)

Wojciech J. Florkowski, Agricultural and Applied Economics, 118F Food Science, 
University of Georgia, Griffin Campus, GA 30223, USA (Chapter 22)

Jorge M. Fonseca, 6425 W. 8th Street, Yuma, AZ 85364, USA (Chapter 20)
Emanuela Fontana, Dipartimento di Agronomia, Selvicoltura e Gestione del Territorio, 

Settore Orticoltura e Colture Officinali, Università di Torino, Via Leonardo da Vinci 
44, 10095, Grugliasco (Torino), Italy (Chapter 10)

Michael A. Gunderson, Food and Resource Economics Department, University of 
Florida, Gainesville, FL, USA (Chapter 7)



xviii  List of Contributors

Maarten L.A.T.M. Hertog, Flanders Centre of Postharvest Technology/BIOSYST-
MeBioS, Katholieke Universiteit Leuven, Willem de Croylaan 42, 3001, Leuven, 
Belgium (Chapter 15)

Dr Yen-Con Hung, Food Science, University of Georgia, Griffin Campus, 1109 
Experiment Street, Griffin, GA 30223, USA (Chapter 19)

Jeroen Lammertyn, Flanders Centre of Postharvest Technology/BIOSYST-MeBioS, 
Katholieke Universiteit Leuven, Willem de Croylaan 42, 3001, Leuven, Belgium 
(Chapter 15)

Susan Lurie, Department of Postharvest Science, Volcani Center, Agricultural 
Research Organization, Bet Dagan, Israel (Chapter 16)

George A. Manganaris, Department of Plant Sciences, University of California, 
Davis, One Shields Avenue, Davis, CA 95616, USA (Chapter 5)

Silvana Nicola, Dipartimento di Agronomia, Selvicoltura e Gestione del Territorio, 
Settore Orticoltura e Colture Officinali, Università di Torino, Via Leonardo da 
Vinci 44, 10095, Grugliasco (Torino), Italy (Chapter 10)

Bart M. Nicolaï, Flanders Centre of Postharvest Technology/BIOSYST-MeBioS, 
Katholieke Universiteit Leuven, Willem de Croylaan 42, 3001, Leuven, Belgium 
(Chapter 15)

Umezuruike Linus Opara, Postharvest Technology Research Laboratory, College 
of Agricultural and Marine Sciences, Sultan Qaboos University, Al Khod 123, 
Muscat, Sultanate of Oman (Chapter 8)

Stanley E. Prussia, Biological and Agricultural Engineering Department, University 
of Georgia, Griffin, GA 30223, USA (Chapters 2 and 14)

R.E. Schouten, Group HPC: Horticultural Supply Chains, Wageningen University 
and Research, Wageningen, The Netherlands (Chapter 18)

Shlomo Sela, ARO – The Volcani Center, Institute of Food Technology and Storage 
of Agricultural Products, P.O. Box 6, Bet Dagan 50250, Israel (Chapter 13)

Robert L. Shewfelt, Food Science and Technology, University of Georgia, Athens, 
GA 30602, USA (Chapters 2, 17 and 22)

Gabriel O. Sozzi, Cátedra de Fruticultura, Facultad de Agronomía, Universidad 
de Buenos Aires. Avda. San Martín 4453. C 1417 DSE – Buenos Aires and 
CONICET, Argentina (Chapter 5)

James A. Sterns, Food and Resource Economics Department, University of Florida, 
Gainesville, FL, USA (Chapter 7)

Giorgio Tibaldi, Dipartimento di Agronomia, Selvicoltura e Gestione del Territorio, 
Settore Orticoltura e Colture Officinali, Università di Torino, Via Leonardo da 
Vinci 44, 10095, Grugliasco (Torino), Italy (Chapter 10)

L.M.M. Tijskens, Group HPC: Horticultural Supply Chains, Wageningen University 
and Research, Wageningen, The Netherlands (Chapter 18)

Pietro Tonutti, Scuola Superiore Sant’Anna, Pisa, Italy (Chapter 21)
Pieter Verboven, Flanders Centre of Postharvest Technology/BIOSYST-MeBioS, 

Katholieke Universiteit Leuven, Willem de Croylaan 42, 3001, Leuven, Belgium 
(Chapter 15)

Ariel R. Vicente, Facultad de Ciencias Agrarias y Forestales. UNLP. Calle 60 y 
119 s/n. CP 1900 La Plata Argentina y Centro de Investigación y Desarrollo en 



Criotecnología de Alimentos (CIDCA), and CONICET-UNLP. Calle 47 esq. 116. 
CP 1900, La Plata, Argentina (Chapter 5)

Kerry B. Walsh, Centre for Plant and Water Science, Central Queensland University, 
Rockhampton, Queensland, Australia (Chapter 9)

Wendy V. Wismer, Department of Agricultural, Food and Nutritional Science,  
4-10 Ag-For Centre University of Alberta, Edmonton, Alberta, Canada T6G 2P5 
(Chapter 3)

Allen F. Wysocki, Food and Resource Economics Department, University of Florida, 
Gainesville, FL, USA (Chapter 7)

List of Contributors  xix



Postharvest Handling: 
A Discipline that 
Connects Commercial, 
Social, Natural and 
Scientific Systems
Nigel H. Banks
Scinnova Limited, Tauranga, New Zealand

1

	 I.	 Perceptions, needs and roles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                         1
	II.	 Effects are causes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                  2
	III.	 Creating extraordinary value  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                         4
	IV.	 Making a difference . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                6
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                        6

I.  Perceptions, needs and roles

Talk to any consumer and you’ll soon understand the rationale for the technologies, 
science and systems described in this book. You’ll learn that they are seeking cer-
tainty (Owen et al., 2000; Batt, 2006; van der Vorst et al., 2007):

l	 certainty that the visual appearance of their purchases will be matched by a 
rewarding sensory experience at the time of consumption;

l	 certainty that their produce purchases are safe, healthy and nutritious for them-
selves and their families;

l	 certainty that their purchases are supporting a sustainable and ethically sound 
production system.

The information they seek is largely invisible at the time the produce is bought; their 
purchases are made mostly on the basis of trust. This book is about the systems that 
measure, monitor and manage the invisible things that consumers most value.

Postharvest Handling: A Systems Approach	 Copyright © 2009, Elsevier Inc.
ISBN: 978-0-12-374112-7	 All rights reserved
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Talk to any grower and they will stress the central importance of postharvest sys-
tems to their livelihoods and lifestyles (Bijman, 2002). Through these systems, they 
secure:

l	 information that enables them to grow and harvest intrinsically valuable crops;
l	 access to, and information about, consumers who will value the quality of the 

crop they have grown, often distant in terms of time and space from sites of 
production;

l	 ways to be able to characterize their crop that generate trust in buyers and 
consumers.

The technologies you will read about in this book are tools with which value is cre-
ated in the grower’s crop.

Talk to any fresh produce marketer about how they create value for both consum-
ers and growers and they will tell you that they need to be able to design a high-value 
proposition and to realize that value in the marketplace (Hughes, 2005). They will 
also tell you that they are managing three interconnected opportunities and avoiding 
their associated risks:

l	 achieving “managed scarcity” by avoiding the oversupply that is disastrous for 
prices;

l	 matching differentiated product to appropriate market niches to avoid the high 
opportunity cost of sending superior product to low-value markets and inferior 
product to demanding, high-value markets;

l	 growing, segregating and delivering consistently superior quality to avoid the 
negative impact of variable quality.

This book synthesizes knowledge about the disciplines that underpin the capacity of 
a marketer, and the managers they work with, to address these opportunities.

The systems view of postharvest handling pioneered by the team at Georgia 
(Prussia et al., 1986; Prussia and Mosqueda, 2006) that lies behind this book pro-
vides insight into ways to manage risks and uncertainties in produce supply and 
information systems (“supply chains”), and how to turn each of them into an oppor-
tunity for developing valuable points of difference. The systems approach (Senge, 
1990; Capra, 2002; Senge et al., 2005) provides rich, hierarchical and interactive 
perspectives of all aspects of existence. Here, focused on postharvest handling, you 
will augment your own tools for understanding, managing and innovating in fresh 
produce supply chains.

II.  Effects are causes

The systems view makes it clear that the outcomes of making changes in a system 
are themselves influential in further evolution of that system. The classic case of this 
that benefits both consumers and growers, and is sought by marketers, is the “virtu-
ous cycle” (Senge, 1990). In a virtuous cycle, the valuable consequences of a change 



become reinforcers of that same change (Figure 1.1). Fresh produce supply chains 
can enter a virtuous cycle of change when the positive effects of consumers having 
superior experiences are fed right back through the chain, encouraging all partici-
pants to support initiatives that will deliver superior product. This concept has been 
the guiding principle for ZESPRI’s “Taste ZESPRI” program, aimed at consistently 
providing superior tasting fruit to its most discerning markets (Banks, 2003). Here, 
the capacity of the market to respond to good quality with a positive signal (high 
volume at high price) augments the capacity and willingness of growers to invest in 
delivering superior quality. Implementation of the Taste ZESPRI strategy has been 
paralleled by a 75% increase in volume of the company’s kiwifruit sales in key, high-
return markets since its introduction in 2001 (Jager, 2008).

Development of a virtuous cycle by such participants requires a common language 
that they all understand. At its core, this involves a number of measures of success 
that make it clear what each participant must do for the supply chain to excel. These 
measures of success include a metric for describing and segregating product on 
the basis of its intrinsic quality, a description of financial rewards that result from 
increased consumer demand, and a payment mechanism that appropriately links 
these two to incentivize delivery of superior product. When all of this is formalized, 
it becomes part of an overall marketing and quality assurance system (Carriquiry and 
Babcock, 2007), providing clarity on the value proposition for all participants in the 
supply chain – a common feature of successful produce supply chains (Figure 1.2).

Trust among participants is a key ingredient for promoting effective communica-
tion in successful supply chains (Cadilhon et al., 2007; van der Vorst et al., 2007). 
Reputations of individual participants are often influential to the willingness of oth-
ers to collaborate with them in forming or maintaining a supply chain; their ability 
to support outstanding performance by others in the system is central to establishing 
a virtuous cycle and driving success for the system as a whole. The hurdle of initial 
uncertainty associated with unfamiliarity with new parties that exists in traditional 
modes of business can now be overcome in electronic commerce through independent 
ratings from users, or from widely known and trusted third parties (Fritz et al., 2007). 
Brands provide a complementary mode of generating trust. Acting as shorthand for 
perceived aspects of value for the best part of a century in fruit markets around the 
world (Swan, 2000); brands support rapid decision-making by consumers facing a 
plethora of complex information as they make fresh fruit purchases (Figure 1.3). By 
acting as vehicles for integrating what is valued throughout marketing and production 
systems, they build reputation throughout the supply chain (Florkowski, 2000).

II.  Effects are causes  �

Rewards for superior
out-turn in market

Continually improving delivery
of product from grower

Figure 1.1  Virtuous cycle in delivery of superior product to market.
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III.  Creating extraordinary value

Over the past few decades, there have been many examples of horticultural inves-
tors pursuing opportunities to capture the lucrative returns of growing and market-
ing exclusive, protected cultivars with highly desirable characteristics. By managing 
the volume of production in relation to demand, investors can capture the benefits of 
“managed scarcity,” and avoid the collapse in prices that follows from oversupply. 
The success stories illustrate the new marketing space that can be created with well-
designed, branded new cultivars (e.g. Pink LadyTM apple, Chiquita MiniTM banana, 
Dole Tropical GoldTM and Del Monte Gold super-sweet pineapples, Driscoll’sTM 
strawberries, Sun-WorldTM peaches, ZESPRI GOLDTM kiwifruit). However, owning 
the protected plants in the ground is just the first of many hurdles to be overcome in 

Experience

Satisfaction

Trust

Assess

Purchase

Figure 1.3  Learning with a brand: with each cycle of purchase and consumption, the consumer’s 	
level of trust in the brand promise is modified according to experience. Simplified from: Andani and 	
MacFie (2000).

Segregation, maintenance
Postharvest treatments

Sales
 new � repeat
volumes; $/unit

Payment $

Growing
practice

Harvesting
practice

Intrinsic
quality

Delivered
quality

Superior
consumer
experience

Delivery to
markets

Marketing and
quality assurance

system

Figure 1.2  Flows of resources (product, physical, financial: outer flows) and information (inner flow) in 
a fresh produce supply chain that create responsiveness to the needs of its participants and the capacity for 
learning.



securing high returns. In addition to the marketing costs of creating awareness of a 
new offering in international markets and discovering the strongest market for the 
new product, there is a diverse range of other sources of cost in establishing a suc-
cessful supply chain. Over the first few years, best practice for production must be 
developed, characterized and implemented. Postharvest handling operations (segre-
gation, labeling and packing, cool storage, transport) are developed and optimized, 
taking into account impact on consumer satisfaction, and levels of losses and returns 
for participants in the supply chain. Consumers have to be made aware of the offer-
ing and its special features, and a distribution network must be established.

For any new peach or banana, the design of the offering and supply chain is cen-
tral, as in all business systems (Osterwalder, 2004; van der Vorst et al., 2007). At the 
same time, capacity for implementation is what takes the proposition from the draw-
ing board to commercial reality. These two capabilities are emergent competencies 
of successful supply chains (Figure 1.4).

Gauge
responses of
system

Deliver extraordinary
offerings

Design value
offering

Designed value

N
et

w
or

ks

P
roducts

Realized value

• Synthesize offering based on value model

• Product development and road testing
• Communicate model
• Quantify value
• Conceptualize system
• Gather information on key elements

Characterize
value

Design value
offering

Secure
extraordinary
collaborators

ShareholdersIP owners
Knowledge

network
Consumers

Assembly
teams

Supplier
teams

Distribution
teams

Internal
teams

Nurture extraordinary
relationships in networks

Overarching core competence 2:
Value realization

Overarching core competence 1:
Value design

Figure 1.4  Creating extraordinary value. The capacities to be able to design high-value propositions 
and to be able to realize their potential are the two overarching core competencies of an effective 
supply chain. These core competencies are emergent properties of the complex system of supply and 
information flow that the supply chain comprises. They are the fundamental requirements for creating 
extraordinary value. The figure has been developed from a generic overview of business models presented 
by Osterwalder (2004), the concepts of co-creation of value (Prahalad and Ramaswamy, 2004) and the 
virtuous cycle (Senge, 1990). (It is licensed by Scinnova Limited under the Creative Commons Attribution-
Share Alike 3.0 New Zealand Licence. To view a copy of this licence, visit http://creativecommons.
org/licenses/by-sa/3.0/nz.)
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In the systems view of a fresh produce supply chain, consumers and markets 
are no longer simply targets. Growers and suppliers are no longer simply pro-
ducing goods to sell. All are participants in a system for creating value. It is the 
integrated capacity of a supply chain for recognizing and responding to shared 
perceptions of value amongst its participants that enables both design and con-
tinually increasing realization of extraordinary value (Prahalad and Ramaswamy, 
2004; Shewfelt, 2006).

Successful supply chains are those in which outstanding design and delivery work 
in a virtuous cycle to create and maintain extraordinary value. Functioning as learn-
ing systems (Wysocki et al., 2006), they generate self-sustaining patterns of flow that 
respond appropriately to challenges, providing ongoing high returns. Such supply 
chains address the opportunity to deliver rewarding eating experiences to appreciative 
consumers in the form of safe, healthy and nutritious produce sourced from sustain-
able systems. They create scope for growers to respond to market signals, produc-
ing crops that consumers will value and reward them for. They enable marketers and 
managers to provide frameworks for sharing valuable information and for matching 
product quality and quantity with market opportunities. When the supply chain is 
working well, all of its participants understand why they are succeeding and value 
their success.

IV.  Making a difference

We all want to make a difference. Whether our focus is on the commercial, social, 
natural or scientific world, we seek to enhance the well-being of what we care about. 
Postharvest handling is a discipline that connects all of these systems, providing so 
many opportunities to change things for the better. This book is about developing 
understanding of how health-giving fresh produce is currently delivered into the 
homes of people around the world. It is also about developing insight into a future 
in which the opportunities for doing this more reliably, more profitably and more 
meaningfully have been realized, to the benefit of consumers, growers and marketers 
alike.
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I.  �Handling of fruits and vegetables from  
farm to consumer

Scientific research is usually directed at narrowly defined problems, using hypothesis 
testing or empirical observation to draw conclusions. Efficient handling and distribution 
of fresh fruits and vegetables is the direct result of the current understanding of posthar-
vest physiology and the development of new technologies from highly focused studies. 
Before studying the handling system, the component handling steps must be understood 
and integrated to optimize the system, rather than to optimize a specific handling step.
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10  Challenges in Handling Fresh Fruits and Vegetables

A.  Production phase operations

Although the emphasis of this book is postharvest handling, conditions in the field 
before harvest influence quality and shelf life after harvest. Genetic potential, growing 
conditions and cultural practices all influence quality at harvest, as well as shipping 
and storage stability. The relationship between preharvest factors and postharvest qual-
ity is complex, and not well-understood. For example, Lee and Kader (2000) conclude 
that the vitamin C content of fruit and vegetable crops is affected by cultural factors, 
genotype and weather conditions. Woolf and Ferguson (2000) emphasize the critical 
role preharvest temperature plays in postharvest quality of fruits, such as avocado.

Plant breeders must satisfy many requirements in the breeding and selection of 
commercial cultivars. Most importantly, a cultivar must produce high yields under a 
wide range of growing conditions. Current attention is focused on greater resistance 
to stress, disease and insects, because of increasing consumer concern about the safety 
of agricultural chemicals. Uniformity of maturity at harvest permits the use of once-
over harvest techniques. Resistance to mechanical damage during harvesting or subse-
quent handling operations improves shipping and storage stability. Flavor and nutrient 
composition are important to the consumer, but maintenance of acceptable appearance 
and firmness or turgor is more important to other buyers within the handling system. 
Achieving all these desirable characteristics in a single genotype is a difficult task and 
thus, a cultivar usually is judged by its most limiting characteristic.

Most commercial cultivars are selected primarily on the basis of potential yield over 
a range of growing conditions, with the idea of maintaining an acceptable level of 
shipping quality. Biotechnological techniques, such as cell culture and genetic engi-
neering, greatly accelerate the breeding and selection process. Cell culture techniques 
have the potential to provide a means to screen large numbers of genotypes for spe-
cific traits, but the journey from culture tube to commercial cultivar is a long and dif-
ficult one. Advances in genetics and genetic engineering offer potential for improved 
quality, but further advances will be limited by a lack of understanding of many basic 
physiological processes and unexpected modification of unrelated traits.

Growing conditions play an important role in postharvest performance of harvested 
crops. Preharvest stress conditions can affect the flavor, microbial quality and compo-
sition of a fruit or vegetable. Cultural practices are chosen for other reasons, including 
maximizing yield, minimizing visual damage and improving efficiency of farm opera-
tions. Row spacing and training regimes facilitate field operations, such as harvest or 
the application of agricultural chemicals. Growth regulators promote common growth 
patterns of crops, resulting in greater uniformity of maturity at harvest. The pressure to 
reduce the use of agricultural chemicals resulted in development of a strategy of inte-
grated pest management (IPM), which seeks to apply chemicals only when required to 
prevent economic damage (Kogan, 1998). IPM helps reduce pesticide use, but requires 
close monitoring and a good understanding of the biology of the crop and the pests.

B.  Harvest

By definition, postharvest handling begins at harvest. Numerous reviews point to the 
importance of the maturity of the crop at harvest on subsequent postharvest quality 



and shelf life (Ahumada and Cantwell, 1996; Crisosto et al., 1997; Dixon and Hewitt, 
2000; Lee and Kader, 2000; Shewfelt, 2000). Determination of the harvest date is 
based on yield, visual appearance, anticipated prices, estimated culling losses to 
achieve shipping quality and field conditions. Harvesting is accomplished by hand, 
by mechanically assisted picking devices, or by mechanical harvesters (Prussia and 
Woodroof, 1986; Shewfelt and Henderson, 2003). Robotics offers the long-term 
potential of combining the efficiency of machines with the selectivity of humans 
(Edan, 1995; Hayashi et al., 2002; Van Henten et al., 2003). Factors during harvest-
ing operations that can influence postharvest quality include the degree of severity of 
mechanical damage induced by machine or human, the accuracy of selecting accept-
able and unacceptable fruit, the time of day of harvest and the pulp temperature at 
harvest (Prussia and Woodroof, 1986).

C.  Packing

Placement of the harvested crop into shipping containers is one of many activities 
described as packing operations. Packing may occur directly in the field, or in spe-
cially designed facilities called packing houses. Most packing operations include 
a means of removing foreign objects, sorting to remove substandard items, sorting 
into selected size categories, inspecting samples to ensure that the fruit or vegeta-
ble lot meets a specified standard of quality and packing into a shipping container. 
Some commodities are washed to remove soil and decrease microbial load. Many 
commodities are pre-cooled to remove field heat and slow down physiological proc-
esses (Talbott et al., 1991; Tetteh et al., 2004). Some special functions, such as 
the removal of trichomes (fuzz) from peaches, are also part of packing operations 
(Kays and Paull, 2004). Each operation is designed to achieve a product of uni-
form quality, but each handling step provides the opportunity to induce damage or  
disease.

D.  Transportation

The wide availability of fresh fruits and vegetables year round, and the availability 
of items for sale where they cannot be grown, is a triumph of modern transportation 
systems. The primary transportation step carries the crop from the growing region 
to the selling region. This trip may be cross-continent by truck or rail, overseas by 
ship or plane, or across the county line in a pickup truck. Minimizing mechanical 
damage, maintaining proper temperatures, and ensuring commodity compatibil-
ity are the most important considerations in transportation operations. Mechanical 
damage occurs during loading, unloading and stacking operations or from shock and 
vibration during transport (Crisosto et al., 1993; Chonhenchob and Singh, 2003). 
Shipment of a load at or near its optimal temperature is affected by the initial tem-
perature, refrigeration capacity, condition of refrigeration equipment and degree of 
airflow around the product. Construction of the shipping container, proper alignment 
of the vent holes in the containers, and use of approved and appropriate stacking pat-
terns ensures adequate airflow.

I.  Handling of fruits and vegetables from farm to consumer  11
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Attention must be given to commodity compatibility within a load. Ethylene-
sensitive commodities, such as lettuce, should not be shipped with ethylene generators, 
such as apples. A complete description of compatible and incompatible commodities 
is available (Ashby, 1995). The most common cause of freight claims is load shifting 
and crushing, but the costliest claims are the result of inadequate temperature control 
(Beilock, 1988).

Other transportation steps are also important in quality maintenance, for example, 
from field to packing facility and from wholesale distribution point to retail outlet. 
The same principles that apply to long-distance shipments apply to short-distance 
ones, but handling practices tend to receive less attention when the shipping dis-
tance is short. Fields and rural roads are usually bumpier than highways, thus 
vehicles hauling the harvested crop from field to packing house are generally not 
as capable of preventing shock and vibration damage as are tractor–trailer rigs. 
The delay of cooling of a crop is affected by the time required to load a vehi-
cle in the field, the distance from field to packing house, the speed of the vehicle 
and the number of vehicles waiting to be unloaded at the packing house (Garner  
et al., 1987). The trip from wholesale warehouse to retail outlet brings together a 
wide range of commodities arranged by store. Mechanical damage results from shift-
ing of loads in transport or crushing of cartons, due to the unconventional stacking 
of containers with differing sizes, shapes and strengths. Quality losses can also result 
from inadequate temperature control or product incompatibility. Even the most care-
ful attention to proper stacking methods and proper temperature management can 
be defeated on loading docks by rough handling or long delays in non-refrigerated  
conditions.

Local purchasing options are now being emphasized to improve the flavor and 
nutritional quality of fresh produce and to do less damage to the environment 
(Nestle, 2006; Pollan, 2006). The emphasis is on the reduction of food miles or 
the miles a food product travels from harvest to market (Jones, 2002; Pretty et al., 
2005). As food miles decrease, the time between harvest and consumption should 
decrease, leading to a decrease in loss of vitamins and lower fossil fuel consump-
tion. Local produce is more likely to be harvested at peak maturity, resulting in bet-
ter flavor and higher vitamin content, than crops harvested at a less mature stage. 
The concept of food miles is over-simplistic, and may not accurately reflect the 
impact on quality or on carbon consumption. Fruits and vegetables picked at peak 
maturity also deteriorate more rapidly, particularly when they are stored under the 
less-than-optimal conditions typical of local handling systems (Lee and Kader, 
2000). In addition, the fuel efficiency of vehicles carrying smaller loads of produce 
to markets, and trips in consumer’s private vehicles to buy a single item (Pollan, 
2006) or to shop at multiple markets for different items rather than one-stop shop-
ping, are likely to decrease the benefit of local products in combating global warm-
ing. Overseas shipment by ship and transport by rail are more energy-efficient than 
truck transport. Farming systems in Europe and North America are frequently more 
carbon-intensive than in other growing locations, such that even long shipments 
may represent a smaller carbon footprint than those grown locally (Saunders et al.,  
2006).



E.  Storage

Within the handling system, fruits and vegetables are placed in storage from a few hours 
up to several months, depending on the commodity and storage conditions. Storage of a 
commodity serves as a means to extend the season, to delay marketing until prices rise, 
to provide a reserve for more uniform retail distribution, or to reduce the frequency of 
purchase by the consumer or food service establishment. The commodity must have 
sufficient shelf life to remain acceptable from harvest to consumption.

The shelf life of a fruit or vegetable during storage is dependent on its initial quality, 
its storage stability, the external conditions and the handling methods. Shelf life can be 
extended by maintaining a commodity at its optimal temperature, relative humidity (RH) 
and environmental conditions, as well as by the use of chemical preservatives or gamma 
irradiation treatment (Shewfelt, 1986; Lee and Kader, 2000). An extensive list of opti-
mal storage temperatures and RHs with anticipated shelf life is available (Gross et al., 
2004). Controlled atmosphere storage is a commercially effective means of extending 
the season of apples (Lavilla et al., 1999). Atmosphere modification within wholesale 
or retail packages is a further extension of this technology. Modification of the atmos-
phere is achieved by setting initial conditions and using absorbent compounds to limit 
carbon dioxide (CO2) and ethylene (C2H4) concentrations (Kader et al., 1989; Labuza 
and Breene, 1989). Use of gamma irradiation extends the shelf life of some commodi-
ties, particularly strawberries (Yu et al., 1996; Prakesh et al., 2000). The application of 
1-methylcylclopropene (1-MCP) can delay ripening by slowing respiration and volatile 
compound generation (Golding et al., 1999).

Physiological disorders that reduce the acceptability of susceptible commodities 
can develop during storage. Chilling injury (damage incurred at low temperatures 
above the freezing point) leads to a wide range of quality defects (O’Conner-Shaw 
et al., 1994; Butz et al., 2005). Crops may also be sensitive to high levels of CO2 or 
C2H4, low levels of oxygen, water stress due to high transpiration, high temperatures 
and irradiation (Kays and Paull, 1987).

F.  Retail distribution

The ultimate destination of most fresh fruits and vegetables is the retail market, 
where a consumer makes the final decision to accept or reject the product. Retail 
distribution is the most visible of all handling steps, and frequently the least con-
trolled. Merchandising displays are designed to enhance quick, impulsive purchases, 
not necessarily to maintain quality. Conditions within the outlet (temperature, RH, 
lighting), close display of incompatible commodities (e.g. ethylene producers with 
ethylene-susceptible species), length of exposure to conditions or incompatible 
commodities (e.g. highly perishable items and chilling-susceptible fruits), and the 
degree and severity of handling by store personnel or consumers all affect quality 
and acceptability. Addition of ice, to lower temperatures and maintain high RH, and 
timed water misting are examples of techniques used to maintain quality. The most 
effective way to prevent quality losses at retail, however, is a rapid turnover of stock 
on the shelves. Because it is the only part of the process most consumers see, retail 
distribution provides an excellent opportunity to communicate with the consumer.

I.  Handling of fruits and vegetables from farm to consumer  13
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II.  �Towards a more integrated approach to 
handling

As a result of physiological and technological studies, guidelines for the efficient 
management of fresh fruits and vegetables are available for each handling step 
described earlier. Although these guidelines are not always followed, postharvest 
technologists do know how to handle produce correctly at each step. A basic premise 
of this book however, is that many handlers of produce within the postharvest sys-
tem do not have a good understanding of the interaction between handling steps. 
Optimization of each handling step does not necessarily result in the best handling 
system. In extreme cases, an emphasis on individual handling steps results in poorer 
final quality. Questions that need to be answered to improve postharvest handling 
that have not been adequately studied by conventional approaches include:

1.	 How do preharvest cultural factors affect consumer acceptability?
2.	 How does storage at non-optimal conditions affect quality and consumer 

acceptability?
3.	 Are handlers who adopt new methods that result in enhanced consumer accept-

ability properly rewarded for their improvements?

To answer these and other questions that require an understanding of the interaction 
of various handling steps, a greater integration of specialized expertise and research 
perspectives is needed. We propose emphasis on integrated studies between:

l	 postharvest technologists and postharvest physiologists;
l	 crop production (horticulture, entomology, pathology) and utilization (econom-

ics, engineering, food science) disciplines;
l	 university laboratories and commercial establishments; and
l	 field and quality assurance departments within food processing companies.

Such studies require a better definition of commercially relevant goals (economics, 
quality, shelf life) within the confines of environmental and economic constraints. 
Successful interaction of “basic” and “applied” research is synergistic. Technological 
problems require immediate attention, which stimulates basic inquiry into underlying 
physiological mechanisms. New basic knowledge suggests, in turn, new approaches 
and solutions to old problems.

With an improved knowledge of interactions between handling steps, and a clearer 
understanding of the ultimate goals, integrated handling systems can be developed 
that incorporate answers to the questions posed earlier (Figure 2.1). Traditional post-
harvest studies alone are not capable of answering these questions. The adoption of a 
systems approach provides a context for future advances in postharvest science and 
its commercial application.

Operations research is the scientific discipline that emerged from the need to pro-
vide troops with necessary supplies at appropriate times in World War II (Karnopp 
and Rosenberg, 1975). A systems approach, derived from operations research, 
seeks to provide a means of studying broader issues than those addressed by the 
typical, narrowly-focused approaches employed by most scientists (Ikerd, 1993;  



Checkland, 2000; Shewfelt and Brückner, 2000; Tijskens and Vollebregt, 2003; 
Purvis et al., 2006).

III.  Challenges amenable to systems solutions

Research with selected fruits and vegetables (Prussia and Shewfelt, 1985; Shewfelt 
et al., 1986; Jordan et al., 1990; Hampson and Quamme, 2000; Jaseger et al., 2003; 
Crisosto et al., 2006) reveals several critical problems that require systems studies 
to provide meaningful solutions. Particular attention is required to identify condi-
tions encountered in postharvest handling that affect consumer acceptability, as well 
as preharvest factors that influence postharvest quality. Research challenges that are 
particularly amenable to systems solutions include stress physiology, quality man-
agement, marketing and food safety.

A.  Stress physiology

An “aberrant change in physiological processes brought about by one or a combina-
tion of environmental biological factors” is known as the stress response (Hale and 
Orcutt, 1987). Almost any handling technique used to keep harvested crops fresh for 
an extended period of time causes some stress to that tissue. Temperature extremes, 
desiccation, microbial invasion, gaseous atmosphere, light and mechanical handling 
can all induce stress in a harvested fruit or vegetable. Certain fruits and vegetables 
are susceptible to disorders, such as chilling, freezing and CO2 injury. Many factors 
are implicated in the syndromes associated with stress response, but the physiological 

Figure 2.1  An integration of handling steps from farm to retail is the key to quality.
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mechanisms of these responses remain elusive. Advances in molecular biology 
promise to provide techniques that will help unravel the physiological basis of quality 
degradation (Davey et al., 2006; Toivonen, 2006; Inaba, 2007).

B.  Quality management

Quality assurance is an integral part of most manufacturing industries, including 
food processing. There is less motivation to develop quality management programs 
for fresh produce than for other food items, partly because of the generic nature of 
produce marketing and the difficulty of applying principles developed for processed 
foods to living, respiring tissue. The primary differences between fresh and proc-
essed foods that affect quality management factors include:

l	 fresh fruits and vegetables are maintained in recognizable form, whereas proc-
essed products are modified;

l	 variability in response to storage conditions among different items in the same 
lot is much greater in fresh fruits and vegetables than in processed products;

l	 the relationship between physiological processes and food quality has not been 
defined clearly in many fresh fruits and vegetables; and

l	 latent damage is a greater factor in quality losses in fresh produce than in proc-
essed products.

The fruit and vegetable processing industry is able to avoid these problems by (1) 
treating the crop as raw material, thus mixing lots of varying composition to produce 
a product that meets uniform product specifications, and (2) inactivating physiological 
processes during food processing operations. Despite these drawbacks, frameworks 
from Australia (Holt and Schoorl, 1981), Israel (Lidror and Prussia, 1990), Germany 
(Huyskens-Keil and Schreiner, 2003; Brückner, 2006) and The Netherlands (Tijskens 
and Vollebregt, 2003) provide a basis for quality management of fresh produce.

C.  Marketing

Fresh produce is a major profit center for supermarket food chains. Fierce competi-
tion among chains is changing the merchandising of fresh items. With the exception 
of a few commodities, most fresh fruits and vegetables are marketed at retail in bulk 
displays without brand identification. Brands are used in marketing schemes of ship-
pers directed at wholesale distributors, but whether brands will have an impact at 
retail distribution points is still uncertain (Shewfelt, 2000b; Hayward and Le Heron, 
2002; Fernandez-Barcala and Gonzalez-Diaz, 2006).

Displays of consumer information, including nutritional composition, handling 
and preparation suggestions, point of origin and “best if consumed by” dates are part 
of the merchandising process in many outlets. Price look-up codes (PLUs) are being 
used to track fresh produce for category management at the retail outlet (Calvin et al., 
2001), but they are not being full exploited in communicating information to the con-
sumer or back through the handling system. Retail distribution is arguably the most 
important step of the entire postharvest system for determining consumer acceptabil-
ity, yet this step may be the least understood in physiological and technological terms.



D.  Food safety

The growing demand for fresh fruits and vegetables by health-conscious consum-
ers also results in increased concern about food safety. Media attention to the use of 
agricultural chemicals to maintain “cosmetic” quality of fresh produce has height-
ened this concern. It is not clear how much pesticide use can be reduced without loss 
of visual quality of fresh fruits and vegetables, nor is it clear how lower visual qual-
ity would affect consumption (Institute of Food Technologists (IFT), 1990; Bushway 
et al., 2002).

It is becoming more apparent that the true safety dangers of fresh produce come 
from pathogenic microorganisms, and not from pesticides (Brandl, 2006). Preharvest 
contamination from manure, sludge and run-off water is a major factor in outbreaks 
(Beuchat, 2006), but evidence is not conclusive on whether organic produce presents 
greater risk of food-borne outbreaks (Magkos, 2006). Better control of irrigation water 
has been suggested as a means of decreasing food-associated outbreaks (Tyrell et al., 
2006). Sanitizers in the packing house can be effective for some items, but they should 
not be seen as a substitute for good sanitation practices within the handling system 
(Alvarado-Casillas et al., 2007). Refrigeration temperatures, once thought to guarantee 
the safety of fresh fruits and vegetables, do not protect fresh produce from psychotropic 
pathogens such as Listeria (Dallaire et al., 2006). Edible coatings can contain inhibitors 
to microbial growth on fresh and fresh-cut fruits and vegetables (Lin and Zhao, 2007).

E.  Working at the interfaces of the postharvest system

When we initiated research on the application of the systems approach to the han-
dling of fresh fruits and vegetables, we tended to study the postharvest system in 
isolation, and ignore what happened before harvest (production) or after retail sale 
(home storage and consumption). We soon learned the limitations of this perspective. 
Much of the variation observed during postharvest storage was attributable to prehar-
vest factors. In addition, the key to increasing the amount of an item consumed and 
the economic value of the item lies in understanding consumer desires. Progress in 
quality improvement of fresh fruits and vegetables will be made possible by working 
at the interfaces of the system (Figure 2.2) and providing:

l	 a clearer specification of quality and value of an item from the consumer 
perspective;

l	 an ability to understand preharvest factors that contribute to sample variability 
and predetermine storage stability; and

l	 a means to predict mathematically the period of optimum marketability under a 
specified set of handling conditions.

The remainder of this book places postharvest handling in a systems context. In the orig-
inal edition of this book (Shewfelt and Prussia, 1993) we proposed a systems approach 
as a new paradigm for postharvest research. A series of international conferences based 
on this concept have been held in Potsdam, Germany (Shewfelt and Brückner, 2000), 
Griffin, GA, USA (Florkowski et al., 2000), Wageningen, The Netherlands (Tijskens 
and Vollebregt, 2003) and Bangkok, Thailand (Purvis et al., 2006).

III.  Challenges amenable to systems solutions  17
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I.  Current fresh produce eating habits

The absolute availability of fresh fruits and vegetables is closely associated with 
their consumption (Ritson and Hutchins, 1991), and as such can dictate fresh pro-
duce eating habits. Per capita availability of fruits and vegetables is highest in the 
Mediterranean (Mitchell, 2004). Greece, for instance, has reported that 282 kilograms 
of vegetables and 175 kilograms of fruit are available per person per annum, respec-
tively, while the respective availabilities in the United Kingdom (UK) are only 89 kilo-
grams of vegetables and 86 kilograms of fruit per person per annum (Mitchell, 2004). 
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The importance of climate, as it relates to the availability of fruits and vegetables, is 
well-appreciated in Scotland, where poor growing conditions exist for most fruits and 
vegetables, and consumer habits force grocers to sell only the fruits which are most 
popular (Anderson et al., 1994).

Dietary patterns in Finland and Sweden have historically been low in fruit and veg-
etable consumption, due to the lack of a good climate and the necessary land available 
to grow these products cheaply (Mitchell, 2004). Climate, availability, product famili-
arity and price are closely linked to consumption and a country’s traditional dietary 
pattern. Recently however, with both increased incomes and trade in the European 
Union, these traditional diets are changing and often converging, resulting in increased 
fruit and vegetable consumption in countries where historically it has been low.

A.  Global

Although the World Health Organization (WHO) recommends 400 grams of fruits 
and vegetables per person per day to reduce the risk of non-communicable diseases 
and improve overall health, WHO data suggest that inhabitants of most African coun-
tries and some Eastern European, Asian and South American countries consume less 
than this amount. Residents of the remainder of South America, as well as Australia, 
Greenland and Western Europe, consume slightly more than the WHO guidelines 
(400 to 600 grams per person per day), while consumption in North America and 
China, as well some Middle Eastern countries, is greater than the WHO guidelines 
(600 to 800 grams per person per day). Fruit and vegetable consumption is highest in 
Mediterranean countries, where it may exceed 1000 grams per person per day.

B.  North America

In Canada, the available amount of fresh fruit and vegetables increased from the 1970s 
to the early 1990s, by 39% and 24%, respectively, from 1972 to 1992. Since then, the 
amount of fresh fruits has increased steadily, while vegetable availability has remained 
constant (Statistics Canada, 2007). Canadians consumed 37.6 kilograms of fresh fruit 
per person in 2005 and 37.8 kilograms of fresh vegetables. The percentage of vegetables 
consumed as fresh in Canada has stayed constant, at around 80%, during the 1970 to 
2005 period (Statistics Canada, 2007). Domestic produce remains popular (for example, 
apples, carrots, potatoes), but consumption of more exotic fresh produce such as man-
goes, papayas and pineapples has increased, and traditional imports such as bananas and 
grapes also remain popular (Statistics Canada, 2007). The increase in fruit and vegetable 
consumption in all forms suggests a potential market for increased sales (Faye, 2004).

A similar consumption trend is observed in the US, where the total amount of fruits 
and vegetables available for consumption has increased by 20% from 1970 to 2005 
(Wells and Buzby, 2007). Fresh vegetable consumption was approximately 60% of 
total vegetable consumption during the same period (USDA ERS, 2007). The respec-
tive availabilities of fruits and vegetables are 134 kilograms and 109 kilograms per 
person per annum with apples, potatoes and tomatoes available in the greatest quanti-
ties (Wells and Buzby, 2007).



According to the Food and Agriculture Organization (FAO) statistics, fruit and 
vegetable consumption in Mexico is 400–600 grams per person per day (FAO, 2003). 
Fresh fruit consumption was 113 kilograms per person per year from 1999 to 2001, 
while fresh vegetable consumption was 72 kilograms. Oranges, bananas, mangoes, 
coconuts, limes and lemons were the most popular fruits, while potatoes, tomatoes 
and chilli peppers were the most popular vegetables (Stout et al., 2004).

Despite the easy availability of fruits and vegetables, the Centers for Disease 
Control and Prevention (CDC) report that Americans continue to struggle to consume 
at least five portions a day (Mitchell, 2004; CDC, 2007), as do Canadians (Garriguet, 
2004). The WHO suggests that worldwide fruit and vegetable consumption is 20–50% 
of the recommended minimum (FAO, 2006).

The inability to consume sufficient fresh produce on a daily basis to maintain a 
healthy diet and prevent major diseases, such as cardiovascular disease and some 
cancers, is of concern to the WHO, whose mandate is to improve global public health 
(WHO, 2004). To promote the consumption of fruits and vegetables the WHO is 
working with a variety of programs, both national (e.g. “Go for 2&5®” in Australia, 
“5 al día” in Chile) and regional (e.g. IFAVA, International Fruit and Vegetables 
Alliance; EPBH, European Partnerships for Fruits, Vegetables and Better Health). The 
WHO “Fruit and Vegetable Promotion Initiative” (WHO, 2003) has identified that, in 
addition to monitoring fruit and vegetable production and consumption and evaluat-
ing promotion programs, the knowledge of supply and demand factors that influence 
consumption must also be studied. Personal and situational variables that influence 
fresh produce consumption, including accessibility, price, income, gender and age are 
discussed further in this chapter in Section IV.

A further challenge to the interpretation of fruit and vegetable consumption data 
is that the reported amount of consumption does not account for fruit and vegetable 
waste between the grocery store and the dining table, as well as subsequent house-
hold waste (WHO, 2003). The WHO estimates this loss to be 33% on average (WHO, 
2003). During household preparation fruits and vegetables are trimmed of inedible 
or undesirable portions, and the resulting edible portion is a percentage of the weight 
of the “as purchased” product that can range from 66% for leaf lettuce to 99% for 
tomatoes (Molt, 2001). After a meal, the food remaining on a plate to be discarded 
is measured as “plate waste” (Engström and Carlsson-Kanyama, 2004), and this 
measure gives an insight into the desirability of the served food products (Connors 
and Rozell, 2004). Plate waste assessments often indicate that fruits and vegetables 
are not consumed to the same extent as other foods served. Engström and Carlsson-
Kanyama (2004) measured food loss from food service institutions in Stockholm, 
Sweden. They observed that plate waste was the largest contributor to food waste in 
institutions and restaurants, and on average was 11% to 13% of the amount of food 
served. In restaurants, vegetables represented the majority of plate waste. In a study 
of meals served in an acute care hospital in North Texas, a plate waste assessment 
revealed that all vegetables served to adult patients were consumed at less than the 
desirable benchmark value of intake, while fruit consumption exceed the benchmark 
value (Connors and Rozell, 2004). Plate waste of sixth-graders (n  743) in a school 
lunch program in Kentucky was approximately 30% for vegetables, and 36–52% 
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for fruits (Marlette et al., 2005). Plate waste was influenced by the food preparation 
method (i.e. apple sauce was preferred to whole apples), and in particular, fruit waste 
was negatively influenced by the availability of competitive food items in the school 
which were often high in fat and/or sugar and served to decrease the nutritional value 
of lunch.

The comparison of fruit and vegetable consumption on the global scale illustrates 
the diversity of regional eating habits, and suggests the presence of different regional 
factors influencing fruit and vegetable consumption habits. Geographic factors, such 
as climate and arable land usage, are related to availability and consumption of fresh 
fruits and vegetables. National trade policies regarding imports and exports and other 
government strategies also impact the availability of fruits and vegetables (Mitchell, 
2004). Regional availability dictated by climate and geopolitical factors influencing 
fruit and vegetable consumption provides the background for the complex analysis 
of consumer eating habits of fresh fruits and vegetables.

There are a multitude of paradigms by which food choice and eating variables can 
be related. For the purposes of this chapter, the paradigm of consumer-perceived 
quality is a useful method for grouping these variables, because quality is a core con-
cept of consumer satisfaction (Oude Ophuis and van Trijp, 1995). As Harker et al. 
(2003) and Poole et al. (2007) suggest quality, in the eyes of the consumer, should be 
the focus for advancing the horticultural industry.

II.  How do consumers define quality?

Steenkamp (1990) suggested that successful industries will generate products of a 
quality that is defined by consumers, quality that is “dependent on the perceptions, 
needs and goals of the consumer” rather than objective quality that is based on an 
innate measurable and predetermined standard. Oude Ophuis and van Trijp (1995) 
apply the principle of consumer-perceived quality to successful consumer-driven 
food product development. They describe quality as a “multi-faceted concept” for 
which consumers use both quality attributes and quality cues to form their assess-
ment of perceived quality. Quality cues are observable product characteristics that 
can be intrinsic (e.g. appearance, color, shape, size, structure) or extrinsic (e.g. price, 
brand, nutritional information, production information, country of origin). Quality 
attributes are abstract, and can be based on experience (e.g. taste, freshness, conven-
ience) or perceived benefits (e.g. healthfulness, naturalness, animal and/or environ-
mentally friendly). The perceived benefit quality attributes are known as credence 
quality attributes, as the benefits cannot be experienced directly and information or 
judgment by others forms the basis of the perceived benefits. Together these dimen-
sions of quality, the intrinsic and extrinsic quality cues and the experience and cre-
dence quality attributes, are integrated to develop a picture for the consumer of 
perceived quality.

The horticultural industry has traditionally focused on intrinsic quality cues, such 
as appearance and the assessment of texture by instrumental methods, and has only 



relatively recently promoted fresh produce’s extrinsic quality cues, such as nutritional 
and production information, brand name and price. Given the preceding descrip-
tion of consumer-perceived quality, with its numerous quality dimensions and the 
knowledge that the importance of these dimensions differs among individuals, it fol-
lows that there is not a single universal definition of quality for any product, food or 
nonfood. Consumer-perceived quality is clearly an individual assessment however; 
groups of individuals with similar values and demographics may represent consumer 
segments with similar expectations of fruit and vegetable quality. These consumer 
segments, or niche markets, represent both the challenges and opportunities for the 
horticultural industry of matching products with people. A variety of techniques 
from the field of sensory and consumer science have been used to match the product 
quality cues (i.e. appearance) and experiential attributes (i.e. taste) to preferences of 
target markets. Currently, a number of such techniques are being used successfully 
to select markets for kiwifruit (Jaeger et al., 2003a) and pears (Jaeger et al., 2003b; 
Gamble et al., 2006). The intrinsic quality cue information, combined with knowl-
edge of the consumer segment’s perceived quality attributes, is currently suggested 
as the preferred method of meeting consumer expectations of products (Lundahl, 
2006).

III.  �Consumer perceptions of fresh produce 
quality

External sensory attributes of fresh produce, such as appearance, color, shape, size 
and hand-evaluated texture, are intrinsic quality cues that are evaluated by the con-
sumer prior to consumption, while flavor (taste and aroma) and oral texture are 
experience-quality attributes evaluated at the time of consumption. Although the 
composite evaluation of sensory attributes generates an overall opinion of the sen-
sory qualities of the produce, this perception is not generated at a single point in 
time, and is continuously modified with every consumption experience.

In addition, the sensory attributes of fresh fruit and vegetables are variable, reflect-
ing the diversity inherent to a biological commodity, exacerbated by a variety of post-
harvest handling protocols. For example, the inherent biological diversity is illustrated 
by Dever et al. (1995), who noted that different sensory characteristics could occur 
in two sides of a single apple (blush versus nonblush) and from top to bottom of an 
apple. A variety of accounts of the influence of postharvest handling protocols on pro-
duce sensory attributes exist in the literature. Crisosto et al. (2002) substituted SO2 
with a range of CO2 and O2 concentrations in early- and late-harvested Redglobe 
grapes. Atmospheres above 10 kPa CO2 combined with 3, 6 or 12 kPa O2 effectively 
limited botrytis decay during 12 weeks cold storage, but accelerated stem browning 
and “off-flavor” development, while atmospheres less than 10 kPa CO2

 did not result in  
off-flavor development. The sensory quality of Clemenules mandarins was observed 
to decrease due to the reduction of mandarin-like flavor and development of off-flavor 
when fruit were held for 12 days at 1.5°C as a quarantine treatment for Mediterranean 
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fruit fly (Palou et al., 2008). In these examples, the undesirable sensory attribute of 
off-flavor is given consideration as part of the evaluation of fruit quality.

A.  Intrinsic quality cues: the influence of appearance

Appearance is the first sensory attribute evaluated by consumers. “The eyes are the 
gatekeeper to the mouth,” and if the appearance of a product is not liked, then the 
product is not further evaluated. Appearance is a major factor in the quality assess-
ment of fruits and vegetables (von Alvensleben and Meier, 1990; Abbott, 1999), and 
is an important determinant in the purchase of fruits and vegetables in the grocery 
store (Kays, 1991; Gamble et al., 2006).

Kays (1999) has reviewed preharvest factors of fresh fruits and vegetables that 
affect appearance. Of all appearance attributes, color was suggested to be the most 
influential quality factor, as consumers have expectations of overall quality based 
on color, such as color cues for banana ripeness. Kays (1999) notes that at times, 
color expectations of quality may not be valid because, for example, some orange 
(Citrus spp.) cultivars are at their optimum when they are green, not orange as most 
consumers perceive. Stommel et al. (2005) presented tomato samples to consumers 
under white light and then under red light to mask sample color differences. It was 
observed that consumers favored the more highly pigmented fruit, and perceived a 
greater intensity of tomato quality attributes such as tomato-like flavor, juiciness and 
overall eating quality. While the appearance factors of shape and form are consid-
ered to be generally of minor influence in the consumer evaluation of quality, size is 
an important quality determinant related to end use (Kays, 1999).

Cliff et al. (2002) demonstrated that digital imagery could be used successfully to 
control the visual attributes of apples to determine consumer liking for apple appear-
ance factors, such as color, shape, type and background color. Digitally modified 
photographic images were presented to consumers in New Zealand, and in British 
Columbia and Nova Scotia in Canada. Red colored apples were generally preferred 
by consumers in all locations, while preferences for blush and stripes were geo-
graphically linked. Cliff et al. (2002) suggest that the evaluation of digital images by 
consumers in different markets can help breeders and marketing agents direct pro-
duce with the appropriate external quality cues to selected markets. Desired product 
appearance is principally achieved through cultivar selection (Kays, 1999).

B.  �Experiential quality attributes: taste, texture and  
perceptions of freshness

Taste, texture and freshness are attributes evaluated by consumers as the product 
is consumed (see also Chapter 4). Consumers may be intending to consume fruit 
because of its beneficial health consequences, but taste and texture are fundamental 
qualities that must be satisfied for continued consumption (Harker et al., 2003). The 
memory of the experiential quality attributes influences future assessments of qual-
ity, and consumers have been observed to remember day-to-day differences in apple 
firmness as small as 5N (Harker et al., 2002a).



The taste or flavor attributes of horticultural products are frequently evaluated as a 
measure of consumer acceptance as new varieties are developed for the marketplace, 
and identifying flavor targets for fruit breeding for specific markets has generated 
commercial success for kiwifruit by matching fruit to markets with different taste 
preferences (Wismer et al., 2005). Taste/flavor is ranked more highly than texture and 
appearance as a contributor to overall liking for food products in general (Moskowitz 
and Krieger, 1995). However, color and texture of horticultural products are more 
frequently cited as consumer quality attributes.

Texture is an important attribute of fresh fruit and vegetables; many of these prod-
ucts are desired for their crispy or crunchy characteristics, but others are appreci-
ated for their juicy, soft and easy-to-chew and swallow characteristics (Roininen  
et al., 2004). Instrumental measurements of fruit and vegetable texture are common 
and desirable in industry and research, because they reduce variation in measure-
ment (relative to human texture assessments) and provide a measure of output that is 
able to be interpreted (Abbott, 1999). Thus, the horticultural industry defines textural 
quality by instrumental firmness measures. In some instances, such as the evaluation 
of apple texture, penetrometer measurements can reliably be used to predict sensory 
perception of apple texture (Harker et al., 2002b). Instrumental evaluations provide 
practical targets for rapid and large volume assessments and generate data of a quality 
that can be mathematically related to pre- and postharvest treatment factors. However, 
instrumental evaluations do not capture the multi-attribute profile of textural qualities 
consumers expect of fresh produce, nor can such evaluations be related easily to other 
quality attributes or emotive quality dimensions.

Consumers who regularly purchase specific apple cultivars have a firm expectation 
of the quality and sensory attributes of the cultivar (Harker et al., 2003), although 
they are accepting of variations in quality, e.g. firm textures in apples (Harker et al., 
2002a). Roininen et al. (2004) completed laddering interviews with young adults (25 
years’ to 40 years’ old) and elderly (60 plus years’ old) in Finland and the United 
Kingdom to elicit perceptions of the consequences of positive and negative textural 
properties of fruits and vegetables. Age groups in both countries indicated that seeds 
and peel, as well as hard and fibrous textures, were textural qualities of fruit that 
made them troublesome to eat, while vegetable attributes that were troublesome were 
“hard” and “contained peel.” Fruits and vegetables were preferred if they required 
no preparation, were ready-to-eat or not too difficult to eat. It was suggested that 
fruits and vegetables that were preprocessed to alleviate the negative attributes would 
likely promote the consumption of these products.

Freshness is an important quality criterion for the acceptance of fruit and vegeta-
bles (Péneau et al., 2007). Kays (1991) described freshness, along with cleanliness 
and maturity, as part of the appearance factor of condition, a “somewhat nebulous 
quality consideration” that embodies many properties, including the general physical 
condition of the product. Péneau et al. (2006, 2007) have explored consumer per-
ceptions of freshness of strawberries, carrots and apples with European consumers.  
A set of attributes were used to evaluate the freshness of each product, with 
appearance attributes dominating the assessment of strawberries, and both texture 
and appearance attributes used for carrots. Many of the attributes were negative  
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(i.e. should not be present in a fresh product), which suggested that observed sensory 
properties are used to evaluate the physiological ageing of horticultural products to 
generate an assessment of product freshness (Péneau et al., 2007).

Postharvest technologies aimed at extending the shelf life of fresh fruits and veg-
etables may support consumer-perceived freshness, and influence the likelihood of 
their purchase and increase consumption opportunities. Modified atmosphere pack-
aging and irradiation techniques to extend shelf life and resistance to handling dam-
age during transportation and sale may prove useful in this regard. New packaging 
technologies, including edible coatings on fresh-cut fruits, may both prolong fresh-
ness and enhance convenience (Olivas and Barbosa-Canovas, 2005).

C.  �Credence quality attributes: perceptions of agricultural 
practices

The increase in consumer preference for fruits and vegetables produced using 
organic agricultural practices is an example of food product selection based on cre-
dence quality attributes. By selecting organic produce, consumers perceive they 
have selected products that deliver health benefits, and that they have contributed 
to lesser environmental damage than that generated by the purchase of convention-
ally produced agricultural products (Schifferstein and Oude Ophius, 1998; Saba and 
Messina, 2003). Environmental damage cannot be experienced directly as a result 
of product purchase, and there is no immediate health benefit observed after prod-
uct consumption, thus both of these perceived benefits are credence quality attributes 
(Oude Ophius and van Trijp, 1995). Just as there is person-to-person variation sur-
rounding the perception of the sensory attributes of products, there is individual 
variation in the perceived quality of credence attributes, as they resonate only if the 
purported benefits appeal to an individual’s personal value system (Oude Ophius and 
van Trijp, 1995).

Consumers who purchase organic foods do so because of the perceived health 
superiority over conventional foods, based on the absence of pesticides, growth hor-
mones and genetically modified organisms (Sloan, 2007). The organic food sector is 
the largest of the ethical foods category, which also encompasses fair trade, local and 
natural foods, and products sold in recycled packaging (Sloan, 2007). Watching one’s 
food miles and the interest in locally-grown produce satisfies the credence attribute 
of reduced environmental damage (Harper and Makatouni, 2002). Emerging inter-
est in fruits and vegetables produced from heirloom seeds may satisfy both the need 
for increased variety in the diet and the consumer value of maintenance of genetic 
diversity. Ozcaglar-Toulouse et al. (2006) caution that ethical consumers cannot be 
considered to be a homogeneous group, although they are often considered to rep-
resent a single market niche. In addition, the improved effectiveness of marketing 
organic foods to consumers based on perceived health benefits rather than spiritual 
concerns about the environment, both credence attributes, suggests that motivations 
and the consumers themselves who purchase these products have changed since the 
emergence of the ethical consumerism movement (Sloan, 2007).



IV.  �Personal and situational variables that 
influence fresh produce eating habits

A.  Accessibility, price and income

Local access to fruits and vegetables, their price and household income have been 
evaluated as variables influencing eating habits of fresh produce. Socioeconomically 
disadvantaged groups are frequently cited as less likely to purchase and consume 
fruits and vegetables (Mishra et al., 2002; Turrell et al., 2004), and less likely to 
spend more on produce when income increases (Blisard et al., 2004). In much of 
Africa, lower-income families spend little of their income on vegetables and, as 
money becomes tighter, the range or quality of vegetables consumed is reduced 
(Anonymous, 2008).

However, in a study of environmental factors in a disadvantaged area of Brisbane, 
Australia, price, availability and variety were not associated with reduced opportuni-
ties to purchase fresh produce (Winkler et al., 2006). Similarly, using a mail survey 
of residents of a poor community in the United Kingdom, Pearson et al. (2005) found 
that fruit and vegetable price, socioeconomic deprivation and limited local grocery 
store access did not influence fruit and vegetable consumption, but that age and gen-
der were consumption determinants.

Price is the primary factor used by consumers to determine selection of fruits and 
vegetables in the grocery store (Gamble et al., 2006). The price of fruits and veg-
etables is elastic relative to other commodities, such as shelf-stable, prepared prod-
ucts, especially in countries where the local agriculture industry is not protected 
from international trade (Mitchell, 2004). The relationship between fruit and vegeta-
ble price and income is a strong predictor of consumption in poorer countries, but 
the relationship between price and income is a weaker predictor of consumption in 
wealthier countries (Mitchell, 2004).

In the US, high-income households spend more of their income on fruits and 
vegetables than low-income households and increase expenditures on fruits and 
vegetables when faced with theoretical additional income (Blisard et al., 2004). In 
Canada, low-income households purchase proportionally fewer fruits and vegetables 
compared to high-income households and are more sensitive to the price changes of 
fruits and vegetables in comparison to other commodities, such as meat (Kirkpatrick 
and Tarasuk, 2003).

A variety of studies in the literature indicate that fruits compete with each other, 
and that as the cost of one type of fruit increases, consumers will substitute another 
fruit in its place, such as the substitution of citrus and banana, and citrus and apple 
(Lee et al., 1992). Some fruits are purchased out of habit, and as price changes there 
is little change in the quantity purchased (Richards and Patterson, 2000).

Harker et al. (2003) reviewed consumer behavior aspects of price versus quality with 
a focus on the apple market. The authors describe several studies that use the experi-
mental technique of conjoint analysis to observe consumer trade-offs of price and 
quality attributes. The contingent valuation literature includes a variety of studies that 
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use the willingness-to-pay (WTP) approach to model the probable increase in WTP as 
a function of both consumer demographics and measured attitudes and values, which 
form the basis of quality perceptions. Among others, WTP has been determined for 
consumers of blemished organic apples (Chengyan-Yue et al., 2007) and pesticide res-
idue limit compliant “safe” vegetables in northeast Thailand (Wilatsana et al., 2007).

B.  Age and gender

Fresh fruit and vegetable consumption statistics have been generated in a number 
of developed countries in order to describe the relationships between age, gender 
and fruit and vegetable consumption, while research studies have been performed to 
explore and model the relationship among these factors.

The National Diet and Nutrition Survey (NDNS) of residents of Great Britain 
(2000/2001) concluded that no males and only 4% of females aged 19 years’ to 
24 years’ old consume the recommended daily servings of fruits and vegetables 
(Henderson et al., 2002). Similarly, the Australian National Health Survey revealed that 
only 16% of females and 11% of males over the age of 12 consumed the recommended 
five servings of fruits and vegetables per day, with the highest proportion of compliance 
seen in people 55 years of age and older (Australian Bureau of Statistics, 2006).

In the US, an estimated 40% of the population consumes at least five servings of 
fruits and vegetables per day (Guenther et al., 2006). Compliance with the recom-
mended intake varies by age group; 48% of children aged 2 to 4 years’ old and 60% 
of adults aged 51 to 70 years’ old meet the recommended five daily servings of fruits 
and vegetables (Guenther et al., 2006), while only 10% of girls aged 4 to 8 years’ 
old met this target. When reframed to reflect recent increases in recommended fruit 
and vegetable consumption, only 17% of men and women aged 51 to 70 years’ old 
meet the new minimum recommendations of seven servings, and 11% of individuals 
in other age groups meet the minimum requirements (Guenther et al., 2006).

In Canada, average fruit and vegetable servings for adults are 5.2 per day and 4.5 
for children and adolescents (Garriguet, 2004). In the age range of 9 to 13 years, 
68% of boys and 62% of girls do not meet the minimum serving requirement of five 
per day, and from the age of 14 to 50 years, males are significantly less likely than 
females to consume minimum requirements (Garriguet, 2004).

Differences in the fruit and vegetable recommendations and data collection and doc-
umentation methods can make direct cross-country comparisons of consumption statis-
tics difficult. However, the brief statistics reported here demonstrate some international 
commonalities: females are more likely to consume the recommended number of daily 
fruit and vegetable servings than men, while the greatest compliance in meeting the 
recommended intake is often seen among children and seniors. It has been suggested 
that because children are more likely to consume juice than any other age group, they 
more easily meet fruit and vegetable recommendations (Henderson et al., 2002).

Perceptions of fruits and vegetables differ among children and adults. Factors 
associated with their consumption have been studied generally for the purpose of 
understanding current consumption habits and increasing consumption through the 
influence of favorable factors.



Factors affecting childhood consumption
Food consumption and eating habits develop in the formative years of childhood. 
A number of theories have been proposed to describe behavior formation and con-
tinuation. Ecological models expand the theoretical perspective by considering direct 
environment–individual interactions, and may offer an explanation for consumption 
habits.

Reinaerts et al. (2007) studied fruit and vegetable consumption in Dutch children 
aged 4 to 12 years. Habit was found to influence fruit consumption to a far greater 
extent than vegetable consumption, as children likely eat fruit of their own volition, 
while they are frequently prompted to eat vegetables. It was suggested that familiar-
izing children with fruits and vegetables by presenting them more frequently could 
lead to higher consumption, and that because parental consumption was influential, 
parents must be involved in interventions aimed at children.

The environment that is established and maintained by parents, childcare provid-
ers and schools influences childhood fruit and vegetable consumption, and a com-
bination of interventions by all of these groups is more effective at increasing fruit 
and vegetable consumption than the efforts of one group alone (Blanchette and Brug, 
2005). Parental role-model behavior exerts a strong influence on childhood fruit and 
vegetable consumption (Blanchette and Brug, 2005). In the home, a readily available 
fruit bowl allows children to form positive fruit and vegetable consumption habits on 
a regular basis (Reinaerts et al., 2007). The frequency of meals consumed as a fam-
ily is positively associated with fruit and vegetable consumption (De Bourdeaudhuij 
and van Oost, 2000). Blanchette and Brug (2005) reviewed 38 publications regarding 
determinants of fruit and vegetable consumption in children and interventions tar-
geted at increased consumption. In addition to the impact of positive parental influ-
ence mentioned above, they concluded that access to school snack bars and television 
viewing negatively influenced fruit and vegetable consumption, while knowledge 
of food preparation and specifics of five-a-day promotion programs were positive 
influences.

Programs targeting increased fruit and vegetable consumption in the school 
environment have been successful through increased accessibility and exposure to 
fresh produce. The USDA Fruit and Vegetable Pilot program, initiated during the 
2002 to 2003 school year, resulted in an increase in fruit and vegetable exposure 
and associated consumption for school-aged children (Buzby et al., 2003). School-
based intervention strategies have taken on a number of different forms, including 
increased availability and variety, improved taste and portion size of fruits and veg-
etables offered in school food service, and marketing strategies in school cafeterias 
(Blanchette and Brug, 2005). All appear to have a positive affect on fruit and vegeta-
ble consumption, with fruit consumption more easily improved than vegetable con-
sumption, likely due to the innate appeal of the sensory attributes of fruit (Blanchette 
and Brug, 2005).

Previously identified statistics and longitudinal studies have demonstrated that 
fruit and vegetable consumption habits are dynamic during childhood and adoles-
cence. Age is a contributing factor to fruit and vegetable consumption, along with 
gender, socioeconomic status, ethnicity and urbanization (Rasmussen et al., 2006). 
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A decrease of 0.7 and 0.4 servings, respectively, have been observed for females 
and males between middle and late adolescence (Larson et al., 2007). The important 
role of parental fruit and vegetable consumption during childhood, and the subse-
quent distancing of children from their parents as they progress into adulthood, may 
contribute to these changes. Evidence suggests that changes in fruit and vegetable 
consumption during adolescence are the result of an increasing school-related influ-
ence (e.g. other adults, teachers and peers) and decreasing amounts of time at home 
(Kubik et al., 2003).

Klepp et al. (2005) developed a conceptual framework to summarize the broad 
range of ecological and personal contributions to fruit and vegetable consump-
tion (Figure 3.1). Children’s determinants of fruit and vegetable consumption 
were grouped under the headings of cultural environment, physical environment, 
social environment and personal factors, and were also described as distal or prox-
imal relative to the individual. For example, “socioeconomic status” is considered 
to be a distal cultural environment influence, while “habit” and “preference” are 
both proximal personal factors. Based on this model, and a review of the literature 
regarding determinants of fruit and vegetable consumption among children and 
adolescents, Rasmussen et al. (2006) concluded that several previously presumed 
determinants lacked evidence, while socioeconomic position, preferences, parental 
intake and home availability were all positively associated with fruit and vegetable 
consumption.

Fruit and vegetable consumption
Proximal

Distal

Cultural environment Physical environment Social environment Personal factors

Country
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Socioeconomic
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Dietary guidelines
School food policies
Price policy related to FV
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Figure 3.1  Conceptual framework applied to children’s fruit and vegetable consumption. Reprinted with 
permission from: Klepp, K.I., et al. (2005). Promoting fruit and vegetable consumption among European 
school children: rationale, conceptualization and design of the pro children project. Ann. Nutr. Metab., 
49(4), 212–220.



Factors affecting adult consumption
Although childhood patterns of fruit and vegetable consumption persist into adult-
hood (Lien et al., 2001), the overall factors which contribute to adult consumption 
differ from the factors which contribute to childhood consumption. Positive attitudes 
towards healthy eating behaviors generally result in greater fruit and vegetable con-
sumption rates (Hearty et al., 2007), and also influence the likelihood of behavior 
change in the future. In Scotland, for example, where adult dietary change is viewed 
with a negative attitude, the likelihood of an increase in fruit and vegetable consump-
tion is relatively low (Anderson et al., 1994).

Household income influences adult fruit and vegetable consumption, and lower 
incomes are consistently associated with lower fruit and vegetable consumption 
(Kamphuis et al., 2006). The location of a home (suburban, urban or rural) deter-
mines the vicinity of substitute foods, such as fast foods (MacDonald et al., 2007). 
Higher fruit and vegetable consumption rates have been observed in rural rather than 
urban populations (Inchley et al., 2001), and in populations with greater levels of 
education (Shimakawa et al., 1994). Being married is also associated with increased 
fruit and vegetable consumption (Billson et al., 1999).

The psychosocial determinants of fruit and vegetable consumption elicited from 
Dutch adults using focus groups were determined to be satisfaction (with an emphasis 
on taste), perceived health consequences, social influences, skills and barriers, habit 
and lack of awareness of health benefits from recommended intakes (Brug et al., 1995). 
The motivation for that study, funded by the Dutch Cancer Society, was ultimately one 
of improved population health through nutrition education regarding fruit and vegeta-
ble consumption. However, the beliefs about fruits and vegetables generate a picture 
of the quality expectations and quality perceptions of these products in the population 
surveyed. Information such as this can be used by the horticultural industry to describe 
perceptions of fresh produce quality within a population. Fruit and vegetable breeding, 
placement and promotion can then be targeted to meet quality perceptions.

V.  Concluding comments

Descriptions and evaluations of consumer eating habits of fruit and vegetables appear 
in academic studies, trade publications and mass media with increasing frequency, 
in response to the mounting evidence that the consumption of fresh fruits and veg-
etables is beneficial for maintaining health and preventing a variety of diseases (see 
also Chapter 5). To date, fruit and vegetable consumption has been associated with 
decreased risk of diabetes, cardiovascular disease and cancer, and associated with 
beneficial relationships with chronic obstructive pulmonary disease, eye health, 
asthma, bone health and neurodegenerative diseases of aging (Anonymous, 2005). 
Much of this health benefit research is observational therefore, controlled clinical 
interventions and mechanistic studies are necessary to clarify the observed benefits 
between fruit and vegetable consumption and disease prevention (Anonymous, 2005).

Would the establishment of stronger evidence of the link between increased fruit 
and vegetable consumption and health benefits motivate consumers to increase their 
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consumption of fresh produce? This would be desirable, as very few individuals 
meet the minimum suggested daily serving recommendations for fruits and vegeta-
bles. However, health is only one motivator of fruit and vegetable consumption, and 
an emphasis on making healthy choices serves as a “disciplinary stick” and neglects 
“the pleasure of healthy eating” (Poole et al., 2007). In addition, Lin (2004) sug-
gests that, by 2020, a generally higher income for many Americans that results in 
increased dietary knowledge, and thus a potential health-based increase in fruit con-
sumption, will be negated by the dietary choices associated with dining out.

The evaluation of the determinants of consumer eating habits of fruits and veg-
etables describes the environmental and psychosocial factors that contribute to their 
consumption. Price, income and availability, gender and age, and motivations of ethi-
cal consumerism are all part of the complex of determinants of eating behaviors and 
perceptions of quality that determine individual eating habits. Studies of the determi-
nants of fruit and vegetable consumption of both adults and children often yield con-
flicting results, and overall summaries of these studies reveal complex maps of factors 
that influence the decision-making process to eat these products. Perhaps because of 
this complexity of factors influencing food choice, promotional campaigns to increase 
fruit and vegetable consumption have not always met with the success anticipated at 
their inception. However, interventions appear to result in some degree of improved 
consumption, and further studies of psychosocial determinants of fruit and vegetable 
consumption linked to the design of promotional activities may result in enhanced 
fruit and vegetable consumption.

The horticultural industry can maximize benefits from both the increased knowl-
edge about consumer eating habits and the predicted increased demand for fresh fruits 
and vegetables, using the consumer-perceived quality paradigm to develop, target and 
promote products to consumers. Although in the past, consumer-perceived quality 
has been simply described by phrases such as “fitness for intended use,” the market 
driven and consumer-oriented approach to quality (Oude Ophius and Van Trijp, 1995) 
describes consumer-perceived quality as containing the elements of intrinsic and 
extrinsic quality cues, experience quality attributes and credence quality attributes. 
This paradigm of quality has the advantage of tangibly relating quality attributes to 
physical product parameters, such as sensory attributes, and to consumer trends such 
as the desire for organic and locally grown produce, which are motivated by personal 
values. As Oude Ophius and Van Trijp (1995) suggest, anyone who wants to make and 
sell food products should understand consumer perceived quality.

Peri (2006) presents an analytical model of food quality in which six of the 13 qual-
ity attributes are presented as being related to “the product as a food” and the remain-
der are presented as “the product as an object of trade.” The model is a good reminder 
of both the complexity of the consumer quality paradigm, and the need for the hor-
ticultural industry to consider not only industry-related quality attributes that frame 
fruits and vegetables as objects of trade, but also to evaluate produce quality with 
consideration of consumer food use. Advances in postharvest technologies must con-
tinue to evaluate product quality using the consumer-oriented approach to quality, as 
advances are of limited commercial value unless they result in products with attributes 
desired by the consumer.



An additional challenge to be considered is the dissemination of quality-related 
information to consumers. As Poole et al. (2007) note in their study of citrus fruit, 
and Harker et al. (2003) describe in their review of apple quality, product-specific 
information about fruits, such as variety specific information, can help consumers 
with their purchase decisions.

Descriptions of global consumer eating habits of fresh fruit and vegetables, health 
benefits associated with fruit and vegetable consumption, and the multitude of fruit 
and vegetable promotion campaigns, confirm that increased fruit and vegetable con-
sumption is a public health issue, and an opportunity for the fresh fruit and vegetable 
industry. However, the complexity of the determinants of eating habits and the mul-
titude of factors involved in the evaluation of consumer perceived quality of fruits 
and vegetables present a challenge to this expansion. Continued monitoring of eat-
ing habits and further studies to elucidate determinants of eating habits and increase 
understanding of consumer perceived quality, coupled with awareness, appreciation 
and monitoring of these factors by the fresh fruit and vegetable industry is key to 
overcoming this challenge.
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I.  Introduction

The view on fruit and vegetable quality has changed. In the past, each member of 
the supply chain of fresh produce focused on attaining acceptance by following the 
links within the chain. In practice, it largely required maintenance of quality standards 
(see Chapters 8 and 9). The rationale was to have defined criteria which could facili-
tate communication during shipment or distribution and, to some extent, allow prod-
uct stability assessment. Thus, the quality of fresh horticultural produce was usually 
evaluated against standards for grading. These standards included product attributes 
which can be readily determined, and are related to color, appearance and absence of 
defects. In the past, breeders successfully developed cultivars with improved yields 
and attributes laid down in the specifications. Besides yield and grades, other targets 
were the hardiness and resistance of the plants, uniformity and extension of the season 
and in a few cases shelf life or suitability for processing. Consumers were thought to 
be satisfied with the grades, season extension and varied choices at prices they could 



44  Testing and Measuring Consumer Acceptance

afford. However, this proved not to be the whole truth (see Chapter 3). For instance, in 
the 1990s German consumers were dissatisfied with the poor flavor intensity of fresh 
tomatoes originating from the Netherlands. Subsequently, Dutch tomatoes experienced 
a sustained decline in sales of 30% in Germany (Behr and Illert, 2002).

Much of the attractiveness to consumers of products of this origin was lost during 
those years, because of the characteristics of the fruit which were perceived through the 
senses of consumers. Flavor intensity is part of the consumption experience and thus, 
perceivable only after purchase. Other important drivers of acceptance among consum-
ers include intrinsic attributes, such as appearance, color, odor and texture. They can 
be more readily perceived, and help in the search for attractive products before the final 
selection and purchase. Both quality assessed from experience, and quality used dur-
ing the search, can be evaluated by consumers directly by comparing their expectations 
with the information received from their sensorial perceptions (Grunert, 2005).

II.  Experience and credence attributes

It is argued that the quality of a product is assessed by the consumers only using direct 
sensory impressions very rarely (Meiselman, 2007). And of course, there are other fac-
tors which cannot be ascertained even by experienced consumers. Most health-related 
properties and their effect on the human body can not be experienced, felt or validated 
by a consumer. Process-quality – increasingly important and well-recognized by many 
consumers – is, in most cases, undetectable as an intrinsic property. Not only do con-
sumers fail to detect differences between the use or non-use of genetically modified 
techniques, regard or disregard for social or environmental standards, or whether pro-
duce is conventionally or organically grown, but often even sophisticated instrumen-
tation can hardly authenticate organically grown produce (Banasiak et al., 2004). 
These credence attributes are important to many consumers, who are unable to experi-
ence them and must rely on others’ statements. Consumers, therefore, use cues which 
they recognize at and around the product, and infer the credence attributes from these 
(Grunert, 2005). All properties which can be observed may serve this purpose, e.g. 
appearance, color, size, visible structure, firmness to the touch, packaging and the 
information on it. They may also be communicated at a retail outlet, or through media, 
including Internet pages or forums. In the case of fruit and vegetables, the place of ori-
gin is an important cue for inferring quality. This cue can be so strong that it surpasses 
actual sensory perception, for instance, in the case of nationally or organically produced 
tomatoes over imported ones, although all three may be intrinsically the same, but 
differently labeled (Ekelund et al., 2007). Important cues can also be brands or product 
concepts, although these are more often associated with processed products.

Not only prior to, but also after purchase credence attributes will be perceived and 
may still influence the perceived quality of the product, which may fade with time. 
Especially in the case of repeated purchase and consumption, personal experience 
becomes more important than the indirectly assessed credence qualities. This gradual 
loss of quality dimensions may become a disadvantage, especially for products where 
a high proportion of extrinsic, credence quality is involved (e.g. functional foods).



The producer only partly controls the perception of credence attributes, as well as 
the perception of experience attributes. Situational variables change during transport, 
storage, preparation and consumption. Learning how to handle produce can stabilize 
or improve the experience of quality and therefore, information on maturity, storage 
conditions and preparation methods is helpful.

A comprehensive discussion of the influences on consumer acceptance can be 
found in the recent book by Meiselman (Meiselman, 2007). The relevant chap-
ter contains a review of many models of food acceptance, with different emphases 
within the three classes of variables of eating research:

l	 food variables: palatability, appearance and flavor (Harper, 1981; Land, 1983; 
Cardello, 1996; Tuorila, 2007);

l	 people variables: responsiveness to food cues, restrained eating, expectations, 
human focused (Connors et al., 2001), human-product linked (Cardello, 1994; 
Krystallis, 2007); and

l	 environmental variables: physical, social context and economic factors 
(Marshall, 1995).

III.  Acceptance

Depending on the inclusion of variables from one or more of the above classes (i.e. 
food, people or environment) acceptance can be understood in another way. The focus 
on food variables alone leads to the conclusion that food products are acceptable (1) 
when their attributes are acceptable. Including the people variables, food becomes 
acceptable (2) only when attributes and food cues meet responsive minds and match 
expectations. Finally, when environmental variables also are taken into account, accept-
ability (3) means an attractive product – in terms of (2) – is selected only in a favora-
ble physical, social and economic situation or circumstance. The separation of effects 
into three classes, of course, is an idealization. Acceptance of attributes, for instance, 
depends not only on the attributes, but also on people factors. However, when consum-
ers are considered as individuals the influence of product attributes triggers acceptance.

The classical definition (Amerine et al., 1965) reflects the two opposite scenarios: 
“actual utilization (purchase or eating)” by consumers and “experience or feature of 
experience, characterized by a positive attitude toward the food.” The first states that 
for assessment of acceptance, knowledge of the product variables, personal variables, 
the situational variables and even the outcome of trade-offs between perceived qual-
ity and perceived price (Grunert, 2005) has been reached. The second refers to an 
experience, gained directly from the sensory interaction of consumer and product.

This interaction is the central focus of sensory acceptance tests. The investigator is 
interested in “whether the consumer likes the product, prefers it over another product, 
or finds the product acceptable based on its sensory characteristics” (Lawless and 
Heymann, 1998). Food acceptance is treated as a “perceptual/evaluative construct” 
(Cardello, 1996). It is a “phenomenological experience, best categorized as a feeling, 
emotion or mood with a defining pleasant or unpleasant character” (Cardello, 1996). 
Cardello adds two ways to measure acceptance. Self- or verbal-reports are used 

III.  Acceptance  45



46  Testing and Measuring Consumer Acceptance

where a phenomenological approach prevails, whereas choice and consumption are  
observed when the focus is on the consequences of acceptance. Data from observed 
behavior can be collected electronically or through personal observation. Self-reporting  
includes group or face-to-face interviews, telephone interviews or mailed question-
naires (Fletcher et al., 1993).

IV.  Qualitative tests

Qualitative tests often measure the subjective responses of a consumer sample to the 
sensory properties of a product. Consumers talk about their feelings in a small group 
setting or interview (Meilgaard et al., 1991). The initial response to a new concept, the 
general acceptance of a prototype, or information on other obvious problems is obtained 
and allows for project readjustment. Because of the personal interaction the consumer’s 
terminology can be studied and consumer-oriented terms can be learned for use in ques-
tionnaires and advertisements. Another advantage is to learn about reasons for and prac-
tices of consumer behavior regarding product use, which could facilitate handling, etc. 
For fruit and vegetables, this is not only limited to innovation in package convenience, 
but also to new mix, size and properties of the produce for use in cooking.

Usually, an interviewer or moderator with skills in group dynamics, probing tech-
niques, summarizing and reporting, meets a group of 10–12 persons (focus group). 
Group members are selected on the basis of product usage and sociodemographics, 
and they participate in two or three sessions, each for one to two hours. The subject 
of interest is presented, and the discussion facilitates obtaining as much information 
as possible. If the group meets on a regular basis, for instance to use a product at 
home between sessions, it is called a focus panel. If additional (or sensitive) informa-
tion is sought from each individual, one-on-one consumer interviews are appropriate. 
Such interviews may be conducted at the interviewer’s site or in consumer’s homes. 
In some cases, observation of the consumer’s product preparation, etc., yields very 
different information from the consumer’s verbal statements (Meilgaard et al., 1991).

V.  Quantitative tests

There are two approaches to quantitative consumer acceptance testing: tests that rely 
on choice or on rating. Relative preference is determined using the first method.

VI.  Testing preference

Preference, classically used for testing in the food industry, can be defined in three 
ways (Amerine et al., 1965):

1.	 expression of a higher degree of preference;
2.	 choice of one object over others; and
3.	 basis of choice, psychological continuum of affectivity (pleasantness/ 

unpleasantness).



However, preference tests are usually designed to measure the appeal of one food or 
food product over another (Stone and Sidel, 1993). The panellists receive two coded 
samples (usually simultaneously), and their task is to answer the question: “which 
sample do you prefer or like better?” (Meilgaard et al., 1991). The task is rather intu-
itive and can be performed easily even by semi- or illiterate consumers (Coetzee and 
Taylor, 1996).

It is usually recommended that the consumer must choose one product over the 
other (Stone and Sidel, 1985). Such a choice makes for easier interpretation (because 
tests rely on a binominal distribution), and enables the use of all answers. If a pref-
erence decision is not given, the researcher has to decide either to ignore or to split 
those answers 50:50, or to split them in proportion to other answers. Another possi-
bility for large consumer numbers (100) is to calculate confidence intervals based 
on multinominal distribution. With non-overlapping confidence intervals of respond-
ents expressing a preference, and a small number of no preference answers, the sig-
nificance level can be identified. Details of relevant procedures can be found in the 
literature (Lawless and Heymann, 1998; Moskowitz et al., 2006b).

Special cases of preference testing are repeated pair-wise preference tests and 
sequential preference ranking of a series of samples. The aim of both methods is 
to obtain information on the relative preference for an array of products. It is again 
an intuitive task for consumers to rank products according to their preference for 
visual, tactile and pronounced taste or flavor perception, but complex multi-flavor 
or taste samples can become stressful. A sequence of increased acceptance can be 
calculated not only from ranking, but also from the results of repeated pair-wise 
comparisons. In both cases, received data are ordinal and thus the absolute degree 
of liking and the relative distance of successive samples cannot be quantified. The 
reported liking is only relative between the samples and inherent to the presented set 
of samples.

These tests are less frequently used than measuring acceptance with fruit and 
vegetables. This is probably because the typical case is not comparing one cul-
tivar, cultivation technique or maturity stage to another, but comparing a range of 
influences on the resulting quality. In very few cases only a single property may be 
changed, but physiological processes lead to a multitude of altered texture, taste, 
aroma or flavor attributes. To be able to explain differences in acceptance therefore, 
a larger data set which gives quantitative information on acceptance is necessary. 
There are cases where testing whether, for example, the use of a chemical or dis-
tinct postharvest alternatives have a positive or negative effect on preference. Here 
preference testing is most efficient (Harker et al., 2008).

VII.  Testing acceptance

Most hedonic testing of fruit and vegetables is done using acceptance tests. Here panel-
lists work as a measuring instrument not to measure products, but to quantify their own 
affective reaction which the sample evokes. Except in preference testing, acceptance 
tests can be performed using only one sample, but usually 10 or 12 samples are tested. 
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The samples are coded with a three to four digit number and are usually presented one 
after the other (monadic). The sequence of samples differs from panellist to panellist, 
because the constant position as an earlier or later presented sample will bias the results. 
The possible number of samples depends, as well as the type of samples and the com-
position of the panel, on the number and type of questions posed. The central question 
is “how much do you like the product?” or “how acceptable is the product?” (Meilgaard  
et al., 1991). However, detailed information on the acceptance of several attributes is often  
required, and can be included in the protocol. Additional questions ask consumers how 
much they like the appearance, aroma, flavor, texture or after-taste, or even more spe-
cific attributes such as color, sweetness or crunchiness. Answers allow responses as to 
whether, for example, the sweetness is not liked because the product is too sweet or not 
sweet enough. Therefore, just-about-right questions (JAR) are used where respondents 
have to rate whether the level of the sensory attribute is “too low,” “just right” or “too 
high.” Although the rating is also done on a hedonic scale, it forces panellists to form 
a fairly analytical judgement and is found to influence results (Popper et al., 2004). An 
even more analytical approach is required when, instead of hedonic questions, attribute 
intensity questions are included, but this is generally not recommended (Stone and Sidel, 
1993). Again the more integrative, hedonic and naive (an approach not used by a spe-
cialist) approach is disturbed by a specific, analytical task. Another important reason for 
not recommending hedonic and analytic tasks in one test is the varying selection criteria 
for participants of hedonic and analytic tests. Panellists of acceptance tests are chosen 
to represent a target population. They are users of the product in question, but should 
be naive users not professionals in food issues. Discussion about the use of employees 
for in-company product testing can be found in Lawless and Heymann (1998). Other 
requirements are demographic characteristics, such as age or gender distribution, again 
with respect to the target population. In contrast, analytical testers are selected after suc-
cessfully passing standardized tests for olfactory, taste and color sensibilities, as well 
as memory, verbal abilities and creativity. They do not need to be members of a target 
population (Stone and Sidel, 1993; Lawless and Heymann, 1998).

VIII.  Scales

Information is obtained from assigned words, numbers or scale positions marked by 
a panellist. There has been much discussion about the best scale (Moskowitz et al., 
2006b). Important points are the number and type of statements, the relative differ-
ence between single statements or a more-or-less unstructured line scale. Very often 
a nine-point hedonic scale is used. It consists of four, presumably equally spaced, 
categories for liking, a neutral point and four corresponding categories for disliking 
(e.g. dislike extremely, dislike very much, dislike moderately, dislike slightly, neither 
like nor dislike, like slightly, like moderately, like very much and like extremely). 
This scale has been suggested by Peryam and Pilgrim (Peryam and Pilgrim, 1957), 
and has been validated and successfully used (Stone and Sidel, 1993). It contains no 
additional information on possible consequences of the degree of liking or disliking, 
as for instance is found in the food action rating scale (FACT) suggested by Schutz 



(Schutz, 1965). For testing children, an alternative scale has been developed which 
uses fewer points and displaces verbal statements with facial symbols for different 
degrees of liking (Chen et al., 1996). Data derived from the scales are ordinal, but 
results from unstructured line scales may be regarded as quantitative numerically, 
especially in tests with many panelists.

IX.  Extracting information

Acceptance data are usually obtained from observations of consumer behavior (with 
all the interference of environmental factors) or the reporting of panelists, transfer-
ring their perceptions into words or numbers. To come even closer to the processes of 
sensation and perception, physiologists study the explanations how signals from food 
molecules are processed and transduced from receptor cells to the brain (Margolskee, 
2004). An emerging field of new insights into the processing of signals in the brain 
offers functional magnetic resonance imaging (FMRI). The activity of brain areas 
in response to food (thinking of, smelling or eating) can be depicted and located, 
and assigned to those areas responsible for activity or emotions. The nature of this 
research is very fundamental and mostly qualitative, but may help to explain com-
plex phenomena of perception, integration and hedonic consequences in the future 
(Kettenmann et al., 2005; Small and Prescott, 2005; Rolls, 2006).

X.  Test sites

A sensory laboratory offers the best control over the preparation and handling of the 
samples, as well as control of environmental factors during the sessions. Light can 
be used to mask, for example, sample color differences or, most often, standardized 
light spectra can be utilized. Data entry can easily be computerized. Panellists work 
in screened booths, protected from influence from the surroundings, which could pos-
sibly draw attention away from the sample testing. A disadvantage is that the situation 
differs from normal product use in the home. The amount of food may be smaller 
in the unfamiliar laboratory situation than during in-home use, and the time the con-
sumer is exposed to the product is shorter in the laboratory, where the focus is strongly 
on working off the testing sequence. Therefore, the repeated presentation of the same 
product may be used to investigate acceptance changes with time, which can decrease 
for some products when satiety begins. A detailed discussion of advantages and disad-
vantages can be found in Moskowitz et al. (2006).

Other often-used test sites are central locations, such as shopping centers or similar 
publicly-accessible locations. The advantage of this is the large number of subjects 
who can be selected and approached. The disadvantage is the limited control of the 
test conditions, sample preparation and handling. For fruit and vegetable testing, with 
limited preparation effort, it can be a feasible alternative. For improved testing facili-
ties mobile sensory/chemical units have been used (Moskowitz et al., 2006b). Even 
more closely resembling actual consumption situations are home use tests (HUT), 
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with the advantage of a natural, unbiased setting. Under these conditions informa-
tion on the performance of products during preparation can also be collected by com-
pletion of a questionnaire. Testing of complex foods, whole meals and products with 
a high proportion of extrinsic or credence attributes takes advantage of the familiar 
social context. Fruit and vegetables have seldom been tested using home use tests.

XI.  Consumer segments

As a good sensory practice for acceptance tests, a group of around 30 panelists is 
viewed as a minimum group size for testing (Moskowitz, 1997). If separation of dif-
ferent groups of the population is intended, e.g. income groups, or urban versus rural, 
a larger group is recommended. A large number of panelists are necessary, because 
consumers are individuals and differ from each other in what they regard as accepta-
ble. The variability among consumers has long been recognized (Pangborn, 1981) and 
it has often been tried to relate it to sociodemographic background, but this has usually  
failed (Moskowitz et al., 2006a). The differences between single consumers can be 
even greater than the differences detected between consumers of European countries, 
as shown in the case of coffee (Moskowitz et al., 2006a). Addressing a target popu-
lation also means analyzing consumer panelists’ data for underlying preference seg-
ments, but this has rarely been applied in the area of fruit and vegetable studies.

Differences in the sweetness preferences among European grapefruit consumers 
have been found (Rozenbaum, 1989), sweet, hard apples or juicy, acidic apples were 
preferred by different consumer segments (Daillant Spinnler et al., 1996), similar seg-
ments were identified for peaches and mangoes (Malundo, 1996), preferences for lev-
els of sugars and acids differed in table grapes (Crisosto and Crisosto, 2002), kiwifruit 
consumers were segmented into those who liked a new yellow-fleshed, sweet and  
fruity flavored cultivar or those preferring the familiar green-fleshed and sweet-tart 
tasting kiwifruit (Jaeger et al., 2003b). Despite a general liking for juicy and sweet 
pears, “ideal” color and shape was different among consumers (Jaeger et al., 2003a). 
Tomato consumer segments were identified (Brückner, 2000; Pagliarini et al., 2001) 
on the basis of the preference for red color and sweetness, acidity and texture, with at 
least two groups preferring fruit at different stages of ripening (Watada and Aulenbach, 
1979). Among broccoli and cauliflower consumers, a small niche segment (22% of 
consumers) appreciating bitter and pungent notes was identified, while the majority of 
consumers preferred lower intensities of bitter and pungent notes, but liked sweet (33% 
of consumers) or crisp (44% of consumers) attributes (Bruckner et al., 2005).

There are also examples where produce details, such as cultivar, presence of a 
label, price and presentation (in several tray types or loose), were varied to optimize 
acceptance by segments of domestic and international markets (Mora et al., 2006). 
This research was done using conjoint analysis. Rather than measuring the accept-
ance of the product features alone, the contributory values of the features within this 
complex mix is determined through systematic variation (Moskowitz, 2005). If the 
inherent segmentation among consumers is neglected, differences are averaged and 
only a weak hedonic reaction of the panelists will be found, if any.



One possibility is to separate panelists into subgroups based on the preference or 
not for selected attributes of one or a few products (MacFie and Thomson, 1988), or 
on the pattern of preferences for the whole set of products (Moskowitz et al., 2006a). 
To level out individual differences in scale usage, usually the ratings of one subject 
are standardized (i.e. set to zero, standard deviation set to one), and a cluster analy-
sis of the data will identify similar subjects, based on the way they scored for liking 
of the products or product attributes (if attribute liking was one of the questions). 
Another alternative is the possibility of internal and external preference mapping 
(Greenhoff and MacFie, 1994). In both methods individuals are identified on the 
basis of their preferences only (internal preference mapping) or combined with non-
preference data (external preference mapping).

Overviews of consumer acceptance data analysis have been published recently, 
(see MacFie, 2007; Moskowitz, 2006).

XII.  The necessity for acceptance testing

Four primary areas for the need to conduct acceptance tests were defined by 
Meilgaard et al. (1991):

l	 product maintenance;
l	 product improvement/optimization;
l	 development of new products;
l	 assessment of market potential.

One of the major reasons for recommending implementation of consumer accept-
ance tests is the fact that many newly launched products fail in the marketplace if they 
are not properly tested (MacFie, 2007). At first glance, a new product launch seems 
to be atypical for the fresh fruit and vegetable sector, but new varieties of exotic fruit 
and vegetables, new sizes, mixtures or convenience properties are being developed. 
Consumer needs are changing over time, influenced by demographic, socioeconomic 
and cultural change, leading to trends such as increased average age, smaller house-
holds, individualization and reduced willingness (and necessity) to spend time and 
effort preparing food. Retail chains now compete globally and have to attract increas-
ingly sophisticated consumers. Large proportions of total food sales, e.g. in the US, 
are reported to consist of products introduced only recently (van Trijp and Steenkamp, 
2005). New fruit and vegetable products often require advanced technology to main-
tain or sometimes even improve quality during storage, transport and processing, such 
as use of chemicals to affect ripening; storage and shipment techniques like ultra low 
oxygen (ULO) or dynamic controlled atmosphere (CA); modified atmosphere pack-
aging (MAP) or new packaging materials; processing (e.g. for fresh-cut); high pres-
sure treatments; or additives for microbial control. Besides prolonging shelf life, all 
of these technologies can affect attributes relevant to acceptance. To measure those 
changes instrumentally can be very difficult, if not impossible, as we have seen in 
experiments with peeled asparagus, where unsuitable packaging led to reduced con-
sumer acceptance because of weak off-odors (Brueckner, 2004).
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Recently, the top ten trends in food retailing have been identified as:

l	 multi-channel shopping;
l	 retailers as restaurateurs (food service);
l	 lifestyle stores and emerging formats;
l	 thinking small (in terms of store size);
l	 store brand-building;
l	 focusing on fresh and natural/organic produce;
l	 health and wellness;
l	 going green;
l	 tapping ethnic markets; and
l	 in-store media (Anonymous, 2008).

Almost all of these trends will include the need to develop fruit and vegetable prod-
ucts, and consumer acceptance will be a prerequisite.
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I.  Introduction

Horticultural crops are some of the main components of a healthy diet. The con-
stituents obtained by the human body from fruits and vegetables include water, 
carbohydrates, fats, proteins, fiber, minerals, organic acids, pigments, vitamins and 
antioxidants, among others. Fruits and vegetables, especially, are a good source of 
fiber, selected minerals, vitamins and antioxidants. Most fruits and vegetables are 
available almost year-round in a wide variety and they not only taste good, but they 
also have favorable attributes of texture, color, flavor and ease of use. They can be 
fresh, cooked, hot or cold, canned, pickled, frozen or dried.

Fruits and vegetables are consumed at all times, and due to their convenient size; 
they are an excellent between-meal snack. They are relatively low in calories and fat 
(avocado and olives being the exceptions), they have no cholesterol, they are rich in 
carbohydrates and fiber, they contain vitamin C and carotene, and some are a good 
source of vitamin B6. Fruits and vegetables are relatively low in sodium and high in 
potassium. Ascorbic acid in fruits and vegetables enhances the bioavailability of iron 
in the diet. Because of all these characteristics, fruits and vegetables have a unique 
role in a healthy diet. A growing body of research has shown that fruit and vegetable 
consumption is associated with reduced risk of major diseases, and possibly delayed 
onset of age-related disorders, promoting good health. However, in many cases fruit 
and vegetable consumption is still below the dietary guideline goal of consuming 5–10 
servings each day. The nutritional value of fruits and vegetables depends on their com-
position, which shows a wide range of variation depending on the species, cultivar and 
maturity stage. The composition of fruits and vegetables includes a great number of 
metabolites however, it could be predicted that no single commodity might be rich in 
all these constituents. This chapter describes the general characteristics of the compo-
nents of fruits and vegetables, related to their benefits as food sources.

II.  Traditional components

A.  Water

The most abundant single component of fruits and vegetables is water, which may 
account for up to 90% of the total mass. The maximum water content varies between 
individual fruits and vegetables, because of structural differences. Cultivation condi-
tions that influence structural differentiation may also have a marked affect.

B.  Organic acids

There are two types of acids, namely aliphatic (straight chain) and aromatic acids. 
The most abundant acids in fruits and vegetables are citric and malic (both aliphatic) 
acids. However, large amounts of tartaric acid occur in grapes. Malic acid is the major 
component in oranges and apples. The acid content of fruits and vegetables generally 
decreases during maturation. For example, the citric acid content of clingstone peaches 



decreases faster than the malic acid content, while the malic acid content of apples 
and pears decreases faster than the citric acid content. Aromatic organic acids occur 
in several fruits and vegetables, but in very low concentrations. Benzoic acid occurs 
in cranberries, quinic acid in bananas and chlorogenic acid in potatoes. Organic acids 
play an important role in the sugar to acid ratio, which affects the flavor of fruits and 
vegetables. The distribution of acids within a fruit is not uniform.

C.  Proteins

Proteins represent less than 1% of the fresh mass of fruit and vegetable tissues. 
Leguminous seeds are rich in protein, containing 15% to 30%. The proteins of fruits 
and vegetables are built from amino acids, but other related simple nitrogenous com-
pounds also occur. Fruits, vegetables and legumes account for 1.2%, 5.5% and 6.1%, 
respectively, of the protein in the US food supply (Hiza and Bente, 2007). Fruits are 
low in proteins, but tree nuts are a good source of high-quality proteins. The protein 
content of fresh fruits or vegetables is calculated by multiplying the total nitrogen 
content by a factor of 6.25. This calculation uses the fact that protein is comprised 
of about 16% nitrogen, and the assumption that all nitrogen present is protein.  
The conversion ignores the fact that appreciable amounts of simple nitrogenous  
substances can be present in an uncombined form. In potatoes, 50% to 60% of the 
nitrogen occurs in the form of simple soluble constituents, while in apples the esti-
mates range from 10% to 70% (Salunkhe et al., 1991). Senescent tissues, such as 
those of overripe fruits, usually contain especially high proportions of non-protein 
nitrogen. Asparagine is abundant in potatoes and apples as non-protein nitrogen frac-
tions. Pears and oranges are rich in proline, and black and red currants in alanine.

D.  Lipids and fatty acids

Plant lipids represent a very broad group of compounds with functions that vary 
among products. Lipids are an energy source for plants during germination, forming 
components of cellular membranes and cuticular waxes, and they are mainly present 
as triglycerides (esters of glycerol and three fatty acids) or phospholipids (in which 
one fatty acid has been replaced by a phosphate group). Generally, most posthar-
vest products are relatively low in total lipids, except for avocados, olives and many 
seeds. The fat content of fruits and vegetables is usually below 1% and varies with 
the product. Examples of fat content on a dry mass basis are:

l	 avocado: 35–70%;
l	 olive: 30–70%;
l	 grape: 0.2%;
l	 banana: 0.1%; and
l	 apple: 0.06%.

Many of the physical and chemical properties of lipids are due to the fatty acids 
present in their structure. Fatty acids are aliphatic monocarboxylic acids that may be 
saturated or unsaturated to varying degrees. Saturated fatty acids do not contain any  
double bonds along the chain. Monounsaturated fatty acids have a single double 
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bond in the hydrocarbon chain, and polyunsaturated fatty acids have more than one 
double bond. Fatty acids in plants usually range from 4- to 26-carbons in size, but 
oleic acid (18:1) and linoleic acid (18:2) are the most prevalent in nature. Olive oil 
and other fats high in monounsaturated fatty acids are becoming well-known for 
helping to lower LDL-cholesterol (the so-called “bad” cholesterol), while protect-
ing HDL-cholesterol (“good” cholesterol) when consumed in moderation in place of 
saturated fats. The difference among oils is not in their caloric content, but in their 
composition. Fats derived from animal sources (e.g. butter, cream, hard cheeses) 
have a high proportion of saturated fats, while oils from plant sources, such as olive 
and canola, have the lowest (Table 5.1).

Fatty acids are necessary for human bodily functions, where they are used pri-
marily to produce hormone-like substances that regulate a wide range of functions 
including blood pressure, blood clotting, blood lipid levels, the immune response and 
the inflammatory response. The human body can produce most fatty acids, except 
for linoleic acid and -linolenic acid, which are widely distributed in plant oils. 
These essential fatty acids are polyunsaturated fatty acid members of the omega-6 
and omega-3 fatty acid series.

Each double bond, depending on its geometry, can be in either a cis or a trans con-
formation. In cis bonds, the two carbons next to the unsaturated site bond atoms are 
oriented to the same side. Therefore, in restricted environments, such as when fatty 
acids are part of a phospholipid in a lipid bilayer or triglycerides in lipid droplets, 
cis bonds limit the ability of fatty acids to be closely packed and therefore, could 
affect the melting temperature of the membrane or the fat. A trans configuration, by 
contrast, means that the two carbons next to the double bond are oriented to oppo-
site sides. As a result, they do not cause the chain to bend much, and their shape is  

Table 5.1  Fatty acid, vitamin E and cholesterol composition of some common dietary fats

Saturated  
(%)

Monounsaturated  
(%)

Polyunsaturated  
(%)

Cholesterol  
(mg 100 g1)

Animal fats

Lard 40.8 43.8 9.6 93

Butter 54.0 19.8 2.6 230

Vegetable fats

Coconut oil 85.2 6.6 1.7 0

Palm oil 45.3 41.6 8.3 0

Cottonseed oil 25.5 21.3 48.1 0

Wheat germ oil 18.8 15.9 60.7 0

Soya oil 14.5 23.2 56.5 0

Olive oil 14.0 69.7 11.2 0

Corn oil 12.7 24.7 57.8 0

Sunflower oil 11.9 20.2 63.0 0

Safflower oil 10.2 12.6 72.1 0

Canola oil 5.3 64.3 24.8 0

Source: Kays, S.J. 1997.



similar to straight saturated fatty acids. In plant sources, unsaturated fatty acids natu-
rally occur in the cis form. Trans fatty acids might be present in some fats of animal 
origin, or might be the result of oil processing (e.g. hydrogenation of vegetable oils). 
The differences in geometry between the various types of unsaturated fatty acids, 
as well as between saturated and unsaturated fatty acids, play an important role in 
biological processes and in the construction of biological structures (such as cell 
membranes). Medical research suggests that amounts of trans fats correlate with cir-
culatory diseases, such as atherosclerosis and coronary heart disease, more than the 
same amount of non-trans fats, for reasons that are not yet completely understood.

E.  Metabolizable carbohydrates

After water, carbohydrates are the most abundant constituents in fruits and veg-
etables, representing 50% to 80% of the total dry weight. Carbohydrate functions 
include, among others, the storage of energy reserves and the make-up of much of 
the structural framework of cells. Simple carbohydrates, which are also the imme-
diate products of photosynthesis, are important components of sensorial quality 
attributes. Carbohydrates, like proteins, yield 4 kcal g1, while fats yield 9 kcal g1. 
In many products, monosaccharides comprise a major portion of the total sugars. 
Glucose and fructose are the predominant forms of simple sugars found, especially, 
in fruits. Sucrose, the primary transport form of carbohydrate in most plants, is a 
disaccharide yielding glucose and fructose upon hydrolysis. Glucose, fructose and 
sucrose are water-soluble and together they comprise most of the sugars associated 
with the sweet taste of fruits and vegetables. The relative proportions of glucose and 
fructose vary from fruit to fruit and, to a lower extent, in the same fruit according 
to maturity. In many fruits (e.g. apple, pear, strawberry, grape) glucose and fructose 
are present in greater amounts than sucrose, but in certain vegetables, such as pars-
nip, beetroot, carrot, onion, sweet corn, pea and sweet potato, and in some ripe fruits 
such as banana, pineapple, peach and melon, the sucrose content is higher. Traces of 
other mono- and disaccharide sugars such as xylose, arabinose, mannose, galactose 
and maltose may also be present in small amounts (Salunkhe et al., 1991). Some 
fruits of the Rosaceae family could also have significant levels of the sugar alcohol 
sorbitol. Total carbohydrate content also includes starches, which are organized into 
small grains, either within the chloroplasts or in some cases in specialized plastids 
(amyloplasts). Some non-starchy root vegetables, such as parsnip, beetroot and car-
rot, are relatively rich in simple sugars, containing between 8% and 18% of total 
carbohydrates. However, most vegetables contain smaller amounts of metabolizable 
carbohydrates.

F.  Dietary fiber

Definition and composition
Several definitions of fiber, either physiological or based on the measurement tech-
niques used for its determination, have been put forward (Slavin, 2005). An expert 
panel adopted the term “dietary fiber consisting of non-digestible carbohydrates  
and lignin that are intrinsic and intact in plants” (Institute of Medicine, 2001). 
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Dietary fiber includes very diverse macromolecules exhibiting a large variety of 
physico-chemical properties. The main components included as fiber are cellulose, 
hemicelluloses, pectins, lignin, resistant starch and non-digestible oligosaccharides.

Cellulose is a cell wall polymer of -1,4-linked glucose (Brett and Waldron, 
1996). Within the cell wall, the glucan chains are associated with hydrogen bonds 
to form assemblages highly resistant to degradation, known as microfibrils (Carpita 
and McCann, 2000). In fruits and vegetables, the cell wall constitutes 1% to 2% of 
the fresh weight, and cellulose could be as much as 33% of that amount. In general, 
with the exception of avocado in which the whole cell wall seems to be degraded 
(O’Donoghue et al., 1994), little change in cellulose content occurs during ripening 
(Brummell, 2006).

Hemicelluloses Several cell wall polymers soluble in alkalis are classified as 
hemicelluloses or cross-linking glycans (Brummell and Harpster, 2001). Within 
the primary cell wall, hemicellulose levels are usually around 30% (Carpita and 
McCann, 2000). The most common hemicellulose polymer in dicotyledonous spe-
cies is known as xyloglucan, composed as cellulose of a backbone of -1,4-linked 
glucose, but with lateral chains of the pentose xylose (-1,6 linked). These xylosyl 
residues can be modified further, with galactose, arabinose and/or fucose (Brummell, 
2006). Xylans are hemicellulosic compounds more abundant in monocotyledonous 
species, having a backbone of -1,4-linked xylose which could be decorated with 
side chains of arabinose and/or glucuronic acid. Other hemicellulosic compounds 
usually less abundant include glucomannans, galactomannans and galactoglucoman-
nans (Carpita and McCann, 2000).

Pectins Fruit tissues are particularly rich in pectins, which can account for up 
to 40% of the total cell wall polysaccharides. Pectins are also a diverse group of 
polymers rich in galacturonic acid (Ridley et al., 2001). The most abundant pec-
tic polysaccharide in the cell wall is homogalacturonan, a homopolymer of -1, 
4-linked galacturonic acid residues, with variable degrees of methyl esterification at 
C6 (Willats et al., 2001). The degree of polymerization and the proportion of methyl 
esters affect the solubility of pectins. Pectins are deposited in the cell walls, with 
a high degree of esterification, and methyl ester usually decreases during ripen-
ing. Another modification commonly observed in several fruits during ripening is a 
reduction in pectin polymer size (Brummell, 2006; Vicente et al., 2007b). The extent 
of pectin depolymerization is variable, ranging from fruits such as avocado showing 
a dramatic downshift in polyuronide size (Huber and O’Donoghue, 1993) to products 
in which these changes are negligible, such as pepper or some berries (Brummell, 
2006; Vicente et al., 2007a). Rhamnogalacturonan I (RG I) and rhamnogalacturonan 
II (RG II) are pectic polysaccharides which are also present in the plant cell wall. 
RG I has a backbone of alternating -1,2-rhamnosyl and -1,4-galacturonosyl resi-
dues (Willats et al., 2001), with side chains rich in arabinose and galactose (Carpita 
and McCann, 2000). Losses in the side chains are a common feature in fruit ripen-
ing, which can also affect pectin solubility and hydration potential (Gross and Sams, 
1984; Redgwell et al., 1997). RG II is the most complex polysaccharide present in 
the cell wall; it has the ability to form dimers via borate diester bonds (O’Neill et al., 
2004; Kobayashi et al., 1996). Pectins, which are used in the commercial manufacture 



of jams and jellies, are extracted from certain fruits and vegetables such as citrus, 
apples and beets.

Lignin is one of the most abundant biopolymers in nature (Boerjan et al., 2003). 
It is an aromatic heteropolymer formed by the association of three hydroxycin-
namyl alcohol derivatives (p-coumaryl, coniferyl and sinapyl alcohols) (Reddy  
et al., 2005). Lignin is a highly resistant polymer present in secondary cell walls, 
and is associated with fibers and xylem vessels. In the case of fruits and vegetables, 
lignin content is relatively low.

Resistant starch Starches are polysaccharides, composed of a number of  
glucose molecules linked together with -D-(1-4) and/or -D-(1-6) linkages (Sajilata 
et al., 2006). Resistant starch consists of starch and its degradation products that are 
not digested in the small intestine (Asp, 1994). Legumes are rich in resistant starch, 
and as much as 35% of their starch could escape digestion (Marlett and Longacre, 
1996). Green bananas and potato are also relatively rich in resistant starch. Very little 
information is available about the resistant starch content of foods and the amount of 
resistant starch in a typical diet.

Non-digestible oligosaccharides (NDOs) Oligosaccharides are low molecular 
weight carbohydrates intermediate in nature between simple sugars and polysac-
charides (Mussatto and Mancilha, 2007). While several oligosaccharides might be 
hydrolyzed in the digestive tract, others might resist the digestive process. Some of 
them include raffinose (trisaccharide composed of galactose, fructose, and glucose), 
stachyose (two galactose, one glucose and one fructose unit, linked sequentially) and 
verbascose (three galactose, one glucose and one fructose unit, linked sequentially). 
Legumes are rich in NDOs (Mussatto and Mancilha, 2007).

Benefits of fiber intake
One of the most well known benefits of dietary fiber is the modulation of function 
of the intestinal tract (Institute of Medicine, 2001). Meals rich in fiber promote sati-
ety earlier, and are usually relatively low in calories compared to meals rich in other 
food types (Marlett et al., 2002). Several works have also associated diets rich in 
dietary fiber with positive effects in disease prevention (see Institute of Medicine, 
2001). Some works have established an inverse association between fiber intake and 
coronary disease (Rimm et al., 1996; Wolk et al., 1999). Total fruit and vegetable 
consumption was inversely associated with colorectal cancer risk (Terry et al., 2001). 
Current national dietary guidelines recommend an increased dietary fiber intake and 
suggest that fiber, independent of fat intake, is an important dietary component for 
the prevention of some diseases. Recommendations for adult dietary fiber intake gen-
erally fall in the range of 20 to 35 grams per day. The average fiber intake of adults 
in the US is less than half of this recommended level (Marlett and Slavin, 1997).

Sources of fiber
Whole grains (especially the pericarp) and also fruits and vegetables are considered 
very good sources of fiber (Anderson et al., 2007). In 2004, the primary contribu-
tors of fiber to the food supply were fruits and vegetables (37.1%), followed by grain 
products (36.0%) and legumes (13.3%) (Hiza and Bente, 2007). Fiber content of 
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fruits and vegetables is usually in the range of 1% to 3% (Table 5.2). Nuts, legumes 
and dried fruits have higher levels of fiber than fruits and vegetables. The nature of 
fiber varies among food sources. For instance, pectin is low in grains, but consti-
tutes approximately 20% to 35% of the fiber in fruits, vegetables, legumes and nuts. 
Hemicelluloses account for about half of the total fiber in grains, and approximately 
25% to 35% of the total fiber in other foods. Cellulose is one third or less of the total 
fiber in most foods (Marlett, 1992). Besides total fiber content, some relevant prop-
erties include particle size and bulk volume, surface area characteristics, hydration 
and rheological properties, and adsorption or entrapment of minerals and organic 
molecules (Guillon and Champ, 2000). The main modifications during storage of 
most fruits and vegetables occur because of changes in the solubility and molecular 
size of the cell wall constituents due to the action of several proteins (Brummell, 
2006; Fisher and Bennett, 1991). In some products, modification in fiber fractions 
could negatively affect quality. For instance, asparagus shows rapid hardening of the 
basal portions of the spears during storage related to modifications of fiber, such as 

Table 5.2  Fiber content in selected fruits, vegetables and nuts

Product Dietary fiber (%)

Almond 12.2

Apple 2.4

Asparagus 2.1

Avocado 6.8

Banana 2.6

Broccoli 2.6

Carrot 2.8

Kiwifruit 3.4

Lettuce 2.1

Onion 1.7

Orange 2.4

Pea 2.6

Peach 1.5

Peanut 8.5

Pear 3.1

Pepper 2.1

Pineapple 1.4

Plum 1.4

Potato 2.2

Prunes 7.1

Raisin 3.7

Spinach 2.2

Strawberry 2.0

Tomato 1.2

Walnut 6.7

Source: US Department of Agriculture, 2008.



increased deposition of lignin (Saltveit, 1988). In general, preparation of fruits and 
vegetables by typical home methods or commercial processing does not seem to 
cause great loss of fiber (Zyren et al., 1983).

G.  Vitamins

Vitamins are organic molecules required in trace amounts for normal development, 
which cannot be synthesized in sufficient quantity by the organism and must be obtained 
from the diet. The term “vitamin” derives from the words “vital amine” because the 
first vitamin discovered (thiamine) contained an amino group. The 14 vitamins known 
today are vitamin A (retinol), B complex [B1 (thiamine), B2 (riboflavin), B3 (niacin), 
B5 (pantothenic acid), B6 (pyridoxine), B9 (folate/folic acid), biotin, choline and B12 
(cyanocobalamine)] and vitamins C, D, E and K. They do not have common functions 
or structure and are usually grouped into fat-soluble (A, D, E and K) and water-soluble  
(B group and C) molecules. The vitamins present in fruits and vegetables make an 
important contribution to human nutrition, as they have specific functions in normal 
body performance. The vitamin content of fruits and vegetables shows a wide variation 
among species (Salunkhe et al., 1991). Differences within cultivars occur, as well as 
between different batches of the same cultivar grown under different environmental and 
orchard conditions (Rodriguez-Amaya, 2001; Lee and Kader, 2000).

Vitamin A
Carotenoids are liposoluble pigments responsible for the yellow, orange and red 
color of several fruits and vegetables. Carotenoids are terpenoids formed by eight 
isoprene units (2-methyl-1,3-butadiene) and derived from isopentenyl diphosphate. 
Those having an unsubstituted -ring with an 11-carbon polyene chain have provita-
min A activity (Meléndez-Martínez et al., 2007), such as -carotene, -carotene and 
cryptoxanthin (Kopsell and Kopsell, 2006). The structural requirement for vitamin 
A is satisfied by around 60 carotenoids (Rodriguez-Amaya, 2001). Vitamin A plays 
an important role in vision, cell division and differentiation, bone development and 
reproduction. The average daily requirement for vitamin A for an adult is estimated 
at 5000 international units (1 IU  0.3 g retinol or 0.6 g -carotene).

Among this group there are, basically, two different classes: carotenes containing C 
and H (e.g. -carotene, -carotene, lycopene, etc.), and oxygenated derivatives known 
as xantophylls, such as lutein, violaxanthin and zeaxanthin. Carotenoids in plants 
have functions related to radiation interception, mainly in the blue–green region of 
the spectrum, which may be transferred to the photosynthetic centers (Kopsell and 
Kopsell, 2006). Moreover, these pigments protect the photosynthetic structures from 
excessive energy (Grusak and Della Penna, 1999). They are usually present in low 
concentrations and their levels are highly variable among species. Fruits and vegeta-
bles account for only 30% of the vitamin A in the American diet (Hiza and Bente, 
2007). Vegetables that can supply useful amounts of carotene include carrots, pump-
kins and squashes.

Compared to vegetables, fruits are generally not as good a source of carotenoids, 
although there are a few notable exceptions such as apricot, mango, citrus, papaya 
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and watermelon (Table 5.3). Tomatoes and peppers also contain high levels of carote-
noids. Their distribution is not usually uniform and in general, their accumulation is 
higher in the peel than in the pulp (Rodríguez-Amaya, 2001). To date, over 600 dif-
ferent carotenoids have been identified, but only a few of them are commonly found 
in produce. -carotene, the most widely studied carotenoid, accumulates in carrots; 
lycopene is common in tomato and watermelon. Other pigments within this group 
include -carotene, -carotene, lutein, cryptoxanthin and zeaxanthin. In tomatoes, 
peaches and carrots the synthesis of carotene can continue after harvest. There is no 
difference between the carotene content of cooked vegetables and that of raw veg-
etables. Absorption of carotene can only be effective if the diet includes a minimum 
of 15% fat. The manner in which the food is prepared also determines the amount of 
carotene that will be absorbed. Homogenized carrots allow for the best absorption, 
followed by shredded carrots and whole carrots.

Vitamin B complex
Thiamine is required in the human body for the metabolism of carbohydrates. A daily 
intake of 1–2 mg is generally considered as necessary for a normal adult. Legumes 
are especially rich in thiamine. Compared with ascorbic acid, thiamine is relatively 
stable at cooking temperatures, especially in a slightly acidic solution. However, 
losses of 25% to 40% may occur during cooking.

The average human requirement for riboflavin is estimated to be 1–2 mg per day. 
Green vegetables such as beans, beets, peppers and spinach are particularly rich in 
riboflavin. Starchy vegetables and fruits are relatively poor sources of riboflavin. 
Niacin, also known as nicotinic acid, is a precursor to NADH, NAD, NAD and 
NADP, which play essential roles in living organisms. A daily intake of 10 mg to 
15 mg niacin is recommended. There is evidence that niacin can be synthesized in 
the body from tryptophan. Almonds are a rich source, but no fruits or vegetables can 
be singled out as being rich in niacin except perhaps, cape gooseberry and avocado. 
Niacin is relatively stable.

Vitamin B6 (pyridoxal phosphate) is a cofactor in many transamination, decarbox-
ylation and deamination reactions (e.g. in plants, formation of ACC by ACC synthase 
requires pyridoxal phosphate as a cofactor) (Ramalingam et al., 1985). Common 

Table 5.3  Carotene content (mean values) of selected fruits

Product Carotene (g 100 g1)

Mango 1800

Cantaloupe 1000

Pawpaw 810

Guava 435

Apricot 405

Plum 295

Watermelon 230

Source: Rodríguez-Amaya, 2001.



symptoms of vitamin B6 deficiency include dermatitis around the eyes, elbows and 
mouth, along with soreness of the mouth and a red tongue. It can also lead to dizzi-
ness, vomiting, weight loss and severe nervous disturbances (Salunkhe et al., 1991). 
Vitamin B6 is present in appreciable amounts in beans, cabbage, cauliflower, spinach, 
sweet potatoes, grapes, prunes, avocados and bananas. It is fairly heat stable.

Pantothenic acid can be obtained from fresh, canned or frozen fruits and vegeta-
bles containing this vitamin if they are included in the diet. Pantothenic acid occurs 
widely in peas, beans, nuts, broccoli, mushrooms, potatoes and sweet potatoes. 
Symptoms of pantothenic acid deficiency in the diet include fatigue, headaches, 
sleep disturbance, tingling of hands and feet and lack of antibody production.

Biotin is stable during cooking, processing and storage of fresh, canned and frozen 
fruits and vegetables. Deficiency leads to depression, sleeplessness and muscle pains. 
It is synthesized in the intestinal tract (Salunkhe et al., 1991).

Folic acid is essential for reproduction and normal growth. The vitamin is present 
in fruits, spinach, cabbage and other green vegetables. Lack of folic acid in the 
diet can cause a red tongue, diarrhea and anemia. Choline is heat-stable and occurs 
in dried legumes and vegetables. Choline deficiency in humans has never been 
reported.

Vitamin B12 does not occur in fruits and vegetables. Because vitamins of the B 
group are water-soluble, leaching losses occur during cooking.

Vitamin C
Ascorbic acid (AsA) and its first oxidation product dehydroascorbic acid (which can 
be reduced in the human body) might be considered as vitamin C. AsA is a water-
soluble carbohydrate-derived compound showing antioxidant and acidic proper-
ties due to the presence of a 2,3-enediol moiety (Figure 5.1). Humans and a few 
other species are not able to synthesize AsA (Chatterjee, 1973), because the gene  
coding for the last enzyme in the pathway (L-gulono-1,4-lactone oxidase) is non-
functional (Valpuesta and Botella, 2004). Plants synthesize AsA via a pathway that 
uses L-galactose as a precursor (Smirnoff and Wheeler, 2000; Smirnoff, 2000). 
Another pathway using galacturonic acid, which might be recycled from cell wall 
pectin degradation, has been suggested in plants (Agius et al., 2003). AsA has cru-
cial biological functions in humans, such as its participation in collagen biosynthesis 
(Murad et al., 1981). Even though nutritional deficiencies are rare in modern western 
cultures, it is generally recognized that dietary AsA also has important health ben-
efits for the consumer, and an increased intake of vitamin C has been associated with 
a reduced incidence of some diseases and disorders (Carr and Frei, 1999; Hancock 
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Figure 5.1  Structure of ascorbic acid, a main antioxidant present in fruits and vegetables.
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and Viola, 2005). Furthermore, in meat-poor diets, dietary AsA can contribute to the 
improved uptake of iron (Frossard et al., 2000). The recommended dietary allowance 
of vitamin C for men is 75 mg daily, while the recommended dietary allowance for 
young women is higher, at 90 mg daily (Levine et al., 2001).

Fruits, vegetables and juices are the main dietary sources of vitamin C. Fruits and 
vegetables account for 90% of the vitamin C in the US food supply (Hiza and Bente, 
2007). Its concentration depends on the product considered (Noctor and Foyer, 
1998), ranging from 1 to 150 mg 100 g1 fresh weight (FW) (Lee and Kader, 2000). 
Vitamin C is present in fresh fruits and vegetables, as well as in fruit juices. Fruits, 
particularly tropical species, and leafy vegetables are rich in ascorbic acid. Rosehip, 
jujube and guava have very high levels of ascorbic acid. Other good sources of AsA 
include persimmon, strawberry, kiwifruit, peppers, and citrus fruit, and spinach, 
broccoli and cabbage among vegetables (Table 5.4).

Wide variations in vitamin C content also exist within cultivars. For instance, AsA 
content in Actinidia deliciosa fruit varies from 29 to 80 mg 100 g1 FW, depend-
ing on the cultivar (Nishiyama et al., 2004). Even more dramatic variations were 
found in berry fruits, with levels of AsA ranging from 14 to 103 mg 100 g1 FW 
among cultivars of raspberry, blackberry, red currant, gooseberry and cornelian 
cherry (Pantelidis et al., 2007). For any given product, the levels of AsA are highly  
variable, depending on genetic and environmental factors (reviewed in Lee and 
Kader, 2000). A main environmental factor determining the level of ascorbic acid is 
radiation interception. In general, the greater the amount of sunlight received during 
growth, the higher the ascorbic acid content. The retention of AsA is also markedly 
affected by storage and processing. Potatoes lose up to 75% to 80% of the origi-
nal levels over nine months of storage. In most cases, other fruit and vegetable AsA 
levels decline during storage, because the losses are accelerated by storage at high 
temperatures. Bruising and mechanical damage greatly increase the rate of ascorbic 
acid loss. Ascorbic acid is highly susceptible to oxidation, either directly or through 
the enzyme ascorbate oxidase catalyzing the oxidation of AsA to dehydroascor-
bic acid, with the concomitant reduction of molecular oxygen to water (Sanmartin  
et al., 2007). Ascorbic acid can even be oxidized during eating, while food is being 
chewed. However, it is important to consider that the first breakdown product of AsA,  

Table 5.4  Vitamin C content (mean values) of selected fruits

Product Vitamin C  
(mg 100 g1 fresh weight)

Guava, raw 184

Kiwi, raw 118

Litchi, raw 72

Pawpaw, raw 62

Strawberry, raw 57

Citrus fruits 31–53

Cantaloupe 42

Source: Salunkhe et al., 1991.



dehydroascorbic acid, still has vitamin C activity and all activity is lost if oxidation 
proceeds beyond this stage (Salunkhe et al., 1991). When vegetables are cooked 
before eating, high losses of vitamin C can occur. For instance, starchy vegetables 
may lose between 40% and 80% of their vitamin C during cooking, because of 
leaching and oxidation. Loss of vitamin C can be reduced by steaming or by placing 
the vegetables directly into boiling water. Freezing reduces vitamin C slightly, but at  
the end of long-term frozen storage (12 months), a significant decrease (33% to 
55%) in vitamin C can occur (de Ancos et al., 2000).

Vitamin E
Vitamin E includes tocopherols and tocotrienols. They can be in eight different 
forms (four tocopherols and four tocotrienols). All the isomers have aromatic rings 
with a hydroxyl group that can donate hydrogen atoms to reduce reactive oxygen 
species (ROS). The different isomers are named alpha (), beta (), gamma () and 
delta (), and this is related to the number and position of methyl groups in the ring.  
Each of the forms has its own vitamin E activity, -tocopherol being the most active 
(see Figure 5.2). Vitamin E deficiency results in stunted growth. In general, vitamin E 
levels are more abundant in oily seeds, olives, nuts, peanuts, avocados and almonds. 
Even though the levels of tocopherol in broccoli and leafy vegetables are lower than 
in fat-rich products, they are good sources compared to other fruits and vegetables. 
Vitamin E is highly susceptible to oxidation during storage and processing.

Vitamins D and K
Vitamin D is a group of fat-soluble compounds. The main forms of vitamin D are ergo-
calciferol and cholecalciferol. It occurs only in trace amounts in fruits and vegetables.

Vitamin K is essential for blood coagulation, but dietary deficiency is uncommon. 
The recommended daily intake is 120 g. It occurs abundantly in lettuce, spinach, 
cauliflower and cabbage. As well as direct intake, it can also be produced by bacteria 
in the intestines.

III.  Antioxidants in fruits and vegetables

A.  Oxidative damage and antioxidants

Imbalance in the production of reactive oxygen species (ROS) leading to negative  
cellular alterations is known as oxidative damage, which is caused by several molecules  
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Figure 5.2  Structure of tocopherol.
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(Mittler, 2002). Reactive oxygen species are partially reduced forms of oxygen such 
as singlet oxygen, hydrogen peroxide (H2O2), superoxide (O2

•) or hydroxyl radical 
(OH•) (Asada, 1999). Some, but not all of the components able to cause oxidative 
damage are free radicals (i.e. molecules with unpaired electrons, which determine 
their high reactivity). Currently, there is overwhelming evidence showing that the 
ROS can alter proteins, lipids and nucleic acids, causing deleterious modifications 
to normal metabolism, which can lead to several disorders and diseases (Waris and 
Ahsan, 2006), and eventually to cell death (Jeremy et al., 2004). From a biological 
perspective, an antioxidant is considered as any compound able to oppose cellular 
oxidation. Diets rich in fruits and vegetables have been shown to reduce the incidence 
of cardiovascular disease and some chronic and degenerative diseases associated  
with oxidative damage (Ames et al., 1993; Dragsted, 2003). The incorporation of 
fruits and vegetables in the diet may also help to eliminate certain toxins. The pro-
tective effects have been associated with the presence of antioxidant compounds 
(Cao et al., 1996; Wang et al., 1996). Antioxidants are present in all plant organs and 
include ascorbic acid, carotenoids, vitamin E and phenolic compounds, among others 
(Larson, 1988) (Figure 5.3). Here we briefly describe some characteristics of these 
components.

B.  Ascorbic acid

As mentioned before (see Section II.G) ascorbic acid is one of the most important 
compounds for human nutrition present in fruits and vegetables. The role of AsA in 
disease prevention has been associated with its capacity to neutralize ROS.

Main antioxidants in fruits and vegetables

Ascorbic
acid

Carotenoids Vitamin E Phenolics

Carotenes
Xanthophylls

Tocopherols

Tocotrienols

Others

Flavonoids
– Flavonols
– Flavones
– Isoflavones
– Flavanols
– Flavanones
– Anthocyanidins
– Proanthocyanidins

 Others
– Coumarins    
– Stilbenes
– Lignans and lignin

Phenolic acids
– Benzoic acids
– Cinnamic acids Sulfur

antiox.

Figure 5.3  Main dietary antioxidants present in fruits, vegetables and legumes.



C.  Carotenoids

Fruits and vegetables are the main sources of carotenoids in the diet (Rao and Rao, 
2007). The presence of conjugated double bonds in carotenoids has a main role in 
determining their antioxidant properties (Sandmann, 2001). In the last few years, 
carotenoids have received great attention due to their antioxidant properties and 
potential to prevent some diseases. The general properties of these compounds were 
described in Section II.G.

D.  Tocopherols and tocotrienols

These include the fat-soluble compounds grouped as vitamin E, characterized by a 
high antioxidant capacity. Their distribution in fruits and vegetables was previously 
described (see Section II.G).

E.  Phenolic compounds

This group encompasses a great diversity of compounds derived from the aromatic 
amino acids phenylalanine and tyrosine. Their main functions are acting as deter-
rents of potential predators or antimicrobials, protecting against UV-radiation and 
contributing to the pigmentation of fruits and flowers. Phenolic compounds can 
contribute to the astringency and bitter taste of some products. They are generally 
present in low concentrations, but in certain cases, such as in blueberry, they can 
reach levels of more than 0.1%. In general, they also accumulate in the peel more 
than in the pulp of fruits. The general characteristic of the compounds within this 
group is to have aromatic rings with variable degrees of hydroxylation (Mattila et al.,  
2006). Phenolic compounds are easily oxidized to quinones. The beneficial prop-
erties of berry fruits on human health have been associated in part with the pres-
ence of relatively high levels of phenolic compounds (Seeram et al., 2006). There is  
in vitro evidence showing that these compounds could influence several cellular pro-
cesses. Information regarding the metabolism and effect in vivo is much more limited 
(Duthie et al., 2003). A large number of phenolic compounds have been identified in 
plants (Tsao and Deng, 2004). They have been subdivided into different subclasses, 
such as phenolic acids, flavonoids and other compounds (e.g. lignans, stilbenes,  
tannins, coumarins and lignin).

Phenolic acids
Phenolic acids include derivatives of benzoic and cinnamic acid (Benbrook, 2005) 
(Figure 5.4). The most common benzoic acid derivatives are p-hydroxybenzoic, 
vanillic, syringic and gallic acid, while common cinnamic acid derivatives include 
p-coumaric, caffeic, ferulic and sinapic acid. The derivatives differ in the degree of 
hydroxylation and methoxylation of the aromatic ring. Caffeic acid is the most abun-
dant phenolic acid in several fruits such as berries (Mattila et al., 2006), while cou-
maric acid is usually present in lower proportions (Rice-Evans et al., 1997). Ferulic 
acid represents 90% of total phenolic acids in cereals (Manach et al., 2004; Scalbert 
and Williamson, 2000). The contribution of each of the phenolic compounds to the 
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antioxidant capacity depends on their structure. For instance, the number of hydroxyls 
present in the molecule can increase the antioxidant capacity.

Flavonoids
Flavonoids represent a large group of phenolic compounds with two aromatic rings 
in their structure that are associated together by a 3C-oxygenated heterocycle. 
Phenolic compounds are usually present as glycosides, which reduce their activity 
against free radicals and increase their solubility. At the cellular level, they are com-
partmentalized in the vacuoles (Rice-Evans et al., 1997). There are different classes 
of flavonoids (Le Marchand, 2002) such as:

a)	flavones and flavanols;
b)	flavanones, flavanols;
c)	 isoflavones;
d)	proanthocyanidins; and
e)	 anthocyanidins.

Flavones and flavonols Flavonols have a central ring of 3-hydroxypyran-4-one 
(Rice-Evans et al., 1997). Flavones lack the OH in position 3 (Figure 5.5). Rutin, 
luteolin and apigenin are common among flavones, while the most abundant  
flavonols are quercetin and kampferol (Manach et al., 2004). Onions are rich in these 
compounds. Blueberries also have high levels, especially in the peel, because synthe-
sis is stimulated by exposure to light. Celery is a good source of flavones. Flavones 
are also present in citrus, but they are associated mainly with the fruit peel.

Flavanones and flavanols Flavanones do not have the double bond in position 2,3 
of the central ring, while flavanols lack the carbonyl group at position 4 (Figure 5.6).  
The genus Citrus is characterized by the accumulation of flavanone glycosides. 
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Figure 5.4  Structure of benzoic acid (left) and cinnamic acid (right), precursors of the two main classes 
of phenolic acids present in fruits and vegetables.
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Figure 5.5  General structure of flavones (left) and flavonols (right).



Orange juice is a source of the flavanone glycoside hesperidin (Tripoli et al., 2007). 
The flavanols catechin and epicatechin are common in grapes (Rice-Evans et al., 
1997).

Isoflavones Isoflavones are phytoestrogens present in legumes. Soybean prod-
ucts are a good source of these compounds (Manach et al., 2004). The three most  
commonly found isoflavones are genistein, glycitein and daidzein.

Proanthocyanidins Proanthocyanidins are oligomeric flavonoids (usually dimers 
or oligomers of the flavanols catechin and epicatechin). They are common in the peel 
and seeds of grapes (Gu et al., 2004). Other sources of these compounds include 
apple, almond and blueberry.

Anthocyanidins Anthocyanidins are pigments giving several fruits their char-
acteristic red or purple colors, although in some conditions they can be uncolored. 
Besides being pigments, anthocyanidins have great relevance due to their contri-
bution to the antioxidant capacity of fruits and vegetables. The basic structure of 
anthocyanidins is derived from the flavilium cation (2-phenyl-benzopyril). There 
are six anthocyanidins more common in fruits and vegetables: pelargonidin, cyani-
din, delphynidin, peonidyn, petunydin and malvidin. The differences between them 
are the OH, H and OCH3 groups associated with the phenolic rings. The distribu-
tion of hydroxyls in the molecule influences the antioxidant capacity of the differ-
ent anthocyanidins. These compounds are usually present as glycosides associated  
with different sugars, since anthocyanidin glycosylation reduces antioxidant capacity 
relative to the free aglycons.

Others
Lignans are diphenolic structures formed by the association of two derivatives of  
cinnamic acid (Liu, 2007). They are present mainly in linseeds, cereals and legumes, 
but their levels are low in fruits and vegetables. Stilbenes are also phenolic com-
pounds described in fruits. The most studied compound in this group is resveratrol 
(Figure 5.7). This compound has been known for quite a while, and is commonly 
produced in response to pathogens and other stress conditions in grapes (Langcake 
and Pryce, 1976). It has also been identified in other fruits, such as blueberry. It has 
been suggested that it may have anticarcinogenic properties.

Finally, lignin is a phenolic polymer present in secondary cell walls of plant  
tissues. It is highly hydrophobic and is formed by three main monomeric precursors: 
coumarylic, sinapylic and coniferyl alcohols. It is associated with conduction tissues 
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Figure 5.6  General structure of flavanones (left) and flavanols (right).

III.  Antioxidants in fruits and vegetables  73



74  Nutritional Quality of Fruits and Vegetables

(xylem vessels, sclereids, tracheids), and in general it is not abundant in fruits and 
vegetables. Its contribution, from the antioxidant point of view, is associated only 
with the products of its potential degradation that are very limited.

F.  �Factors affecting the levels of antioxidants in fruits  
and vegetables

Several factors influence the accumulation and degradation of antioxidant compounds 
in fruits. In general terms, these variables could be divided into genetic and environ-
mental. Different factors are included within each of these groups (Figure 5.8).

Genetic factors
Species The species is the first factor determining the prevalence of different antioxi-
dants. Although there are some exceptions, each group is characterized by the accu-
mulation of certain types of antioxidants (Table 5.5). Berries are particularly rich in 
phenolic compounds (Zheng and Wang, 2003) and vitamin C (Kevers et al., 2007). 
The main antioxidants in this group seem to be phenolics because, in general, a good 
correlation between total antioxidant capacity and phenolic compounds has been 
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Figure 5.7  Resveratrol has been studied in detail in grapes. It has been suggested that this compound has 
anticarcinogenic properties.
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Figure 5.8  Main factors affecting the level of antioxidants in fruits.



observed. In the case of ripe blueberry, ascorbic acid only contributes 0.4% to 9.0% 
to the total antioxidant capacity (Kalt et al., 1999).

Cultivar For a given species, the levels of antioxidants are also markedly affected 
by the cultivar considered. For instance, in strawberry, Nelson and co-workers (1972) 
found variations from 19 to 71 mg of ascorbic acid per 100 g FW in six varieties. 
Similar differences among varieties have been found for phenolic compounds (Wang 
and Lin, 2000). The identification of lines or mutants enriched in antioxidants might 
be useful in breeding programs aimed at improving the nutritional value of fruits and 
vegetables. The identification of the nature of the genes mutated in lines with altered 
accumulation of antioxidants might also be of great value. For instance, in the case 
of tomato the characterization of the high pigment (hp) mutants, which accumulate 
high levels of carotenoids, showed that the mutated gene is associated with plant light 
responses, and the over-expression of this gene resulted in increased accumulation of 
carotenoids (Liu et al., 2004). Also, in tomato the level of -carotene and lycopene 
were raised by increasing the expression of phytoene synthase and lycopene cyclase, 
respectively (Fraser et al., 2002; D’Ambrosio et al., 2004). Similarly in carrot, the 
over-expression of a -carotene ketolase isolated from Haematococcus pluvialis led to 
the accumulation of the ketocarotenoid astaxanthin (Jayaraj et al., 2008). The genera-
tion of transgenic plants has also been seen to increase the levels of other antioxidants 
such as phenolic compounds. Transformation of tomato with a Petunia gene for chal-
cone isomerase increased the concentration of flavonols in the peel almost 80 times, 
without altering other phenotypic characteristics (Muir et al., 2001). In the case of 
ascorbic acid, the elucidation of its biosynthetic pathway opened the way to manipu-
late ascorbate biosynthesis in plants (Smirnoff, 2000). However, while most of the 
genes proposed to be involved in these pathways have been cloned and expressed in 
various plant species, transformation strategies to increase AsA concentrations have 
had only limited success. Thus, there is a need for alternative approaches to identify 
the genetic determinants underlying whole plant AsA homeostasis.

Environmental factors
Radiation In many cases, modifications in the level of phenolic compounds, ascorbic 
acid and carotenoids have been associated with changes in the radiation interception 

Table 5.5  Fruits and vegetables rich in the different groups of antioxidants

Ascorbic acid Vitamin E Carotenoids Phenolics

Strawberry Almond Pineapple Blueberry

Pepper Corn Plum Plum

Kiwifruit Broccoli Peach Raspberry

Orange Spinach Pepper Strawberry

Pepper Peanut Mango Apple

Broccoli Avocado Melon Blackberry

Guava Tomato

Rosehip Carrot

Persimmon
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in the field. Sun-exposed sides of fruits have higher levels of phenolics and vitamin 
C than shaded regions (Lee and Kader, 2000). In the case of leafy vegetables, the lev-
els of flavonols are 10 times higher in the surface leaves than in the internal leaves. 
In tomato, the level of total phenolics increased twofold in plants exposed to higher 
irradiance. Similarly, these plants presented higher levels of carotenoids and ascorbic 
acid (Gautier et al., 2008). This illustrates that maximization of radiation interception 
is important to obtain products with higher accumulation of antioxidants. However, 
the optimal irradiance levels required to maximize accumulation of the different 
groups of antioxidants in fruits and vegetables are not well established.

Cultural practices There are several works analyzing the effect of cultural prac-
tices on the level of different groups of antioxidants. For instance, strawberry fruit 
grown with plastic mulch had higher antioxidant capacity than fruits from plants 
grown in beds without plastic mulch (Wang et al., 2002). High nitrogen fertilization 
has been associated with reduced levels of ascorbic acid (Lee and Kader, 2000), and 
compost as a soil supplement significantly enhanced levels of ascorbic acid (Wang 
and Lin, 2003). Vitamin C accumulation also has been inversely correlated with 
rainfall (Toivonen et al., 1994). Some authors have found evidence suggesting that 
organic products might accumulate higher levels of antioxidants and vitamins than 
those produced conventionally (Woese et al., 1997; Weibel et al., 2000; Asami et al., 
2003; Chassy et al., 2006). However, there are also studies that show either results 
that are opposite, or results that show no difference (Barrett et al., 2007). Winter and 
Davis (2006) concluded that it is not possible to ensure that, from a nutritional point 
of view, organically grown products are superior to those obtained by conventional 
agricultural techniques.

Maturity at harvest The developmental stage might affect the antioxidant capacity 
of fruits (Prior et al., 1998). The nature of these changes depends on the product 
considered. For instance, in tomato and pepper total antioxidant capacity increases 
because of the accumulation of carotenoids and vitamin C. In the case of blueberry 
fruit the concentration of phenolic acids decreases during ripening, while anthocyanins 
are accumulated (Castrejón et al., 2008), resulting in a net reduction of total antioxi-
dant capacity during development. Similar patterns have been observed in strawberry 
and blackberry (Wang and Lin, 2000). In the case of carotenoids, in some prod-
ucts (e.g. pepper, tomato, mango) the concentration increases during development 
(de Azevedo and Rodriguez-Amaya, 2005). In contrast, products in which color is 
mainly associated with the accumulation of anthocyanins or products that maintain 
their green color at harvest usually show a reduction in the level of carotenoids as 
development progresses (Rodriguez-Amaya, 2001).

Wounding Mechanical damage may cause alterations in the levels of antioxidants. 
In the case of AsA, cellular breakage causes an increase in the levels of the internal 
pressure of oxygen favoring oxidation. Carotenoid degradation is also accelerated by 
oxygen, but the stability of these compounds is higher than that of AsA. In the case 
of phenolic compounds, wounding could alter both their synthesis and degradation 
(Tomás-Barberán et al., 1997; Loaiza Velarde et al., 1997). In lettuce, wounding led to 
the accumulation of soluble phenolic compounds (e.g. chlorogenic acid) (Choi et al.,  
2005). From a molecular perspective, wounding has been shown to induce de novo 



synthesis of phenylalanine ammonia lyase, a key enzyme in phenylpropanoid metab-
olism (Choi et al., 2005). Besides its role on phenolic biosynthesis, wounding also 
affects degradation. First, also in response to wounding, an increase in enzymes asso-
ciated with phenolics oxidation such as polyphenol oxidases (PPOs) and peroxidases 
(PODs) has been reported. In addition, cell disruption allows direct contact between 
pre-existing phenolic degrading enzymes. Finally, the production of hydrogen  
peroxide upon damage provides a secondary substrate of PODs and the reduction 
of barriers for oxygen diffusion might favor PPO activity. This might promote the  
oxidation of phenolics, which can then polymerize, leading to the formation of 
brown colored pigments that may ultimately reduce quality. Consequently, careful 
handling and minimization of physical damage is recommended.

Storage The effect of storage on antioxidants in many cases is related to the role 
of ethylene in the ripening process. Consequently, the final effect on antioxidant 
(AOX) levels will depend on the typical modifications observed during development 
of the species considered. In some cases, ethylene can induce specific antioxidants. 
For instance, in carrot, ethylene stimulated the accumulation of an isocoumarin  
(6-methoxymellein). In berries it has been observed that atmospheres with high  
levels of oxygen (60% and 100%) result in increased antioxidant capacity by favor-
ing anthocyanins and other phenolics accumulation (Zheng et al., 2003). However, 
the oxidation of AsA might also be favored in these conditions. Besides the effect 
of any specific group of antioxidants in most fruits, it has been observed that the 
changes in total antioxidant capacity are not dramatic during postharvest storage. 
Excluding some products, such as broccoli and banana, fruits and vegetables, in  
general, lose their visual quality before marked losses in total antioxidants occur 
(Kevers et al., 2007). In some cases, an increase in total AOX capacity is observed, 
basically, associated with the accumulation of phenolics. In strawberry, storage at 
5°C and 10°C increased the antiradical capacity (Ayala-Zavala et al., 2004). Further 
studies to evaluate the extent of this increased accumulation of antioxidants in  
some fruits might be done to determine the potential for increasing the functional-
ity of fruits and vegetables through manipulation of the postharvest environment  
(Kalt et al., 1999).

Other treatments Some studies suggest that manipulation of the metabolism of 
products by the application of postharvest treatments could be useful to increase the 
antioxidant capacity, with consequent nutritional benefit (Kalt et al., 1999). Phenolic 
compounds’ synthesis might be triggered in response to stress conditions, such as 
infection by microorganisms or wounding, ultraviolet (UV) irradiation or the expo-
sure of the products to ozone-enriched atmospheres. In grapes, postharvest UV-C 
and ozone treatments increased the accumulation of resveratrol (Cantos et al., 2001; 
Versari et al., 2001; Gonzalez-Barrio et al., 2006). The elicitation of the accumula-
tion of antioxidant compounds has also been observed in other fruits. In blueberry cv. 
Bluecrop, besides reducing decay, UV-C radiation exposure (2 or 4 kJ/m2) resulted in 
increased accumulation of anthocyanins and higher levels of antioxidants (Perkins-
Veazie et al., 2008). In the case of strawberry, UV-C treatments also increased the 
level of phenolic compounds and the antiradical capacity (Ayala-Zavala et al., 2004). 
These results, at a laboratory scale, show an interesting eliciting effect of some  
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postharvest treatments on antioxidant accumulation. Further studies would be useful 
to determine the potential of these strategies on a commercial scale.

Processing The effect of processing on the level and bioavailability of antioxi-
dants depends on the treatment intensity, as well as on the component considered 
(Bernhardt and Schlich, 2006). In some cases, processing could lead to higher  
availability of antioxidants, due to an increase in the ease of extractability. For 
instance, with carrot and spinach carotenoids vapor cooking increases assimilation, 
probably due to a disruption of carotenoid-protein complexes. Similarly, the bioavail-
ability of lycopene increases in heat-treated tomato. However, cooking could cause 
the isomerization of -carotene, leading to the formation of cis isomers with lower 
provitamin A activity (Deming et al., 2002a,b). For instance, in the case of fresh 
carrots, 100% of the -carotene is present in the trans form, while canning results 
in a significant formation of cis isomers. Carotenoids are in general susceptible to 
oxidation. Heat, light and oxygen could accelerate their degradation (von Elbe and 
Schwartz, 1996). Minimizing the influence of these factors could reduce caroten-
oids loss. Ascorbic acid is one of the antioxidants more susceptible to degradation. 
Blanching or even freezing and thawing could cause losses up to 25%. More drastic 
treatments could lead to losses of up to 90% of AsA. Some of the factors affecting 
the loss of AsA include the degree of heating, the exposed surface (which affects 
lixiviation in the cooking media), oxygen levels and product pH (Eitenmiller and 
Landen, 1999). The stability of AsA could be increased at low pH, reduced oxygen 
pressure, darkness and presence of chelating agents. Consumption in the fresh state 
is the best way to minimize AsA losses. Finally, processing can also cause losses of 
phenolic antioxidants. For instance, peeling or cutting reduces quercetin levels by 
only 1%, but cooking in water may reduce the content of this component by 75%.

IV.  �Fruits and vegetables as direct  
sources of minerals

Dietary minerals raise concern for health specialists and consumers, due to the 
number of processes they are involved in and the continuous research highlighting 
the benefits of their adequate and balanced intake. Although there is no universally 
accepted definition or classification, the dietary focus on “minerals” derives from an 
interest in supporting the biosynthetic apparatus with required elemental components 
other than carbon, hydrogen and oxygen.

Total mineral content is determined by the ash value. Nevertheless, classification 
of many elements as essential minerals for human nutrition is not definitive, and 
there is still debate as to the natural biological role of vanadium, chromium, boron, 
aluminum and silicon in human health. Minerals are normally classified as macro- 
or micronutrients, based on the relative concentration of each nutrient when those  
concentrations are adequate for normal tissue function. Macronutrients include 
potassium (K), calcium (Ca), magnesium (Mg), nitrogen (N), and phosphorus (P), 
and their concentrations in plant tissues range from 1000 to 15 000 g per gram of 
dry weight. In contrast, the concentrations of micronutrients usually found in plant 



tissues are 100- to 10 000-fold lower than those of macronutrients. Mineral micro-
nutrients considered essential in human nutrition include manganese (Mn), copper 
(Cu), iron (Fe), zinc (Zn), cobalt (Co), sodium (Na), chlorine (Cl), iodine (I), fluorine 
(F), sulfur (S), and selenium (Se). Macronutrients can also be classified into those 
that maintain their identity as ions within plant tissues (e.g. K, Ca2 and Mg2), 
and those that are assimilated into organic compounds (e.g. N and P).

In general, vegetables are a richer source of minerals than fruits, but both vegeta-
bles and fruits are considered “nutrient-dense foods” in that they provide substantial 
amounts of micronutrients, such as minerals and vitamins, but relatively few calories 
(Table 5.6).

Minerals have both direct and indirect effects on human health. The direct effects 
of minerals focus on the consequences of their consumption on human nutrition, 
while the indirect effects refer to their incidence in fruit and vegetable quality and 
subsequent consumer acceptance. From a direct nutrition standpoint, potassium has 
the biggest presence in both fruits and vegetables, but nitrogen and calcium show 
major impacts on horticultural crop quality.

Table 5.6  Fruit and vegetable sources of potassium, ranked by milligrams of potassium 
per standard amount, also showing calories in the standard amount*. The dietary 
reference intake (DRI) for potassium for adults and adolescents is 4700 mg/day.

Fruits and vegetables, standard amount Potassium (mg) Calories

Sweetpotato, baked, 1 potato (146 g) 694 131

Tomato paste, ¼ cup 664 54

Beet greens, cooked, ½ cup 655 19

Potato, baked, flesh, 1 potato (156 g) 610 145

White beans, canned, ½ cup 595 153

Tomato puree, ½ cup 549 48

Prune juice, ¾ cup 530 136

Carrot juice, ¾ cup 517 71

Lima beans, cooked, ½ cup 484 104

Winter squash, cooked, ½ cup 448 40

Banana, 1 medium 422 105

Spinach, cooked, ½ cup 419 21

Tomato juice, ¾ cup 417 31

Tomato sauce, ½ cup 405 39

Peaches, dried, uncooked, ¼ cup 398 96

Prunes, stewed, ½ cup 398 133

Apricots, dried, uncooked, ¼ cup 378 78

Cantaloupe, ¼ medium 368 47

Honeydew melon, 1/8 medium 365 58

Plantains, cooked, ½ cup slices 358 90

Kidney beans, cooked, ½ cup 358 112

Orange juice, ¾ cup 355 85

Split peas, cooked, ½ cup 355 116

*US Department of Health and Human Services and US Department of Agriculture, 2005.
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Until recently, nutrition research focused on single-mineral impact on human 
health, generally with incongruent results. The recognition that minerals are not con-
sumed individually, but as combined constituents of a varied diet, has shifted the 
efforts in this area to unraveling the role of the overall diet, or dietary patterns, in 
blood pressure and cardiovascular diseases, bone diseases and a range of chronic dis-
orders. Epidemiological surveys suggest that the total diet has a greater influence on 
health than do specific components. From these dietary pattern studies, it has become 
increasingly clear that it is not merely the excess or deficiency of a single mineral, 
but also deficiencies of multiple nutrients in combination that have the greatest die-
tary effects on health. Adequate intake of minerals such as potassium – specifically 
derived from foods such as horticultural crops, where they coexist with other essen-
tial nutrients – contributes to overall health.

As described in previous sections, fruits and vegetables provide a milieu of phy-
tochemicals, non-nutritive substances that possess health protective benefits. In 
contrast, fruits and vegetables may not usually be recognized as primary sources of 
mineral intakes from a nutritional point of view (Fairweather-Tait and Hurrell, 1996). 
Nevertheless, the Dietary Approaches to Stop Hypertension (DASH) emphasize 
fruit, vegetable and low-fat dairy product consumption as a source of minerals. In 
the DASH dietary pattern, vegetables contribute an average of 14.3%, 15.5%, 16.2% 
and 10.4% to the intakes of calcium, magnesium, potassium and zinc, respectively 
(Lin et al., 2003). Correspondingly, fruits and juices contribute an average of 5.8%, 
17.3%, 33.0% and 6.6% (Lin et al., 2003).

There has been a natural trend towards lower mineral content in fruits and vegeta-
bles over the past decades (Mayer, 1997; Ekholm et al., 2007) which have not been 
fully compensated for by the increase in fruit and vegetable consumption. Vegetable 
contribution of potassium, phosphorus, magnesium, calcium, copper, iron and zinc 
to the US food supply significantly decreased during the last century, while fruit con-
tribution of potassium, phosphorus, magnesium and copper increased (Table 5.7).

Table 5.7  Minerals (%) contributed from fruits and vegetables to the US food supply in selected years

Fruit Vegetables

Mineral Year/s Year/s

1909–1919 1960–1969 2004 1909–1919 1960–1969 2004

Potassium 8.0 8.7 11.2 36.7 27.1 26.6

Calcium 2.6 2.2 2.6 8.7 6.0 7.0

Phosphorus 1.5 1.5 1.8 10.4 7.7 7.7

Magnesium 4.5 5.6 6.1 18.2 15.9 13.9

Copper 5.2 6.1 6.1 30.2 22.8 17.2

Iron 3.3 3.1 2.5 18.4 13.5 10.1

Zinc 1.2 1.3 1.2 9.1 7.4 6.4

Sodium 0.8 1.3 2.0 10.4 23.4 28.9

Selenium 0.5 0.6 0.4 1.2 2.4 2.3

Source: Hiza and Bente, 2007.



Nowadays different postharvest strategies for improving the mineral intake from 
fruits and vegetables are being implemented. These comprise increasing consumption 
of fruits and vegetables and increasing levels of essential nutrients through fortifica-
tion methods. Alternative approaches include improving nutrient bioavailability and 
retention.

A.  General considerations of selected minerals

Potassium (K)
A potassium-rich diet contributes to lower blood pressure, blunting the effects of  
salt (Salunkhe et al., 1991). Inadequate levels of potassium intake have long been 
associated with higher blood pressure (McCarron and Reusser, 2001). Potassium 
also regulates heartbeat, assists in muscle contraction and is needed to send nerve 
impulses and to release energy from fat, carbohydrates and protein. Different nutri-
ents and phytochemicals in fruits and vegetables, including potassium, may be inde-
pendently or jointly responsible for an apparent reduction in cardiovascular disease 
risk (Ignarro et al., 2007). Potassium is a systemic electrolyte and is essential in 
coregulating ATP with sodium. Potassium favorably affects acid–base metabolism, 
which may reduce the risk of developing kidney stones (Zerwekh et al., 2007), and 
possibly decrease bone loss with age. Although calcium intake is an important deter-
minant in peak bone mass, and in retarding bone loss in postmenopausal women, 
findings of higher bone mass and lower bone resorption in women consuming high 
intakes of potassium, magnesium, zinc and vitamin C emphasizes the importance of 
considering the impact of variation in other nutrients when focusing on a particular 
mineral (Cohen and Roe, 2000). In fact, up to 11 different groups of compounds 
(vitamins, minerals, antioxidants and others) in fruits and vegetables could influence 
bone health (MacDonald, 2007).

Potassium is the most abundant individual mineral element in fruits and vegeta-
bles. It normally varies between 60 and 600 mg per 100 g1 of fresh tissue. It plays 
a role in a myriad of cellular and whole plant functions: it serves as an osmoticum 
for cellular growth and stomatal function, balancing the charges of anions, activating 
almost 60 plant enzymes and participating in numerous metabolic processes, including 
protein synthesis, oxidative metabolism and photosynthesis.

In fruits and vegetables, potassium occurs mainly in combination with various 
organic acids. Examples of potassium-rich fruits and vegetables include bananas  
and plantains, leafy green vegetables, many dried fruits, oranges and orange juice, 
cantaloupes and honeydew melons, tomatoes and root vegetables (Table 5.7).

Calcium (Ca)
Calcium is essential for bone and tooth formation. Because of this, calcium require-
ments are higher during adolescence. Calcium is also very important during later 
adulthood, and of great consequence from a public health perspective, because  
inadequate intake of calcium may increase the risk of osteoporosis, a condition in 
which decreased bone mass weakens bone (Nordin, 1997; Cohen and Roe, 2000). 
With nearly half of all American women over 50 years of age demonstrating low 
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mineral bone density or osteoporosis, and an estimated 1.3 million osteoporosis-related 
fractures occurring each year in the US, with a billion dollar estimated annual cost 
(DeBar et al., 2004), osteoporosis prevention is a major public health target. Calcium 
fluxes are important mediators of hormonal effects on target organs through the 
phosphoinositol system, and are closely linked with the cyclic AMP systems. There 
is also evidence linking hypertension with calcium deficiency (Appel et al., 1997; 
McCarron and Reusser, 2001).

In plants, calcium is primarily associated with the pectic materials. It is believed 
to have a major influence on the rheological properties of the cell wall and, conse-
quently, on the texture and storage life of fruits and vegetables. Ca2 can interact 
with the anionic pectic polysaccharides, coordinating with the oxygen functions of 
two adjacent pectin chains to form the so-called “eggbox structure,” and cross-linking 
the chains (Rose et al., 2003). Intracellular Ca2 also occupies a pivotal role in cell 
signal transduction (Sanders et al., 1999). The plant signals thought to be transduced 
through cytosolic Ca2 include wounding, temperature stress, fungal elicitors, oxida-
tive stress, anaerobiosis, abscisic acid, osmotic stress, red or blue light and mineral 
nutrition. Intracellular Ca2 transient increases are often associated with initiation of 
responses. Thus, Ca2 is a prominent second messenger, and it must be maintained 
in the cytoplasm at concentrations many orders of magnitude lower than the Ca2 in 
the cell wall.

Horticultural crops are considered a secondary source of calcium in comparison to 
dairy products but, taken as a whole, fruits and vegetables account for almost 10% 
of the calcium in the US food supply (Table 7, Cook and Friday, 2003). Dark green 
leafy cabbage family vegetables and turnip greens are good calcium sources and 
most green leafy vegetables are potential calcium sources because of their absorba-
ble calcium content (Jodral-Segado et al., 2003; Titchenal and Dobbs, 2007). Projects 
designed to test the efficacy of a health plan-based lifestyle intervention for increasing 
bone mineral density propose not only to increase the consumption of high calcium 
foods, but also of fruits and vegetables (DeBar et al., 2004).

Magnesium (Mg)
Magnesium is important in protein synthesis, release of energy from muscle stor-
age and body temperature regulation. It is critical for proper heart function and plays 
a role in bone formation, as previously described. Magnesium activates over 100 
enzymes.

In plants, magnesium is a constituent of the chlorophyll molecule: the porphyrin-
like ring structure of chlorophylls contains a central magnesium atom coordinated 
to the four pyrrole rings. On the other hand, magnesium is involved in the ener-
getic metabolism as a constituent of the Mg-ATP or Mg-ADP complex. Also, the 
Calvin cycle – the pathway that produces a three-carbon compound as the first stable  
product in the multistep conversion of CO2 into carbohydrates – is partially regulated 
via stromal Mg2 concentration. This nutrient also serves important biochemical 
functions in protein synthesis (Mengel and Kirkby, 1982).

In 2004, vegetable contribution to the total magnesium in the US food supply 
was an average of 14% (Table 5.7). Using current population standards, magnesium 



intake was found to be below adequate levels for both adults and children (Sigman-
Grant et al., 2003). Mixed users, who are more likely to consume higher intakes of 
grains, fruit and milk products, were found to have higher magnesium densities than 
high-fat users, who consume significantly more servings of meat and higher levels of 
discretionary fat (Sigman-Grant et al., 2003). Generally, magnesium levels are signif-
icantly higher in vegetables than in fruits, but nuts are good sources of this nutrient. 
Dry fruits and legumes are the food groups that rank higher in magnesium content 
(Jodral-Segado et al., 2003).

Phosphorus (P)
Inorganic phosphate is essential for skeletal mineralization and for multiple cellu-
lar functions, including glycolysis, gluconeogenesis, DNA synthesis, RNA synthesis, 
cellular protein phosphorylation, phospholipid synthesis and intracellular regulatory 
roles (DiMeglio et al., 2000). Phosphorus is a primary bone-forming mineral. In 
western countries, isolated dietary phosphate deficiency is exceedingly rare, because 
most westerners eat high-phosphate diets, except for occasional metabolic disorders 
such as hyperphosphatemia (DiMeglio et al., 2000).

Phosphorus can exist in plants as both inorganic phosphate anions and organo-
phosphate compounds (Raghothama, 1999). Unlike sulfate and nitrate, phosphate is 
not reduced in plants during assimilation, but remains in its oxidized state forming 
phosphate esters in a wide variety of organic compounds. Inorganic phosphorus con-
stitutes a main structural component of nucleic acids and phospholipids, and plays 
a critical role in energy conversion in the form of high-energy phosphoester and 
diphosphate bonds. It is important both as a substrate and as a regulatory factor in 
oxidative metabolism and photosynthesis, it participates in signal transduction, and 
regulates the activities of an assortment of proteins by way of covalent phosphorylation/
dephosphorylation reactions.

In 2004, the primary contributor of phosphorus to the food supply was the dairy 
group (31.3%), followed by the meat, poultry and fish group (24.9%) and grain prod-
ucts (19.4%) (Hiza and Bente, 2007). Fruit and vegetable contribution to the total 
phosphorus in the US food supply was an average of 9.5% (Table 5.7). Among tree 
fruits, nuts are natural sources of phosphorus.

Nitrogen (N)
The largest requirement for nitrogen in eukaryotic organisms is the biosynthe-
sis of amino acids, building blocks of proteins and precursors of many other com-
pounds. Proteins represent a large percentage of the human body and carry out many  
different cell functions. Therefore, protein synthesis is central to cell growth,  
differentiation, and reproduction.

Nitrogen is also an essential component of nucleic acids, cofactors and other 
metabolites. Several plant hormones (indole-3-acetic acid, zeatine, spermidine, etc.) 
contain nitrogen, or are derived from nitrogenous precursors. Alkaloids and other 
secondary compounds contain nitrogen, and various phenolics derive from pheny-
lalanine and are therefore linked with amino acid metabolism. Moreover, nitrogen 
is a major constituent of chlorophyll. The characteristic preharvest yellow color of 
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nitrogen-starved vegetables – a physiological disorder called chlorosis – reflects their 
inability to synthesize adequate amounts of green chlorophyll under nitrogen-limited 
conditions.

Sulfur (S)
Sulfur is an essential nutrient required for growth, primarily used to synthesize 
cysteine and methionine. The sulfur-containing amino acids play pivotal roles in 
the structural and catalytic functions of proteins. Cysteines are important because  
oxidizing the thiol groups of two cysteine residues can form disulfide bonds,  
important covalent linkages involved in establishing tertiary and, in some cases,  
quaternary protein structures. The dithiol↔disulfide interchange can be a regulatory 
mechanism, as well as a mediator of redox reactions. Sulfur is also a component of 
numerous essential and secondary metabolites derived from these amino acids.

Sulfur nutrition is important in the species within the order Brassicales (e.g. white 
cabbage, broccoli, cauliflower, capers) for the synthesis of anticarcinogenic glucosi-
nolate compounds (reviewed in Sozzi, 2001). In caper (Capparis spinosa L.) flavor, 
160 components were identified, including elemental sulfur (S8) and more than 40 
sulfur-containing compounds, among them thiocyanates and isothiocyanates.

Although of key importance in human and plant life, sulfur is a relatively minor 
component in comparison with nitrogen. Generally, it is not a growth-limiting nutrient, 
since sulfate, the oxidized anion, is relatively abundant in the environment.

Manganese (Mn)
Manganese is a key component of enzyme systems, including oxygen-handling 
enzymes. It supports brain function and reproduction and is required for blood sugar 
regulation. In addition, it is part of bone structure. Manganese is a cofactor in function 
of antioxidant enzymes, such as the mitochondrial superoxide dismutase.

In plants, manganese atoms appear to undergo successive oxidations to yield a 
strongly oxidizing complex that is capable of water oxidations during photosynthesis. 
Also like magnesium, manganese is required in enzyme reactions involving carbon 
assimilation. Chloroplasts are most sensitive to manganese deficiency. Among horti-
cultural crops, spinach is a good source of manganese.

Copper (Cu)
Copper, a redox active metal, plays an important role in the oxidative defense  
system. In fact, oxidative stress is a characteristic of copper deficiency (Uriu-
Adams and Keen, 2005). Copper is necessary for the formation of hemoglobin and 
is required for the function of over 30 proteins, including superoxide dismutase, 
ceruloplasmin, lysyl oxidase, cytochrome c oxidase, tyrosinase and dopamine- 
-hydroxylase (Arredondo and Nuñez, 2005). During the past decade, there has been 
increasing interest in the concept that marginal deficits of this essential nutrient can 
contribute to the development and progression of a number of disease states, includ-
ing cardiovascular disease and diabetes. Deficits of this nutrient during pregnancy 
can result in gross structural malformations in the fetus, and persistent neurological 
and immunological abnormalities in the offspring (Uriu-Adams and Keen, 2005).



In plants, copper is required for chlorophyll synthesis and in several copper- 
containing enzymes involved in the reduction of molecular oxygen. The availability of 
copper to plants, as with other trace minerals, markedly decreases as pH rises above 
seven. At high pH copper is strongly adsorbed to clays, iron and aluminum oxides, 
and organic matter. Of the micronutrients required by plants, copper often has the 
lowest total concentration in soil.

Between 1909 and 1919 in the US, the vegetable group was the leading source of 
copper (30%). In 2004, the grain group (21%) and the legumes, nuts and soy group 
(20%) replaced the vegetable group (17%) as the leading sources of copper (Table 7, 
Hiza and Bente, 2007).

Iron (Fe)
The metabolic fates of copper and iron are intimately related. The essentiality of iron, 
as well as that of copper, resides in its capacity to participate in one-electron exchange 
reactions. Systemic copper deficiency generates cellular iron deficiency that, in 
humans, results in diminished work capacity, reduced intellectual capacity, diminished 
growth, alterations in bone mineralization, and diminished immune response. Iron is 
required in numerous essential proteins, such as the heme-containing proteins, elec-
tron transport chain and microsomal electron transport proteins, and iron-sulfur pro-
teins and enzymes such as ribonucleotide reductase, prolyl hydroxylase phenylalanine 
hydroxylase, tyrosine hydroxylase and aconitase (Arredondo and Nuñez, 2005).

Iron is a constituent of the haem complex, a naturally occurring plant chelate 
involved in electron transfer in a number of important plant enzymes (Mengel and 
Kirkby, 1982). The plant plastid stroma may contain deposits of phytoferritin, a stor-
age form of iron similar to the ferritin of animal cells. Phytoferritin occurs almost 
exclusively in plastids and most abundantly in the plastids of storage organs (Briat and 
Lobreaux, 1997). In green vegetable leaves, there is a good correlation between iron 
supply and chlorophyll content. Inadequate iron nutrition results in abnormal chloro-
phyll development, so that deficiency begins as an interveinal chlorosis on younger 
leaves resulting in prominent green veins. The resultant reduction in photosynthetic 
capability also reduces the weight and area of affected leaves. Descriptions of causes of 
iron deficiency have been extensively reviewed for horticultural crops (Korcak, 1987).

Adult users of lower-fat foods consume more nutrient-dense diets, with higher 
intakes of iron (Kennedy et al., 2001; Sigman-Grant et al., 2003). The predominant 
source of iron in the American food supply is grain products, followed by the meat, 
poultry and fish group. Between 1909 and 1919, the vegetable group furnished an 
average of 18% of the iron in the food supply, but in 2004 that share dropped to an 
average of 10% (Table 5.7). This is partially due to a decrease in the use of white 
potatoes after 1920. Although potatoes are not a good source of iron, their contribu-
tion to the food supply increases when eaten in large quantities (Hiza and Bente, 
2007), particularly if the skin is consumed (specifically, baked potato skin is 20-fold 
richer in iron than the flesh). Almonds, pistachio nuts, walnuts, pecans, etc., are very 
good sources of iron. Different vegetables (e.g. parsley, broccoli, kale, turnip greens 
and collards) and legumes (e.g. green peas and beans) are also considered good 
sources of iron.
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Zinc (Zn)
Zinc is a pervasive microelement that plays a catalytic or a structural role in 
more than 200 enzymes (e.g. carboxypeptidase, liver alcohol dehydrogenase and  
carbonic anhydrase) involved in digestion, metabolism, reproduction, and wound 
healing. Zn2 is a cation with various coordination possibilities and several potential 
geometries. Thus, it is easily adaptable for different ligands. The main role of struc-
tural Zn2 in proteins is to stabilize tertiary structures. In addition, zinc has a critical 
role in immune response, and is an important antioxidant.

Zinc activates a number of plant cell enzymes (Romheld and Marschner, 1991), 
but only a few of them (i.e. alcohol dehydrogenase, superoxide dismutase, carbonic 
anhydrase, RNA polymerase) contain the micronutrient. Zinc can affect carbohydrate 
metabolism because different Zn-dependent enzymes participate in biochemical 
reactions involving sugars. Zinc also plays a role in the maintenance of cell mem-
brane integrity, in the protection from O2

• damage, and the synthesis of RNA and 
tryptophan, a precursor of indole-3-acetic acid. A comprehensive review of soil, 
plant and management factors associated with zinc nutrition in horticultural crops 
has been developed by Swietlik (1999).

Fruits and vegetables account for only 1.2% and 6.4%, respectively, of the zinc 
in the American food supply (Hiza and Bente, 2007). As is the case for magnesium, 
zinc intakes may be below the adequate levels for both adults and children (Sigman-
Grant et al., 2003). Fruits are poor in zinc, but pecans and walnuts are good sources 
of this essential mineral. Parsley is also a good source of zinc.

Sodium (Na)
Sodium is a systemic ion. It is important in electrolyte balance and essential in 
coregulating ATP with potassium. In addition, it has an important role in the regula-
tion of blood pressure.

Sodium contributed from vegetables increased during the last decades (Table 5.7), 
due to the increased consumption of processed vegetables (largely tomatoes and 
white potatoes). With the exception of canned vegetables, sodium estimates in the 
food supply do not account for sodium added in processing. Thus, the relative contri-
bution of vegetables to sodium reported in the food supply is likely overstated (Hiza 
and Bente, 2007). Table salt (NaCl) is by far the main dietary source for sodium. 
Olives and spinach are horticultural sources of sodium. In general, fruits are poor in 
sodium, and are recommended for low-sodium dietary patterns.

B.  Factors influencing mineral content of fruits and vegetables

Influence of the species and the cultivar
Mineral composition varies widely in raw fruits (Table 5.8) and vegetables because 
of genetics. Leafy vegetables tend to have higher concentrations of nutrients that are 
less mobile in the plant (e.g. calcium) and depend on direct water flow rather than 
recycling from leaves. Tissues with higher transpiration rates generally have higher 
tissue calcium concentrations (Witney et al., 1990b). Concentrations of minerals 
may also vary widely with the cultivar. For example, both Dwarf Brazilian bananas 



Table 5.8  Mineral composition of a range of fruit species. Results are in mg 100 g1 fresh weight.

Fruit Mineral

K Ca Mg P Mn Cu Fe Zn Na Se

Apples, raw, 
with skin

107 6 5 11 0.035 0.027 0.12 0.04 1 0.0

Apricots, raw 259 13 10 23 0.077 0.078 0.39 0.2 1 0.1

Avocado, raw 
(California)

507 13 29 54 0.149 0.170 0.61 0.68 8 0.4

Avocado, raw 
(Florida)

351 10 24 40 0.095 0.311 0.17 0.4 2 –

Bananas, raw 358 5 27 22 0.270 0.078 0.26 0.15 1 1.0

Blackberries, 
raw

162 29 20 22 0.646 0.165 0.62 0.53 1 0.4

Blueberries, 
raw

77 6 6 12 0.336 0.057 0.28 0.16 1 0.1

Cherries, 
sweet, raw

222 13 11 21 0.070 0.060 0.36 0.07 0 0.0

Figs, raw 232 35 17 14 0.128 0.070 0.37 0.15 1 0.2

Grapefruit, 
raw, pink 
and red 
(California 
and 
Arizona)

147 11 9 12 0.020 0.032 0.08 0.07 1 –

Grapefruit, 
raw, pink 
and red 
(Florida)

127 15 8 9 0.010 0.044 0.12 0.07 0 1.4

Grapes, red 
or green 
(euro 
type, e.g. 
“Thompson 
seedless”), 
raw

191 10 7 20 0.071 0.127 0.36 0.07 2 0.1

Kiwifruit, 
fresh, raw

312 34 17 34 0.098 0.130 0.31 0.14 3 0.2

Lemons, raw, 
without peel

138 26 8 16 0.030 0.037 0.60 0.06 2 0.4

Mangos, raw 156 10 9 11 0.027 0.110 0.13 0.04 2 0.6

Melons, 
Cantaloupe, 
raw

267 9 12 15 0.041 0.041 0.21 0.18 16 0.4

Oranges, raw, 
California, 
“Valencia”

179 40 10 17 0.023 0.037 0.09 0.06 0 –

Papayas, raw 257 24 10 5 0.011 0.016 0.10 0.07 3 0.6

Peaches, raw 190 6 9 20 0.061 0.068 0.25 0.17 0 0.1

Pears, raw 119 9 7 11 0.049 0.082 0.17 0.10 1 0.1

(Continued)
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(Santa Catarina Prata, Musa sp. AAB) and Williams (Cavendish subgroup, Musa sp. 
AAA) are considered as a good source of potassium. Nevertheless, Dwarf Brazilian 
bananas have higher P, Ca, Mg, Mn and Zn contents than Williams bananas (Wall, 
2006). In contrast, no strawberry variety was statistically superior as a source of min-
erals (Hakala et al., 2003).

Because of the distribution of vascular tissue, sink characteristics and metabolic 
rates, higher mineral concentrations are usually found in the skin and seeds, with 
lower concentrations in the flesh of fruits. Tissues with higher metabolic rates (epi-
carp, core) may have higher requirements for nitrogen and phosphorus. Rapidly 
expanding or large-celled tissues are unlikely to have high calcium concentrations. 
In mature fruit, the calcium concentration is highest in the peel (Saure, 2005).

Influence of preharvest factors and practices
Orchard location has proved to have important effects on fruit and vegetable min-
eral content (Table 5.8). For example, potassium content in bananas markedly dif-
fers between different locations in Hawaii, from 288 mg 100 g1 in Kapaa to 485 mg 
100 g1 in Waimanalo (Wall, 2006). Papaya cv. Rainbow is not very rich in potas-
sium, but its content also varies between locations, from 113 mg 100 g1 on the 
island of Hawaii to 203 mg 100 g1 on the island of Maui (Wall, 2006).

Mineral composition fluctuates widely in raw fruits and vegetables, because of pre-
harvest factors (soil fertility – including pH and availability of nutrients – moisture 
content of the soil, growth temperature) and cultural practices (amount and timing of 
fertilization and irrigation, application of plant growth regulators, pruning and thin-
ning of tree fruit species, etc.). Most of these practices have been established prima-
rily for productivity goals, and not as a medium to better human health, horticultural 
crop postharvest life or flavor quality (Crisosto and Mitchell, 2002). Usually, fertiliz-
ers are applied directly to the soil to raise nutrient levels, if they are inadequate for 

Table 5.8  Continued

Fruit Mineral

K Ca Mg P Mn Cu Fe Zn Na Se

Pineapples, 
raw, all 
varieties

109 13 12 8 0.927 0.110 0.29 0.12 1 0.1

Plums, raw 157 6 7 16 0.052 0.057 0.17 0.10 0 0.0

Pomegranates, 
raw

259 3 3 8 – 0.070 0.30 0.12 3 0.6

Raspberries, 
raw

151 25 22 29 0.670 0.090 0.69 0.42 1 0.2

Strawberries, 
raw

153 16 13 24 0.386 0.048 0.41 0.14 1 0.4

Watermelon, 
raw

112 7 10 11 0.038 0.042 0.24 0.10 1 0.4

US Department of Agriculture, 2008.



the successful growth of the crop, and to maintain soil fertility, which will decline 
if nutrient removal from the soil (via crop uptake, leaching, volatilization or denitri-
fication) exceeds nutrients added via weathering of minerals and mineralization of 
organic matter. Nitrogen is the most frequently deficient and most commonly applied 
fertilizer in orchards, while addition to the soil of phosphorus and potassium is war-
ranted when soil-test results, plant response or tissue analysis indicate a requirement. 
N-P-K addition with irrigation water (fertigation) has several advantages, including 
the ability to transport soluble nutrients directly to the root zone whenever the plant is 
watered. Thus, fertilizer amounts and timing can be precise and adjusted to coincide 
more closely with actual plant demand. Calcium additions can be large when lime is 
applied to increase soil pH. Most micronutrients are rarely applied via soil and can 
be directly supplied via spray application of dilute concentrations of minerals to the  
canopy. In the case of fruits, the quantity of nutrients capable of being absorbed 
through the waxy cuticle is often small relative to nutrient demand, but can ameliorate 
deficiency symptoms and improve fruit quality (Swietlik and Faust, 1984).

An excessive supply of nutrients relative to photosynthesis can develop when the 
rate of nutrient assimilation is high relative to net photosynthesis. In this case, an 
accumulation of nutrients in fruits and vegetables can reach levels that are toxic 
either to the plant or to consumers. For example, excessive nitrogen application can 
lead to potentially harmful accumulations of nitrate nitrogen, especially in leafy 
greens and potatoes (Eppendorfer, 1978; Blom-Zandstra, 1989). These nutrient 
imbalances also affect horticultural crop quality, as discussed above.

Many other factors influencing nutrient accumulation are related to nutrient  
transport and source-sink relations. For example, alterations in water economy 
affect calcium input. Since calcium is transported mainly in the transpiration stream 
(Grange and Hand, 1987), bagging fruit may result in lower calcium concentrations 
and higher calcium-related disorders (Witney et al., 1991; Hofman et al., 1997), 
due to increased relative humidity. Nevertheless, evidence is not conclusive (Saure, 
2005). Canopy position and crop load also influence calcium input. Tree vigor is usu-
ally associated with lower calcium and magnesium content in fruits (Witney et al., 
1990a,b). Fruit from upper parts of the canopy tend to show lower calcium contents 
(Ferguson and Triggs, 1990), and heavy cropping trees have fruit with higher calcium 
and lower potassium concentrations (Ferguson and Watkins, 1992). Nevertheless, 
calcium transport to fruit may be based on a hormonal control; gibberellins have 
been shown to inhibit calcium translocation (Saure, 2005).

Tree size, spacing, row orientation, canopy shape and training system influence 
light distribution within fruit trees, which in turn may affect mineral composition. In 
grapes, improvement of light penetration into the canopy enhanced anthocyanin and 
soluble phenol levels, but reduced potassium content (Prange and DeEll, 1997). In 
kiwifruit, light promoted calcium accumulation (Montanaro et al., 2006). The find-
ing was not fully explained by fruit transpiration, a regulatory mechanism governed 
by phytohormones, which could play a role in determining calcium concentrations. 
Besides, the effect of sunlight does not seem to be universal: avocado fruit from the 
sunny side of trees did not contain significantly more calcium than fruit from the 
shaded side (Witney et al., 1990a).
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The mineral content of some horticultural species seems to be affected under 
intensive culture systems (e.g. glasshouse) or organic conditions. Tomato fruit 
showed higher calcium and lower potassium, magnesium and sodium concentrations 
when grown on organic (compost/soil mix) versus hydroponic substrates (Premuzic 
et al., 1998). Smith (1993) reported higher mineral contents in organically cultivated 
apples, pears, potatoes and corn in comparison to conventionally cultivated ones. In 
contrast, Petersen and Pedersen (1991) did not find differences in mineral content 
between organically and conventionally cultivated vegetables. Hakala and co-workers  
(2003) reported that organic cultivation did not affect strawberry mineral contents 
consistently.

Postharvest practices influencing mineral content of fruits and vegetables
Postharvest treatments with minerals, primarily calcium, are used to improve the 
storage life and quality of different fruits and vegetables. In the last decade, the 
industry has been encouraged to fortify food and beverages with calcium. Increasing 
the calcium content of horticultural crops may give consumers new ways to enhance 
their calcium intake without resorting to supplements. In addition, the use of phos-
phorous-free sources of calcium can help to obtain a good balance of calcium and 
phosphorus in the diet (Martín-Diana et al., 2007).

Two major methods of postharvest application of calcium in horticultural crops 
are used: (1) dipping-washing and (2) impregnation processes (Martín-Diana et al., 
2007). Dipping treatments are used for fresh, sensitive products, such as leafy vege
tables. The delicate texture of berries prevents the use of vacuum infiltration, and 
dips in a solution of CaCl2 are used (García et al., 1996), followed by the removal 
of excess washing solution. On the other hand, impregnation modifies the composi-
tion of food material through partial water removal and impregnation of solutes, with 
no impairment of the material integrity. The process-driven forces can be osmotic 
gradient between the sample and solution, application of vacuum followed by atmos-
pheric condition restoration, or both. Calcium chloride has been widely used as firm-
ing agent and preservative for both whole and fresh-cut fruits and vegetables, as  
discussed above.

C.  �Effect of minerals on fruit and vegetable quality  
and consumer acceptance

Consumers buy certain items as good sources of specific minerals: potatoes and 
sweet potatoes for potassium, bananas for magnesium and potassium, spinach for 
iron, potassium, magnesium and as a non-dairy source of calcium. Mineral con-
tent of products is usually determined by ashing and atomic absorption (Pomeranz 
and Meloan, 1987). Without advanced analytical equipment, the consumer cannot 
detect differences in individual products at the point of purchase (Institute of Food 
Technologists, 1990). These attributes are considered credence attributes (see also 
Chapter 3), because they cannot be detected readily either by visual inspection or by 
consumption. Therefore, there is little or no incentive to measure mineral content in 
a quality control program, unless specific nutritional claims can be made.



Nevertheless, the consumer uses other criteria to judge quality. Quality attributes 
(see Chapter 3) include purchase attributes (i.e. size, color, firmness to the touch, 
aroma and absence of defects) and consumption attributes (i.e. flavor, mouth feel). 
Many of these quality characteristics are also affected by the mineral content and 
constitute part of a wider range of factors affecting fruit and vegetable acceptability. 
Acceptability, which is defined as “the level of continued purchase or consumption by 
a specific population” (Land, 1988), determines the consumption levels of many hid-
den essential nutrients: vitamins, antioxidants, fiber. Thus, the effect of minerals on 
horticultural crop quality attributes and consumer acceptance should be considered.

Effect of minerals on color
In apples and pears, both leaf and fruit nitrogen positively correlates with fruit green 
background color (Raese, 1977; Marsh et al., 1996), regardless of the rootstock used 
(Fallahi et al., 1985). Manganese has also been associated with green ground color 
in apples (Deckers et al., 1997). Excessive nitrogen application inhibits background 
color change from green to yellow and induces deficient reddish blush development 
and poor edible quality of peaches (Sistrunk, 1985; Crisosto et al., 1995; Crisosto et al., 
1997). High nitrogen application also decreases fruit color in grapes (Kliewer, 1977). 
In Citrus, nitrogen is associated with an undesirable retardation of endogenous chloro-
phyll catabolism (Koo et al., 1974) and postharvest treatments with ethylene may be 
required to accelerate the loss of the green color (de-greening).

In apples, amelioration of potassium deficiencies can increase red fruit color, but 
such an effect is often not apparent when tree potassium status is adequate (Neilsen 
and Neilsen, 2003). In tomatoes, potassium deficiency is associated with lower levels 
of lycopene and higher levels of -carotene (Trudel and Ozbun, 1971).

Effect of minerals on flavor
Nitrogen status negatively correlates with soluble solids, both in apples (Fallahi  
et al., 1985; Dris et al., 1999) and in pears (Raese, 1977). In contrast, soluble solid 
content increases with increasing fertilizer nitrogen levels in tomatoes (Barringer  
et al., 1999).

Apple calcium and phosphorus were both negatively correlated with fruit soluble 
solids at harvest, and after six months of 0°C storage, while fruit K/Ca ratio was  
positively correlated with titratable acidity (Fallahi et al., 1985). In mango, total  
soluble solids increased when zinc sulfate fertilizer was applied to the soil (Bahadur 
et al., 1998).

In “Fino 49” lemons, salinity reduces juice percentage and impairs juice quality by 
decreasing the total soluble solids and titratable acidity (García-Sánchez et al., 2003). 
Reduction of titratable acidity could be due to the greater accumulation of Cl,  
compared to Na, which could be compensated for by the degradation of organic 
acids for charge balance.

Minerals are also known to affect the production of several classes of volatile com-
pounds in pome fruit (reviewed in Mattheis and Fellman, 1999). In fresh onions, increased 
sulfur availability enhances pungency and total sulfur flavor, but decreases the amounts of 
precursors for volatiles imparting “green” and “cabbage” notes (Randle, 1997).

IV.  Fruits and vegetables as direct sources of minerals  91
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Effect of minerals on firmness
Excess nitrogen fertilization can result in a decrease in firmness (Reeve, 1970; 
Prange and DeEll, 1997). Low phosphorus may also result in a loss of firmness in 
low-calcium content fruit (Sharples, 1980). The relationship between calcium and 
fruit firmness has been extensively studied and reviewed (Ferguson, 1984; Poovaiah 
et al., 1988; Harker et al., 1997; Sams, 1999). Higher firmness values and/or slower 
softening rates after harvest/storage have been associated with higher calcium con-
centrations, or with calcium applications in different fruit species, such as apples 
and pears (Fallahi et al., 1985; Raese and Drake, 1993, 2000a,b, 2002; Gerasopoulos 
and Richardson, 1999; Benavides et al., 2001); kiwifruit (Hopkirk et al., 1990; 
Gerasopoulos and Drogoudi, 2005); and strawberries (Chéour et al., 1990). Calcium 
foliar sprays on peaches and nectarines lead to a slight increase of calcium con-
tent (Manganaris et al., 2005a, 2006). Under Californian conditions, no consistent 
effect on fruit quality of mid- or late-season peach and nectarine varieties was found 
(reviewed in Crisosto et al., 1997).

Postharvest calcium treatments have been reported to retain fruit firmness in dif-
ferent horticultural products, among them, apples (Wang et al., 1993; Conway et al.,  
1994), peaches (Manganaris et al., 2005b, 2007), strawberries (Morris  
et al., 1985; García et al., 1996), lemons (Valero et al., 1998; Martínez-Romero  
et al., 1999), sliced pears and strawberries (Rosen and Kader, 1989). Calcium effects 
on fruit firmness are attributable to calcium’s ability to cross-link with the pec-
tic polysaccharide network by ionic association. Calcium binding may reduce the  
accessibility of cell wall degrading enzymes to their substrates.

Effect of minerals on rots, physiological disorders and nutritional value
In calcium-treated fruit, the association between firmness retention and reduced rot 
incidence suggests that calcium may affect both processes simultaneously through 
its cellular role in strengthening plant cell walls (García et al., 1996; Fallahi et al., 
1997; Conway et al., 1999). On the other hand, high nitrogen fertilization increases  
susceptibility to decay caused by Monilinia fructicola (brown rot) in nectarines 
(Daane et al., 1995). Wounded and brown rot inoculated Fantasia and Flavortop 
nectarines from trees having more than 2.6% leaf nitrogen are more susceptible to 
Monilinia fructicola than fruit from trees with 2.6% or less leaf nitrogen (Michailides 
et al., 1993).

Consumers consider that fruits have less predictable eating quality than manu-
factured snacks. In fact, the effect of nutrients on the final quality of horticul-
tural products may not become evident until harvest, distribution or consumption. 
The expression “latent damage” was coined by Peleg (1985) and later defined by 
Shewfelt (1986) as “damage incurred at one step but not apparent until a later step” 
to describe the result of non-visible quality loss. Physiological disorders may be a 
type of latent damage. Some physiological disorders relate to the imbalance between 
nutrients. Calcium is the nutrient most commonly associated with postharvest disor-
ders. A calcium-deficient status is considered an important preharvest factor related 
to numerous physiological disorders of fruits and vegetables, such as bitter pit in 
pome fruit, blossom-end rot in tomato, blackheart in celery, cracking and cavity spot 



in carrot and tip burn in lettuce and cabbage (reviewed in Ferguson et al., 1999), 
although some authors have questioned the role of calcium in these disorders (Saure, 
1998, 2001). Other calcium-related disorders are associated with long-term cold 
storage, such as chilling injury in muskmelon (Combrink et al., 1995) and avocado 
(Chaplin and Scott, 1980). Postharvest calcium applications limited the incidence of 
chilling injury in peach fruit, expressed as flesh browning, after four weeks cold stor-
age at 5°C (Manganaris et al., 2007). Nevertheless, preharvest calcium applications 
showed no effect on the onset of chilling injury in peaches and nectarines (reviewed 
in Lurie and Crisosto, 2005).

Magnesium and potassium have been considered as part of an index to predict bit-
ter pit (Bramlage et al., 1985; Autio et al., 1986). Fallahi and Righetti (1984) pro-
posed the relation between nitrogen and calcium as an important component of a 
diagnosis and recommendation system (DRIS) for apple. High rates of nitrogen 
application exacerbate the incidence of many physiological disorders, such as apricot 
pit burn (Bussi and Amiot, 1998, 2003).

In addition, minerals can influence the concentrations of other nutrients in horti-
cultural crops. Nitrogen fertilizers at high rates tend to decrease the concentration 
of vitamin C in fruits (citrus juices) and vegetables (potatoes, cauliflower, white  
cabbage, crisphead lettuce, etc.) while increased potassium fertilization increases 
ascorbic acid content (reviewed in Lee and Kader, 2000).
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I.  Introduction

A.  Firms, competitiveness and supply chains

The traditional economic view is that a firm’s competitiveness is determined by how 
efficiently and effectively its management is able to organize the firm’s internal proc-
esses, structures, resources and people so as to maximize profits. This allows firms 
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to compete against each other for a share of a particular market or market segment, 
based on their ability to keep prices low and/or to differentiate their product from 
competitors’ products (Williamson, 1971; Porter, 1980; Wernerfelt, 1984).

To some extent this model still applies. Firms do have to be price competitive and 
firms do have to differentiate their products and services from those of their com-
petitors. However, over the last 20 years the traditional view of how firms become 
and remain competitive has been challenged by an alternative view that sees a firm 
as part of a chain that links the production of goods and services with the consumers 
of those goods and services, a chain referred to as the supply chain (Figure 6.1).

In this alternative view, the competitiveness of a firm is influenced by how it inter-
acts with other firms in the supply chains to which it belongs. As van Roekel (in 
Gifford et al., 1998, p. 4) pointed out:

“it is becoming increasingly evident that achievement of the desired market 
position cannot be achieved solely through the company’s own efforts. Because 
each company is just one link in the production chain, with upstream and down-
stream links, it has to cooperate. The more effectively it does this, the stronger 
its competitive position in the market.”

Van Roekel’s statement captures the essence of this alternative view of competitive-
ness, that cooperation among firms in a supply chain can positively improve their 
competitiveness. This view is in sharp contrast to the idea of a competitive firm 
being independent, and internally efficient and effective.

Among traditionally competitive firms, linkages in supply chains are usually at 
arms length and adversarial. Typically, firms attempt to buy inputs at the cheapest 
possible price from their suppliers, and sell outputs at the highest possible price to 
their customers. These transactions are at the expense of the buyers or suppliers in 
the chain, i.e. actions between chain members are self-optimizing, and tend to shift 
costs to other firms in the chain and ultimately to the consumer. Many authors have 
pointed out the shortcomings of this way of operating, most noting that it does not 
necessarily improve the efficiency of the chain, does not lead to the best prices for 
consumers, and does not make the individual firms more competitive (Bowersox, 
1990; Mentzer et al., 2001). Under adversarial conditions, independent, efficient 
firms do not lead to the most efficient supply chains.

B.  Supply chain management

When firms belonging to a supply chain work together to address inter-firm efficien-
cies and take more notice of what consumers want, a different picture of competitive-
ness emerges. Here, there is an opportunity for collaboration to replace adversarial 

Input
suppliers

Grower Processor Wholesaler Retailer Consumers

Figure 6.1  Simplified supply chain showing flow of product from input suppliers to consumers.



behavior, and for the focus to move away from price and onto customers’ needs. This 
business model, called supply chain management (SCM), is built on the proposition 
that there are gains from cooperation and coordination between firms in a supply 
chain that are simply not available to firms operating independently of each other. 
Thus, a firm’s ability to collaborate becomes intimately linked with its ability to 
compete, a proposition that is well-supported in the literature (O’Keeffe, 1998; van 
Roekel et al., 2002; Gunasekaran et al., 2001; Halldorsson et al., 2007).

It has been suggested that the practices of SCM have existed for hundreds of years 
(Hugos, 2000), but supply chain management as a modern business strategy has its 
origins in manufacturing industries in the 1960s (Mentzer et al., 2001). More recently 
it has taken hold in agri-food industries, including horticulture (Fearne and Hughes, 
1999). Originally, SCM referred to approaches that ensured the logistical and distri-
butional efficiency of flows of materials along a supply chain (Cooper and Ellram, 
1990). Over time however, the focus of SCM became less tactical and less focused 
on achieving logistical efficiency alone. It evolved to encompass what Spekman et al. 
(2002, p. 41) called a “competitive reality,” where “firms compete as constellations of 
collaborating partners.” More than any other factor, this change in orientation away 
from just the logistical aspects of the supply chain was driven by the increasing atten-
tion being paid to two factors:

l	 the importance of relationships in achieving inter-firm coordination; and
l	 the importance of identifying and satisfying the end consumer as the “target” 

of the supply chain.

Today, a widely accepted view is that SCM is:

“an integrated approach that aims to satisfy the expectations of consumers 
through continual improvement of processes and relationships that support the 
efficient development and flow of products and services from the producer to 
the consumer.”

(Gifford et al., 1997, p. 2)

The key elements of this definition are:

l	 the need for integration between firms;
l	 a focus on consumers;
l	 the importance of relationships;
l	 a whole-of-supply-chain perspective.

Integration of business systems and processes between firms is necessary to achieve 
operational efficiencies, and to improve the flow and transparency of information 
(Beers et al., 1998). A focus on consumers acknowledges the need for the supply 
chain to have information about consumers’ needs and wants, including feedback as to 
how these are being met. Effective relationships drive successful SCM, because they 
are the antecedents of information exchange, conflict resolution and co-innovation  
between supply chain partners (Morgan and Hunt, 1994). Finally, the view of the 
supply chain as a dynamic, complex, system linking input suppliers and producers 
through to consumers reinforces the idea that the whole is more than an aggregation 
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of parts that can be improved independently of each other, and that performance of 
the whole system fundamentally depends on the interactions among its parts (Jackson, 
2003).

II.  Value chain management

In spite of what seems to be an all-embracing concept, SCM has been criticized 
as being too supply-oriented, having an upstream focus and not attaching enough 
importance to the role of consumers in the chain. For example, Mudimigh et al. 
(2004, p. 309) argue that:

“SCM does not extend far enough to capture customers’ (end user) future needs 
and how these get addressed and, furthermore, it does not encompass the post-
delivery, post-evaluation and relationship building aspects.”

These authors, and others, argue that a focus on value rather than supply is more 
appropriate. As a result, the term value chain management (VCM) is frequently used 
in preference to SCM (Martinez and Bititci, 2006), even though the terms are some-
times used interchangeably in the literature.

A.  The concept of value

In the context of VCM, value is usually defined in terms of the customer (the next 
firm downstream) or the consumer (the final purchaser of the finished goods). 
Mudimigh et al. (2004, p. 311) list three themes that run through definitions of value:

1.	 customer value is linked to the use of a product or service;
2.	 value is perceived by the customer, not determined by the seller; and
3.	 customer value typically involves a trade-off between what the customer wants 

and what must be given up in order to acquire and use a product or service.

Sources of value have been shown to lie in features of products and services, such 
as price, convenience, appearance, nutrition, safety and reliability. Thus, the concept 
of value is framed by the perspective of the user or consumer looking back to the 
chain that produced and delivered the product or service. Having a focus on the con-
sumer as the ultimate “target” of the activities of a chain is a distinguishing feature 
of VCM (Collins, 2006). Explanations of VCM, such as that given by the Agriculture 
and Food Council of Alberta (2002, p. 3), highlight this orientation: “a value chain 
begins and ends with the market. Interaction with the marketplace provides informa-
tion to decision makers for every link in the chain.”

B.  Sources and drivers of value

In the context of food in general, and horticultural produce in particular, the sources and 
drivers of value have some special features. Because food is “consumed,” attributes asso-
ciated with safety, nutrition, well-being, freshness and the overall sensory experience 



of food each play a role in determining how individual consumers attach value to the 
product as part of their purchase decision-making. If these attributes are loosely bundled 
together under the general banner of “quality” then, as Collins (2006) points out, it is the 
interaction of price and quality that results in what buyers regard as “value for money.” 
The challenge for the chain is, therefore, to understand and deliver this value in ways that 
profitably meet consumers’ needs.

The ability of an agri-food chain to deliver consumer value is driven by a combi-
nation of its ability to be as efficient as possible, and its ability to innovate (Taylor, 
2005). Lean manufacturing principles, originally devised by the Toyota Corporation 
to reduce waste and maximize value-adding activities in car manufacturing, have 
been adapted to value chains in the food industry (Simons et al., 2002). A lean agri-
food value chain achieves efficiency through operating with minimal waste and 
clearly focusing on only undertaking those activities that are necessary and that add 
value in the eyes of the consumer. Being lean however, does not necessarily mean 
being innovative. Innovation occurs when a chain discovers and captures new sources 
of value, either for the individual firms in the chain or for the consumer. New sources 
of value are a critical source of competitive advantage in rapidly changing environ-
ments, such as the food sector. Firms seek these sources of value through process 
innovation (new ways to manufacture products) or product innovation (new product 
development), and in a value chain they may do so in association with a chain part-
ner. The process of pairs or groups of firms innovating with a common purpose is 
referred to as co-innovation, and has been described as a powerful driver of value in 
chains (Collins et al., 2002).

C.  Value orientation in fresh produce chains

It has already been argued that the value chain needs to be viewed as a system. Food 
value chains are systems driven by the interaction of their technical (production, 
processing, transport, etc.), economic (profitability), information-related (communi-
cation) and governance (human relationships) subsystems. Evaluating their perform-
ance is, therefore, a multidisciplinary task that may combine measures drawn from 
fields as diverse as engineering, biology, economics and psychology. A review of lit-
erature on the performance of food supply/value chains carried out by Collins (2006) 
revealed the following indicators of performance:

1.	 The balance of focus between price and value;
2.	 The amount and type of information shared;
3.	 The time orientation of chain participants;
4.	 The nature of the business-to-business relationships;
5.	 The basis of the interactions between chain members;
6.	 Dependence in the chain;
7.	 Use of power in the chain;
8.	 Orientation of chain members to self or chain.

Collins used each of these criteria to evaluate the performance of fresh produce 
value chains (Table 6.1).
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The balance of focus between price and value
On one end of the scale, the members of a fresh produce value chain may focus 
entirely on price. The goal of buyers in the chain is always to achieve the lowest pos-
sible price. At the other end of the scale, chain members may focus entirely on value 
creation through strategies such as product and process innovation, extensive market 
research and the adoption of lean manufacturing principles.

The amount and type of information shared
In traditional, price-oriented chains, individual members can wield power by withhold-
ing critical information, such as price signals from buyers, or supply signals from pro-
viders. Such information is usually used as a bargaining tool to maximize returns to one 
chain member at the expense of another but, as previously noted, this behavior does not 
result in the greatest value being delivered to the consumer. In contrast, in value-based 
chains it is regarded as important by chain members to share information freely, so that 
the needs of chain participants can be fully understood and met, and so that signals 
from the marketplace can be transmitted undistorted back down the chain to where they 
are needed, so as to evaluate how well the chain is creating value for its consumers.

The time orientation
A short-term orientation does not allow chain members to properly understand each 
other’s needs, or to build stronger relationships. Short-term thinking is associated 
with a singular orientation to price rather than value.

Table 6.1  Fresh produce value chain orientation matrix

Evaluative criterion Characteristics of chain activities
Least value orientation ←→ Greatest value orientation

Balance between 
price and value

Always price Usually price Usually value Almost always 
value

Amount and type 
of information 
shared

No significant 
information 
shared

Little information 
shared

Some information 
shared

Extensive 
information 
shared

Time orientation Short term, 
transaction to 
transaction

Short term, 
periodic

Short to medium 
term

Medium to long 
term

The nature of 
relationships

Adversarial Occasionally 
cooperative

Mostly cooperative Collaborative

Interactions 
between chain 
members

Transaction based Mostly transaction 
based

More relationship 
based

Always 
relationship 
based

Dependence in the 
chain

Independence Occasionally relies 
on others

Usually relies on 
others

Interdependence

Power in the chain The individual has 
the power

The individual has 
the power

Some recognition 
of the consumer

The consumer 
has the power

Orientation of 
chain members

Always self 
maximizing

Self first, chain 
second

Chain first, self 
second

Always chain 
optimizing



The nature of business-to-business relationships
Relationships may be adversarial, as in the case of bargaining to get the lowest price, 
or collaborative, as in the case of trying to achieve a better understanding of chain 
members’ needs. Value chains cannot deliver superior value to consumers in the 
absence of collaborative relationships among chain members.

The basis of interactions between chain members
Interactions may be on a transaction-by-transaction basis, or on the basis of ongo-
ing relationships. Transaction-based interactions are typical where relationships are 
adversarial and the focus is on price.

Dependence in the chain
Members of a chain may operate totally independently of each other, typically in a 
price-based environment, or more interdependently, for example when collaborating 
to establish and deliver value to consumers.

Use of power in the chain
Power in a chain may lie in the hands of some individuals. Alternatively, the chain as 
a whole may acknowledge that the consumer exercises the ultimate power in the act 
of making the decision to purchase or not to purchase, and that the chain as a com-
petitive unit can orientate itself towards meeting the needs of the consumer.

Orientation of chain members
Chain members may orient themselves towards maximizing gains for themselves, at 
the expense of other chain members, or optimizing returns for the whole chain in 
which they share.

Using the eight performance-related criteria, it is possible to map a range of char-
acteristics of a fresh produce chain’s orientation, activities, and behavior from the 
least value-conscious to the most highly value oriented (Collins, 2006). Such a map-
ping exercise can identify the “value orientation” of a particular fresh produce chain, 
as shown in the examples in Tables 6.2, 6.3 and 6.4.

Using this approach, it is possible to plot the value-orientation profile of tra-
ditional, price-based, adversarial chains where product flows through centralized 
wholesale marketing channels. These types of chains are still common around the 
world, especially in developing countries. Their typical profile is shown in Table 6.2. 
Features of this profile are that chain members only cooperate when absolutely nec-
essary, meaning that very occasionally they have to rely on each other, but otherwise 
the chain is driven by negotiations around price.

A second type of value profile is that of “category managed” chains. Category man-
agement firms are becoming more common, taking on the role of bridging between 
suppliers and retailers, especially large supermarket operators. Upstream in the chain, 
the category manager organizes and manages supply of product to clear specifications 
that include parameters of quality, quantity, safety, delivery and price. Downstream 
they manage supply of product to retailers, may plan marketing strategies with them, or 
may undertake market research upon which to base these strategies. In fresh produce, 
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category managers typically ameliorate problems faced by retailers as a result of the 
impacts of seasonality, environmental conditions and wholesale price fluctuations. They 
are also increasingly involved in innovation related to new product development. They 
achieve these outcomes through their relationships with both suppliers and retailers, 
and their ability to focus the chain on reliably delivering value for money, as opposed 
to price alone. Table 6.3 shows a typical value orientation profile for a “category man-
aged” fresh produce value chain.

There are very few examples of best practice value chain management in fresh 
produce, but the trends are pointing in that direction. A small number of value chains 
have gone beyond the profile of category managers shown in Table 6.3, and have 
embraced a strategy of total focus on the consumer, absolute transparency of infor-
mation and full collaboration among chain members. Their typical profile is shown 
in Table 6.4.

It is also possible to compare the performance of the three types of fresh produce 
chains described above using criteria that are associated with competitiveness. These 
criteria, shown in Table 6.5, focus on attributes such as agility (speed and flexibility), 
the ability to innovate and not easily be copied by competitors, and the ability to 
guarantee product integrity.

It is interesting to note from Table 6.5 that the overall competitiveness of each of 
the three models can be high. At their best, each business model is capable of deliv-
ering high returns to the managers of the firms involved. But as the environment in 

Table 6.2  Traditional fresh produce chains

Evaluative criterion Characteristics of chain activities
Least value orientation ←→ Greatest value orientation

Balance between 
price and value

Almost always 
price

Usually price Usually value Almost always 
value

Amount and type 	
of information 
shared

No significant 
information 
shared

Little information 
shared

Some information 
shared

Extensive 
information 
shared

Time orientation Short term, 
transaction to 
transaction

Short term, 
periodic

Short to medium 
term

Medium to long 
term

The nature of 
relationships

Adversarial Occasionally 
cooperative

Mostly cooperative Collaborative

Interactions 
between chain 
members

Transaction based Mostly transaction 
based

More relationship 
based

Always 
relationship 
based

Dependence in the 
chain

Independence Occasionally relies 
on others

Usually relies on 
others

Interdependence

Power in the chain The individual has 
the power

The individual has 
the power

Some recognition 
of the consumer

The consumer 
has the power

Orientation of chain 
members

Always self 
maximizing

Self first, chain 
second

Chain first, self 
second

Always chain 
optimizing



Table 6.3  Contemporary, category-managed fresh produce value chain

Evaluative criterion Characteristics of chain activities
Least value orientation ←→ Greatest value orientation

Balance between 
price and value

Almost always price Usually price Usually value Almost always 
value

Amount and type 
of information 
shared

No significant 
information 
shared

Little information 
shared

Some information 
shared

Extensive 
information 
shared

Time orientation Short term, 
transaction to 
transaction

Short term, 
periodic

Short to medium 
term

Medium to long 
term

The nature of 
relationships

Adversarial Occasionally 
cooperative

Mostly cooperative Collaborative

Interactions 
between chain 
members

Transaction based Mostly transaction 
based

More relationship 
based

Always 
relationship 
based

Dependence in the 
chain

Independence Occasionally relies 
on others

Usually relies on 
others

Interdependence

Power in the chain The individual has 
the power

The individual has 
the power

Some recognition 
of the consumer

The consumer 
has the power

Orientation of 
chain members

Always self 
maximizing

Self first, chain 
second

Chain first, self 
second

Always chain 
optimizing

Table 6.4  Best current examples of fresh produce value chains

Evaluative criterion Characteristics of chain activities
Least value orientation ←→ Greatest value orientation

Balance between 
price and value

Almost always 
price

Usually price Usually value Almost always 
value

Amount and type of 
information shared

No significant 
information 
shared

Little information 
shared

Some information 
shared

Extensive 
information 
shared

Time orientation Short term, 
transaction to 
transaction

Short term, 
periodic

Short to medium 
term

Medium to long 
term

The nature of 
relationships

Adversarial Occasionally 
cooperative

Mostly 
cooperative

Collaborative

Interactions between 
chain members

Transaction 	
based

Mostly transaction 
based

More relationship 
based

Always relationship 
based

Dependence in the 
chain

Independence Occasionally relies 
on others

Usually relies on 
others

Interdependence

Power in the chain The individual 
has the power

The individual has 
the power

Some recognition 
of the consumer

The consumer has 
the power

Orientation of chain 
members

Always self 
maximizing

Self first, chain 
second

Chain first, self 
second

Always chain 
optimizing
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which fresh produce chains are operating continues to change, firms using traditional 
adversarial business models will come under increasing pressure as they are forced 
to compete with more closely aligned value chains whose primary focus is on meet-
ing consumers’ needs. This pressure will become particularly disabling for traditional 
operators in fresh produce retail environments that demand a combination of innova-
tion, traceability, differentiation and responsiveness.

III.  �Value chain management and postharvest 
systems

A.  The changing environment of value chain management in the 
food industry

To understand how VCM and postharvest horticulture are interrelated, it is neces-
sary first to examine the factors that have driven the adoption of more collaborative 
whole-of-chain business models. Three broad forces are at work here, the forces of 
globalization, technology and consumerism (Figure 6.2), and they are shaping the 
macro environment, the competitive environment and the internal business environ-
ment of every horticultural firm.

Globalization
Over the last few decades the barriers to trade in food between most countries in 
the world have gradually fallen away, spearheaded by the efforts of the World Trade 
Organization (WTO) to achieve freer global trade. Under these initiatives, many gov-
ernments have agreed to reduce tariffs that had been used mainly to protect domestic 
food producers. At the same time, new technologies for storage and transport have 
allowed food products to access distant markets. The physical location of food pro-
duction and processing facilities is no longer a guarantee of market access, and it is 
now possible for food companies to see the world as their marketplace, as they have 
both the access and the technology to reach distant markets.

Table 6.5  Comparison of competitiveness performance of different types of chains

Traditional chain Category managed  
chain

Best current 
practice value chain

Speed of response High Medium Medium

Flexibility High High High

Innovation potential Low Medium High

Ease of copying by 
competitors

Easy Moderate Difficult

Traceability of product Low High High

Overall competitiveness Can be high Can be high Can be high



The opening up of trade has changed the face of global competition. No longer are 
firms competing against other local firms for a share of their own domestic market. 
Many are competing in distant markets against firms from other countries who are also 
not local to that market, or they are competing in their own domestic markets against 
firms from overseas. This global marketplace for food has, quite understandably, 
attracted the biggest processors (e.g. Nestlé) and retailers (e.g. Wal-Mart) but small 
firms have not been shut out. There are many examples of small food companies that 
have identified profitable opportunities in distant markets. It has been shown that the 
ability of a firm to profit from globalization of markets is not a function of its size, but 
of how well the firm understands that it is the “total competitiveness along the value 
chain which determines whether they can export successfully” (Instate, 2000, p. 3).

The opening of global markets has also resulted in increasing concentration of super-
market and food service operators. A small number of large food retailers have expanded 
operations across the globe, and they have been especially active in countries where they 
can introduce more highly-developed retail systems that streamline logistics and distribu-
tion, widen the choice of products to consumers, and provide new shopping experiences. 
Firms such as Wal-Mart and Carrefour, for example, have been predicted as becoming 
the major players in Asian retail markets by the end of this decade (IGD, 2002).

In extending their reach to new and distant markets, one of the biggest challenges 
for global food retailers has been to take their supply chains with them, so that they 
can guarantee a supply of products that reliably meet quality specifications at com-
petitive prices. What was already a complex, and at times difficult, process in their 
own domestic markets becomes far more complex and difficult in markets that are 
far away, and whose consumers are not as well understood. Retailers have realized 
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Figure 6.2  Three forces of change impacting on business. Aapted from: Dunne, A., Collins, R. (2004). 
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that sourcing the right products, and having a supply chain that is capable of deliver-
ing those products often from one hemisphere to another, is a major challenge in the 
global marketplace for food (see also Chapter 8).

Technological advances
It is not difficult to see how advances in science and technology have radically 
shaped the food business environment at every stage, from production through to 
processing, storage, transport and retail. Hewett (2006, p. 39) refers to genetic tech-
nology (see Chapter 21), nanotechnology and information technology as a “triad of 
technologies driving change in supply chains worldwide.” These technologies have 
spawned innovations in products (genetically modified products, bioactives), as well 
as processes (radio frequency identification, irradiation, active packaging). At the 
same time, the technology that allows firms to gather, store, manipulate and commu-
nicate information is developing exponentially.

In combination, technological advances of all kinds have opened up new possibili-
ties for firms to deliver new food products more efficiently to more distant consum-
ers, and to send and receive information in real-time along the complete chain from 
production to consumption. Not surprisingly, a food industry firm’s ability to capture 
and use newly emerging technologies has been shown to be associated with its abil-
ity to compete (Collins, 2004; Hewett, 2006).

Consumerism: the power of consumers
Consumers have more power than ever before, and they are prepared to exercise that 
power. As many more suppliers achieve the capacity to target many more markets, 
some markets become “saturated,” giving retailers and consumers the ability to exert 
considerable power in choosing between the many offers from would-be suppliers 
(Gifford et al., 1998). The food industry is quoted as one example where markets are 
saturated with product offers, and suppliers are having to become more sophisticated 
in developing new products to attract and retain customers, a process that has been 
described as “mass individualization” (Linnemann et al., 2006).

Broadly speaking, consumers of food products exert their influence in two differ-
ent ways. On the one hand, they influence the outputs of food production systems 
(the kind of food produced), and on the other hand, they influence the systems them-
selves (how food is produced).

Food and lifestyle are inextricably linked. Consumers want food that is nutritious, 
safe and healthy, but they also want it in a convenient form, they want variety and 
new experiences, and they want to be able to find food that fits all these needs with-
out having to work too hard to find it (see Chapter 3). Milstein (2007) identified the 
mega trends that consumers are responding to as including products and services 
made “just for me,” a growing interest in health and well-being, and an increasing 
belief that quality is better than quantity. Milstein also notes that debate will con-
tinue to revolve around issues such as obesity, nutrition labeling, absolute traceability 
along the food chain, and the role of “authenticity” in food production. Consumers 
are expressing a well-developed understanding of the relationships between food and 
quality of life in their consumption habits and buying behavior.



How food is produced is an increasing concern for consumers worldwide. Of par-
ticular interest is how food production systems affect the environment and here, too, 
consumers are expressing their concerns through their purchasing decisions. This 
has given rise to foods certified as being produced in environmentally responsible 
ways, food that has been produced by systems with a low carbon footprint, or food 
that has traveled a low number of “food miles.” Companies are responding to these 
consumer-driven concerns by adopting more sustainable business practices, such as 
sourcing products locally, using less water or power in production, producing less 
waste, or reducing unnecessary packaging. In the developed world, every food com-
pany, whether they be farmers, packers, processors, transport operators or wholesal-
ers, could point to some part of its business that is a direct response to increasing 
consumer concern for the impact of food production systems on the environment.

In an increasingly crowded global marketplace for food products, the ability of 
firms to make profits by responding to what consumers need is related to their ability 
to differentiate themselves from one another. Differentiation is virtually impossible 
unless firms engage with the chains that create and deliver what consumers need. 
In a global marketplace, independent firms, even with the world’s best new product 
development ideas and technologies, simply cannot guarantee consumers that their 
products are safe, healthy, environmentally responsible, available all-year-round and 
represent value for money, unless they collaborate with the other firms that make up 
the chain from production to consumption of those products.

B.  �Value chain management as a setting for postharvest 
horticulture

VCM has been described as a business model in the previous section, and the chang-
ing environment in which it applies to food products has been examined. This pro-
vides the background for exploring how VCM and postharvest horticulture are 
linked. In this section it is argued that postharvest practices are value-adding activi-
ties, and that VCM can enhance a firm’s ability to deliver postharvest outcomes and 
outputs to those parts of the chain where they represent value. When another firm in 
the chain, for example a retailer, recognizes the value created through postharvest 
practices, incentive is created to continue these practices. Ultimately, consumer pur-
chase behavior determines financial returns from the value it creates, and the mem-
bers of the chain determine how those returns are shared.

Why horticultural firms become involved in value chain management
Boehlje et al. (1998) note that firms collaborate to form value chains for three 
reasons:

l	 to be able to respond better to consumers;
l	 to improve efficiency; and
l	 to reduce risks.

As mentioned above, consumers are becoming more discerning about the food they con-
sume, and they tend to direct their business towards those chains that can anticipate and 
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service these needs. The value created through postharvest activities such as grading, 
processing, packaging, storage and transport is targeted at meeting specific consumer 
requirements. By meeting these requirements more precisely, reliably and economically, 
more value can be created. When a chain of collaborating firms is able to create value in 
this way, it not only strengthens the relationships among the collaborating firms, but it 
also builds relationships between the chain and its consumers. This is VCM at work, and 
chains of firms operating in this way become extremely difficult for competitors to emu-
late, because they have to compete against not only the technical value-creating abilities 
of the chain, but also against the strength of the relationships that have been formed 
through meeting consumers’ needs.

The second motivator behind value chain formation relates to efficiency. Chains 
must deliver food products to particular specifications, including conformance with 
mandatory requirements, such as food safety standards. Collaboration among firms 
in a value chain not only ensures that specifications have been met at every point 
in the chain, but also allows efficiencies and cost savings to be identified within 
firms, as well as between firms. Examples include the ability to hold lower inventory 
through made-to-order systems, sharing of infrastructure, such as storage and trans-
port between firms, integrating IT systems between firms, and the adoption of tech-
nologies and systems that are unavailable or uneconomic for single firms. The ability 
to reduce costs through improved efficiency represents value created through collab-
oration. This value may be kept by the firm(s) responsible, or passed along the chain 
so that it becomes value for other chain members, and ultimately the consumer.

Finally, firms form value chains to reduce risks. Individual firms can lower their 
exposure to influences, such as the unavailability or rising price of inputs, the impact 
of seasonal variation on product quality and availability, or the need to ensure that a 
whole chain can guarantee food safety through the adoption of a certified food safety 
management system. On their own, most firms would be far more exposed to these 
risks, and could make few guarantees beyond their own boundaries.

All three examples demonstrate how postharvest systems and practices can create 
value for collaborating firms along a chain. Put another way, those same posthar-
vest systems and practices, in the hands of independent horticultural firms aiming to 
maximize their individual profitability are far less able to:

1.	 monitor, respond to and influence consumer needs;
2.	 ensure that product is delivered to the retailer as cost efficiently as possible; 

and
3.	 guarantee the safety of the product delivered to consumers.

How horticultural firms become involved in value chain management
The most common pathway to VCM begins when two firms decide to collaborate, 
and then based on positive results extend their reach to other chain members (Collins 
and Dunne, 2002). A value chain is formed when firms involved in an alliance share 
a common objective of targeting a specific market or market segment. The more suc-
cessful they are, the more difficult it becomes for competitors to copy their value 
chain, as shown in the example below.



It is important to note, from the example above, that it is not necessary for every 
firm in a value chain to collaborate. Retailers and wholesalers, for example, may not 
be directly involved, but may be willing to cooperate as customers of the main value 
chain partners. In fact, in practice, it is rare to find a value chain that is able to achieve 
high levels of collaboration and value creation that involve every member of the chain 
(Bollen, 2004). What is always needed, however, is a chain champion who initiates 
value chain formation, and oversees the early stages of formation. These principles, and 
those illustrated in the example above, have been discussed by van Roekel et al. (2002).

In horticulture, as individual producers are relatively small in relation to their ability 
to service a market segment, it is common for producers to form alliances among them-
selves, sometimes referred to as horizontal alliances (Agriculture and Food Council, 
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An example (based on an actual case)

A large vegetable grower successfully negotiates with a processor to supply higher 
quality inputs at a slightly higher price. Customers of the processor respond to the 
higher quality output, and business expands until more inputs are required than can 
be supplied by the original grower. With the support of the processor, the original 
grower invites a small group of new growers to become high-quality suppliers to 
the processor. These new growers are in different regions, and therefore can extend 
supply over a much longer season. Growing across more regions also spreads 
environmental risks. These growers are trained to meet the same higher stand-
ards, and they prove to be reliable and committed. Business continues to expand. 
Now the supplier group investigates genetics as a source of even higher quality, 
and they form an alliance with a supplier of superior genetics. The genetics sup-
plier sees enough business, and has enough trust, to give exclusive rights to the 
grower alliance for certain of its seed products. The seed supplier’s company name 
also appears on the packaged product that consumers buy. Business continues to 
expand; retailers are happy with the results and ask for a wider range of products. 
This represents an opportunity for both the growers and the processor to diversify 
and spread their risks. Collaboratively, a small number of new products are identi-
fied for which high-quality genetics are available, that require only minimal invest-
ment in new processing and growing capacity. These products are also successful 
and a small portfolio of products under a common brand becomes established. The 
genetics–grower–processor value chain adopts a strategy of reinvesting a share of 
each partner’s returns into consumer research. The objective is to stay in touch with 
how consumers are responding to their products so the value chain can assist retail-
ers to promote and merchandise their brand. Over time, and based on consumer 
feedback, the group is able to incorporate world class environmental standards into 
its production and processing systems. At this point, with exclusive genetics, dedi-
cated and capable growers across a number of regions, an innovative processor and 
satisfied retailers and consumers, the value chain has put itself in a position where 
competitors were struggling to keep up.
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2002). It is also common for horizontal alliances of producers to initiate the formation 
of value chains in horticultural industries. Collins (2004) describes the type of activities 
that firms become capable of once a successful alliance has been formed. They include:

l	 co-investing in research to better understand consumers’ needs;
l	 seeking to actively influence consumers;
l	 exploring new products, technologies or markets; and
l	 providing proof of authenticity, such as country of origin or environmental 

credentials.

These are the kinds of activities that confer competitive advantage on a whole value 
chain, because each of them is difficult to achieve by individual producers or other 
chain members acting alone.

C.  Postharvest horticulture as a value creation domain

Defining the domain
Postharvest horticulture can be defined at various scales and in various ways. At its 
widest scale it begins when the product is separated from the plant or growing medium 
and ends with consumption by the final consumer. More narrowly, it might be defined 
as extending from harvest up until the product is in the form in which it will be retailed. 
By any definition, postharvest horticulture involves transformation of product from its 
state at harvest into its ready-to-consume state. This may be a simple transformation, 
e.g. for a fresh whole lettuce that will be retailed in that form within a few days, or a 
complex transformation, e.g. for a potato processed into frozen French fries sold many 
months later in another country. The chain along which the product flows may be very 
short and involve none or few other firms, e.g. product sold at the farm gate, or it may 
be long and involve many other firms, e.g. potatoes in the frozen French fries example 
given above. Regardless of their scale or complexity, postharvest activities have two 
features in common: they add value and they involve members of the supply chain.

The ways in which postharvest activities can involve other chain members have been 
addressed earlier in this chapter. At sophisticated levels of involvement, these activities 
are elements of a business model known as VCM. At minimal levels of involvement, 
they may simply represent the various stages at which product changes hands from one 
firm to another along a supply chain, for example from a grower to a packer, a packer to 
a wholesaler, or a wholesaler to a retailer. This chapter concentrates on the higher levels 
of involvement that are associated with VCM, because they have been shown to improve 
the competitiveness of businesses at all stages of the horticultural supply chain.

Adding value through postharvest science and technology
Postharvest horticulture has been defined as having the potential to add value through 
four interconnected areas of activity. They are food safety, traceability, information sys-
tems and consumer response to quality (Bollen, 2004). Each of these is discussed below.

Food safety
The need for food safety is beyond question (see also Chapters 10, 13 and 18). 
Research has shown that general consumer confidence in the motives of food producers 
and retailers has decreased (Frewer, 2003), fueled by publicity surrounding outbreaks 



such as BSE, bird flu and foot and mouth disease. While horticulture has not been sub-
ject to this same level of public concern about its systems and their outputs, there is still 
enough publicity to keep food safety issues squarely in the minds of consumers, such 
as reports of deaths from agricultural chemical contamination of vegetables in China.

Hurst (2004) reports that the incidence of human food-borne illnesses related to 
horticultural produce is low, but increasing. He suggests that this may be because of 
better microbial detection methods, increasing per capita consumption of fruit and 
vegetables, global sourcing, and the evolution of more virulent strains of pathogens. 
Hurst goes on to argue that every horticultural supply chain needs a food safety plan, 
and in many countries this is a mandatory requirement.

Postharvest practices that ensure food safety add value through the confidence that 
they instill in the consumer. When consumers believe that a horticultural product is 
“risky” they engage in the following behaviors, all of which directly impact on the 
profitability of the chains that delivered the product to the consumer (Frewer, 2003):

l	 they move to another product category, e.g. from fresh-cut product to fresh 
product;

l	 they change to another brand or origin of the product, e.g. away from product 
produced in a particular country;

l	 they move to another retailer or type of retailer, e.g. away from supermarkets or 
away from local markets;

l	 they move towards product produced in a particular way, e.g. towards low 
chemical usage produce; or

l	 they reduce consumption altogether, e.g. they stop consuming products in that 
broad category.

In summary, one objective of postharvest horticulture is to create value, based on its 
ability to ensure food safety. Ultimately this is achieved through building trust with 
consumers that a particular product, brand, retailer and production method is safe, 
time after time. From a technical point of view, food safety means avoiding micro-
biological contamination that exceeds defined limits. From a management point of 
view, it means implementing and enforcing food safety standards and management 
systems that deliver value 100% of the time. While individual firms can, and must, 
carry responsibility for their part of the chain, integrated value chains can give much 
higher level food safety assurances to consumers, because the whole chain is man-
aged as a system whose responsibility is to deliver food safety.

Traceability
Bollen (2004) lists four functions of traceability in a supply chain (see also Chapter 
12). They are:

l	 so that product can be traced back as part of a food safety system;
l	 tracking ability of product from farm to market to give evidence of good agri-

cultural practice or good manufacturing practice;
l	 ability to trace and track shipments by air or sea, especially given current inter-

national security concerns; and
l	 the improvement of product segregation so that specific market segments may 

be targeted.
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Each of these functions involves postharvest activities and technologies, and each 
adds value for one or more members of a value chain. Because all of them rely on 
documentation produced as part of a codified management system, it is therefore 
impossible to achieve traceability without at least some cooperation from every chain 
member. At one end of the spectrum is the minimum acceptable functional level of 
traceability, or base-level traceability. At the other end of the spectrum, when chain 
members make a collective decision to invest in traceability systems as part of a 
VCM business strategy, very high levels of performance become possible. This may 
be because of improved inventory management, higher levels of security, guaranteed 
best practice, or more highly differentiated offers to consumers. In each of these cases, 
postharvest systems and technologies have a critical role to play in adding value.

Information systems
The globalization of horticultural markets has brought with it a manifold increase 
in logistical complexity. Because of the perishability of horticultural products, sup-
ply chains have time-critical dimensions, thus any improvements to the ability to 
store and transport horticultural products have significant commercial value. At the 
same time, the storage and transport of products is meaningless without informa-
tion exchange and the timing and quality of information exchanged often determines 
the value that can be created by the storage and transport functions themselves. Poor 
information exchange is directly linked with lower profitability in horticultural sup-
ply chains (Collins and Dunne, 2002).

Information systems may not always be thought of as part of the postharvest sys-
tem. However, without them the flow of product within and between firms is impos-
sible. Information is needed to capture the characteristics of the product, its location 
in the value chain at any time, the state of the processes that transform the product, 
and the value of the product at each stage of the chain. Postharvest activities not 
only directly add value to the product along the chain, but they can also create the 
information that is needed to inform decisions about the product as it flows along 
the chain. The integration of postharvest technologies with information management 
systems has received relatively little research attention. However, in the VCM busi-
ness model, the value added by improved postharvest technologies is only translated 
into profits when information about that value is communicated to those to whom it 
is commercially significant. Bollen (2004, p. 48) has suggested that information sys-
tems are “the major opportunity for the logistics supply chain to progress to become 
a value chain.”

Consumers and quality
The role of postharvest research and development in ensuring that consumers get 
the quality they demand has been the central orientation of the discipline. A review 
by the author of 180 published papers in the field of postharvest science since 2003 
revealed 155 that made direct reference to consumer satisfaction or meeting the 
needs of markets as the rationale for the research. The significance of this orientation 
is captured by Shewfelt (2006, p. 31) in stating “the success or failure of any food is 
determined by the consumer.”



In defining quality using simple and practical terms, Prussia (2004) defined low 
quality as not meeting consumer expectations; acceptable quality as satisfying con-
sumer expectations; and high quality as exceeding consumer expectations. This defi-
nition is consistent with Shewfelt’s (2006) view of the primacy of the consumer in 
determining what constitutes quality. Prussia (2004) also separated purchase quality 
from consumption quality. Purchase quality related to those attributes that could be 
assessed at the time of purchase, such as size, color, blemish, firmness and aroma. 
Consumption quality related to attributes that could only be assessed destructively, 
such as flavor, texture, flesh color, juiciness and mouth-feel.

Understanding what constitutes quality for a product, and being able to deliver that 
quality, is the main business of a horticultural value chain. The capacity to deliver 
purchase quality attracts consumers to make purchases, but being able to deliver con-
sumption quality drives repeat purchases and builds consumer loyalty – and these are 
the drivers of sustained profitability for a value chain.

While some quality attributes are determined preharvest, many are determined 
after harvest. For fresh produce, ripening and storage conditions after harvest, for 
example, have direct effects on quality attributes such as flavor, texture, color, blem-
ish and perceptions of freshness. For processed horticultural products, every aspect 
of the postharvest system creates value in the finished product, for example by 
grading, slicing, mixing ingredients, sanitation treatments, packaging and labeling. 
Collectively, these activities create value through flavor, color and texture profiles, 
portion or pack size, and attractiveness for the consumer.

The goal of VCM is to deliver value to consumers at an acceptable price, i.e. to 
deliver value for money. Quality, as perceived by the consumer, is central in deter-
mining what represents value for money. The orientation of postharvest R&D towards 
quality for the consumer is in fact an orientation towards value creation, which is the 
basis of VCM.

IV.  The future

The future for VCM and its interaction with postharvest horticultural systems will be 
shaped by the three forces of change discussed earlier: globalization, technology and 
consumerism.

Globalization will continue to give access to new markets, and will bring more 
competition to domestic markets. Both large players and small will stand to benefit, 
but whatever the scale, the ability to capture new markets will be determined by the 
quality of the whole value chain, not the quality of any individual firm. At the same 
time, food security will be a counterbalancing force. Nations will not want to become 
wholly reliant on imported foods, and local production to ensure food security will 
be a strategic issue for some nations. Horticultural industries will figure prominently 
in these strategies for their ability to produce large volumes of fresh, nutritious food 
quickly and flexibly to local communities.

Advances in postharvest technologies will be used to create new food products, 
new processes and new ways of managing information. Only those that represent 
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value, either to members of value chains or to consumers, will survive. New tech-
nologies associated with the intersection of food, health and well-being will be espe-
cially valued, as will those that help to ensure the security of supply chains.

Consumers in the future will be even more discerning than they are now. The abil-
ity to anticipate, understand and influence consumers will confer competitive advan-
tage on value chains, the members of which will invest more and more in consumer 
research. Shewfelt and Henderson (2003) list six consumer trends related to horticul-
tural produce relevant to this chapter. They are:

1.	 More emphasis on quality: fruits and vegetables will become more of a high 
value specialty item; safety may be associated with total absence of pesticides;

2.	 More emphasis on local production: more incentive to produce horticultural 
food locally to avoid dependence on imported produce;

3.	 Less emphasis on shelf life and more emphasis on consumption quality: long 
shelf life will be considered a negative attribute; a true appreciation of flavor 
will supersede the importance of purchase quality attributes such as size and 
color;

4.	 Less concern about price and more emphasis on value: consumers will pay 
higher prices for fruit and vegetables as a specialty item; consumers will be 
less forgiving for unreliability of quality and will demand more information;

5.	 More emphasis on technological solutions: campaigns against technologies 
such as irradiation and genetic modification will be less effective; technologies 
that can deliver consumption quality, especially those that maximize flavor, will 
be accepted;

6.	 More emphasis on sustainable production: governments will require account-
ing for environmental impacts; inputs such as power and water will become 
more expensive; higher costs will be passed on to the consumer.

Broadly speaking, the forces of globalization, changing technology and consum-
erism will exert their influence on postharvest horticulture in two ways. They will 
define what constitutes consumer value; and they will, therefore, influence R&D pri-
orities in the domain of postharvest R&D. Perhaps most importantly, more firms will 
adopt VCM strategies that are based on delivering value to consumers based on these 
R&D outputs.

Key words
Supply chain management, value chain management, competitiveness, postharvest 
horticulture, collaboration, value.
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I.  �A functional evaluation of business models of 
fresh produce in the United States

A functional approach to a supply chain identifies the activities or actions that are 
carried out at each stage. Some firms could decide to incorporate some or all of the 
functions. Other firms may specialize in just one, and coordinate with other mem-
bers of the chain through various agreements. Marketing in the food system has at 
least three broad categories (physical functions, exchange functions, and facilitating  
functions) each with three or four sub-functions (Table 7.1).

II.  Physical functions

Physical functions include those activities that alter the form or place utility of pro-
duce. Form utility refers to the appearance the produce will have. Manufacturing, 
processing, and packaging create additional value for the consumer that prefers the 
product in an altered state. Place utility refers to the time and location at which the 
produce is consumed. Some degree of physical transportation and storage is used in 
selling fresh produce.

A.  Manufacturing, processing and packaging

One way that firms can add value in the supply chain is to identify how consumers 
will use the product. Firms can then modify the product in such a way that will make 
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Table 7.1  Functions in the food marketing system

Functions Sub-functions

Physical function l	  Manufacturing, processing, and packaging
l	  Transportation
l	 Storage

Exchange function l	  Buying and selling
l	  Price determination
l	  Risk bearing

Facilitating function l	  Standardization, grading
l	  Financing
l	  Market intelligence
l	  Communication, advertising, promotion, public relations

Source: Kohls, R.L., Uhl, J.N. (1998); Schaffner, D.J., Schroder, W.R., Earle, M.D. (1998).



its use more convenient. For example, firms sell heads of lettuce, but also began sell-
ing packaged, pre-cut bags of lettuce (form utility). Thus, firms that are able to rinse, 
cut and package salads save a consumer time, have been rewarded for adding that 
value in terms of market share and/or price premiums. Several types of processing 
and packaging occur in the produce supply chain including canned fruits, individ-
ual serving-sized packaged fruit salads, frozen fruits, fruit juices, and dried fruits. 
It should be noted however, that fresh produce has often been offered with minimal 
amounts of processing and packaging, either through farmers’ markets or even in 
grocery retail. Providing fresh orange slices for athletes competing in a triathlon is 
an example of place utility.

For a given geographic area, crops typically mature at the same time, leading to 
peak demands for handling and processing at harvest time. These spikes in demand for 
processing create the need for large-scale processing facilities and/or well-coordinated 
delivery of harvested products to processing facilities. Unfortunately, large-scale 
processing facilities require large amounts of financial capital that is idle for much 
of the rest of the year. In the absence of well-coordinated delivery, every grower also 
has an incentive to be the first to market, and seeks to pre-empt other producers. 
Hence, processors have incentives to smooth out supplies that avoid dumping too 
much product on the market during the harvest season, and a need to carry supplies 
past the harvest season to help pay for storage and plant facilities (see Chapter 1). 
Growers generally do not have storage capabilities, and therefore want to move their 
product quickly, leading to excess supply. Market alliances and contracts have been 
used successfully to address these coordination challenges.

One interesting example of a successful marketing alliance is the Pink Lady™ 
apple. Pink Lady™ is grown under a strictly controlled license, and marketed through 
a limited number of resellers to the supermarkets. The purpose of this arrangement is 
to keep quality and prices high, portraying a premium product. In order to maintain 
the differentiated appeal of Pink Lady™, about 65% of the production which does 
not meet the standards required for Pink Lady™ is sold as Cripps Pink instead. The 
main difference between Pink Lady™ and Cripps Pink is the color intensity and the 
sugar/acid balance. Pink Lady™ apples are targeted towards young women, and have 
been cross-marketed with Barbie dolls. Pink Lady™ even has its own website, www.
pinkladyapples.co.uk (Orange Pippin, 2008).

Another example of producers working together to offset the effects of selling per-
ishable products during harvest is in the potato industry in the northern half of the 
US. It is quite common for small potato producers to sell their crop through packing 
sheds which store the fall harvest, and pack to order as needed from October until 
June. These smaller growers tend to have little if any storage or ability to access the 
large regional grocery and food service buyers. These packing sheds often use pool 
pricing, where the high and the low prices of the marketing season are distributed 
across all growers in the pool. Pooling helps all growers in the pool reap the bene-
fits of the high-priced markets, and affords some protection when prices are lower. 
Without pooling, individual growers would want the packing sheds to sell their pota-
toes first during the high markets, but not all the product in storage can be sold at the 
same time or the market would be flooded and all producers would receive a lower 
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price. Packing sheds, through economies of scale and scope, are able to invest in  
storage, packaging and marketing facilities that individual producers could not afford.

Processors such as Frito Lay have long ago moved processing facilities away from 
the production areas, and moved them nearer to metropolitan areas. It is considerably 
less expensive to ship bulk potatoes than it is to ship potato chips. This movement 
has also changed the way Frito Lay purchases their raw potatoes. Fifteen years ago, 
it would not be uncommon for Frito Lay to contract with 20–30 producers in a given 
production area. Today, Frito Lay uses one or two large potato producer/shippers 
that have the responsibility of ensuring the quality standards and product availability 
needed to keep these plants running as efficiently as possible. These preferred sup-
pliers will sub-contract with other local producers, but Frito Lay only deals directly 
with the preferred suppliers.

B.  Transportation

An important part of produce marketing is transportation. This is particularly impor-
tant because consumers now demand access to their favorite fruits and vegetables 
year-round, in spite of a local climate that might not permit year-round produc-
tion (Govindasamy and Thornsbury, 2006; Agricultural and Resource Economics 
Department, 2007). In an effort to satisfy year-round consumer demand, grocery 
retailers source produce globally. As a result, produce is often transported northward 
during winter months, sometimes crossing international borders. Transportation can 
occur by semi-trailer, rail, boat and even air. The perishable nature of fresh produce 
requires controlled-climate environments (see also Chapter 19), which add additional 
costs related to cooling. “U-pick” operations, that allow consumers to pick produce 
out of the field or orchard, move the transportation function to the consumer, while 
large grocery chains might pay for fresh produce to be transported from nearly  
half-way around the globe.

In the US, California, Florida and Texas are the major production areas for many 
types of fruits and vegetables. The comparative advantage for these areas is based, 
in part, on climatic and topographical conditions. Major production areas that are 
located in California, Florida and Texas result in the need for transport across vast 
distances. During the peak produce shipping months of summer in California, the 
demand for semi-trailers often exceeds supply, significantly driving up the cost of 
shipping produce. It is no surprise that the cost of produce will continue to rise given 
the distances shipped, increasing demand and increasing energy costs. Diesel prices 
are expected to average about $3.62 per gallon in 2008, with higher prices predicted 
for the future (Energy Information Administration, 2008). These rising energy costs 
will continue to impact consumer prices for food, including produce.

An emerging issue related to transportation is the notion of food miles. “Food 
miles” is a term coined in the 1990s by Dr Tim Lang, professor of food policy at 
London’s City University. Measuring food miles is an attempt to quantify the impact 
that food has on the environment. Initially, food miles took into account the distance 
food travels from field to fork, but it has been expanded to include the environmental 



impacts of growing, shipping, processing and transportation. For countries like the 
United Kingdom, half the vegetables and 95% of the fruit eaten are imported, result-
ing in significant food miles. Retailers, such as Tesco and Marks & Spencer, have 
begun labeling food that is flown in with stickers depicting airplanes (Stacey, 2008).

Increasing energy prices and global warming concerns will continue to fuel the 
food miles discussion. Food miles are just one of the many factors that produce sup-
ply chains must contend with. Even in Europe, where the food miles discussion is 
the most developed, UK retailers are being urged by the British government not to 
make food miles the only reason for choosing food suppliers. Retailers are encour-
aged to ignore food miles when it comes to supporting farmers in the developing 
world (Patton, 2008).

C.  Storage

Storage of fresh produce is difficult, because the product is highly perishable. 
Therefore, the supply chain requires several climate-controlled environments for 
storage (see also Chapter 19). Investments in cold storage facilities are quite expen-
sive, and require substantial outlays for energy to cool the environment.

Common types of storage for produce include cold storage and controlled- 
atmosphere storage. Cold storage generally refers to a refrigerated storage space 
that maintains temperatures under 45° F (7° C). These temperatures slow the rate of 
decay, and prolong the shelf life of produce. Selected produce, such as potatoes and 
bananas, require slightly warmer temperatures during the final stages of storage for 
optimal consumer acceptance. For example, russet potatoes are harvested between 
September and October in northern states, such as Idaho and Wisconsin, and then 
placed into large cold storage warehouses with holding temperatures around 40° F 
(4° C). These potatoes can maintain their quality in storage until June (i.e. up to 
seven months). When it is time to pack the potatoes for human consumption they are 
gradually warmed to a temperature between 50° F and 65° F (10° C and 18° C).

Controlled-atmosphere (CA) storage is accomplished by keeping the level of oxy-
gen at about 5%, and carbon dioxide at 1% to 3%, while temperature is held at a 
level best suited to the particular fruit. CA storage is common today for apples and 
pears, and is being adapted to other fruits. Controlled atmosphere and refrigeration, 
in conjunction with the removal of ethylene gas (which emanates from fruits and 
speeds ripening) helps slow the ripening process considerably. Golden Delicious 
apples and some pears are shipped in polyethylene containers in which a desirable, 
modified atmosphere is created by the respiration of the fruit (Fruit Farming, 2008).

The length of time produce is stored varies by produce variety and seasonal 
demand as indicated earlier. Strawberries, for example, are highly perishable and 
can only be stored for short periods of time (e.g. days) while other produce, such as 
onions and potatoes, can be stored for months under the proper conditions. The abil-
ity to store selected produce allows producers to avoid some of the price risk associ-
ated with increased supplies at harvest time and to take advantage later of shorter 
supplies in the months after harvest in their growing region, before the next harvest 
season in a competing growing region.
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So far, the discussion of storage has been limited to the packer–shipper. Storage 
at various intermittent points in the produce cold chain is extremely important. For 
example, head lettuce storage occurs within a matter of hours after harvest, with 
hydro-cooling to remove the “field heat” from the heads of lettuce. Lettuce is placed 
in cold storage until it is ready to be shipped. The storage length is usually a matter 
of hours, but may take as long as a few days. If the lettuce is to be shipped to the 
east coast of the US, it will spend an average of three to four days in a refrigerated  
semi-trailer or seven days in a refrigerated rail car. Once the lettuce arrives at the dis-
tributor, in this case a grocery retailer, it will be transferred to the retailer’s produce  
distribution warehouse, where it is likely to spend on average another one to two days 
before being shipped to a grocery store. At the grocery store, the lettuce is unloaded 
from refrigerated trailers into refrigerated rooms, and then placed into refrigerated 
produce cases in the store. The lettuce may only stay in the display case for a few 
hours before being purchased by the consumer. The storage cool chain ends when 
consumer places the lettuce in a household refrigerator until it is consumed. This is 
usually within one to seven days for most consumers.

III.  Exchange functions

Exchange functions are activities related to the possession utility of a product. 
Individuals or firms with knowledge of buyers and sellers can facilitate exchange 
between these two groups. Buyers and sellers must agree on setting a price for the 
product and ownership transfer. As supply and demand fluctuates and the governing 
rules change, so too do prices. Fluctuation risks are borne by the owner. Therefore, 
one of the key functions in a food supply chain is the ability to bear the risk associ-
ated with these changes.

A.  Buying and selling

Many opportunities exist for the ownership of fresh produce to change in getting the 
product from the producer to the final consumer. Brokers and agents, assemblers, proc-
essors, wholesalers and retailers may all take possession of produce under certain cir-
cumstances. Alternatively, a farmers’ market may bring together buyers and sellers, and 
serve as the facilitating agent without ever taking possession of the produce. Often, a 
broker or agent will only take possession of produce if an arbitrage opportunity exists. 
That is, there is a profit opportunity by moving plentiful goods at low prices to plenti-
ful demand areas at higher prices. There are at least four key outlets available to the 
final consumer: grocery retail, farmers’ markets, restaurants and other food service 
providers. Each of these outlets presents a different experience for the consumer.

B.  Price determination

Price is determined by negotiation between a buyer and seller. A seller at a farmers’ 
market might even enter into bartering with buyers to determine the price charged. 



Alternatively, a farmer might negotiate a contract that sets a price for a specified 
quantity and/or length of time a given price will remain constant (e.g. one year). 
Often in grocery retail, the grocer sets a non-negotiable price for consumers. Price 
determination in the fresh produce industry is much less transparent than in many 
other agricultural supply chains. Many other commodities have products traded on 
exchanges, for example the New York and Chicago Boards of Trade. While contracts 
for frozen-concentrated and not-from-concentrate orange juice markets do trade,  
currently, no fresh produce futures contracts exchanges exist.

Traditionally produce was priced on spot markets and delivered to restaurants or 
local grocery retailers via local independent produce distributors. Terminal mar-
kets, based primarily in major metropolitan areas such as New York City, Chicago, 
Philadelphia and Los Angeles, were the primary hubs connecting packer–shippers  
to produce-based distributors and brokers at these markets. Today, the volume of 
produce through these terminal markets has been reduced significantly, because the 
remaining produce-based distributors are big enough to buy direct from packer–
shippers in the major growing areas, viz., California, Florida and Texas (USDA-
ERS, 2001).Terminal markets, although different in size and scope than they once 
were, still exist and serve a need, especially in large metropolitan areas. With the  
increasing emphasis on buying local, terminal markets could experience a renewal.

Due in part to the emergence of pre-cut produce (see also Chapter 10), and also to 
the continuing expansion of regional and national multi-unit restaurant chains, contract 
pricing in the produce industry is used extensively in selected produce markets. It is not 
uncommon for these chains to seek out year-long contract prices for potato products 
and pre-cut produce, such as lettuce, salad mix and cabbage. Price risk has certainly 
shifted to the producer, in exchange for a guaranteed volume of business. Most, if not 
all, long-term produce contracts include an “act of God” clause in case of weather-
related events that make honoring a particular contract unrealistic. These clauses allow 
for price adjustments for the packer–shipper, and allow the restaurant buyers to seek 
alternative sources of supply during these volatile events (e.g. frost, whitefly).

On the grocery retail side of the produce system, packer–shippers are large enough 
to work directly with the national grocery chains. While there have been efforts to 
contract more products between packer–shippers and grocery retailers, the incentives 
to deviate from a contract remain strong. For example, in a time of product shortage 
the producer has incentives to renegotiate the contract, so that they can sell on the 
open market in an effort to maximize returns. In times of product gluts, the retailer 
has incentives to break the contract, and to purchase product at lower cost on the 
open market to remain competitive with other retailers who have not contracted at the 
higher price. The volatility of the produce market affects competitiveness and contrib-
utes to the decreased use of contracting between packer–shippers and grocery retail-
ers, compared to contracting between packer–shippers and food service operators.

The consumer price index (CPI) for all food is projected to increase by 3.5% to 
4.5% in 2008. Food-at-home prices are forecast to increase by 4.0% to 5.0%, while 
food-away-from-home prices are forecast to increase by 3.0% to 4.0%. The all-food 
CPI increased 4.0% between 2006 and 2007, the highest annual increase since 1990 
(USDA-ERS, 2008a).
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C.  Risk bearing

Many risks exist in the production and marketing of fresh produce. Changes in rain-
fall and temperature, catastrophic weather events and shifts in demand all represent 
risks that are faced in the fresh produce supply chain. There has been substantial 
government programs intended to reduce the volatility of prices for many other agri-
cultural commodity producers in the US. Furthermore, major row crop commodi-
ties generally have well-functioning futures markets that allow for the transfer of 
risk from producers to speculators. Fresh produce, however, has limited channels to 
reduce risk in prices and production. Futures markets for frozen, concentrated orange 
juice (FCOJ) and not-from-concentrate orange juice (NFC) can provide an oppor-
tunity to mitigate some risk, but are not tied directly to fresh produce production. 
Historically, fruits and vegetables have not received the generous government sub-
sidies seen in other commodity products. As a result, much risk remains throughout 
the fresh produce supply chain that is borne by producers, processors and retailers.

There are a number of methods used in the produce supply chain to reduce risk. 
The use of contract pricing is discussed as a risk management tool. Building long-
term storage is a form of risk reduction. Effective storage smoothes out the peaks 
in supply and helps to maintain product quality. The diversification across produce 
varieties, types of customers (e.g. selling to both grocery retailers and food service 
operations) and spreading the business across multiple buyers, are all risk reduction 
strategies implemented in the produce supply chain (see also Chapter 11).

IV.  Facilitating functions

In the case of fresh produce, facilitating functions can be thought of as the actions 
that allow the system to function at peak efficiency. Such types of actions provide 
conduits for information and capital flows in the produce supply chain. Private firms, 
government and industry groups have all historically served in facilitating roles for 
fresh produce. Standards and grades can ensure the flow of uniform products, financ-
ing provides the capital needed to operate the system, market intelligence can drive 
competition and communication efforts serve to inform the final consumer.

A.  Standardization and grading

Standards and grades can lower costs in the supply chain, by creating uniform prod-
ucts that flow through the system, regardless of the channel. Standards are set to 
identify minimum hurdles for appearance; nutritional value and information that 
ensure a minimum level of quality for consumers (see also Chapters 8, 9 and 12). 
Federal legislation allows the United State Department of Agriculture (USDA) and 
state marketing boards to play a large role in establishing and enforcing market-
ing standards. Grades are a specific form of standards (see also Chapter 9). USDA 
grading of beef is one of the most widely recognized grading standards in the food 
system. Grades are simply different levels of standards among the same product. 
Grading helps consumers gauge the additional value of higher quality standards.



Grades and standards for fresh produce facilitate the marketing of these prod-
ucts. Specifically, negotiations about prices and delivery of products can be based on 
mutually understood descriptions of the product, thus lowering the need for physi-
cal inspection of all shipments. Without grades and standards, costly inspections are 
needed because the biological nature and perishability of these commodities make 
product consistency difficult to specify on an ad hoc basis. Grades and standards can 
improve information flows and lower transaction costs. Commodity-specific market-
ing alliances, such as marketing orders and trade associations, have often taken on 
the responsibility for specifying and enforcing industry grades and standards.

Although grades provide the minimum standards, an increasing number of grocery 
retail and food service buyers are requiring product specifications that exceed USDA 
standards. It is imperative for growers, packers, shippers and distributors to under-
stand the product specifications of the buyers to whom they are selling.

Like grades and standards for products, uniform packaging and shipping practices 
facilitate the marketing of fresh produce. Growers are often widely dispersed, and 
buyers must source from many different producers because no single grower has suf-
ficient volume to meet their demands. Each grower could conceivably develop indi-
vidualized packaging and shipping practices best suited for their own situation, which 
could create significant costs for buyers. The misalignment of incentives within the 
marketing channel adds costs and generates aggregate welfare losses, if generally 
accepted industry practices are not adopted. Once again, marketing alliances have 
been used to overcome these challenges by imposing uniform packaging and ship-
ping standards. Another option is to develop an industry standard performance score-
card, as is underway at the Brussels-based Trading Partner Performance Management 
(Supermarket News, 2008a). This scorecard will be used by both retailers and sup-
pliers to rank performance in meeting supply chain tasks. As produce supply chains 
become more global in nature, the need for performance standards across supply 
chain participants and products will continue to increase (see also Chapters 6 and 8).

B.  Financing

Access to low-cost financial capital is the lifeblood of business. Debt and equity provide 
the necessary funds to buy real assets and serve as the basis of production. Much of the 
financial capital in fresh produce production comes from the equity of the producers. 
Likewise, produce marketing firms can be cooperatives that rely on the equity of its mem-
ber producers, or private firms that rely on equity from stockholders. The other source 
of funding, debt, is often provided by commercial banks and input suppliers. The US 
government has also played a role in this important facilitating function by creating and 
backing the Farm Credit System (FCS). The cooperative associations of the FCS provide 
additional competition in lending funds to agricultural producers. The associations are 
also authorized to fund agribusinesses that are related to marketing agricultural products.

C.  Market intelligence

Collecting information on the state of the industry facilitates the spread of contem-
porary production and marketing processes. By collecting this information it is also 
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easy to communicate the relative importance of the industry to entities outside the 
industry. Typically, industry associations and producer groups have served this criti-
cal role. The groups often host producer meetings that encourage the spread of effi-
cient production and marketing practices. They also can communicate to legislators, 
media, and others the economic impact of their particular sector.

As the produce industry continues to move toward fewer and larger producers, and 
fewer and larger buyers, the market for information is becoming increasingly thin. 
Market intelligence is not shared freely with the USDA-Agricultural Marketing Service 
or competitors, until a given sector is under financial pressure. For example, potato 
growers are reluctant to hold out for a better contract price for an upcoming season, 
even if these same growers discussed a pricing strategy at an earlier growers’ meeting. 
The growers know the processor needs a limited quantity of contracted potatoes, they 
are afraid that if they refuse a contract price a neighbor may accept the price and, if 
enough producers accept a given contract price, they may find themselves without a 
contract. It usually takes a few years of contracts priced at a break-even or at a loss for 
enough producers who are willing to understand their true costs of production and to 
use this information to work together to raise the contract price for all producers.

Electronic data systems (EDS) or electronic data interchange (EDI) is the use of 
technology to reduce transactions costs. Food manufacturers and retailers are increas-
ingly looking at ways to cut the cost of logistics (ElAmin, 2007). One example of 
an EDI system is the accounting, billing and tracking system requirement Wal-Mart 
places on its suppliers. Suppliers are not only required to meet the quantity and qual-
ity specifications for Wal-Mart, they must also be able to communicate electronically 
with the stores and distribution facilities to carry out “just-in-time” inventory meas-
ures. These EDI systems require a significant investment on the part of the supplier, 
and act as barrier to dealing with retailers the size of Wal-Mart. EDI requirements 
can offset some of the gains made in logistics, because the number of suppliers a 
retailer the size of Wal-Mart can purchase from is often limited to a select few who 
have EDI systems compatible with Wal-Mart’s EDI system.

D.  Communication, advertising, promotion and public relations

Communicating to consumers the value of goods can represent a challenge for pro-
ducers and marketers alike. If producers fail to advertise and communicate with con-
sumers, then consumers will be unaware of the benefits of fresh produce. To avoid 
such situations, some producers and marketers invest in advertising to promote the  
benefits of fresh produce. Those who do not invest, however, still benefit from  
the overall expansion of the market. This challenge has been mitigated by an act of 
the federal government. The USDA facilitates generic promotional boards that collect  
funds from producers based on production, and then coordinate the promotional 
message. Boards serve an important role in expanding the generic market for fresh 
produce. Alternatively, some fresh produce is marketed under brands; Dole, Del 
Monte, and Chiquita are well-known examples. Brands might be distinguished based 
on quality. Currently, additional efforts focus on communicating the location of  
origin of fresh produce.



Public relations and other communication bureaus have traditionally played a 
strong role in advocating for producers in the US. In addition, these groups some-
times publish their own periodicals and maintain websites to communicate within 
and outside the group.

V.  Market participants and their functions

There are five sets of key participants in the fresh produce marketing chain: growers, 
packers, shippers, retailers and foodservice operators (Figure 7.1). These members 
of the chain carry out the production, processing and selling of fresh produce, while 
other participants, such as the government and lenders, provide capital and market 
coordination resources. The key participants operate under an industry structure gov-
erned by functioning markets that use the unique aspects of agricultural goods and 
services.

A.  Growers

Growing fresh produce is a capital intensive process that requires growers to deal 
with seasonality with regards to weather, market demand, labor and other inputs. 
Growers face increasing competitive pressures as free trade is promoted and bor-
ders are increasingly open to foreign goods and services. Growers have responded to 
these pressures by adopting mechanization, differentiating their product, or market-
ing directly to the end consumer.

Vegetable and melon farms are largely individually owned and relatively small, 
with nearly 75% harvesting fewer than 25 acres. However, relatively few farms 

Retailers
Food service

operators

Shippers

Packers

Growers

Figure 7.1  Basic structure of the produce industry. Adapted from: Prevor (2006).

V.  Market participants and their functions  139



140  A Functional Evaluation of Business Models in Fresh Produce in the United States

account for most of the commercial sales of vegetables and melons. In 2006, about 
12% of vegetable and melon farms had sales in excess of $500 000, yet these farms 
accounted for 87% of the vegetables and melons sold by growers. Production of veg-
etables and melons in the US continues to increase, with output this decade running 
about 12% above that of a decade earlier. While total vegetable output has contin-
ued to rise over the past decade, acreage has declined slightly, indicating increasing  
productivity per acre (USDA-ERS, 2008c).

Vegetable and melon production (including potatoes and sweet potatoes) occurs 
throughout the US, with the largest acreage in California, North Dakota (primarily 
potatoes and pulse crops), Idaho, Michigan, Minnesota, Washington and Wisconsin. 
More than half of all vegetable production occurs on irrigated acreage. The Upper 
Midwest (Wisconsin, Minnesota and Michigan) and the Pacific States (California, 
Washington and Oregon) report the largest vegetable acreage for processing, while 
California, Florida, Georgia, Arizona and Texas harvest the largest acreage for the 
fresh market. California and Florida produce the largest selection and quantity of 
fresh vegetables. California also produces vegetables for processing (especially toma-
toes); while the Upper Midwest States (Michigan, Wisconsin and Minnesota) grow a 
large portion of the peas, snap beans and sweet corn used in canning. Northwestern 
States (Washington, Oregon and Idaho), along with New York, supply the lion’s 
share of frozen vegetables and more than half the potatoes. Significant potato pro-
duction also takes place in Wisconsin, Colorado and North Dakota. North Carolina, 
Louisiana and California produce 75% of the sweet potato crop. Pennsylvania and 
California raise the majority of the nation’s mushrooms (USDA-ERS, 2008c).

The US is among the top producers and consumers of fruit and tree nuts in the 
world. Each year, fruit and tree nut production generates about 13% of US farm cash 
receipts for all agricultural crops. Annual US per capita consumption of fruit and 
tree nuts totals nearly 300 pounds fresh-weight equivalent. Oranges, apples, grapes 
and bananas are the most popular fruit while almonds, pecans and walnuts are the 
most preferred tree nuts (USDA-ERS, 2008b).

B.  Packers

If growers do not sell directly to the end market, then they typically sell to a packer. 
Packers transform loose product into a saleable product by packing it into car-
tons, boxes, or bags as appropriate. They also perform the key functions of sorting,  
washing and packing the produce.

The application of new technologies occurs at ever-increasing rates in the produce 
industry. Ultra-sound and X-ray technology are used to detect hollow-heart spots 
inside potatoes (see also Chapter 15). The ability to detect defects of this nature 
allows the packer–shipper to guarantee a more uniform product, and therefore to 
secure a higher price. Technology has allowed packers to reduce their reliance on 
human labor in the sorting, grading and packaging process. The family of one of the 
authors used to employ over 50 people in a potato packing warehouse. Today this 
operation relies on approximately 30 people, who pack five times the output of the 
crew of 50.



Participants in the produce supply chain are constantly looking for new and inno-
vative packaging. Paper bags and cardboard trays have given way to complex pol-
ymer containers. Consumers buy with their eyes, and expect to be treated to bold, 
crisp colors in packaging. It is common to pack produce in packaging that comple-
ments the product. For example, carrots will usually be packed in plastic bags with 
orange and green colors, while strawberries are packed in clear clam-shells with red 
labels and a moisture pad on the bottom to soak up any condensation that may form 
during transit.

Produce packaging commonly takes advantage of highly specialized designs that 
allow the produce to breath in the package. Some packaging is geared toward reduc-
ing preparation and cooking time. For example, baking potatoes can be wrapped in a 
specialized plastic wrap that allows the end-user to microwave the potato in five min-
utes, in essence, steaming the potato. In addition, many produce offerings are being 
packaged as “fresh-cut.” Fresh-cut refers to pre-cut, pre-packaged produce, such as 
salads that include cut lettuce, shredded carrots and sliced onions (see also Chapter 
10). In fact, the value of fresh-cut sales has increased by more than four times since 
1994 (Rabobank, 2004). This particular segment of the value chain is innovative and 
capturing additional profits. As a result, many participants have considered serving 
this role in the value chain.

Consumers are increasingly demanding packaging that is “earth friendly.” The 
produce industry is seeking ways to reduce the amount of packaging required, while 
maintaining the integrity of the product during transit. Wal-Mart has led the push to 
use reusable product containers (RPCs). These could be used not only to pack and ship 
produce, but also to display produce directly in the store with these containers. At the 
time of writing, RPCs have not gained wide acceptance because of issues of ownership 
of these reusable containers as they change hands through the produce supply chain.

C.  Shippers

The term shipper understates the role of these members of the fresh produce mar-
keting chain. This group is responsible for bringing together buyers and sellers. In 
the past, they have relied on a transactional approach, but recently have switched to 
using intermediate and long-term contracts with buyers. Shippers can be very large, 
vertically-integrated growers, a cooperative of growers, or independent businesses.

A cooperative is a type of corporation that usually has multiple owners, offers 
goods and services to customers, utilizes sound business practices and operates under 
state-granted articles of incorporation. Three principals distinguish cooperatives 
from general corporations. These are: user-owned, user-controlled and user-benefits. 
The people who use the cooperative own and finance the business. “User-controlled” 
means a majority of the customers are members who select their boards of direc-
tors. “User-benefits” explain the cooperative’s primary purpose is to provide and dis-
tribute benefits to members (USDA-RBCDS Cooperative Services, 1995). Fruit and 
vegetable-based cooperatives are still important in the produce supply chain today.

Of the 2675 registered cooperatives in the US in 2006, there were 167 fruit 
and vegetable cooperatives. These 167 cooperatives were comprised of 28 700  
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members with sales of $5.8 billion. It is not surprising that California and Florida 
had the largest number of fruit and vegetable-related cooperatives, 45 and 18,  
respectively (USDA-Rural Development, 2008).

D.  Retailers

Grocery stores are the first group that comes to mind when thinking of retailers but 
fresh produce can also be purchased in convenience stores, malls, by mail order and 
even on the Internet.

The top 75 North American food-based retailers (e.g. grocery stores, supercenters, 
wholesale clubs, convenience stores) accounted for $830.19 billion in sales in 2007 
(Supermarket News, 2008b). The top five North American retailers include:

1.	 Wal-Mart Stores: $240.8 billion in sales;
2.	 Kroger Co.: $69.0 billion in sales;
3.	 Costco Wholesale Corporation: $63.1 billion in sales;
4.	 Supervalu: $43.9 billion in sales; and
5.	 Safeway: $42.3 billion in sales.

The top five retailers accounted for 55% of the sales volume.
Internet-based retailers have been around since the 1980s. Internet grocery retailers 

have come and gone (mostly gone), with one exception, Peapod. Founded in 1986, it 
takes orders from customers online and then someone from Peapod physically goes 
to the retailer to pick the items requested by the customer. The minimum order size 
is $75. Next, Peapod delivers the grocery items to a customer at retailer cost plus 
a delivery charge. Before 1996, it provided an online grocery shopping service in 
partnership with Jewel in Chicago and surrounding towns, Safeway in San Francisco, 
California, Randall’s in Houston, Texas and Kroger in Columbus, Ohio. Peapod was 
one of the earliest Internet start-ups; the company made the Inc. 500 list of fast-
growing privately held US companies. Between 1997 and 2000, Peapod expanded 
into Boston and Watertown, Massachusetts, Long Island, New York and Norwalk, 
Connecticut in partnership with Stop & Shop. In late 2000, they entered Washington 
DC and surrounding towns, cooperating with the Giant Food supermarket chain.

Royal Ahold bought 51% of Peapod’s shares in June 2000, and in August 2001 
they bought out the entire company. As a result, Peapod’s only remaining retailer 
contracts are with Royal Ahold’s two primary American chains, Stop & Shop and 
Giant Food (Peapod, 2008). One of the reasons for the success of Peapod has been 
their ability to take care of a primary need for time-starved consumers – conven-
ience. While the idea of using this type of service has a certain appeal, many con-
sumers are wary of turning over the selection of perishable items, such as produce, to 
a stranger. For other consumers, there is value in spontaneously shopping for items 
that answer the question: “what’s for dinner?” The other reason there have not been 
more companies entering into the e-commerce grocery retail business is that no one 
has been able to overcome effectively all the transaction costs of buying in bulk and 
selling by the piece to consumers distributed over large areas. Peapod has chosen its 
marketing to coincide with densely populated areas to drive up sales to cover costs.



In an annual survey of grocery shoppers, when asked to rank the importance of 
quality fruits and vegetables among top factors in selecting the primary grocery 
store, 77% of respondents named produce a very important factor, and 7% ranked 
it as the overriding factor. In another survey by Progressive Grocer, consumers 
were asked how they spent their money in a grocery store. In 2006, the average con-
sumer spent $10.23 on produce out of every $100 spent on groceries (The American 
Institute of Food Distribution, Inc., 2007).

Grocery retailing is comprised of the following formats (Food Marketing Institute, 
2008), with produce sold in each format:

l	 Conventional supermarket: the original supermarket format offering a full line 
of groceries, meat and produce, with at least $2 million in annual sales; a typi-
cal store carries approximately 15 000 items, offers a service delicatessen and 
frequently a service bakery;

l	 Superstore: larger version of the conventional supermarket with at least 40 000 
square feet in total selling area and 25 000 items;

l	 Food/drug combo: combination of superstore and drug store under a single 
roof, with common checkouts; these stores also have a pharmacy;

l	 Warehouse store: low-margin grocery store offering reduced variety, lower 
service levels, minimal decor and a streamlined merchandising presentation, 
along with aggressive pricing; in general, warehouse stores do not offer spe-
cialty departments, e.g. Xtra;

l	 Super warehouse: high-volume, hybrid format of a superstore and a warehouse 
store; super warehouse stores typically offer a full range of service depart-
ments, quality perishables and reduced prices, e.g. Cub Foods;

l	 Limited-assortment store: “bare-bones,” low-priced grocery store that provides 
very limited services and carries fewer than 2000 items with limited, if any, 
perishables, e.g. Aldi and Sav-A-Lot;

l	 Convenience store (traditional): small, higher-margin store that offers an edited 
selection of staple groceries, non-foods and other convenience food items, i.e. 
ready-to-heat and ready-to-eat foods; the traditional format includes stores that 
started out as strictly convenience stores, but might also sell gasoline;

l	 Convenience store (petroleum-based): the petroleum-based stores are primarily 
gas stations with a convenience store;

l	 Hypermarket: a very large food and general merchandise store with approxi-
mately 180 000 square feet of selling space. While these stores typically devote 
as much as 75% of the selling area to general merchandise, the food-to-general 
merchandise sales ratio is typically 60:40, e.g. Bigg’s;

l	 Wholesale club: membership retail/wholesale hybrid with a varied selection 
and limited variety of products presented in a warehouse-type environment. 
These 120 000 square foot stores have a grocery line dedicated to large sizes 
and bulk sales. Memberships include both business accounts and consumer 
groups, e.g. Sam’s Club, Costco and BJ’s;

l	 Mini-club: a scaled-down version of the wholesale club. The mini-club is 
approximately 25% of the size of a typical wholesale club, and carries about 
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60% of the SKUs, including all of the major food and laundry departments 
and a limited line of merchandise (soft goods, office supplies and opportun-
istic, one-time buys), e.g. Smart & Final. Some of these stores do not have  
membership fees and often operate as a “cash & carry;”

l	 Supercenters: a large food/drug combination store and mass merchandiser 
under a single roof. The supercenters offer a wide variety of food, as well as 
non-food merchandise. These stores average more than 170 000 square feet, and 
typically devote as much as 40% of the space to grocery items, e.g. Wal-Mart, 
Kmart, Super Target, Meijer and Fred Meyer;

l	 Deep-discount drug store: a low-margin, GM/HBC store with approximately 
28 000 square feet of selling space and 25 000 SKUs. Food accounts for 20% 
of store sales, e.g. Phar-Mor and Drug Emporium;

l	 Internet: an Internet-based grocery distribution operator; included in this for-
mat are all Internet operators who use the Internet as the primary means of 
accepting grocery orders for home delivery or pick-up. Also included are major 
food retailers that generate a portion of their sales through Internet-based sales. 
Internet suppliers typically offer 12 000 SKUs or more for home delivery,  
e.g. Peapod.

E.  Food service operators

Restaurants are key outlets for fresh produce (see also Chapter 11). In addition, fresh 
produce can be found at hotels, cruise ships, corporate and school cafeterias, college 
and university dining halls, arenas, theme parks, hospitals, nursing homes and pris-
ons, among other places. Many of these outlets rely on food service distributors to 
deliver fresh produce to each location.

Restaurant sales reached $537 billion in 2007. This is an increase of almost 5% 
over 2006. This marked the sixteenth consecutive year of real growth. Total food 
service sales account for approximately 4% of the US gross domestic product 
(GDP). The nation’s 935 000 restaurant and food service outlets have a total eco-
nomic impact that exceeds $1.3 trillion (The American Institute of Food Distribution, 
Inc., 2007).

The restaurant industry’s share of the consumer’s food dollar is 47.9%. While 
the share is much higher than the 25% in 1955 (The American Institute of Food 
Distribution, Inc., 2007), the split between consumer food dollars spent away from 
home (food service operations) and food dollars spent at home (grocery stores) has 
remained relatively constant over the past ten years, in part due to an increasing 
emphasis on home meal replacement by grocery store operators.

A major challenge for produce in the food service system is the role convenience 
continues to play in consumer eating habits. Consumers are 17% more likely to pur-
chase fast food when convenience is the main factor, while consumers seeking more 
healthful foods are 19% more likely to patronize full service restaurants over fast 
food restaurants, because they perceive that full service restaurants serve healthier 
food (The American Institute of Food Distribution, Inc., 2007). The issue for produce 
providers is to find new ways to get additional produce offerings on these menus.



Food service, once the home of specialists in produce, meat, dry goods and equip-
ment, is now dominated by large broad line distributors that position themselves 
as a one-stop shop for restaurants and other food service operations. Sales of the 
largest broad line distributors continue to grow each year. In 2007, sales from the 
top 50 broad line distributors exceeded $95 billion. The top 50 broad line distribu-
tors accounted for nearly 39% of all food service distribution sales in 2007. Total 
food service distribution sales were $215 billion in 2007. The largest food service  
distributors are:

1.	 Sysco Corporation, $36.6 billion in sales;
2.	 U.S. Foodservice, $19.2 billion in sales;
3.	 Performance Food Group, $5.8 billion in sales;
4.	 Gordon Food Service, $5.2 billion in sales; and
5.	 Reinhart Foodservice, $2.6 billion in sales (Dlaboha, 2008).

Produce has become a point of differentiation for Sysco, the largest of the top 50 
breadline food service distributors. In the early part of this century, Sysco purchased 
FreshPoint, Inc., the largest produce specialist in the nation (http://www.freshpoint.
com). Sysco acquired four produce specialists in 2005 and three more in 2006: 
Incredible Fresh Produce (Florida), City Produce Inc. (Texas), and Thomas Brothers 
Produce (Oklahoma), respectively (The American Institute of Food Distribution, 
Inc., 2007). Although owned by Sysco, Fresh Point is operated separately, and in fact 
competes against local Sysco distribution centers. Sysco has used the acquisitions 
of produce specialists to drive sales growth and to gain competitive advantage in the 
marketplace.

VI.  Structural issues impacting market functions

There are several contemporary issues that impact the relationships among key mar-
ket participants. Among the issues are changes in labor, capital and institutional 
design. There are also concerns with respect to the environment, government regu-
lation and sustainability. The current issues have the potential to alter significantly 
the way that the produce marketing system functions. For example, marketing alli-
ances in fresh produce exist because fresh produce markets are imperfect, dynamic 
institutions that are quite dissimilar from the abstract models of economic theory. 
At least three general sources of these imperfections provide economic incentives 
and rewards for creating alliances: industry structure, the under-provision of “goods 
and services” needed for well-functioning markets, and the inherent characteristics 
of fresh produce itself (Sterns, 2008).

A.  Industry structure

Produce markets typically are characterized by conditions of uneven distribution 
of market power that disadvantage small producers and initial handlers. As a con-
sequence, those whose preferences count in determining terms of trade are often 
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down-stream market participants, such as repackers, processors, distributors, retail-
ers and other market intermediaries. Often, these terms of trade are more than just 
the specification of price and “quality” of products. Market structure can also have 
a significant effect on what products are actually bought and sold, and who actu-
ally gets to buy and sell them. For example, large European and American retailers 
like Carrefour and Wal-Mart can dictate quality standards and minimum shipping 
volumes from their suppliers. When retail giants enter markets in developing coun-
tries, local producers may not have access to markets because they cannot meet the 
demands of the retailers.

B.  A functioning market

Markets are not abstract ideals that magically emerge from chaos to order. Rather, 
choices and actions, both individual and collective, purposefully create markets, 
and drive their dynamic evolution as social institutions. Some choices facilitate the 
functioning of markets, while others impede them. When functioning well, markets 
can generate clear benefits and lower transaction costs for many, if not all, market 
participants. For example, benefits arise from clear market signals regarding quality. 
Consumers are supplied with sufficient quantities at satisfactory quality levels, and 
producers are rewarded in the form of profits. Transaction costs are minimized when 
quality is standardized, reducing the need for negotiating price levels.

However, benefits and lower costs often go unrealized, because individual incen-
tives are difficult to align in the absence of some form of collective action and coop-
eration among market agents. One reason is that many benefits associated with 
improving the functioning of markets have high exclusion costs associated with 
them, hence if one market agent takes actions (and, thereby, incurs the costs) to cre-
ate a better functioning market, others have strong incentives to free ride. For exam-
ple, if one market agent pays for promotions that create consumer awareness and 
demand for a particular agricultural commodity, others in the market benefit from 
the action without incurring the cost of the promotion.

Another characteristic that complicates incentives for providing the necessary set-
ting for well-functioning markets is that many of the benefits for doing so can be 
captured simultaneously by multiple agents. For example, if one market agent “con-
sumes” (i.e. uses) market information, other market agents can still use that same 
information. This jointness-in-use creates an academically interesting, though in 
practice confounding, interdependency; the marginal cost of adding one more user of 
market information approaches (or is equal to) zero. From a practical standpoint, if 
marginal costs in use are zero, what price should the marginal user pay?

To a grower or market intermediary wanting to buy or sell fruits and vegetables, 
what matters is not the “economics” of why markets do or do not function well (i.e. 
the conditions noted in the previous section), but rather the actual “orderly market-
ing” of products and services is what matters. The phrase “orderly marketing” is fre-
quently used in the legislation and regulatory statues of the US government, and it 
refers to a set of actions, authorized by law, which can directly facilitate the exchange 
of agricultural products.



“Orderly marketing,” by definition, dictates the creation and free flow of  
information, low barriers to the adoption of innovations, the effective coordination 
of market transactions and the adoption of generally accepted practices for all indus-
try participants. Orderly marketing results in economic gains, cost savings and an 
alignment of economic incentives that sustain these gains and cost savings. Hence, 
“orderly marketing” is the legal rationale written into US government policies 
that specify classes of marketing alliances that are allowable under law in the US. 
Examples of these alliances common in fresh produce industries include marketing 
orders, marketing commissions, promotional boards and cooperatives.

These various alliances are authorized to take actions that will improve the orderly 
marketing of fresh produce. For example, these alliances invest in research and 
development, establish grades and standards for agricultural commodities, mandate 
uniform packaging and shipping standards and coordinate the harvesting and prelim-
inary processing of raw commodities. Each of these actions can and does contribute 
to the orderly marketing of agricultural products.

C.  Characteristics of agricultural goods and services

Transaction costs in agricultural markets are particularly high. Following 
Williamson’s (1985) general analytic framework, it is readily evident that individ-
ual growers are very susceptible to opportunism, simply because of inherent char-
acteristics common to most fresh produce. For example, because fresh produce is 
perishable, buyers know that it must be sold quickly. Buyers can use this fact to lev-
erage more favorable terms of trade, especially since buyers also have the advantage 
of being able to source relatively homogeneous products from multiple suppliers. 
Further, assets deployed in the production of fresh produce are typically very specific 
and, as Williamson (1985) noted, high levels of asset specificity increase the poten-
tial for others to act in an opportunistic way. Lastly, information flows in agricultural 
marketing channels are often imperfect, adding yet another incentive for downstream 
market agents to act opportunistically.

Therefore, basic economic conditions help substantiate the need for market alliances, 
and explain why alliances can provide economic benefits to those who form them. They 
also provide the intellectual rationale for government policies that facilitate the forma-
tion of market alliances, especially among fresh produce growers and first handlers.

With an understanding of the functions of the fresh produce marketing chain, one 
can begin to identify the functions members of the chain have taken on historically, 
presently, and might take on in the future. Many forces drive the decision to vertically 
integrate or coordinate. Consolidation among retailers, efforts to eliminate the “middle-
man,” information technology, enhanced inventory management techniques, globaliza-
tion, growth of organic consumption and increasing energy prices are just a few changes 
that are likely to bring changes in coordination along the fresh produce marketing chain.

D.  Competing land use issues

There are a number of issues that produce supply chain participants face at the 
rural–urban interface, especially in states like California and Florida. From a grower  
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perspective in fast-growth population states like Florida, rising land values are strong 
incentives to producers to sell their land for housing developments. Another issue 
is the potential for pesticide drift from farms affecting nearby housing communities 
and schools. This is a significant issue in parts of Florida. For example, the proxim-
ity of farms to urban areas is often beneficial for those that sell at local farmers’  
markets, and produce is obviously important for local markets.

The protection and preservation of farmland discussion is often driven by the 
rationale that farms generate ecosystem services. However, farmers that produce row 
crops, fruits and vegetables typically generate fewer ecosystem services than oth-
ers, such as cattle ranchers, but, on the other side, there are ecosystem services pro-
duced through row crop farms that are not well understood (e.g. habitat for beneficial 
insects, pollination, erosion control).

E.  Farmers’ markets

Farmers’ markets are a fundamental part of the urban–rural interface, they have con-
tinued to grow in popularity, mostly due to the growing consumer interest in obtain-
ing fresh products, especially produce directly from the farm (see also Chapter 11). 
Farmers’ markets allow consumers to have access to locally grown, farm-fresh produce, 
enable farmers to develop personal relationships with their customers, and cultivate 
consumer loyalty with the farmers who grow the produce. Direct marketing of farm 
products through farmers’ markets continues to be a significant sales outlet for agri-
cultural producers nationwide. In 2006, there were 4385 farmers’ markets operating 
throughout the nation. The number was an increase of 18% from the number reported 
in 2004. The growth demonstrates that farmers’ markets are meeting the needs of an 
increasing number of small- to medium-sized operations (USDA-AMS, 2008).

F.  Labor issues

The production of fresh fruit and vegetables requires a significant amount of manual 
labor. University of Florida enterprise budgets (Hewitt, 2006) estimate that at least 
200 hours of manual labor are required to plant, grow and harvest one acre of fresh 
market tomatoes. At least 50 hours are required to hand-harvest one acre of citrus. 
The bulk of labor is supplied by seasonal and migrant farm workers. The workers are 
hired by the day and, typically, are paid a piece rate wage, which rewards workers for 
their productivity and speed to complete the assigned task.

Between 50% and 70% of farm workers are undocumented, meaning they are 
working in the US illegally (Mehta et al., 2000). The latest Natural Agricultural 
Worker Survey results indicate that more than 50% of farm workers self-reported 
that they were working in the US without legal documentation. Data from the Social 
Security Administration reveal that more than 70% of social security numbers listed 
on W-2 forms from agricultural employers are “mismatched.” The problem of ille-
gal immigration in farm work is not new. The issue of illegal immigration rose to 
such importance that the US congress enacted the Immigration Reform and Control 
Act (IRCA) of 1986. At that time, the illegal immigration issue was viewed as an  



“agricultural” problem that involved between one and two million workers. IRCA 
was supposed to “fix” the problem by granting amnesty to undocumented farm 
workers, in exchange for tougher sanctions on employers who hired undocumented  
workers in the future.

Unfortunately, IRCA did not anticipate the rapid and sophisticated development of 
the forged document industry. A set of employment papers, including a social secu-
rity number, could be purchased at a cost between $100 and $500 depending on the 
quality of the documents (Grassi, 2006). Employers were not able, nor allowed out of 
fear of discrimination lawsuits, to distinguish between legal and forged documenta-
tion. The problem of illegal immigration continued to grow through the 1990s, and 
into the twenty-first century. The difference between 2005 and 1986, however, is that 
illegal immigration ceased to be exclusively an agricultural problem. Over the last 20 
years, the booming US economy has attracted more than 12 million undocumented 
workers, fewer than 2 million of whom work in agriculture.

G.  Sustainability and the produce supply chain

Issues of sustainability have become increasingly important to the produce supply 
chain. As energy prices continue to increase and social issues, such as global warm-
ing, continue to gain the attention of consumers, produce supply chain participants 
must be ready to act. At the time of writing, the authors know of at least two major 
sustainability efforts in Florida. One is a sustainability effort at the University of 
Florida where Aramark, the food service management company, in conjunction with 
their approved suppliers, is actively seeking out local produce farmers to provide 
as much fresh produce as possible to the university. The second effort involves the 
Breakers Hotel in West Palm Beach, Florida. The Breakers is actively seeking local 
providers of, possibly, all food and other goods it uses in its operations. The Breakers 
has gone so far to promote the idea as to form a limited liability corporation with 
interested local suppliers to achieve these sustainability goals.

Sustainability initiatives are springing up all around the world. For example, the 
leading UK food retailer, Tesco, announced recently that it would show products’ 
carbon footprints on its food labels. Tesco is one of the first grocery retailers to track 
and publicly display the total carbon footprint.

VII.  Concluding remarks

Participants can determine the functions they are best suited to accomplish by viewing 
the produce marketing system as a set of tasks that must be accomplished, i.e. through 
the application of the functional view of the market. Indeed, over time, the system has 
seen changes that have encouraged participants to add or discontinue activities that they 
had previously accomplished. It is notable that, increasingly, producers have returned to 
direct marketing of products through buy local and farmers’ markets campaigns.

At the time of writing there were a number of emerging issues facing the produce 
food system. The increasing cost of energy, the increasing popularity of “buying local” 
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and the increasing demand of biofuels is likely to drive the growth of pockets of fruit 
and vegetable production to meet local needs. It will be interesting to see what happens 
when these trends meet the urban sprawl in California, Texas and Florida, the states 
expected to grow by the greatest amount between 1993 and 2020 (Campbell, 2008).

Consumers will continue to demand a wide variety of produce that is convenient 
and accessible year-round. The health attributes of produce will continue to drive 
consumer demand, especially in countries like the US where child and adult obesity 
issues continue to mount. Although some of these emerging issues are likely to result 
in increasing consumer prices for produce, others are likely to result in an increased 
willingness on the part of consumers to pay for products that deliver value.

The fresh produce marketing system continues to evolve. Many pending chal-
lenges cause system participants to reconsider their functions seriously. Competing 
land use, labor issues and sustainability issues will force changes in the system 
that seem likely to force consumers to rely increasingly on locally grown produce. 
These issues have implications for producers, transporters and assemblers. Although 
the participants accomplishing each of the functions may change, the functions  
themselves will remain.

Key words
Exchange functions, facilitating functions, physical functions, price determination, produce 
supply chain, storage, transportation.
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I.  Introduction

The global fresh produce market is a complex multi-billion dollar business, involving 
a wide range of small- to large-scale supply chains. Advances in postharvest sci-
ence and technological innovations in produce handling for long-term preserva-
tion and maintenance of quality and safety have contributed to year-round supply 
and availability of agricultural produce grown in diverse climates that are continents 
apart. Consequently, bananas produced in Ecuador, pineapples grown in Ghana, or 
kiwifruit grown in New Zealand can be purchased in top quality condition elsewhere 
in supermarkets in parts of Europe, North America, Asia and Africa. With the rising 
influence of multinational firms in the globalization of fresh produce supply chains, 
and increasing epidemiological evidence which positively link high consumption of 
fruit and vegetables with a reduced incidence of cardiovascular and other chronic 
diseases, such as cancer (Ness and Powles, 1997; Lamp, 1999; Kaur and Kapoor, 
2001; Su and Arab, 2006), the market for fresh produce has continued to expand 
during the past decade.

In comparison to other items of international trade, agricultural and horticul-
tural produce are highly perishable and variable in their physico-chemical proper-
ties, nutritional composition and other quality attributes. Because they are living 
things, even after harvest they continue to respire and undergo further biochemical 
and physiological changes during the course of postharvest handling, up to the point 
of end use. These unique attributes pose considerable challenges for all participants 
in the supply chain management of fresh produce, from field to end-user. To ensure 
reliable supply of produce with desirable and consistent quality attributes which 
meet or exceed consumer expectations, appropriate postharvest technologies must be 
deployed at all steps in the supply chain, to reduce the incidence of losses and main-
tain quality (Opara et al., 2002). In addition to managing produce to maintain quality 
and meet market specifications, the fresh produce sector must also adopt an indus-
trial approach to the management of the produce-handling system to ensure effective 
and efficient delivery of good quality and safe produce.

The fresh produce market has experienced significant change, driven in large part 
by increased consumer demand and sophistication, and corresponding adaptations 
by streamlined supply chains. These changes are accompanied by consolidation of 
retailers and distributors to reduce costs and streamline and improve supply-chain 
management practices, expansion of product offerings and movement towards 
year-round supply, and increases in imports. Large supermarket chains continue to 
adopt measures to lower labor and capital costs, promote product differentiation and 
improve consumer services, in order to remain profitable in an increasingly com-
petitive environment. Innovations in procurement and distribution of produce, such 
as inventory mechanization and automation, direct delivery by suppliers, use of  
specialty wholesalers and fixed contracts with suppliers, help to improve cost  
efficiencies and streamline the supply chain.

Global production and marketing of fresh fruit and vegetables has increased 
sharply during the past quarter of a century, with international trade in fruit and  
vegetables expanding more rapidly than trade in other agricultural commodities, 



especially since the 1980s (Huang, 2004). Production grew from 0.81 billion metric 
tons in 1990 to 1.2 billion metric tons in 2002, while harvest area increased from 
72.2 to 96.6 million hectares (Cook, 2003). Although exports remain only about 
10% of total production, world fruit and vegetable exports (both fresh and processed) 
increased from US$51 billion in 1990 to US$72.7 billion in 1996, dropping slightly 
to US$69.8 billion in 2001. The share of fruit and vegetables in world agricultural 
trade has also increased from a nominal value of US$3.4 billion (10.6%) in 1961 to 
nearly US$70 (16.9%) in 2001 (Huang, 2004).

The continuing global rise in consumer demand for fresh produce is further  
exemplified by recent market trends in the US and Europe. The value of fresh  
produce (fruit and vegetables) sold to consumers in the US was valued at over US$ 
70 billion in 1997 (Govindasamy and Thornsbury, 2006), while the estimated value 
of fresh produce sold through retail and food service channels alone surpassed 
US$84.5 billion in 2001 (Cook, 2003). Minimally processed produce sales, such as 
fresh-cut and packaged salad, rose even more significantly, from 1% to 15%, dur-
ing the 10-year period from 1987 to 1997. This growth reflects increasing consumer 
demand for variety, quality and convenience. There has also been an approximate 
three-fold increase in the share of sales by produce wholesalers to the food service 
channel, over the same time period, from 8% in 1987 to 21% in 1997 (Govindasamy 
and Thornsbury, 2006), reflecting the rise in food dollars spent in the food serv-
ice/restaurant sector (approaching half of the US consumers’ total food dollars).  
The rising proportion of food service/restaurant sales is another reflection of con-
sumer desire for convenience and value-added products. Similarly, Europe-wide 
fresh produce sales through supermarket channels alone (excluding greengrocers and 
food service) were estimated to exceed US$73 billion in 2002, with a total final sale 
exceeding US$100 billion (Cook, 2003).

The significant rise in global fresh fruit and vegetable production and sales dur-
ing the last quarter of a century resulted in the fruit and vegetable market becoming 
one of the fastest growing components of all agricultural markets (EC, 2007). This 
growth, in both production and sales, also corresponded to increases in per capita 
intake (WHO/FAO, 2005; Hodder, 2005). A recent analysis of the evolution of world 
fruit and vegetable markets by the European Commission (EC) based on statistics 
from the Food and Agriculture Organization (FAO) showed that global fruit and veg-
etable consumption increased by an average of 4.5% per annum between 1990 and 
2004 (EC, 2007). Between 1980 and 2001, per capital global consumption of major 
fruit and vegetables increased substantially by double digits (Hodder, 2005).

Accurate data on global intake of fruit and vegetables is lacking, due to the use of 
different assessment methods by researchers and the absence of dietary intake assess-
ment programs in many countries. As part of a comparative risk assessment (CRA) 
to estimate the global health effect of low fruit and vegetable intake conducted by the 
World Health Organization (WHO) within its Global Burden of Disease 2000 Study, 
Pomerleau et al. (2004) estimated worldwide fruit and vegetable intakes from 26 
national population-based surveys, complemented with food supply statistics. Using 
a regional sub-classification based on child and adult male mortality levels (A: very 
low; B: low; C: low child and high adult; D: high; E: high child and very high adult), 
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the results showed that intakes varied considerably by region, gender and age (over-
all median  223 grams per person per day). Highest fruit and vegetable mean intake 
was in Europe (A: median  449 grams per person per day) and the Western Pacific 
Region (A: median  384 grams per person per day). However, the lowest intakes were 
found in America (B: 192 grams per person per day), Europe (C: 217 grams per person 
per day), South East Asia (B: 223 grams per person per day), South East Asia (D: 244 
grams per person per day), and Africa (E: 246 grams per person per day), respectively. 
These results and recent analysis that support the new collaborative WHO/FAO global 
strategies on diet, physical activity and health (WHO, 2003a,b,c; WHO, 2004; FAO, 
2005; Smith and Eyzaguirre, 2007) showed that despite the rise in fruit and vegetable 
intake during the past 25 years, global consumption is still well below the minimum 
recommended intake of 400 grams per person per day. A recent joint FAO/WHO work-
shop on fruit and vegetables for health outlines a framework to promote increased pro-
duction and consumption of fruits and vegetables (WHO/FAO, 2005).

While the global fresh produce market continues to grow, this market is increasingly 
complex, like all agriculture. However, unlike many agricultural sectors, fresh produce 
markets frequently involve much higher risks, with the potential for corresponding 
higher returns. Postharvest innovation in handling and distribution technology, retailer 
and wholesaler consolidation, changing legal environment, international standards  
and agreements, food safety issues and health concerns create new challenges and  
new opportunities in a sector where per hectare cost of production is already high, and 
traditional government safety nets for industry do not normally exist.

This chapter reviews the current approaches to produce quality management, from 
the principles and practice of produce inspection and quality control to quality assur-
ance, and discusses specific quality management procedures and regimes, ranging 
from good agricultural practice (GAP), HACCP and ISO standards to total quality 
management (TQM). Finally, I conclude this chapter with a highlight of the cur-
rent and future prospects for an industrial approach to quality management in fresh  
produce handling.

II.  �Global issues impacting quality  
management in produce handling

A.  Dynamic and interconnected supply chains

To access and retain their share in local and export markets, fresh produce supply 
chains must adopt a business approach to quality management of their products and 
processes. This requires understanding of the fact that fresh produce intended for 
market passes along a complex, dynamic and interconnected supply chain from fields, 
where they are grown, right along the supply chain to the end-user (see Chapters 6 
and 7). Thus, a breakdown at any point in the supply chain can easily result in the col-
lapse of the whole, highlighting the important and interconnected roles of all partici-
pants (see Chapter 1). The participants in the supply chain include farmers/producers 
and postharvest handlers, such as buyers, packers and exporters, who consolidate  



produce and transport it to distribution points, and importers, distributors, whole-
salers and retailers who buy, distribute and sell the produce, to consumers who buy 
the produce. As more and more produce is consumed farther away from its region 
or country of origin, global supermarket chains have continued to exert considerable 
influence on both the supply and quality of produce.

There are also external factors and organizations which affect the supply chain and 
influence the smooth flow of produce. These include climate change which affects 
weather conditions (temperature, rainfall, sunshine, floods, and storms) that cannot 
be controlled, but represent critical factors affecting crop productivity and logistics, 
suppliers whose products (seeds, fertilizers, agrochemicals, equipment) are needed 
for increasing production and handling the produce, and financial institutions.  
Each of these participants, both those central to the chain itself and those who affect 
it from outside, perform critical roles which affect the whole produce-handling 
system.

B.  Changing market requirements

The rise in global demand for fresh produce is also matched by rapid changes in 
consumer demand about the source, quality, safety, convenience and other attributes 
of the produce they purchase, and this trend is likely to continue in the foreseeable 
future. Produce safety and integrity is clearly non-negotiable, and is a basic entry-
level requirement for a supplier to meet all the quality protocols and regimes to 
guarantee safe food. Because all produce suppliers must meet these standards, meet-
ing the standards is, therefore, no longer an asset in gaining competitive business 
advantage. Consequently, greater attention is paid to ensuring that quality standards 
and protocols are met efficiently, emphasizing the need to deploy appropriate quality 
management systems.

In addition, fresh produce suppliers have to meet ever-increasing environmental, 
social and food quality standards, and have to demonstrate compliance with these 
standards using the principles of traceability (see Chapter 12) and due diligence. 
These standards and legislations (both national and regional) have become non-
negotiable market requirements, and must be met by small-, medium- and large-scale 
suppliers (see Chapter 9). Accordingly, only those suppliers who develop a long-term 
integrated quality management strategy for responding to market signals are likely to 
survive in the competitive world of fresh produce trade.

There are medium- to long-term strategic imperatives for companies to adopt an 
integrated industrial approach to quality and supply chain management:

1.	 consumer safety: recent, unprecedented, food scares, including fresh produce, 
have heightened consumer concern about food safety and driven food safety 
standards to ever greater complexity;

2.	 reputation: just like any other asset, fresh produce companies need to manage 
their reputation to be able to retain existing customers and expand into new 
markets. Because consumers and investors trust and value a company’s name 
and image, any damage to reputation can lead to loss of market share and have 
a long-term effect on consumer behavior;
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3.	 sustainability: companies are driven by the need to ensure sustainable supply 
and sustainable markets. They want to know that they can rely on producers to 
continually supply high-quality produce without being threatened by environ-
mental degradation or conflict.

C.  Demand for healthful and convenient fresh produce

One of the most exciting scientific discoveries in the last two decades has been evi-
dence of the protective effects of a group of nutrients against cell oxidation (see 
Chapter 5). Fruits and vegetables contain naturally occurring compounds that impart 
bright color to them and act as antioxidants in the human body by scavenging harm-
ful free radicals, which have been implicated in most degenerative diseases (Kaur and 
Kapoor, 2001). Many epidemiological and human intervention studies have shown 
positive correlations between the intake of fruit and vegetables and the prevention of 
diseases, such as cardiovascular disease and several forms of cancer (Steinmetz and 
Potter, 1996; Ness and Powles, 1997; Joseph et al., 1999; Wargovich, 2000; Southon, 
2000; Prior and Cao, 2000; Cuthbertson, 2002; Hyson, 2002; Kalt, 2002; Goldberg, 
2003; Desjardins, 2007). Potter (1997) concluded that fruit and vegetables provide 
the best polypharmacy against the development of malignancy in tissues. Overall, 
epidemiological evidence linking increasing consumption of fresh fruit and vegeta-
bles to higher protection against cardiovascular diseases, cancer and other human 
health problems have been attributed mainly to their content of beneficial bioactive 
compounds, such as vitamins, phenolic compounds, lycopene and other carotenoids, 
which act as antioxidants.

With rapid changes in lifestyles associated with rising income, and growing middle 
class populations in both developed and developing countries, people are spending less 
time preparing meals, thereby driving the upsurge in demand for “convenient” foods, 
including fresh-cut produce (see Chapters 3 and 10). Consumer demand for fresh-cut 
fruits and vegetables has continued to grow due, mainly, to increasing rising consumer 
health consciousness and public interest in the role of food in maintaining and improv-
ing overall human well-being (Allende et al., 2006). Fresh-cut products help remove 
the barrier of inconvenience of eating fruit and vegetables. The global fresh-cut  
market (see also Chapter 10) is expanding, and poses new quality management chal-
lenges for safety and traceability beyond current practices for whole produce.

While research scientists continue to document more evidence linking fresh pro-
duce consumption to human health status, especially the incidence of cardiovascu-
lar and degenerative diseases, the impact of issues related to human health on fresh  
produce trade and promotion can be expected to increase in importance in the 
medium- to long-term. In the meantime, however, most suppliers understand and 
compete mainly on produce attributes, such as taste, versatility and convenience 
(Opara, 2000b). While these are undeniably of major importance in an increasingly 
competitive food market, supply chain managers must also position themselves to be 
able to differentiate and manage their fresh produce to meet the needs and expecta-
tions of the growing consumer demand for healthy produce.



D.  Ethical commerce and ethical consumerism

According to Coles and Harris (2006), the concept of ethical consumerism has 
emerged over the past 15 years to describe actions taken by individuals seeking to 
actively support products according to their perceived ethical credentials. Related 
to consumer concern for sustainability of the human food production system 
with regard to its deleterious impacts on the environment, ethical consumerism is 
now a growing phenomenon (Shaw and Clark, 1999; Auger et al., 2000; Carrigan 
and Attalla, 2001), and it has become a major driver of a diverse range of ethical 
approaches to fresh produce trade. Alternative approaches, such as fair-trade, con-
servation-driven trade and trade in organic produce, started as market niches, but 
are making their presence felt in the mainstream commercial fresh produce market 
(Beard, 2005; Coles and Harris, 2006; Fairtrade Foundation, 2008). Changing con-
sumer attitudes and approaches to buying and consuming fresh produce have made 
retailers, mainly supermarkets, adopt and implement a wide range of standards 
and codes of practice to segregate and promote their products. Such standards will 
have major implications on the way in which fresh produce is grown, handled and  
distributed. In response to increasing consumer awareness of the ethical choices they 
can exercise when purchasing produce, supply chain managers, as well as exporters, 
need to take into account the increasing importance that consumers attach to ethical 
choice in their purchasing behavior. Such responses may involve turning consumers’ 
ethical trends into new opportunities for fresh produce business. Integrated quality 
management systems are necessary to segregate produce from a wide range of pro-
duction systems to meet the ethical choices exercised by consumers.

E.  Contract farming and multiple sourcing

Successful supply chain management of fresh produce requires adequate, reliable 
and timely inflow and outflow of top quality products from point of production to the 
end-user. This is a particularly challenging task given the huge variability in produce 
quality attributes and yield, even within the same production site, across different 
locations or seasons (see Chapter 11). To meet the seemingly insatiable consumer 
demand for a steady supply of diverse types of produce, supply chain operators, such 
as supermarkets, adopt a wide range of category management practices, including 
sourcing from diverse areas. While this measure contributes to the availability of 
large quantities of produce in the market, it does pose additional challenges for qual-
ity management, including unreliable suppliers, unpredictable quantity and quality, 
and seasonality of production.

Contract farming helps to address some of these issues. To be successful,  
however, the contractor must invest in training and appropriate quality management 
systems down the supply chain to assist the growers, who often lack knowledge of 
basic good agricultural practices (GAP) and record keeping necessary to ensure 
quality and safe produce. The case for investment in quality management systems 
in the fresh produce supply chain is illustrated by the success and difficulties faced 
by the Carrefour’s quality line (CQL) produce quality management system in China  
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(Hu and Dandan, 2007). Small-scale farmers account for more than 90% of total 
agricultural population in China, cultivating an average 0.4 hectares. Carrefour 
works only with large-scale farmers for “management convenience,” presumably due 
to higher transaction costs and risks related to purchasing, quality and safety man-
agement of produce from small-scale farmers.

III.  �Meaning, perspectives and  
orientations of quality

A.  What is quality?

“Quality is an unusual slippery context, easy to visualize but exasperatingly 
difficult to define.”

(Garvin, 1988)

Quality is a dynamic concept and has several elements related to agreed specifi-
cations, performance and consumer perceptions (Garvin, 1984a). A quality product  
(or service) will consistently meet the continuously negotiated expectations of 
customers and other stakeholders in a way that represents value for all involved 
(Kruithof and Ryall, 1994). The quality of fresh agricultural produce is assessed 
from the relative values of several attributes which, considered together, determine 
the acceptability of the produce to the buyer, and ultimately the consumer (see also 
Chapters 4 and 17). These attributes may be perceptible by the senses (firmness, 
color, flavor), as well as imperceptible (organics/naturalness, genetically modified 
plants, safety, cultural attitudes).

Buyers perceive that the products of certain suppliers are significantly higher 
in quality than those of their competition, and they buy accordingly (Feigenbaum, 
1983). Quality and excellence are related to consumer perception of the product and 
its safety. The lack of quality as related to safety, health and wholesomeness can result 
in personal injury, sickness, or even death (Tybor et al., 1988). Consequently, quality 
has become the single most important force leading to business success in markets.

Given the multiple steps in the industrial supply chain of modern business, and 
the associated stakeholder interests and roles, many have their preferred definitions 
of quality (see also Chapters 2, 4, 9 and 11). Quality as a goal should be formulated 
from the perspective of the consumer; thus, the expression “quality” requires a com-
parison of the criteria with reality. Several experts have proposed brief definitions of 
quality: “conformance to requirements” (Crosby, 1979), “fitness for purpose” (Juran, 
1988), “the sum of the attributes or properties that describe the product” (McDermott 
and Cound, 1971), “conformance to a customer’s price-limited need” (Groocock, 
1986), “conformance to a customer’s price-limited anticipated needs” (Lidror and 
Prussia, 1990), and other analogous definitions.

A definition of quality was formulated by the International Organization for 
Standardization (ISO) in Europe; “Quality is the degree in which the whole of char-
acteristics of a product meets the requirements that spring from the goal of use.” 



ISO9000:2000 takes a broader and more generalized view of quality, emphasizing 
the “customer and other interested parties.” It defines quality as the “degree to which 
a set of inherent characteristics fulfils requirements.” According to the glossary of the 
European Organization for Quality Control (Lásztity, 2004), quality may be defined 
as: “The totality of features and characteristics of a product or service that bear on 
its ability to satisfy a given need.” More simply, quality may be defined as fitness for 
purpose. In the case of food products, such as fruit and vegetables, quality primarily 
involves safety, nutritive value and acceptance. The International Quality Association 
(IQA) draws attention to the numerous definitions of quality on its website (www.
iqa.org), demonstrating the difficulty of naming quality, and in the end, it opts for a 
customer focus of quality.

Following a critical review of historical conceptions and definitions of quality, 
Straker (2001a,b) argued that quality must be viewed as a game involving many 
players, where success depends on understanding and mapping the processes of the 
game beyond current main focus on customer and products. The author proposed a 
somewhat unifying systems definition of quality: “quality means understanding and 
optimizing the whole system of value exchange.” Thus, success in quality (i.e. mak-
ing the game work) requires action on the words: understanding, optimizing, system, 
value and exchange. According to Straker (2001a), it means understanding how 
things truly work, both individually and as systems; it means understanding people, 
what they value and how they effectively trade with others; and it means working 
out how these imperfect systems can be optimized so businesses continue to thrive. 
Optimizing means making compromises, but we now have a wide range of new 
and emerging postharvest technologies to manage product quality and control and 
manipulate the postharvest environment and other related compromises.

The foregoing discussion shows that the perception of “quality” is an almost 
impossible and elusive term to define, and this difficulty is not confined to agribus-
iness. Just as we know a good room when we use one, but cannot define exactly 
what makes it good, we can name its attributes of quality, but cannot define quality 
itself. Our perception of the same “good quality” room will also depend on whether 
we used it for rest or study. Hence, one way to find a good definition of anything 
is to take a broader view, by considering the different perspectives and orientations 
of quality, and understanding the elements of quality, such as product attributes and 
standards, as discussed in the following sections.

B.  Perspectives and orientations of quality

As a result of socioeconomic changes affecting consumer and agribusiness organi-
zations, the concept of food quality is continuously evolving, even in the same 
region or country, not to mention the big differences between countries with differ-
ent climatic conditions and levels of industrial development. Thus, the term quality 
encapsulates something different for various stakeholders in the food supply chain, 
including growers, distributors, marketers and consumers. From the perspective of 
the processed food industry that manufacture items from raw agricultural produce, 
there are two most important requirements: (a) is the produce (raw material) suitable 
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for manufacture of a food product, which meets the demands of the consumer? If 
yes, to what extent? And (b) does the raw material correspond to the requirements of  
up-to-date processing and handling technology at commercially reasonable costs? 
From the perspective of the food producer/consumer, quality will include the follow-
ing requirements:

l	 to what extent does a product meet the demands of a given group of 
consumers?

l	 what is the generally accepted “goodness” of the product, or to what extent 
does the food correspond to regulations?

l	 is the product preferred, and to what extent, in comparison with other products, 
does it belong to the same category?

l	 which specific attributes make it preferable?

Hence, satisfactory food product quality means meeting and exceeding the 
requirements of the end-user. At its very basic level, quality answers two questions: 
“What is wanted?” and “How do we achieve it?” While the first question appears 
straightforward as it focuses on the product, the main area of considerable debate has 
always been on the processes and systems that influence quality.

In an interpretative review of perspectives and orientations of quality, Shewfelt 
(1999) argued that product quality is often defined from a product or consumer (end-
user) orientation, and that a combination of product attributes constitute quality. The 
consumer’s perception and response to those attributes is referred to as acceptability. 
On the basis of this differentiation, the “product” orientation of quality focuses on 
product specifications and attributes which are objectively quantifiable, such as size, 
shape, sweetness, color and texture, while the “consumer” orientation views quality 
from the perspective of meeting the expectations of the end-user. Thus, for example, 
an apple cultivar with large size fruit and high sugar content may be viewed as hav-
ing “higher” or “better” quality from a product perspective, while a consumer market 
segment, such as business and first class airline passengers, may prefer apples that 
are smaller in size and less sweet. In the same way, fruit destined for fresh market  
consumption will have different desirable quality attributes in comparison to those 
destined for food processing plants. In agri-food business, therefore, quality is not 
simply a degree of excellence, peculiar character, or distinguishing attribute, as often 
defined. Quality as a goal should be formulated from the perspective of the consumer. 
Thus, the expression “quality” requires a comparison of the criteria with reality.

However, following a review of Shewfelt (1999) and other related literature, Abbot 
(1999) stated that the components of quality attributes vary with the context of 
space and time in the supply chain, and argued that the concept of quality encom-
passes both perception and acceptability. In recent times, there has been considerable 
research interest in the application of consumer science towards better understanding 
of fruit acceptance (Alavoine et al., 1990; Crisosto et al., 2003; Harker et al., 2003a,b; 
Jaeger et al., 2005; Opara et al., 2007) and other types of fresh food (Radman  
et al., 2005).

In summary, most postharvest researchers, producers and handlers view qual-
ity from a product orientation in terms of specific attributes of the product itself, 



such as vitamin C content, sugar content, firmness, acidity, or color. On the other 
hand, consumers, marketers and economists are more likely to be consumer-oriented, 
and describe quality in terms of what the consumer wants and needs (Shewfelt, 
1999). While the decision of consumers at the point of purchase of fresh produce is  
normally based on appearance and textural quality, their repeat purchases depend 
largely upon their satisfaction with flavor (taste and aroma) and total experience 
with the product. Consumers are also interested in the health-promoting attributes  
(e.g. the antioxidant content) and nutritional quality (e.g. fiber content) of fresh  
produce (Kader, 1988).

C.  Product quality attributes

The quality of food may be described by the determination of physical, chemical, 
technological, microbiological and organoleptic properties. These properties allow 
objective measurement and, by evaluation of this data, the determination of qual-
ity. Nevertheless, it should be mentioned that there are some additional factors, in 
many cases independent from the characteristics of food products, which influence 
consumer preferences; for example, price, conditions of sale, origin and product 
reputation.

Quality attributes should be expressed quantitatively in measurable terms and 
evaluated objectively. Quality of design or development is the cumulative of product 
characteristics or a measure of how well the product achieves its expected purpose. 
Quality of conformance is a realization of the quality of design. Quality attributes 
of fresh produce include appearance (size, shape, color, gloss, and freedom from 
defects and decay), texture (firmness, crispness, juiciness, mealiness and tough-
ness), flavor (sweetness, sourness or acidity, astringency, aroma and off-flavors), and  
nutritive value (vitamins, minerals, dietary fiber, phytonutrients) (Kader, 2001).  
The relative importance of each quality attribute varies with the type of produce and 
end-use (Kader, 1992).

There are a wide range of objective instruments for sensing and measuring the 
quality attributes of fresh produce, including texture, appearance, volatiles and other 
chemical constituents (Abbott, 1999; Nguyen et al., 2000; Opara, 2000a). Some 
measuring devices are destructive (required penetration or removal of tissue), while 
others are non-destructive, and the choice of any method or combination of meth-
ods depends on type of produce, cost and availability of the device. While most  
commercial packing houses adopt automatic sorting (see Chapters 14 and 15) of 
produce, based on size (mass), the use of non-destructive techniques for measuring 
internal quality attributes, such as presence of defects (e.g. watercore) and chemical/ 
nutritional quality attributes (e.g. flavor, vitamin C), is largely confined to research 
laboratories. In the meantime, both researchers and industry practitioners will  
continue to depend on destructive techniques to evaluate fresh produce quality, such 
as the refractometer for soluble solids content (SSC) (°Brix), titration for titratable 
acidity and the penetrometer for firmness measurement.

Measurement of the quality attributes of produce is important in quality management 
during produce handling. Measurements provide a comparison against industry 
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standards (see section D) and limits of acceptability by the consumer. Kader (1999) 
proposed the minimum SSC and maximum titratable acidity for acceptable flavor 
quality of a range of fruits (Table 8.1). The author noted that while these values will 
not guarantee the optimum flavor quality for each consumer, they ensure a minimum 
acceptability level for the majority of consumers. Kader (1999) also rightly cautions 
that the use of these indices in a quality assurance program must be coupled with 
tolerances of deviation from the proposed averages, because of the large variation 
among cultivars, production areas and seasons, maturity at harvest and ripeness stage 
at the time of evaluation.

D.  Product quality standards

Quality standards are specifications of the quality attributes of produce which permit 
global understanding and facilitate trade. Often referred to as “grade standards,” they 
identify the degrees of quality in a commodity that are the basis of its usability and 
value (see Chapter 9). If properly developed and enforced, they become essential tools 
of quality assurance during produce marketing, and provide a common language for 
trade among growers, handlers, processors, exporters and importers. Some produc-
tion areas, e.g. California in the US, enforce minimum standards concerning produce 
quality, maturity, container, marking, size and packing requirements (Kader, 2001).

Table 8.1  Proposed minimum soluble solids content (SSC) and maximum titratable acidity (TA) for 
acceptable flavor quality of fruits (Kader, 1999)

Fruit Minimum SSC% Maximum TA%

Apple 10.5–12.5 (depending on cultivar)

Apricot 10 0.8

Blueberry 10 –

Cherry 14–16 (depending on cultivar)

Grape 14–17.5 (depending on cultivar) or SSC/TA ratio of 20

Grapefruit SSC/TA ratio of 6

Kiwifruit 14 –

Mandarin SSC/TA ratio of 8

Mango 12–14 (depending on cultivar)

Muskmelon 10 –

Nectarine 10 0.6

Orange SSC/TA ratio of 8

Papaya 11.5 –

Peach 10 0.6

Pear 13 –

Persimmon 18 –

Pineapple 12 1.0

Plum 12 0.8

Pomegranate 17 1.4

Raspberry   8 0.8

Strawberry   7 0.8

Watermelon 10 –



The use of standards permits organized marketing, mutual understanding and fairness 
in the marketplace, and protects consumers from otherwise unsatisfactory and poor  
quality produce. In some countries, the Department of Agriculture or related agency 
is responsible for enforcing the laws governing the sale (including import and export) 
of general foods, as well as specific foods such as those labeled as organic.

In the US, the standards for fresh fruit and vegetable grades are voluntary, except 
when required by industry marketing orders, by the buyer, or for export marketing. 
The USDA Agricultural Marketing Service is responsible for developing, amending 
and implementing grade standards (http://www.ams.usda.gov/standards).

The international standards for fruits and vegetables were introduced by the 
Organization for Economic Cooperation and Development (OECD) and currently 
there are standards for over 40 commodities (OECD, 1983). Each standard includes 
three quality classes with appropriate tolerances: Extra class  superior qual-
ity (equivalent to “US Fancy”); Class I  good quality (equivalent to “US No. 1”), 
which covers the bulk of produce entering international trade; and Class II  mar-
ketable quality (equivalent to “US No. 2”). In the European Union (EU), OECD 
standards or their equivalents are mandatory for imported and exported fresh fruit 
and vegetables.

IV.  Approaches to quality management

A.  The need for an industrial approach

The fresh fruit and vegetable industry has the potential to benefit greatly from recent 
advances in quality management techniques that have revitalized the electronics, 
automotive, food processing and other industries. Major improvements in profits and  
quality have resulted by progressing from inspection to find and remove defects,  
to quality control systems reducing defects, to quality assurance programs and total 
quality management approaches that involve the complete business cycle.

Most businesses in the fresh produce postharvest system have only an inspection 
function as an integral part of their operations. However, quality control and other 
managerial tools for monitoring and controlling fresh produce quality now are being 
developed to overcome difficulties unique to this industry. The most basic difficulty is 
the inherent lack of control during the growing process (see also Chapter 20). Extreme 
variation in quality exists even under the best known cultural conditions including 
soil preparation, certified seed, plant spacing, fertilizing, irrigation and other care. 
Improvements in the quality of fresh produce available to consumers at reasonable 
prices will require that production and delivery businesses in the postharvest system 
implement appropriate quality management systems to supply consistent quality.

Agricultural production and postharvest systems for produce consist of a series 
of steps or processes, equipment and human resources that are complexly independ-
ent. Achieving high-quality produce should be the aim and responsibility of each  
member in the production and distribution system. Inferior quality reflects on the 
entire postharvest system.
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Retail stores and consumers require produce with consistent quality. The most 
reliable path to success in the fresh produce industry is to offer products with  
superior and consistent properties. In the future, as consumers expect and demand 
higher quality products, producers must respond to maintain or increase market 
share. Producers must be sensitive to the fluctuating and dynamic requirements 
of consumers. The quality of harvested crops must be maintained between field  
and consumer. The packing house serves as the point of integration in the handling 
system, by converting bulk loads of variable quality into a uniform pack with con-
sistent quality. Hence, quality management strategies must be developed to decrease 
variability, enhance quality and maintain stability within production and postharvest 
systems (see also Chapters 13 and 16).

B.  Quality inspection

The goal of inspection is to certify that lots have been separated into different 
grades or specifications to differentiate between various levels of acceptability  
(see also Chapters 14 and 15). The produce lots rated as conforming are accepted, 
and others are rejected. Grade inspection of agricultural products is the compari-
son of items at the end of a production process with accepted specifications or other  
recognized requirements. While specifications can be used to motivate and reward 
producers to supply products of improved quality, quality inspection is no more than 
a postmortem procedure performed after the product has been prepared and just 
before shipment to ensure that it meets contract specifications.

Produce inspection may be conducted on a continuous or sample basis (Kader, 2001).  
In the first approach, depending on the size of the operation, one or more quality 
inspectors are assigned to a packing house to carry out periodic quality checks of the 
produce along the packing lines. In the second approach, representative samples of a 
prescribed number of units (e.g. cartons, boxes, pallets) are randomly selected from 
a given lot, and inspected to determine whether the product meets the relevant grade 
standards. It is a common practice to issue certificates to the enterprise unit (e.g. 
packing house) at the end of inspection on the basis of the relevant official standards 
(see also Chapters 8 and 9).

Achieving and maintaining uniformity of inspection in the industry is important 
to ensure equity and harmony. To ensure uniformity of practice among inspectors 
(Kader, 2001):

1.	 they are trained to apply the standards;
2.	 visual aids (e.g. color charts, models, diagrams, photographs) are used when-

ever possible;
3.	 objective methods for determining quality and maturity are used whenever fea-

sible and practical; and
4.	 good working environments with proper lighting are provided.

Recent innovations in information and communication technologies (ICTs), such as 
high resolution and portable digital cameras, mobile phones and laptop computers, 



provide quality inspectors with handy tools for image and data capture, analysis  
and transmission. Advanced information and communication technologies allow 
quality inspectors to interact on a real-time basis with quality experts, packing  
house operators and other stakeholders regarding the quality of produce. In par-
ticular, the availability of high resolution color images provides a quick, visual  
confirmation of fresh product appearance and defects, damage from shifted loads, 
brands and container markings, and container condition. Furthermore, providing 
access to the data and images via the Internet can facilitate electronic commerce, 
and assist in timely resolution of disputes concerning produce quality or condition of 
shipments.

C.  Quality control (QC)

Meaning and scope of quality control
Quality control of produce and postharvest handling conditions is essential to opti-
mize product quality, assure product uniformity and minimize production costs. Prior 
to the application of quality control in industry, quality production was achieved 
mainly through inspection focused on removing defective items. Quality control 
(QC) is, therefore, more than inspection and it consists of systematized activities or 
processes of maintaining an acceptable quality level to the consumer. Lásztity (2004) 
argued that QC in production is the most important in the chain of quality control 
systems, because if the production control system acts effectively and honestly, the 
products coming into trade fulfill the requirements concerning safe food supply and 
consumer protection. The author summarized the purposes of controlling activity in 
production as follows:

l	 to minimize or limit variation in the product, while maintaining the standard, 
set by management, to which purchasers or users are accustomed;

l	 to minimize or eliminate waste of materials, energy and time, and so control 
production costs.

QC may be divided into three broad stages, namely process control, assessment of 
the quality of the produce and sampling of the packaged produce (Lásztity, 2004). 
The important elements of process control include:

1.	 detailed production planning and supervision;
2.	 scheduling of materials and resources;
3.	 tracking the flow of product through the process;
4.	 management of orders, recipes, and batches; and
5.	 evaluation of process and product data.

The purpose of assessing produce quality as part of QC procedures is to prevent 
the distribution and sale of produce that:

1.	 do not meet the quality standards or specifications;
2.	 may be injurious to the consumer and general public; and
3.	 are packaged or labeled with wrong or misleading information.
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Checking the final produce and produce unit (such as pallet) may be accomplished:

1.	 by means of electronic devices, detection of minute pieces of metal or phy-
tosanitary breach in the product or package will be followed by automatic 
rejection;

2.	 by subjection of packages to simulated mechanical and environmental stress as 
a test of the effectiveness of the package; and

3.	 by storage of produce samples under normal and extreme conditions of tem-
perature and humidity for the accepted shelf life, and then examination by a 
taste panel or other appropriate laboratory analytical means.

Effective QC practices prevent dispensable and wrong actions, from production to 
packing and delivery of produce. QC also keeps operations and related end-products 
from deviating from consumer expectations. Progress in QC should result in decreas-
ing rejections according to quality inspection results. To achieve quality of conform-
ance, it is suggested a systematic approach is followed to control the main handling 
stages. In fresh produce handling, these stages include crop production operations, 
harvesting, transporting to the packing house, receiving, sorting, packing and deliv-
ery of the final product.

For QC to be successful, product specifications should include the relevant qual-
ity factors or characteristic attributes, and delineated criteria (with definitions and 
descriptions). Specifications must be understood easily, simple, precise and practica-
ble, using the measuring techniques available to the producer or at any other stage in 
the supply chain. Thus, high inspection reliability can be achieved best by clarifying 
the quality criteria.

To promote international trade in fruits and vegetables, the OECD (OECD, 1983) 
established and applied international standards. To make the specifications for qual-
ity control clear, explanatory brochures provide well-designed common interpreta-
tions for the various provisions contained in the standards through the use of clear 
terminology, illustrations and color photographs. A study carried out under the 
OECD scheme shows much influence of the standardization of the marketing of 
fruits and vegetables. The producer must realize that the standardization of products 
begins on the tree or in the field, and must endeavor constantly to adapt to market 
requirements.

Outlines of quality control techniques

Data collection
Data on fresh produce quality attributes and incidence of defects should be recorded 
for statistical analysis, including descriptive statistics, frequency distributions, his-
tograms and graphs. The recording of quality attribute measurements must save 
effort in filling forms and should have clear instructions that do not require the con-
trol charts typical of manufacturing applications (see Figure 8.1). Statistically valid 
sampling at every change-over point to determine if processes are under control, and 
to identify corrective actions, is the main means of controlling the quality of agri-
cultural products as they flow from the field through the marketing and distribution 
system (Lidror and Prussia, 1990). Earlier methods of data collection and recording 



involved the use of blackboards and log books. With recent advances in information 
and communication technologies, modern packing houses for fresh produce handling 
include electronic data capture systems, real-time analysis, display and transmission 
of the results of statistical analysis. Such integrated information systems make large 
amounts of data available in real-time to authorized stakeholders in the supply chain, 
using password access. Data input and access could be accomplished using infor-
mation system technologies, such as local intranet, the Internet and mobile phones. 
Despite their obvious benefits in facilitating the management of large amounts of 
data, electronic information systems are prone to fraud and abuse when access 
authorization is compromised. Modern electronic information systems are also 

Peach quality control
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Figure 8.1  Inspection form for peaches at receiving. Source: Lidror and Prussia (1993).
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highly dependent on functional and reliable support infrastructure, such as telecom-
munications and uninterrupted power supply, which is currently a challenge in many 
developing and transitional economies exporting fresh fruit and vegetables.

Sampling inspection
Sampling inspection is examination determining if the lot of fresh produce meets 
specifications. Diverse sampling plans are discussed in basic publications and man-
uals for statistical QC methods (McDermott and Cound, 1971; Shainnin, 1971; 
Brumbaugh, 1982; Feigenbaum, 1983; Messina, 1987).

Any sampling plan is dependent on lot size, planned sample size, and the antici-
pated acceptance of percentage of defective produce items. When using a single 
sampling plan (Figure 8.2), the rejection of a lot on the basis of substandard quality 
is not an ideal test of the quality of the lot, due to significant variations that occur in 
quality within and across lots of fresh produce. Results supply feedback information 
needed for improvement or for pricing according to quality level, identified through 
testing.

By using a multistage sequential sampling plan, the efficiency of decision-making 
improves, and rejection decisions are increasingly accurate at the cost of increased 
sampling complexity (Figure 8.3). Any sampling plan has a certain element of risk, 
represented by its operating characteristic (OC) curve, often discussed in statistical 
QC method manuals. Deriving the OC curve for some situations may clarify mat-
ters and lessen the perceived problems of involved mathematics needed for statistical 
sampling. The most suitable sampling plan and sample sizes must be identified for 
each purpose, for example, single, double, or multistage plans.

Accept

if � P if � PInspect and find p

Take a single sample of a lot

Reject

Figure 8.2  Single sampling plan for produce attributes. P, predetermined proportion number; p, 
inspected proportion (percentage defective). Source: Lidror and Prussia (1993).



From acceptance sampling inspection to quality control
Traditionally, inspection data have been used to classify produce as “acceptable” or 
“rejected.” Quality may be improved if supervisors are concerned about the produc-
tion process. Quality improvements can be achieved by quality monitoring and con-
trol, checking if the production process is within statistical control, using corrective 
actions, or pricing according to established quality. If a process is working properly 
or has not been altered improperly, it will produce an acceptable product.

Ordinary and advanced QC techniques, generally used in manufacturing, are Pareto 
analysis, cause and effect analysis, scatter diagrams (regressions) and statistical 
process control (SPC) methods and charts. The techniques are discussed in manuals 
for statistical QC methods. The SPC charts consist of two basic types; attributes and 
variables, each with its own techniques for analysis. For fresh agricultural produce, it 
is more convenient to use attribute control charts than variable control charts to ana-
lyze “go–no go” data. Feedback and results may be used for troubleshooting, improv-
ing processes, corrective actions or pricing decisions according to quality evaluation.

QC methods are used to identify and measure the assignable and common causes 
of variation, so that the appropriate strategy can be developed to reduce the degree 
of variation. QC methods may provide immediate reliable feedback on process  
performance, prevent problems that occur on the packing line, determine when to 
adjust the process and assess how effective the process is. The P charts for attribute 
inspection are used to determine if the percentage defective is larger than is reason-
able to expect under specific conditions (Figure 8.4). Flow chart techniques are very 
useful for selecting the most effective sampling points in the flow of fresh fruits and 
vegetables from field to market (Figure 8.5).

Add
1 box

Reject

Similar considerations for the 9th box and so on.

Accept
for shipping

Sample of 8 boxes

�11% average
defectives and only

2 boxes �13%

�16% average
defectives and only

1 box �11%

Yes

Yes No No

Figure 8.3  Example of part of a sequential sampling plan (for quality control of produce attributes at the 
shipping point). Decisions for a lot, at the second stage, after taking 8 boxes. Similar considerations will be 
made after the 9th box, and so on. Source: Lidror et al. (1992).
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Sample number

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

UCL

UWL

p

Figure 8.4  P chart for the fruit-sorting process (for quality control of produce attributes at sorting belts). 
P , expected defective proportion; STD , expected standard deviation; UCL, upper control line, p   3 STD; 
UWL, upper warning line, p   2 STD. Source: Lidror and Prussia (1993).
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Figure 8.5  Typical flow chart for fresh produce with selected sampling and process control points. 
Source: Lidror and Prussia (1993).



Researchers and manufacturers have intensified efforts to mechanize and automate 
the separation of a given commodity into various grades, and to eliminate defective 
units (Kader, 2001). The use of computer-aided video inspection and grading is now 
an integral part of most commercial produce packing lines, thanks to the availabil-
ity of low-cost, high capacity microcomputers and solid-state imaging systems. For 
instance, solid-state video camera or light reflectance systems are used for detection 
of external defects, and X-ray or light transmittance systems are used for detecting 
internal defects (Abbott et al., 1997; NRAES, 1997). High capital cost, low reliability 
and efficiency still remain major obstacles to the deployment of these and other non-
destructive systems in quality control of fresh produce.

Product quality control reporting
In the fresh produce industry, the responsibility for ensuring that growers understand 
and accept their responsibilities rests with the produce buyer, and the point of trans-
fer of responsibility from grower to buyer is normally on entry to the packing house. 
An essential part of the overall quality control procedure is that the outcome of qual-
ity control activities is documented and reported to ensure that the produce is safe, 
and meets the correct standards and specifications, as well as legal requirements. It 
is essential to explain the purpose and use of records to the relevant stakeholders 
to ensure transparency in the marketing process. Standard product quality control 
reports should include the following:

l	 product, variety;
l	 date of receipt, time of receipt and inspection;
l	 source, grower’s code or name;
l	 total of consignment and total inspected;
l	 weight (or count) to be recorded;
l	 temperature on receipt;
l	 quality and condition of product; and
l	 final decision (accept/accept with terms on further sorting/reject with explana-

tion of reason).

D.  Quality assurance (QA)

Meaning and importance of QA
QA comprises of all planned and systematic actions necessary to provide adequate 
confidence that a product or service will satisfy given requirements for quality. It is 
the system whose function is to assure that the overall QC job is being done effec-
tively (Hubbard, 1999; Kader, 2001). Because of the interrelatedness between QA 
and QC, the terms are often mistakenly used interchangeably to cover the planning, 
development and implementation of inspection and testing techniques. However, 
the existence of a successful QA system presupposes the existence of a working 
QC procedure and, together, these take a long time and a lot of training to achieve. 
While QC focuses on inspection of the product against set standards or specifica-
tions, QA focuses on creating systems to ensure that the product meets the required 
standards, and is applied not only to the intermediate and final products, but also to 
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the inputs, raw materials and products procured from outside the organization. Once 
developed and adopted, the QA system of a production enterprise cannot be altered 
at the moment of implementation in a production line. However, QA systems must 
be subject to constant review and improvement, to suit future business conditions 
(Hubbard, 1999).

A rather broad view of quality assurance embraces all processes related to  
maintaining and improving quality conformance, including the systems approach 
for quality management, TQM and QC facilities, essential feedback information 
and quality pricing for producers (Gudnason, 1982). The first generation of quality 
maintenance in industry involved only quality inspection at the end of a production 
process. The second generation involved QC during the execution of a process. The 
development of the third generation is now expanding, to the extent that QA facilities 
and techniques become an integral part of a total management system. QA methods 
used successfully by manufacturing industries are not directly transferable to packing 
house operations, but newly developed and adapted QA programs for agricultural 
fresh produce should improve consistency and reduce losses in harvesting, transpor-
tation, packing and all other handling operations.

An effective quality control and assurance (QA) system through the entire post-
harvest handling stages between production and retail (Table 8.2) is essential, to pro-
vide a consistent good quality supply of fresh horticultural crops to the consumers, 

Table 8.2  Quality assurance procedures during handling of horticultural perishables (Kader, 2001)

Handling steps Quality assurance procedures

Harvesting Training workers on proper maturity and quality selection

Packing house operations Checking product maturity, quality, and temperature upon arrival
Implementing an effective sanitation program to reduce microbial load
Checking packaging materials and shipping containers to ensure they 
meet specifications

Training workers on proper grading by quality (defects, color, size), 
packing and other packing house operations

Inspecting a random sample of the packed product to ensure that it 
meets grade specification

Monitoring product temperature to assure completion of the cooling 
process

Maintaining effective communications with quality inspectors and 
receivers to correct any deficiencies as soon as they are identified

Transportation Inspecting all transport vehicles before loading for functionality and 
cleanliness

Training workers on proper loading and placement of temperature 
recording devices in each load

Keeping records of all shipments as part of the “traceback” system

Handling at destination Checking product quality upon receipt and moving it quickly to the 
appropriate storage area

Shipping product from distribution center to retail markets without 
delay and on a first in/first out basis unless its condition necessitates a 
different order



and to protect the reputation of a given brand (Kader, 2001). In produce handling 
QA starts with the selection of the genotype (see also Chapter 21), and its proper 
time to harvest for the best appearance, textural, flavor (taste and aroma) and nutri-
tional (including antioxidant) quality. It also includes careful harvesting operations 
and handling to minimize physical injuries, because each postharvest handling step 
has the potential to either maintain or reduce quality, and in a few cases (such as  
ripening of climacteric fruits) it can enhance eating quality of individual units of the 
commodity (Cavalieri, 1999; Kader, 1988; Kader, 1992). Exposing fresh produce to 
temperature, relative humidity (RH), and/or concentrations of oxygen, carbon diox-
ide and ethylene outside its optimum ranges will accelerate the degradation of all 
quality attributes (Opara et al., 2000). Similarly, the loss of flavor and nutritional 
quality of fresh intact or cut fruits and vegetables occurs at a faster rate than the 
loss of texture and appearance quality attributes. Hence, QC/QA programs should be 
based on all quality attributes, and not only on external factors, such as appearance, 
as is commonly practiced.

In summary, the implementation of a QA system has become a strategic busi-
ness management tool that offers a multitude of benefits to the business enterprise 
far beyond immediate profits. If properly designed and implemented it reduces 
losses (Opara et al., 2002), prevents customer complaints, enhances their confidence 
and promotes company image and brand. A QA system also increases efficiencies  
and lowers costs, maintains and improves both process and product consistency and 
reliability.

Systems used for quality assurance

Systems control for field activities
The grower or field production manager is responsible for growing, harvesting and 
delivering the crop to the postharvest operation. Each field activity, for example, cul-
tivation, fertilization, irrigation, pest control, harvesting and transporting, should be 
specified and planned before it is conducted. To maintain the desired end-product qual-
ity, every activity must be examined on completion and performance level should 
be recorded. The quality inspector should check performance of all relevant activi-
ties. Consequently, produce arriving at the packing house or factory should meet the  
previously agreed quality specifications.

Statistically analyzed data provide valuable feedback information about field activ-
ities, growing methods, areas or blocks and fields or orchards. The data can be used 
for corrective actions, pricing to individual growers, incentives or rewards, and as a 
guide on how to manage subsequent operations efficiently.

Sampling at packing house entrance
When products move from the field to the packing house, the responsibility for  
quality usually changes. Transport systems for fresh fruit and vegetable crops con-
ventionally accumulate the product by lots. A quality sampling inspection technique 
is suitable for monitoring each lot at the change-over point. On reception of the pro-
duce at the packing house, inspectors take samples, inspect the product and record 
their findings.
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“Acceptance inspections” at reception points are traditionally the most criti-
cal part of the quality control system for the food industry (Kramer, 1973). Most  
contracts to growers, packing houses and processors contain some incentive clauses 
for quality attributes. Each packing house manager intends to include some terms 
that best suit his requirements. Cooperatives sometimes institute quality inspections 
at the entrance to the packing house owned by the growers themselves. Effective  
control systems are necessary to disqualify low quality fruit, and to motivate the grow-
ers, through financial incentives, to produce high-quality produce, because quality  
factors influence the marketplace.

Most fruits and vegetables in the US are subject to inspection tests for minimum 
quality before they can be used at a processing plant or shipped from a packing 
house (Lidror and Prussia, 1993). Additional grade standards apply to fresh fruit. 
A suitable example is a controlled production and quality system that was devel-
oped for exported citrus fruit and put into partial operation on a national scale in 
Israel (Lidror et al., 1986). To determine quality, every lot of citrus fruit for export 
was sampled at the packing house entrance. Fruit samples were collected from 
every truck or trailer as it reached the packing house gate. Samples were examined  
immediately, and the results indicated either the interim storage treatment or when 
and to which production line to feed the fruit, according to its quality on arrival from 
the orchard. This approach ensured uniform quality on each line giving improved 
productivity and quality. Growers can use the supplied feedback information to 
improve their harvesting operations.

Process control in packing house operations
When products flow in a continuous process, such as on a sorting or packaging line 
in a packing house, a control inspection (using statistical sampling or charts tech-
niques) is suitable for monitoring production. Inspection should be conducted near 
the most quality-affecting activities to provide prompt feedback. Factors influencing 
quality should be evaluated immediately to permit rapid adjustments to the process 
or the initiation of corrective actions.

Statistical analysis of data from frequently gathered samples following the sorting 
operation provides valuable information about grading and sorting, growers or even 
individual fields and processing methods. Results of data analysis can be used for:

l	 corrective action and appropriate changes;
l	 maintaining control of sorting and other operations;
l	 providing warnings and incentives to sorting groups;
l	 planning efficient execution of subsequent treatments.

Some packing houses systematically check samples online at the feeding belts. 
The results may be used both as indications for further processing operations and 
for cross-checking the entrance inspection. The entrance inspection provides growers 
with immediate feedback about various quality parameters of their own produce.

An experiment was conducted to establish a process control technique similar to 
SPC for the official quality inspection at the end of the citrus grade sorting operation 
in packing houses in Israel. A similar experiment was later performed in selected 



peach packing houses in the US. Inspectors were asked to draw samples of 20 
fruits at constant short intervals, and evaluate selected factors. Easy-to-use control 
forms were provided and marked with upper control limits (UCL) for the defective  
proportion of the sorted fruit. Figure 8.6 shows an example of a quality control form 
for peach sorting. Inspectors were instructed what actions to take if the defective 
proportion was above the predetermined limits; either to warn the foreman or, in the 
case of unacceptable proportion of defective produce, adjust the process or undertake 
a critical sampling procedure.

Peach quality control—on line, grade A (U.S. No.1).

* Sign W for Warning if � 3 defectives (No. 2 � undergrades)
  Sign C for Corrective action if �3 defectives.

Sample size � 20 Upper limit � 3 defectives
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Figure 8.6  Control form for peaches at sorting belt. Source: Lidror and Prussia (1993).
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Final product quality examination
Statistical sampling is the principal method for monitoring final product quality. 
Food processing plants and some packing houses use quality control laboratories to 
monitor final product quality, as demanded by some customers. Packing houses also 
use simple sampling techniques for final product quality examination at the end of 
the packing line. The results of sample evaluation are used to monitor the product 
and take corrective actions at processing operations. For example, to reduce super-
vising errors made by the sorters and packers and compare quality data from market-
ing company with quality data from packing house.

Agricultural fresh produce must be certified officially through inspection of grad-
ing in most of the world’s markets. Inspectors are present to sample final products 
for almost every import and export delivery, and to certify produce conformance 
to grade standards. Shipments of poor quality may be rejected or downgraded at a 
delivery point, packing house, storehouse, export terminal, warehouse or market by 
authorized inspectors.

Sampling at export terminals
An acceptance sampling inspection method ordinarily is used at the entrance to 
export terminals by inspectors. A statistical sequential sampling procedure has 
been developed for citrus delivery inspection using a microcomputer and portable 
terminals (Lidror et al., 1992). The sampling procedure aimed at identifying deliv-
eries with a high probability of substandard quality (Figure 8.7). When applied, 
the number of packs that were to be sampled was reduced, whereas reliability was 
improved, shifting focus to deliveries most likely to be of unacceptable quality. The 
results showed a reduction in time needed to inspect trucks, and an increase in the 
number of deliveries that were permitted to unload directly for export. The sampling 
procedure is immediate and more efficient, reliable and objective than the usual  
procedure for inspection control.

To integrate the conclusions of different inspectors and unify the significance of 
decisions by inspectors at export terminals, a computerized system based on inter-
nal control was developed and examined (Lidror and Prussia, 1989). The internal  
control was operated continuously to improve the official inspection service based on  
systematic feedback of quality data analysis. It became clear that both quality  

Terminal

Inspection
Sample

PC

Figure 8.7  Computerized citrus quality control at shipping point. Source: Lidror and Prussia (1993).



criteria and the sampling procedure needed to be defined more precisely. Inspection 
reliability improvement can be reached by continuous control with feedback of correct  
and incorrect decisions. This feedback system enhanced inspector ability, devel-
oped uniform criteria for decision-making, and achieved higher reliability in deci-
sion-making. Differences among inspectors were reduced when they became more  
conscious of certain relevant criteria.

A quality control system for fresh fruit and vegetables was developed and insti-
tuted by Agrexco (Agricultural Export Company, Israel), and has been operating on a 
national scale. It included sampling and inspection of products, computerized statis-
tical data processing, quality improvements through incentive payments awarded to 
the numerous producers, and immediate information feedback to the producers and 
to the export authorities (Lidror and Kissos, 1986). The quality control center com-
prised sampling teams stationed near the air and sea export terminals, sampling by 
specially designed procedures, inspecting the incoming products from the domestic 
grower, and submitting the results to statistical processing and analysis by a central 
computer system (Lidror and Silberstein, 1986).

This information on product quality reached producers very quickly, and they 
could improve the quality of their products as soon as the following day. A signifi-
cant improvement was noted in the quality level of all the products supplied for 
export and controlled by the quality system. Mechanical damage was reduced to 
less than half, rot was reduced to an acceptable minimum, and sizing and package 
marking were improved in most of the products (Lidror and Kissos, 1986; Lidror and 
Silberstein, 1986).

The Citrus Marketing Board of Israel sampled the loaded trucks coming from 
packing houses at the entrance to ports of export (Davidson et al., 1977). The samples 
were inspected carefully for grade, size and packaging at a special station by qual-
ity checking staff. The collected data were computer processed, and the output on 
waste and substandard inspection factors was used for information and monitoring 
purposes. A major portion of this sample was stored under predicted conditions for 
a simulated delay. After ten days under controlled conditions, blemishes that had 
developed were inspected at the checking station for decay, and data were computer-
processed to determine packing house quality rewards and debits.

Sampling at markets
An unusual and noteworthy company, with an effective quality assurance program 
for many years, is the Outspan Company (South African Citrus Board). The Outspan 
Company maintains a waste sample examination line at a European warehouse to 
check the quality of citrus fruit exported from South Africa to Europe, to gather data 
used to make incentive payments and awards to the packing houses in South Africa. 
Supermarket chains in Europe sample almost every dispatch at delivery centers and 
inspect the quality carefully for suitability to the local quality requirements.

Most countries conduct official acceptance sampling inspections for imported 
agricultural produce on entry into the country. Large marketing companies carry out 
acceptance sampling inspections for agricultural products at the entrance to the market. 
The collected quality data can be used to monitor incoming quality for acceptance 
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or rejection of deliveries, pricing to trade companies, choosing markets and further 
treatments needed by the produce.

Quality assurance techniques for enhancing produce quality

Improving quality by total quality management
A systems approach to TQM considers all the interactions necessary among the vari-
ous elements, and facilitates an integrated awareness of the importance of quality 
throughout the production process (Badiru, 1990). Communication, cooperation 
and coordination facilitate TQM. Production management must play an active role 
in implementing a systems approach, not only by proclaiming the need for quality 
improvement, but also by committing the necessary resources to its attainment.

Quality definitions must be discussed and acknowledged by everyone in the pro-
duction chain. Clear specifications are needed when controlling a process such as 
harvesting or sorting. For example, the instructions given to the harvesters must be 
known to the inspector who examines the received produce. The inspector should, in 
turn, notify the harvester about defects that should have been prevented.

A quality assurance manual should be prepared and internally distributed by the 
operation, describing the quality assurance program, to present all written descrip-
tions of operating procedures and to supply details of quality assurance policy, 
plans and procedures to workers, supervisors, managers and all others involved. The 
manual must clarify the responsibilities of each group or individual and identify the 
exchanges of information necessary between various sectors, producers, companies 
or organizations. The concepts must be followed throughout the production process, 
considering it a complete system, and be accepted by most of the producers, public 
and private organizations and individuals (Lidror et al., 1986).

Quality policy
Everyone who participates in, and has responsibilities for, any fraction of the agri-
cultural production chain, for example, growers, packing house companies, con-
tractors and marketing and exporting organizations, must make a quality policy 
statement. For example, a policy may be to implement a quality assurance program 
as a management tool for improving product quality consistency and ensuring that 
each shipment meets or exceeds quality specifications. Policy objectives lead to the 
development of a description of actions to fulfill the quality policy by incorporating 
it into a manual, making immediate improvements whenever needed, and evaluating 
the quality program after each season for any required changes.

Corrective action investigations
If product quality deviates from expectations, a case study or a corrective action, 
such as a problem-solving step, must be completed. The purpose of a case study is 
to find the cause of any reduction in quality level and to make the changes necessary 
to raise the quality to expected levels or to adjust the processing variables to main-
tain the output at a desired set point. An investigation must be conducted when cus-
tomer inspection records show unexplained changes in quality, customer complaints 
indicate a change in quality, or a request is made by a supervisor of the producer or 



the packing house. A production organization may appoint a corrective action team 
whenever necessary, manned by high-level personnel.

E.  Quality improvement (QI)

The development and application of quality assurance systems has enabled produc-
tion organizations to guarantee the quality of fresh produce by addressing “system” 
issues related to the produce, processes and needs of the end-user. However, there 
was a major shift in quality philosophy, termed quality improvement, which largely 
involved the ideas of total quality control and zero defects (Darr, 1991). In the early 
1960s, QI broaden the responsibility for quality management from the quality con-
trollers to everyone in the organization. According to Parton (1996), a central feature 
of the QI approach is the establishment of QI within the production process, control-
led by those operating the process. When deployed, QA results in process improve-
ments which, in turn, lead to continuous quality improvement, because the creativity 
and resourcefulness of the personnel are harnessed to ensure that the production 
process is adequately controlled and quality meets or exceeds end-user expectations.

Table 8.3 illustrates some of the features of QI vis-à-vis QA based on QA tra-
ditional application. While QA tends to focus on identifying who caused the prob-
lem and solves it using a feedback mechanism, QI focuses on improving processes,  
recognizing that most problems (85%) are system-based (Deming, 1982). By con-
trolling the incidence of defects and variations in a feed forward system, QI enhances 
the ability of the business organization to deliver products and services that better 
meet the customer expectations, and represents a stronger consumer-orientation. 
Studman et al. (2000) reported the successful application of QI principles for quality 
management of fresh apples in Shanxi Province, China.

While QI may be considered as an enlargement of the vision represented by QA, it 
should be noted that some of the criticisms of QA (Darr, 1991; Parton, 1996) listed 
in Table 8.3 are perhaps more common in such sectors as education, research or pub-
lic health, where the concept of QA is less developed in comparison to the industrial 

Table 8.3  A comparison of the features of quality assurance and quality 
improvement (after Parton, 1996)

Quality assurance Quality improvement

Who-focused (ve) Why-focused (ve)

Retrospective Prospective

Externally directed Internally directed

Involves only the few Involves many

Reactive Proactive

Event-based Process-based

Inspection approach Process approach

Quality is separate activity Quality is integral activity

Focus on solving problems Focus on improving process
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agricultural production, where the focus on meeting consumer demands has resulted 
in a widespread deployment of quality management systems.

V.  Quality management systems and regimes

A.  Meaning and rationale

A quality management system (QMS) or standard constitutes a formal record of 
an organization’s method of managing the quality of its products and services 
(Beckford, 1998). If properly developed and implemented, a QMS enables a produc-
tion organization to demonstrate internally and externally (i.e. to its customer and a 
relevant accreditation agency) that it has set up an effective system for managing the 
quality of its products and services. QMS also assists an organization in attempting 
to formalize its activities, and meet consistency of outputs in quantity, quality and 
service. A quality certification is awarded by the accrediting agency to an organi-
zation that meets the accreditation standards and this achievement is often consid-
ered very important, because in certain regions and industries, there is a tendency for 
some organizations to deal only with accredited organizations.

Credible fresh produce suppliers will procure only from sources that can dem-
onstrate an appropriate and documented QA system. In order to meet current laws 
and regulatory guidelines for trade, appropriate quality management systems (QMS) 
should be put in place based on the principles of good agricultural practice (GAP), 
hazard analysis critical control point (HACCP) and other industrial quality regimes 
such as the International Standards Organization (ISO) standards and guidelines. 
Each of the named quality management regimes contributes towards guaranteeing 
that all significant stages of production from “field to plate” are controlled, to mini-
mize hazards and maintain produce quality.

While agribusinesses may adopt quality management procedures such as QC and 
QA to comply with standards or codes of practice and meet consumer demands, it 
is no longer sufficient for a company to be responsible; it must also be seen to be 
responsible. Consequently, production organizations put in place auditable qual-
ity management systems that demonstrate to their stakeholders what they are doing 
to guarantee the quality and safety of produce, in addition to addressing social and 
environmental issues.

Apart from putting in place a demonstrable quality management system, the  
application of relevant postharvest technologies is vital, such as the cool chain to 
reduce the temperature of the harvested product to its optimum level and maintain-
ing the product at this temperature throughout the transport and marketing operation. 
The cool chain monitoring should be continuous throughout the supply chain from 
harvest to final destination. While thermometers and other environmental sensors 
may be available to record and monitor desired environmental factors, a quality man-
agement system will address the process and organizational issues related to why, 
what, who, when, where, how and what next. The following sections examine some 
of the industrial approaches to quality management of fresh produce, from the man-
agement of field production to TQM of the enterprise.



B.  Good hygiene practices (GHPs)

The safety of fresh horticultural produce is generally considered to be low-risk, pro-
viding that it has been produced and handled in clean, hygienic conditions. The level 
of risk may, however, increase as it is processed further in the food chain. All fresh 
produce must satisfy microbial specifications set by supermarkets, to confirm that 
the safety and quality management systems practiced on farms are in place and com-
ply with the hygiene and safety laws.

GHPs, including cleaning and sanitation, form an integral part of the broader prin-
ciples of good manufacturing practice (GMP) for the production and delivery of 
safe, wholesome products to the consumer. GHP outlines the basic measures which 
businesses should meet and which are the prerequisite(s) to other approaches, par-
ticularly HACCP. GHP requires:

1.	 the hygienic design and construction of food manufacturing premises;
2.	 the hygienic design, construction and proper use of machinery;
3.	 cleaning and disinfection procedures (including pest control); and
4.	 general hygienic and safety practices in food processing.

The last requirement includes microbial quality of raw foods, hygienic operation 
of each process step, the hygiene of personnel and their training in the hygiene and 
safety of food (Jouve et al., 1999). Based on a definition of hygiene as “ensuring that 
all measures are taken to ensure the safety and wholesomeness of foodstuffs,” Porter 
(1998) identified five components of GHP:

l	 premises: well protected and in good repair;
l	 people: adequately trained with good standards of personal hygiene;
l	 equipment: suitable equipment for the job;
l	 controls: good control over the process, including adequate cleaning and sani-

tation; and
l	 systems: assessment of risks and the implementation of written systems and 

records.

The goals of GHP are to prevent entrance of hazards into the food chain, par-
ticularly at production facilities, and to eliminate the hazards when they do occur. 
A good hygiene program achieves these goals by two main approaches (Lelieveld  
et al., 2005), namely:

1.	 limiting the hazards related to production environment, people and equipment, 
through relatively simple methods (in relation to HACCP and other safety  
management systems), that are still sufficiently robust to ensure consistently 
effective results; and

2.	 providing adequate protection against negative influences related to the same 
sources that are not “hazards” in the strict sense, but which do impair quality 
(spoilage organisms, non-toxic taints, non-hazardous foreign materials, e.g. hair).
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C.  Good agricultural practices (GAPs)

The various steps in the postharvest handling of produce, from harvesting to  
end-use, have to be carefully controlled in order to ensure the quality and safety of 
both fresh produce and processed products. Strictly following GAPs is one of the 
first steps to ensure product wholesomeness. GAPs are therefore, a preventative 
approach to produce quality and safety management. In the natural environment of 
orchards and field crop farms, microorganisms and spores are widespread, where 
plants, animals, soil, water and even humans serve as reservoirs and sources. The 
application of pesticides and other chemicals to control pests and diseases represents 
a major source of health and safety hazard associated with fresh fruit and vegeta-
ble production and consumption. The application of GAPs is essential to control and 
eliminate these hazards.

GAPs consists of the methods of land use and production management which can 
best achieve the objectives of safe and quality produce, without compromising agro-
nomic and environmental sustainability. GAPs start before the crop is planted. They 
require establishing and following sound criteria for selecting suitable land and crop 
varieties, and soil, water and crop management systems including pesticides, fertiliz-
ers and other agri-chemicals. As part of GAPs, growers must adopt authorized safe 
uses of pesticides under actual conditions necessary for effective and reliable pest 
control. This also includes recommended uses that consider public and occupational 
health and environmental safety considerations. Therefore, GAPs are designed to: (a) 
ensure a reliable supply of high-quality and safe produce for consumers; (b) ensure 
a return on investment for producers; and, (c) have a positive impact, or at least not a 
negative impact, on the environment.

GHP as an element of GAPs is an effective way to manage the microbiological, 
chemical and physical hazards that are likely to occur at different stages of produc-
tion (see Chapter 13). GHP also offers the mechanism and means to establish control 
procedures and remedial actions for each hazard, together with a system of record-
keeping. In fresh fruit and vegetable production, such hazards include contaminated 
soils, waste disposal, microbial or chemical contamination on growing crop, pres-
ence of bacterial pathogens, parasites, viruses, or environmental contaminants such 
as pollutants in irrigation water, inappropriate use of pesticides, microbiological, and 
chemical, biological and physical contamination of harvested crop. These hazards 
can occur at each of the different production stages (Table 8.4), and prevention and 
reduction of any such hazard requires the establishment of control procedures, and 
complete record-keeping. Production organizations should develop GAP manuals 
adapted to their needs to document processes, controls and identify factors specific 
to their conditions that impact safe growing and handling of produce.

There are several different codes of practice that describe the methods of land use 
which can best achieve the objectives of agronomic and environmental sustainability 
(see www.nri.org/NRET/SPCDR/Chapter1/elements-1-5-htm) designed by producer 
organizations, importer and retailer consortia and government agencies representing 
consumers (such as the National Food Standards Agency). Many global supermarket 
chains also have their own codes of practice, which their suppliers must adopt. In the 

http://www.nri.org/NRET/SPCDR/Chapter1/elements-1-5-htm


US, retailers use a different standard called SQF 2000, which is based on the princi-
ples of HACCP (http://www.sgs.com/sgs/psc_serv.snf/pages/SQF2000…).

In the EU, the EUREP-GAP guidelines and the individual codes of practice 
adopted by some retailers outline the actions required to ensure that export pro-
duce has a positive environmental impact, including conservation (soil, water and 
genetic resources) and protection (forests, water sources, air quality and natural 
habitats). The European Retailers Group (EUREP) aims to consolidate the agro-
nomic and environmental components of all such codes into one collective set of 
guidelines under the EUREP Good Agricultural Practice (EUREPGAP). The goals 
are to present a clear and unified message to suppliers, and to reduce the confusion 
that arises from the various codes. The rules and procedures which growers or trad-
ers must comply with to qualify for EUREPGAP certification are outlined on the 
EUREP website (www.eurep.org).

The guidelines covered in the “Guide to Minimize Microbial Food Safety  
Hazards for Fresh Fruits and Vegetables” which was published by the US Food and 
Drug Administration covers commonly accepted GAPs in fields, and in packing  
and cooling operations. The guidelines are available on www.foodsafety.gov/dms/ 
prodguid.html.

Production organizations wishing to evaluate the status of their GAPs can fol-
low general guidelines covering up to three stages summarized in Table 8.5. 
Documentation and auditing are critical elements of a good GAP policy and practice.

Table 8.4  Hazards that can occur at different stages of production which are amenable to GAP

Preharvest production activity Potential hazard

Field/orchard selection Soil contamination with chemical and biological hazards

Dual/multiple land use Livestock grazing, disposal of waste

Fertilization Microbial or chemical contamination on crop

Irrigation Bacterial pathogens, parasites, viruses or environmental 
contaminants

Pest and disease control Inappropriate use of pesticides, fungicides and other 
agrichemicals

Field machine operations and repair Oil spill and contamination of crop, soil and water

Harvesting Biological, physical and chemical contamination of 	
harvested crops

Packing house operations Microbiological and chemical contamination of produce

Water use for washing produce and 
containers

Microbiological contamination of water

Storage Microbiological and chemical contamination of produce, 
environmental (e.g. temperature) and atmospheric 	
(gas concentrations) factors

Transportation and distribution of 
produce

Handling temperature and other environmental and 
atmospheric factors

Physical damage, which can also allow opportunistic microbial 
hazards and decay to occur
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In summary, a good agricultural practice has the following features:

l	 it is management led, with senior management taking responsibility for its 
implementation, while the process remains participatory and inclusive of staff;

l	 it is adopted company-wide, or at least is applied to an entire production site 
such as orchard/farm and packing house;

l	 it focuses on prevention (proactive) rather than detection (reactive) of bad  
practice; and

l	 it is considered and used as a part of the overall routine quality and safety  
management system.

D.  �ISO standard for quality management system  
(ISO 9000 series)

Overview of standards of quality management
Setting quality management standards is one of the first issues in developing a com-
prehensive quality assurance system, and increasingly many production organiza-
tions rely on “off-the-shelf ” standards rather than developing their own (Howard, 
2000). There are several quality management standards, such as ISO 9000, Business 
Excellence Model (BEM), Environmental Standards, Six Sigma and Investors in 
People Standard (IIP), which determine the extent to which quality principles should 
be integrated within organizational policy, structure, systems and processes across 
the organization. Some standards focus on specific aspects of the business organiza-
tion, while others are comprehensive. The IIP, for instance, was developed in 1990 by 
a UK government-convened task force to address, in part, a perceived deficiency in 
the ISO 9000 series, i.e. the lack of a framework for human resources management.

All standards of quality management provide a framework designed to ensure 
excellent outputs from a system where the procedural, policy and resource inputs 
conform to a flexible but defined quality specification. A production organization can 

Table 8.5  Generalized guidelines for an organization to self-evaluate its readiness for,  
and status of, GAP

Stage Actions

GAP Stage I l	 Outline your company’s commitments to GAP and other food safety regimes. The 
US FDA “Guide to Minimize Microbial Food Safety Hazards for Fresh Fruit and 
Vegetables” describes many of these regimes and practices

l	 Document your GAPs program
l	 Prepare product safety manuals that have been developed for each major step 	

in the production chain, including: (a) water quality and soil health; (b) sanitation 
in the field and other units; (c) use of fertilizer and chemicals; (d) staff health and 
hygiene practices; and (e) traceability

GAP Stage II l	 Establish self-audit criteria and audit each major operation
l	 Document each audit review for future reference

GAP Stage III l	 Conduct and document a third party verification audit for GAPs on some of your 
major operations

l	 Carry out periodic analysis of water, chemicals and pesticide residue, and 
microbiological hazards using own or accredited laboratory



pursue accreditation of its quality management system to reassure clients, consumers 
and other stakeholders about their commitment to quality and safety, and that certain 
international standards are achieved and maintained during production and delivery 
of produce.

Selecting a standard for a quality management system should be based on its treat-
ment of those components of the organization where quality is most critical, and 
its overall relevance or application to the nature of the production organization. An 
organization may also require particular standards of management to be met by one 
or more of its clients in the supply chain. Overall, a suitable standard should have the 
following characteristics:

1.	 written in clear and unambiguous language;
2.	 specifically set out what is expected;
3.	 measurable, to enable the organization assess its performance in meeting set 

standards; and
4.	 realistic and achievable, such that the organization must have the resources 

available to meet the standard.

Scope and features of the ISO 9000 series
An International Standard Organization (ISO) standard is a normative document, 
developed according to consensus procedures, which has been approved by the ISO 
membership and expert panel members. All requirements of this international stand-
ard are generic, and are intended to be applicable to all organizations, irrespective of 
type, size and product. The ISO has published many standards applicable to a wide 
range of industries and activities, but the quality management system is based on the 
ISO 9000 series of standards.

ISO 9000 is one of a series of quality management systems developed over a long 
period of time, beginning with quality standards in the defense industry (Beckford, 
1998). Over the years, the ISO 9000 series has emerged as the established and rec-
ognized global standard to which industries seek accreditation of their quality man-
agement systems. They provide a framework by which an organization can establish, 
implement and monitor quality systems in a structured manner. The goal of the ISO 
9000 series therefore, is to enable organizations to demonstrate their commitment to 
achieving customer satisfaction by preventing problems in their products and service 
at all stages from production to delivery (Howard, 2000).

The ISO 9000 series consists of two sets of documents, dealing with quality assur-
ance standards as the basis of assessment (ISO 9000, 9001, 9002 and 9003), and qual-
ity management (ISO 9004). Table 8.6 outlines the main topics covered in each series.

Among the ISO 9000 standards, ISO 9001 is appropriate for design, development, 
production, installation and servicing, and it sets out twenty clauses specifying the 
areas to examine (Table 8.7). A production organization that wants to demonstrate 
its ability to consistently provide product that meets customer and applicable regula-
tory requirements, and to enhance customer satisfaction through the effective applica-
tion of the system, can utilize ISO 9001 to specify the requirements for its quality  
management system. Such requirements include processes for continual improvement 
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Table 8.6  Contents of the ISO 9000 series

Series Content

ISO 9000–0 Concepts and applications

ISO 9000–1 Quality management and assurance standards: guide

ISO 9000–2 ISO 9001/9002/9003 application guide

ISO 9000–3 ISO 9001 applied to software development, supply and maintenance

ISO 9000–4 Dependability Program Management Guide

ISO 90001 Quality systems: design, development, production, installation and service

ISO 90002 Quality systems: quality assurance production and installation

ISO 90003 Quality systems: quality assurance, final inspection and test

ISO 90004–1 Quality management and quality systems elements: guide

ISO 90004–2 Quality management and quality systems elements: guide for services

ISO 90004–3 Processed materials: guide

ISO 90004–4 Quality improvement: guide

ISO 90004–5 Quality plan: guide

ISO 90004–6 Quality assurance for project management: guide

ISO 90004–7 Configuration management: guide

Table 8.7  Clauses contained in ISO 9001

Number Clause

Management responsibility

Quality system

Contract review

Design control

Document and data control

Purchasing

Control of customer supplied products

Product identification and traceability

Process control

Inspection and testing

Control of inspections measuring and test equipment

Inspection and test status

Control of no-conforming product

Corrective and preventive action

Handling, storage, packaging, preservation and delivery

Control of quality record

Internal quality audits

Training

Servicing

Statistical techniques

of the system and the assurance of conformity to customer and applicable regulatory 
requirements. The key components of ISO 9001 include quality management system, 
management responsibility, resource management, product realization and measure-
ment, analysis and improvement.



Using ISO 9000 to construct a quality management system
In line with any aspect of quality management, the development of an effective  
quality management system relies upon a systematic approach to provide guidelines 
and instructions which ensure that the system developed meets the organizational 
objectives and goals for quality. The ISO 9000 series is often used for this purpose, 
involving several steps. A 13-step program of actions was proposed by Kanji and 
Asher (1996a), starting with obtaining the commitment to the approach and 
finally, maintaining the quality management system by internal audit (Table 8.8). 
Commitment to a quality management system must be distinguished from commitment 
to quality itself; the former is implicit in the latter but not the former. A commitment 
only to QMS will not assist the pursuit of quality, but will only enable the manage-
ment to know exactly who to blame for bad quality. Thus, for a QMS to be effective, 
it must be part of an integrated organizational approach and commitment to quality. 
Further explanations and interpretations of the steps to a quality management system 
can be found in Kanji and Asher (1996b) and Beckford (1998).

E.  Hazard analysis and critical control point (HACCP)

HACCP is a systematic approach to hazard identification, assessment of risk and 
control. When implemented correctly, it ensures that every step in the process to 
grow, harvest, prepare and market vegetables or fruits results in food that is safe to 
eat. Thus, whether the produce comes from a smallholder or a commercial orchard, 
its safety can be assured if it has been produced under HACCP-controlled processes. 
National and international food safety regulatory bodies have recognized the useful-
ness of HACCP and its “principles,” and they have been incorporated into legislative 
requirements by both the EU, in the general hygiene regulations for managing food 
safety (93/43/EEC), and the FDA in the US (CPR-123).

HACCP management procedures for quality and safety management were  
originally developed in the late 1960s to ensure food safety in the US space program. 

Table 8.8  Steps towards developing a quality management system (Kanji & Asher, 1996a)

Step 1 Obtain management understanding of, and commitment to, the quality management 
approach

Step 2 Define the scope of the activities to be included in the QMS

Step 3 Define the organizational structures and responsibilities of those within the scope of the QMS

Step 4 Audit the existing systems and procedures against the requirements of the standard

Step 5 Develop a plan to write the necessary procedures

Step 6 Train sufficient personnel to write their own procedures

Step 7 Draft and edit the procedures and gain agreement on them

Step 8 Compile a draft quality manual

Step 9 Implement the system on a trial basis

Step 10 Train internal auditors to carry out audits of the system and its operations

Step 11 Revise the operations of the system in light of the results of audits and other information

Step 12 Apply for registration (sometimes called third-party approval) from an accredited body

Step 13 Maintain the system by internal audit, using it as an opportunity to improve
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In the early 1970s, the FDA started to use the HACCP approach for the inspection of 
factories manufacturing low-acid foods. Since then, an increasing number of fresh 
and processed food industries have adopted HACCP for quality control and assur-
ance programs. HACCP is a food safety management system involving systematic 
and logical assessment of all steps in a food production and processing operation 
(Savage 1995; MOH 1997; Kennedy 1998). It aims to identify stages that are critical 
to the safety of the product, and allow management to concentrate its scarce techni-
cal resources on steps which critically affect the product safety. HACCP transforms 
a food production and handling operation from the traditional control philosophy, 
based primarily on end-point testing, to a preventative approach. It provides a struc-
tured approach to the assurance of the quality and safety of specific products and 
their processes, involving (a) identification of hazards of concern such as pathogens; 
(b) identification of the specific requirements for their control; and, (c) mechanisms 
to continuously measure the effectiveness of the HACCP system.

There are seven basic principles which must be followed in establishing a HACCP-
based quality management program (Table 8.9). In the HACCP approach to quality 
and safety management, a hazard is defined as a potential to cause harm to consumer 
safety or product spoilage. A critical control point is a location, stage, operation, step 
or raw material which, if not controlled, provides a threat (risk) to consumer safety, 
or the product acceptability. The establishment of monitoring procedures for HACCP 
systems, stipulated in Principle 4, is somewhat different from that for conventional 
quality systems, because in food production organizations a CCP is intended to pre-
vent a catastrophic event (harm, injury to the end-user) resulting from microbiological, 
chemical and physical hazards. Therefore, from the monitoring viewpoint, a failure 
in a CCP may be considered a critical defect. Hence, a critical defect is a defect that 

Table 8.9  Basic principles incorporated in the HACCP system

S/No. Principle Explanatory notes

1 Conducting hazard analysis Identify hazards and assess their severity and risk 
Assess risk associated with growing, harvesting, 
raw materials and ingredients, processing, 
manufacturing, distribution, marketing 
preparation and consumption of food

2 Identifying the critical points for each 	
step

Determine the critical control points (CCPs) 
required to control the identified hazards

3 Establishing critical limits Establish the critical limits that must be met at 
each identified CCP

4 Establishing monitoring requirements Establish procedures to monitor the control of 
each CCP

5 Taking corrective action Establish corrective action to be taken when there 
is deviation identified by monitoring each CCP, 
indicating that a CCP is not under control

6 Keeping records Establish effective record keeping systems that 
document the HACCP plan

7 Verifying the HACCP system is working 
correctly

Establish procedures to verify that the HACCP 
system is working effectively



may result in hazardous or unsafe conditions for individual usage, depending upon 
the product. The monitoring of a CCP must be continuous, or at a level to ensure that 
product safety is maintained at each CCP.

Comprehensive understanding of the whole production process is necessary in 
order to identify the most suitable means of monitoring CCPs. Measurements which 
provide rapid results, such as non-contact or non-destructive tests, are preferable to 
traditional lengthy microbiological methods. The preference for rapid non-destruc-
tive testing highlights the importance of a multidisciplinary team of specialists who 
have adequate technical knowledge to be able to analyze the whole process, and 
who can contribute to the overall HACCP project. The interrelatedness of the seven 
principles of HACCP also stress the partnership that exists along the supply chain, 
which enables each stakeholder (i.e. grower, supplier, transporter, exporter, importer 
and retailer) to share the responsibility for providing safe, high-quality produce to 
end-users.

Growers, postharvest operators, wholesalers, retailers, consumers and regulatory 
agencies need to be aware of the range of potential biological, chemical and physi-
cal food safety hazards which affect fresh produce and their sources (Table 8.10). 
Although HACCP was developed initially and is still mainly applied to ensure the 
microbiological safety of foods, it is applicable to other forms of hazard, such as 
chemical and physical contaminants, that are associated with food production. When 
properly integrated into the overall quality management system of a production 
organization, HACCP ensures consistent product quality or increased production 
efficiency.

In practice, the seven principles of HACCP (Table 8.9) have been expanded into 
fourteen generalized stages or requirements (Table 8.11). The explanatory notes 
emphasize the overriding importance of team selection, to ensure that the right 

Table 8.10  Biological, chemical and physical hazards associated with food production which can be 
controlled by implementing an HACCP quality management system

Type of hazard Sources of hazard

Biological Pathogenic bacteria, e.g. Escherichi coli, Salmonella spp., usually associated with faecal 
contamination from warm-blooded animals, or others, e.g. Listeria monocytogenes, 
commonly found in contaminated soil, water and ruminants

Naturally occurring plant toxins, e.g. alkaloids, cyanogen glycosides
Fungal, e.g. ergot, mycotoxins
Parasites, e.g. Cyclospora, Entamoeba, Giardia, Cryptosporidium
Viruses, e.g. hepatitis A, Norwalk virus, Rotavirus

Chemical Pesticide, insecticide and fungicide residues (international food law includes maximum 
residue levels for named compounds to be used on specific fruit and vegetables)

Heavy metals, e.g. zinc, lead, aluminum

Mineral oils, e.g. diesel, grease, hydraulic oil

Physical Glass, metal, stones, hair
Wood and twigs
Pieces of bone and plastic
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Table 8.11  Fourteen stages of developing a HACCP plan

Stage Activity Explanatory notes

  1 Define terms of reference (ToR) Clearly defined ToR, including location, processes, 
intended use, categories of hazards, safe limits

  2 Select HACCP team Select a multidisciplinary, skilled team to cover the 
development, maintenance and review of HACCP 
plan

  3 Describe the product Nature and type(s) of product, packaging, storage, 
shelf life, composition

  4 Identify intended use Fresh consumption, raw material for industrial 
processing

  5 Construct a flow diagram A simple way to facilitate hazard analysis; includes 
all steps identified in Stage 7.

  6 Confirm flow diagram Step 5 may contain errors, missing steps, 
production inputs, etc. Rigorous scrutiny is vital to 
develop a correct and agreed flow diagram

  7 List potential hazards and identify 
control measures

1. Conduct a hazard analysis

Brainstorming session and concept mapping are 
useful techniques

Consider all potential sources of hazard: 
microbiological, chemical, physical

It is too early to generate CCPs at this stage

  8 Determine CCPs
2. Determine the critical control points

Avoid subjectively and apply a decision tree to each 
step of the process where a potential hazard exists

  9 Establish critical limits for CCPs
3. Establish critical limit(s)

Sources of information on critical limits include 
legislation and directives, research data, expert 
panels/systems

They must be measurable and include tolerances

10 Establish monitoring systems for 	
each CCP

4. �Establish a system to monitor 
control of the CCP

Generation data for auditing, choose appropriate 
frequency of monitoring, define responsibilities, 
document procedures

11 Establish corrective action plan for 	
each CCP

5. �Establish corrective action to be 
undertaken when monitoring 
indicates that a particular CCP is not 
under control

Includes adjusting production plan and equipment, 
review procedures

12 Verification
6. �Establish procedures for verification 

to confirm that HACCP is working 
effectively

This is concerned with correct functioning of the 
entire production process, including auditing, 
microbiological tests, consumer/end-use studies, 
review of health-related issues associated with 
production and produce

13 Establish documentation and record 
keeping.

7. �Establish documentation concerning 
all procedures and record 
appropriate to these principles and 
their applications

Develop a HACCP manual, operation and 
maintenance manuals, sources and conditions of 
input materials, etc.

14 Review HACCP plan Must be periodic, and if there are changes in 
issues like relevant legislation, emergence of new 
hazards, and changes in process parameters and 
conditions, staffing, equipment



answers are sought to cover the complex set of stages involved in production through 
delivery. Choosing a CCP is one of the most difficult decisions facing a HACCP 
team, and a decision tree is an invaluable tool (Figure 8.8).

In summary, the complexity of the fresh produce chain and the increasing poten-
tial for safety breaches calls for the need to provide the consumer with value and 
reassurance. HACCP is a risk management tool, not a risk assessment tool. It is only 
one part of the risk analysis process that has been defined as risk assessment, risk 
management and risk communication (Jouve et al., 1998). HACCP has been widely 
adopted in the food industry, including produce handling, because it is simple to 
understand and use (HACCP, 2000). To ensure appropriate levels of hazard control, it 
is vital to carefully select the CCPs, set control parameters and their limits, and apply 
simple but effective tools for microbiological risk assessment, which are needed to 
prioritize risk containment and elimination in the production chain.
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Do preventive measures exist? Modify process or product

Is control at this step necessary for safety?

Yes
Yes

No

No Not a CCP

CCP Question 2

CCP

    No 

CCP Question 3

Could contamination with the hazard
occur at unacceptable level(s) or
increase to unacceptable level(s)?

Not a CCP

CCP Question 4

Will a subsequent step eliminate identified
hazard(s) or reduce likely occurrence to
acceptable level(s)? 

CCP

Not a CCP

Is the step specifically designed to
eliminate or reduce the hazard to an
acceptable level?

Yes

Yes

No

Yes

No

CCP Question 1 

Figure 8.8  Decision tree for establishing a CCP in developing an HACCP system. Adapted from 	
Wright (2001).
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F.  Total quality management (TQM)

TQM is common sense
(Flood, 1993)

Depending on the organization, industry and country, the application of total qual-
ity management (TQM) in business practice has evolved through several distinct 
steps or phases, including a focus on product quality, on product process quality, 
service quality, service process quality, business planning, strategic business plan-
ning and integrated strategic quality planning (Godfrey, 2001). The initial focus on 
product quality from the grower’s viewpoint was clearly the case in agricultural pro-
duction organizations, since agricultural trade at that stage was driven mainly by sale 
of surplus produce and exchange for other goods and services.

TQM is a structured and organized management approach, with the ultimate  
goal of meeting customer expectations. Its main application is on the management 
process, which is responsible for planning, controlling and creating quality culture 
and continuous improvement, to function effectively and ultimately to reach levels  
of high quality. As the name implies, TQM involves everyone in an organization, 
resulting in a change to the way people do things, and relies on trust between man-
agement and staff.

The TQM philosophy is a holistic approach to address overall organizational per-
formance. Central to the TQM philosophy is that all organizational functions are 
focused on meeting customer needs and organizational objectives. This company-
wide approach views an organization as a collection of processes that must be con-
tinuously improved by incorporating the knowledge, skills and experience of all 
workers. If properly developed and implemented, TQM restores the balance of power 
between management and staff, with a shared vision for quality.

The fundamental concept of TQM is that the problem of failures and their effects 
has an influence on the performance of an organization which is far greater than is 
commonly appreciated. This broad view of failure places the emphasis on prevention, 
leading to the question: is the production process capable of producing the required 
quality? The core responsibility in TQM lies with management and management lead-
ership of the organization. Instead of focusing on specific products or operational units, 
management can ask broad questions that address the system (us) and not him, her or 
them, based on the “Right First Time” principles as reported by Lees (1996): Can we 
make it ok, are we making it ok, have we made it ok, and could we make it better?

James (1996) described TQM as “essentially about the development of an ideol-
ogy, a philosophy, methods and actions that are designed to satisfy customers com-
pletely, through their continuous improvement.” The author identifies four principal 
objectives for a quality-oriented organization, namely:

l	 customer satisfaction;
l	 customer orientation;
l	 customer satisfaction; and
l	 a learning environment for staff.



Flood (1993) proposed a broad-based eleven-step program for implementing 
TQM, which is applicable to production organizations (Table 8.12). For an organiza-
tion embarking on TQM, the author suggests six questions which must be addressed 
to focus on its purposes: (a) what do we think we do? (b) are we doing what we think 
we do? (c) why are we doing it? (d) are we doing the right thing? (e) what else could 
we do? and (f) what would be the benefit of doing something else? Beckford (1998) 
argues that if TQM is to be genuinely total then it must use a methodology, such as 
total system intervention, which embraces all potential methods.

TQM is a continuous process of improvement applicable to whole organizations, 
groups of people and individuals, and it is this focus on “continuous improvement” 
that distinguishes TQM from other quality management regimes. This improvement 
of processes arises when people in the organization know what to do and how to do 
it, have the right tools to do it, are able to measure the resultant improvement of the 
process against existing levels of success and receive feedback.

To provide continuous performance improvement, TQM must adhere to four guid-
ing principles, namely (Kanji and Asher, 1995): (a) delight the customer; (b) peo-
ple-based management; (c) continuous improvement; and (d) management by fact. 
To drive the improvement process, Kanji and Asher (1995) translated these core 
principles into eight practical concepts which show how to make them work. These 
concepts are:

l	 customer satisfaction;
l	 internal customers are real;
l	 all work is a process;
l	 measurements;
l	 teamwork;
l	 people make quality;
l	 continuous improvement cycle; and
l	 prevention.

Table 8.12  Eleven steps to total quality management (TQM) (Flood, 1993)

Step 1 Develop an understanding of organizational design and 
organizational behavior

Step 2 Set up a steering committee

Step 3 Set organizational mission

Step 4 Set up next layers of quality councils

Step 5 Design or choose educational modules

Step 6 Set local missions

Step 7 Undertake customer analysis

Step 8 Choose projects for implementation

Step 9 Choose tools for implementation

Step 10 Implement educational modules and communicate details of the 
project(s)

Step 11 Implement projects
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Figure 8.9 shows a unified model of TQM, which incorporates the principles and 
concepts towards business excellence. The model highlights the prime role of top 
management leadership in guiding the organization through TQM principles and 
core concepts, in order to achieve business excellence. Kanji (1998) provides an 
extended discussion of the principles and concepts of TQM, including its relation-
ship with ISO 9000, and suggests a framework for process innovation incorporating 
process definition, process improvement and process management.

Before concluding this chapter, let us examine the issue of the cost of qual-
ity. While most people would agree that quality is important as a strategic busi-
ness weapon, the cost of quality is often not quantified. The costs of quality can be 
divided into: (a) direct costs, occurring as a result of the non-achievement of quality 
and visibly attributable to that fact; and, (b) invisible costs unnecessarily incurred by 
any organization which does not have an effective quality system in place (Beckford, 
1998). Often, the relationship between invisible costs and lack of quality may not 
be recognized by the production organization. Visible costs arise when a consign-
ment is defective and has to be rejected or returned; where the quality of produce 
or information received needs to be validated before delivery or end-use; and where 
produce are inspected and defective lots are removed. Invisible costs of quality, 
are, however, much more difficult to identify, quantify or correct, but include loss 
of customer confidence and repeat purchase, loss of brand and company reputa-
tion, potential loss of dissatisfied staff, and higher production cost through greater  
inspection.

From both organizational and TQM perspectives, the results of total quality are 
almost universally accepted to include lower costs, higher revenues, delighted 
customers and empowered employees (Godfrey, 2001). These benefits demon-
strate the significant paradigm shift from managing quality to conform to product 
specifications and standards, to meeting and exceeding the needs and expectations 

Prime Principles Core concepts

Customer satisfaction
Delight the customer

Internal customers are real

All work is process 
Management by fact

Measurement

Teamwork
People-based
management People make quality

Continuous improvement
cycleContinuous

improvement
Prevention

Business
excellence

Leadership

Business
excellence

Figure 8.9  Relationships between leadership, basic principles and core concepts of TQM. Adapted from 
Kanji (1998).



of the end-user and other stakeholders. The quality horizon has thus expanded to 
include having the right attributes, correct, accessible and traceable documentation 
and error-free inventory. It also comprises the proper operation of critical business 
processes to assure delivery on-time, technical support and no failures in expected 
performance. Quality management activities, therefore, involve reducing and possi-
bly eliminating all costs of poor quality.

VI.  �Current and future prospects for produce 
quality management

Rapid changes are taking place in the global fresh produce market. The focus of this 
chapter is on the review of industrial approaches to fresh produce quality manage-
ment, which, when applied in a coordinated fashion, represent strategies for agri-
businesses to remain competitive, profitable and economically viable in a changing 
market. In combination with the growing demand for a steady supply of a wide range 
of top quality produce, fueled in part by changing lifestyles and increasing scientific 
evidence linking fresh produce consumption to reduced incidence of cardiovascular 
and degenerative diseases, the consolidation of fresh produce supply chains (includ-
ing supermarket chains) into multinational and transnational corporations is reshaping 
the way that food systems are governed and managed. The ongoing transformation 
presents new challenges for quality management of fresh produce in dealing with 
product variability (both quality and quantity), as well as managing the processes 
and institutions involved in the supply chain (see also Chapter 2). While appropriate 
postharvest technologies are essential to ensure the delivery of produce that meets 
end-user expectations, the deployment of innovative industrial quality management 
systems to postharvest handling and marketing can assist producers, businesses and 
policy makers to anticipate and respond to the challenges of global fresh produce 
marketing in ways that reduce losses, enhance profitability and sustain agribusiness.

Armed with their increasing influence, most of the multinationals and large  
supermarket chains reduce the number of their fresh produce suppliers, focusing on 
contract farmers (or specialized production) for each product category. At the same 
time, pressures to demonstrate ethical and environmental sustainability in the supply 
chain and quality management are also increasing in response to market demands, 
making it vital to maintain close relationships between suppliers and retailers for 
efficient supply chain management and consumer satisfaction. These new ethical and 
environmental dimensions to the relationships among stakeholders necessitate the 
application of sound organizational and industrial management regimes to manage 
produce, process and organizational quality.

The dramatic growth in global trade in fresh produce has also increased the risk of 
consumer exposure to food-related illnesses and diseases. Supermarket chains now 
have well-established produce quality assurance systems to meet the requirements 
of stringent national and regional food legislation, which have been introduced to 
protect the public from pathogens and other harmful substances, while ensuring the 
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sensory quality of produce. QA systems have become an integral part of overall good 
business management practice. These systems guarantee that product specifications, 
including safety and quality attributes, are adhered to in a timely fashion, at minimal 
cost and in compliance with existing regulations.

Agricultural produce are inherently variable in quality and quantity due to sev-
eral factors. Differences in agro-climatology (e.g. rainfall, solar radiation, humidity, 
topography, temperature), growing practices, postharvest handling, storage systems 
and staff performance in the supply chain contribute to variations in product quality. 
Complex consumer preferences and perceptions of quality, which require consider-
able product segregation and assurance of quality and safety, further exacerbate the 
problem of managing the sources of variability.

For many years, high production volumes and cost-saving have been viewed as the 
key to the profitability of agriculture and other enterprises. With significant advances 
in breeding and production practices, crop yields have increased dramatically during 
the past 50 years. The application of sophisticated postharvest handling and storage 
technologies with efficient marketing structures has guaranteed the year-round sup-
ply of most food crops in the international market. Indeed, periodic or seasonal over-
supply is a problem in some commodities and regions. In modern business, however, 
new scientific tools and management strategies have become available, bringing with 
them a surge of interest and opportunities in the competitive implications of product 
quality (Garvin, 1984b; Opara, 2000a,b,c). Product quality and its management have 
now become important strategic tools and skills to access and retain market share. 
With increasing sophistication of markets, and consumer demand for products and 
services that often challenge current production practices, new business and quality 
management models are required to determine the extent to which consumers, and 
society in general, are willing to bear the cost of quality and safe produce delivery. 
Economic, technical, safety and environmental challenges ensure a future for quality 
management in produce handling. Cooperation and interaction between researchers, 
production organizations, consumers and other stakeholders is critical for successful 
management of fresh produce quality and safety.
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I.  Setting the task

The orchard has been irrigated, fertilized and pruned. Disease, insect and weed prob-
lems have been addressed. The crop is mature, the yield set, and the picking crews 
can be set to work. The postharvest phase of the crop begins. By this stage, the pro-
ducer must have decided which supply chains to participate in, and thus the intended 
market for the crop. The final value achieved for the crop will depend on the market-
ing and technical nous of this chain to present and manage “quality” in the product.
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So, we are led to the hoary issue of a definition for “quality.” Of course there is no 
single answer, and the term “product quality” has as many definitions as there are 
participants in the supply chain. For example, to the product supply manager and to 
the retailer, a major component of “quality” is product shelf life. To the government 
regulator, quality is often primarily conceived in terms of public risk. But, typically, 
there is more than one government regulator. For example, that branch concerned 
with quarantine risk will cast “quality” in terms of entomological and microbiologi-
cal issues. Another branch of government concerned with human health risk (food 
safety) will cast “quality” in terms of the presence of chemical residues and microbial 
contaminants. To the retail client, “quality” is often viewed in terms of issues related 
to the remaining shelf life of the product, and aesthetic issues which affect consumer 
purchase decisions (fruit color, size, shape, blemish size and frequency). To the end 
consumer, fruit “quality” is best described in terms of both shelf life and the eating 
experience. The latter is a function of fruit firmness, sugar content, organic acid con-
tent and tissue juiciness. As with all stages in the supply chain, though, the consumer 
is not a single entity, and many fractions exist. For example, different ethnic or age 
groups may have different taste preferences. Further, some consumers link “quality” 
to the issue of local production or to organic production practices. Such consumers 
often implicitly link these production aspects to eating quality. Other consumers place 
value on larger environmental issues, such as “production without destruction” (e.g. 
use of crop netting rather than killing of flying foxes or birds), or on issues related to 
CO2 emissions (e.g. food miles).

This chapter summarizes regulations which exist to enforce “quality” in fresh 
produce, postharvest. These regulations may be imposed by any step in the supply 
chain, may impact broadly (e.g. a microbiological standard) or may pertain to a nar-
row market segment (e.g. organic product). The particular issue of eating quality is 
considered further, in terms of the drivers for adoption of standards.

II.  Regulation modifies supply chain behavior

A supply chain is a commercial construct and, as such, is driven by issues extending 
beyond the biology of the commodity. Certainly production and postharvest technical 
issues are fundamental considerations to a supply chain. But, beyond this technical 
foundation, the commercial viability of a supply chain is determined, in substantive 
measure, by the social and regulative milieu in which it is set.

A.  “Supra-regulations”

The broad social milieu can often be relatively static, changing “slower than the eye 
can see.” Further, this milieu is effectively beyond the influence of any individual 
business, and so the influence of this “supra-regulation” on supply chain viability 
is often ignored. At other times, an abrupt change in social or regulative conditions 
occurs, with a corresponding abrupt change in trading conditions. The following are 
examples of broad issues that affect the postharvest viability of a given supply chain.



Global trade environment
It is technically possible to grow horticultural crops in harsh environments through 
the creation of protected environments. Conversely, in an era of cheap transport, it is 
possible to air- and sea-freight produce across the world. The economic viability of 
such activities is not an “absolute,” but is a function of broader economic and political 
settings.

As an undergraduate, I was greatly impressed on a tour of a local (Australian) 
Department of Primary Industries postharvest physiology laboratory. It was explained 
that insurance premiums on shipments of citrus to the UK were effectively unafford-
able, because of the high incidence of physiological disorders and disease, but that 
after a range of technical postharvest “fixes,” it was not necessary to insure the loads. 
However, the entry of the UK into the (then) European Common Market fundamentally 
altered trade between Australia and the UK, and citrus exports to the UK withered, as 
Europe raised a trade tariff barrier. The “technical fix” was overwhelmed by changes in 
the terms of trade. The overriding “quality” criterion became country of origin.

National policy: infrastructure
The viability, or even possibility, of a supply chain depends on the national infra-
structure available for use: on the quality of the electricity supply to the cold rooms 
of the packing house, of the roads and railways, the availability of refrigerated trans-
port, the efficiency of the sea and air ports, and the frequency of scheduled services, 
the quality of communication systems (telephone, broadband) and the size of the 
domestic market. All of these items are influenced by government policy.

China has provided spectacular examples of national infrastructure development 
in the last few decades (Table 9.1). Special development zones have been desig-
nated and supported with land reform, transport, power, water and civil infrastruc-
ture. Where horticultural production is a focus, areas suited to production in terms of 
soil type have been identified; water allocations and postharvest facilities provided 
(e.g. improved market facilities). Land reform has split the communal farms for indi-
vidual use, and then allowed consolidation of land parcels for agribusiness activity. 
Large production units and associated packing facilities are private, but often sup-
ported by state capital.

National policy: labor market and immigration
Farm viability is highly influenced by the cost of harvest labor. In developed coun-
tries, this cost is typically high relative to that in developing nations, supported by 
government-imposed regulation on the minimum cost of labor. For example, the 
Australian horticultural industry relies, to a surprising degree, on “backpackers.” 
These workers are allowed in to the country on short-term working visa schemes, 
but have a high turnover on farms, and a low (horticultural) skill level. Immigration 
regulations in other nations favor different solutions. In Israel, the horticultural sec-
tor effectively lost the use of Palestinian labor, but has been supported by south-east 
Asian (particularly Thai) labor, present on two-year working visas. The southern US 
horticultural industry has traditionally utilized Mexican labor. Changes in government 
policy relevant to the labor market or immigration can thus have a rapid impact on 
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horticultural operations, both pre- and postharvest. Immigration policy also often 
drives population growth, and certainly contributes to ethnic diversity in the popula-
tion, creating domestic markets for horticultural produce that are larger, but also more 
diverse in taste preferences.

National policy: taxation policy
Taxation policy influences investment activity and thus, can influence horticultural 
supply chains. For example in Australia, managed investment schemes in forestry 
and perennial crop horticulture offered a tax-effective treatment of funds for urban 
professionals on higher marginal tax rates. Large amounts of capital were accessed 
by these schemes, with funds invested into “corporate farming” exercises (i.e. large, 
professionally-managed operations rather than family farms), often with distinct 
marketing arrangements. However, in 2007, the Australian Taxation Office removed 
tax concessions for managed investment schemes operating horticultural enterprises, 
curbing the level of investment in this sector.

Intellectual property rights
Successful marketing requires a point of differentiation for the product. With plant vari-
ety rights, a tool exists to enforce differentiation. A new variety may be released under 
exclusive production and marketing arrangements (Figure 9.1). Such a marketing 
arrangement allows for “easy” implementation of a quality standard, and of standard 

No. Item Constructing contents Total
investment

1 Apple deep processing and
integrated utilization

It is planned to construct an airconditioning storage with a
capacity of 5000 tons, a 2 000 000 tons/hour processing line
with grading, polishing and packaging, apple dehydrating
processing line with a capacity of 5000 tons, pectic
processing line with an annual processing capacity of 600
tons, protein beverage processing line with an annual
capacity of 20 000 tons and a set of apple fragrance
equipment with an annual capacity of 12 tons

185.07
million RMB
Yuan

2 12 000 ha green fruits base and
apple commercial processing
line with a capacity of 50 000
tons

It is planned to construct 12 000 ha green fruits production
base in Baishui, Pucheng, Heyang and Hancheng counties;  It
is planned to construct 10 pre-cooling cold storages with a
capacity of 300 tons; one apple processing line with an
annual capacity of 50 000 tons, two vehicles with a freezing
system

65 million
RMB Yuan

7 Construction on 5000 tons C.A.
storage

To construct 5000 tons C.A. storage 40.79 million
RMB Yuan

11 Construction on 5000 tons C.A.
storage

To construct 5000 tons C.A. storage, to facilitate refrigeration
equipment, computer lab and auxiliary equipment

40 million
RMB Yuan

12 Construction on Pink Lady apple
production base

To construct 33.3 ha demonstration apple orchard, to
renovate 333.3 ha old fashion apple orchard into organic
Pink Lady apple orchard, to construct one apple
photoemission selecting line and one fruit quality inspection
centre

51.55 million
RMB Yuan

Table 9.1  Excerpt from a Shaanxi province Department of Agriculture brochure, extolling 12 horticultural investment 
opportunities. (Shaanxi fruit Industry, Shaanxi Provincial fruit Administrative Bureau, http://www.sxfruit.com.)

http://www.sxfruit.com


pre- and postharvest practices. Similarly, the intellectual property of new technologies 
for postharvest storage or sorting may be protected, and thus commercially controlled. 
As participants in the supply chain other than the grower are encouraged to invest into 
R&D, it is inevitable that there will be an increasing incidence of exclusive marketing 
arrangements for postharvest technologies (e.g. Maxtend, a modified atmosphere control 
system for shipping containers, is licensed to Mitsubishi, see www.maxtend.com.au)

A carbon tax?
At this point in time we can only begin to speculate on the impact of carbon trad-
ing schemes on horticultural pricing structures (e.g. through the cost of fertilizer and 
transport) and thus, on market positioning. If beef prices rise due to greenhouse gas 
charges imposed on methane production or to loss of soil carbon (organic matter) in 
deforested grazing land, or due to the increased cost of grains given competition from 
the bio-fuels sector, the demand for horticultural produce may rise. But such projec-
tions are tenuous, and rely on an interaction of national and international regulations.

Summary
Directly or indirectly, “supra-regulations” impact the horticultural sector. Although 
these issues are basically beyond the control of a given supply chain, it is useful to 
acknowledge their impact. “Watershed” changes in such regulations, e.g. in immi-
gration policy or carbon trading, require businesses to formulate a strategic position 
in the new trading environment.

For the remainder of this chapter, we examine issues of regulation that are more 
directly focused on horticulture, and that have a shorter term impact.

Figure 9.1  “Calypso” mango fruit, a variety available under exclusive production and marketing 
arrangements. Fruit have been sorted non-destructively (using near-infrared spectroscopy) on dry matter 
content at the time of harvest. After two days of ripening, low dry matter fruit remain green relative to high 
dry matter fruit. Dry matter at harvest is related to fruit maturity and thus subsequent rate of ripening, and 
also to fruit eating quality as indexed by TSS of ripened fruit.
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III.  �The goals of regulation directed at the 
horticultural sector

Broadly speaking, regulation targeted at the horticultural sector is enacted in an 
attempt to benefit either the consumer or the producer. Occasionally, the two aims 
are intertwined. Broadly speaking, there are two sources of regulation. One source is 
from “outside” the supply chain, with the regulation imposed on the entire product 
sector. The other source is from “within” a supply chain.

In the not-so-distant past, agricultural industries in many Western countries were 
regulated in terms of marketing arrangements, often in an attempt to limit produc-
tion. These practices were aimed at providing a benefit to the producer, and were 
based on an ethic of “rural socialism.” These practices belong to an era of large rural 
populations in democratic systems, in which the rural vote was important. Marketing 
boards with quasi-government agency status were given authority to require all grow-
ers to market through a single desk. Such exclusivity improved the marketing clout 
of that body, albeit at the loss of individual freedom. These arrangements typically 
served to preserve a pricing level, and to maintain production in certain areas.

As marketing boards curtail individual activity, they are considered to stifle entre-
preneurial activity, and thus to run counter to free trade principles. Such arrangements 
are, therefore, targeted in international trade negotiations under the World Trade 
Organization (WTO). For example, the South African “state ordained” horticultural 
marketing body was dismantled, following the passing of the Agricultural Marketing 
Act 1996, with over 60 export licences granted for deciduous fruit alone in the first 
season following deregulation (Scrimgeour and Sheppard, 1998).

However, a similar result can often be achieved by a very dominant, if not exclusive, 
private marketing entity. In the South African example, the original marketing board 
has morphed into the dominant export marketing company, Capespan, with annual 
sales of deciduous fruits, citrus, subtropical fruit, vegetables, fruit juice and wines of 
around $US1 billion per annum. Another example is provided by the New Zealand 
based Zespri (kiwifruit) group, with growers exclusively supplying Zespri rewarded 
with loyalty payments. Such voluntary arrangements militate against further deregula-
tion while maintaining a “critical mass” of supply (Asia Fruit Magazine, 2007a).

Other “producer-centric” regulation is also being eliminated. For example, the 
Australian producer group Queensland Fruit and Vegetable Growers lost the right to 
compulsorily acquire a levy on all horticultural product sold. The group reincarnated 
in August 2004 as “Growcom,” but now must seek voluntary support from growers to 
maintain a program of research, marketing and political advocacy (Growcom, 2007).

Current attempts to regulate the fresh produce sector typically aim for a gain to 
wider society or for a gain in “quality” for one or more elements of the supply chain. 
Examples include:

1.	 Fair trading: most countries regulate all commerce in terms of fair trad-
ing provisions. In the horticultural area, this includes enforcement of product 
identity and content labeling (e.g. accuracy of weight or count labels). In the  



US, traders of fresh produce must obtain a licence under the Perishable 
Agricultural Commodities Act (1930). This act allows for the enforcement of 
contracts between buyers and sellers (USDA, 2007a). Similarly, the Australian 
Horticulture Code of Conduct (enacted in May 2007) requires written agree-
ments between buyers and sellers, ensuring that the parties define and document 
the level of any required quality attributes (Horticulture Media Advisor, 2007).

2.	 Product origin: there is an increasing requirement for traceability (see Chapter 
12) from the broad level of labeling country of origin, to the specific level of 
traceability of every lot from orchard to retail outlet.

3.	 Quarantine issues: typically entomological or microbiological. In respond-
ing to quarantine regulations technical fixes, such as vapor heat treatment or 
gamma irradiation, may be applied with potential impact on shelf life (i.e. loss 
of “quality”).

4.	 Food safety: typically heavy metal and organic chemical residues and micro-
biological contamination. Regulations typically favor supply chains that can 
provide records of chemical usage and practices undertaken, and that are ame-
nable to inspection (e.g. central packing houses rather than dispersed packing).

5.	 Product size, color and appearance: retailers usually set product specification 
in terms of these esthetic issues.

6.	 Eating quality: uncommonly, a retail client may also enforce product specifica-
tions on this aspect of quality.

7.	 Organic production: specific supply chains may require organic production, 
vetted by various certification schemes.

8.	 “Local food:” this concept is perhaps best developed in Europe, where the 
use of geographic names in labeling is regulated (European Commission – 
Agriculture and Rural Development, 2007). In Japan, consumers identify spe-
cific product qualities by region, and retailers may label product with locality 
and even the identity of the farmer (Figure 9.2).

9.	 Other environmental issues: some consumers/supply chains/governments 
weight production issues such as water use and wildlife “friendliness” (e.g. net-
ting to exclude flying foxes), and postharvest issues such as type of packaging 
and “food miles.”

Of the above examples, the first four are government regulated, while the remain-
ing five are usually supply-chain regulated.

IV.  Levels and examples of regulation

Regulation of postharvest handling of horticultural produce exists at an international 
level, a national level and at the level of the individual supply chain. Indeed, there is 
a web of intergovernmental and non-government (NGO) organizations, national and 
sub-national (state) government agencies, and various supply chains involved in the 
setting of regulations and standards. Fortunately, there is a trend towards standardiza-
tion and rationalization among these various organizations.

IV.  Levels and examples of regulation  211
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In this text we are not directly concerned with the economic regulators of the hor-
ticultural industry, such as import tariffs or import volume limits, set by national 
governments. However, the reality is that global horticultural trade is constantly 
shifting in response to the “real-politik” of trading disputes between countries, with 
phytosanitary standards and research used as ammunition in this tussle. For example, 
a single issue of Asia Fruit Magazine (2007b) reported the following issues:

1.	 Thailand has traditionally been a relatively open market for horticultural prod-
ucts. Balmer (2007) reported that Thailand is implementing plant quarantine 
regulations which are consistent with WTO standards on sanitary and phy-
tosanitary conditions. However, the commercial impact of these actions is sig-
nificant. For example, it is predicted that air freight programs of mixed loads 

Figure 9.2  Advertising material from the Japanese retail chain Diaea (2004), including information on 
production locality and a photograph of the grower. The “stamp” indicates fruit has been “light sorted,” 
i.e. graded to a sweetness level using near-infrared spectroscopy.



destined for the modern retail trade from Australia will be devastated if it is 
necessary to fumigate product on arrival.

2.	 Baker (2007) reported that heat-treated Taiwanese mangoes reached the 
Australian market in May 2007 after a three year bid by Taiwan. It was noted 
that the removal of trade barriers in Australia was encouraging new importers, 
but some were importing sporadically, resulting in a market that was competi-
tive and prone to disruption.

3.	 New Zealand estimated trade tariffs cost the NZ fresh produce sector US$133 
million annually, with a 12% increase in tariffs paid since 2004 (Asia Fruit 
Magazine, 2007a).

4.	 It was reported that the WTO proposed that developed countries should cut 
import tariffs on “tropical” products from developing countries, including India 
and China, as a “sweetener” for those countries to agree to a reduction in trade 
protection measures in other sectors (Asia Fruit Magazine, 2007c).

5.	 Fresh produce exports from China to the EU were reported to total around 
200 000 tonnes, with only 1000 tonnes exported from the EU to China. EU 
representatives have protested the difficulties encountered in gaining access to 
the Chinese market (Asia Fruit Magazine, 2007d).

Global horticultural trade is also influenced by “private” regulations, i.e. regula-
tions within a supply chain. For example, the same issue of Asia Fruit Magazine 
records the following issues:

1.	 Collen (2007) reported that traders of Chinese “certified organic” product 
were questioning the status of the product, given that over 430 institutions 
offer organic certification in China, and that counterfeit organic labels existed. 
Further, it was noted that food control is spread over a number of government 
departments, leading to inconsistent regulation and a concern whether produce 
is meeting international food safety standards.

2.	 Ahold, Carrefour, Delhaize, Metro, Migros, Tesco and Wal-Mart, seven of 
the world’s largest retailers, were reported to have agreed to use four global 
food safety initiative schemes: BRC (British Retail Consortium global food 
standard); IFS (International Food Standard); SQF 2000 (Safe Quality Food 
scheme); and the HACCP scheme (Asia Fruit Magazine, 2007e).

V.  International trade regulation

The following section briefly describes the framework in which regulation of fresh 
produce quality operates.

A.  The World Trade Organization (WTO)

The World Trade Organization (WTO) acts in the field of regulation related to free 
trade. Support programs that stimulate production directly and import tariffs on 
imported product must be reduced for a nation to participate in the WTO (Agriculture 
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Agreement) framework, on the basis that policies which support domestic prices, 
or subsidize production in some other way, will lead to domestic overproduction. 
Overproduction is considered likely to cause pressure against imports or the offer-
ing of export subsidies, resulting in “dumping” of product on world markets (World 
Trade Organization, 2007). The strengthening of the New Zealand horticultural sector 
following deregulation represents an apparent success story for this thesis (Bell and 
Elliot, 1993).

WTO members were required to estimate the annual value of agricultural pro-
duction support (“total aggregate measurement of support”) for the base years of 
1986–1988. Developed countries agreed to a 20% reduction of the support level over 
six years from 1995, while developing countries agreed to a 13% reduction over ten 
years, and least-developed countries were not required to make any reduction.

Programs that are not considered to have a direct affect on production (e.g. a 
nationally funded R&D program, an infrastructure program or a food security pro-
gram) are exempt from this process. Certain other payments made directly to farm-
ers that do not stimulate production, such as drought support, industry restructuring 
programs, and environmental and regional assistance programs, are also exempted. 
There is also a further category of permitted direct payments to farmers for limiting 
production for qualified government assistance programs to encourage agricultural 
and rural development in developing countries and other small scale support (5% or 
less of the total value of the product in the case of developed countries and 10% or 
less for developing countries).

The inherent expectation is that developed countries should have no import restric-
tion on, or production support to, horticultural produce. The major barrier to trade, 
then, becomes quarantine or food safety issues. Of course, there are always gray 
areas, with good scope for legal maneuvering between trading nations! Sound sci-
ence on the underlying quarantine issues is required. However, incomplete science or 
bad science may be used to justify trade restrictions. Resolution of such issues typi-
cally involves diplomatic trade-offs, involving a compromise on one trade issue in 
order to achieve success on another. The resolution process is effectively beyond the 
capacity of a marketing or industry group, and relies upon government support, and 
thus, on political lobbying by industry groups for allocation of resources. For exam-
ple, in the 1990s export of Philippine grown mangoes to Australia was blocked on 
the basis of the potential to import mango seed weevil into Australia. The Philippines 
subsequently blocked importation of live cattle from Australia, a likely retaliatory 
measure. Australian aid funds were sourced to assist in the development of processes 
to disinfest mango shipments of seed weevil.

To resolve trade disputes, the WTO provides a forum (court) for “independent arbi-
tration.” For phytosanitary related disputes, such decisions come down to a risk anal-
ysis on the possibility of transfer of a pest or pathogen. For example, the US and New 
Zealand have long sought to export apples to Japan and Australia, respectively, but 
in both cases have been blocked on the basis that the apple disease fireblight exists 
in the US and New Zealand, but not in Japan and Australia. Controversy exists on 
the technical side as to whether fireblight can be transmitted via the fruit alone. The 
mechanism in such actions is that a trading body will propose to market fruit, in this 



case from the US or New Zealand to Japan or Australia. This proposal will be vet-
ted by the quarantine service of the importing nation, and may be opposed on scien-
tific grounds (e.g. the risk of introducing fireblight disease). The technical merits of 
this objection may be argued against by, typically, a government supported research 
agency from the country of origin (the USDA and HortResearch in this case). If the 
matter is not resolved between the parties, the case may be taken to the WTO for a 
ruling. Such rulings may be appealed, so the process typically takes many years to 
resolve. Responding to a 2003 WTO ruling, Japan allowed import of mature symp-
tomless fruit, but required field inspections of US orchards by Japanese inspectors 
three times a year. Compliance complexity and cost effectively prevented any trade. 
This requirement was removed by a WTO ruling in 2005. New Zealand is still seek-
ing access to the Australian market in 2007, with the matter taken to the WTO.

B.  International bilateral trade agreements

Governments may negotiate trade agreements outside of the general WTO frame-
work. Typically this involves a compromise between the parties, with reduction in 
regulatory and tariff barriers in various commodity classes. For example, in the 2004 
US–Australia free trade agreement (Australian Government – Department of Foreign 
Affairs and Trade, 2007), Australia agreed to provide immediate duty-free tariff 
treatment on all incoming US fruit imports, removing a 5% tariff, and to resolve out-
standing phytosanitary issues, e.g. for apples, Florida citrus and stone fruits. The US 
agreed to grant duty-free access for over half of the listed fruit, including oranges, 
tree nuts, mandarins and strawberries, and to phase out import tariffs (from rates 
as high as 30%) on the remaining fruit products, including pecans, dried apricots, 
peaches, pears and canned fruit over the next 4 to 18 years, while maintaining phy-
tosanitary restrictions on many fruits, such as avocados and tropical fruit.

VI.  A language for regulation

The success of a regulation exercise rests on the ability of the participants to under-
stand the intended requirements. As noted earlier, many countries have entered free 
trade agreements reducing tariff barriers to trade, but quality and food safety stand-
ards have served to moderate the flow of imported product. Obviously, the resolution 
of disputes between trading partners is likely to be less contentious if all parties are 
using a “common language.”

Grade standards can improve marketing efficiency by providing a common language 
for understanding of the product to both sellers and buyers (Florkowski, 1999). This 
comment is valid for communication both up and down the supply chain. For exam-
ple, the producer must be able to interpret and effectively measure the standards set 
by a retailer, while the retailer must set meaningful standards and adjust these stand-
ards according to production limits. However, the supply chain effectively consists of 
a series of tribes trading with each other, with each of these tribes varying in dialect 
or language. As well as being literally true in international trade, the metaphor here 
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is in the “language” used by each group to describe their product and, in particular, to 
describe quality in their product.

Production description languages are an attempt to use a common set of descrip-
tors across the supply chain. Such documentation exercises may be simple and visual 
(a poster produced by a marketing organization detailing quality characteristics, dis-
played on the wall of a packing house), through to complete manuals. The languages 
may be produced for use within a single supply chain, for use at a national level (e.g. 
Story and Martyine, 1996), or for international use (e.g. OECD, 2006).

In the context of achieving mutual understanding for readers of this section – let 
us differentiate between a specification, a standard and certification.  A specification 
is an “exact statement of particulars.” A standard is a published specification, used 
as a “rule” for a level of performance. The enforcement of a standard requires an 
inspection process in which a product is certified to conform to the specification, and 
so meet the standard. The organization involved in setting the specifications which 
set a standard may also act in certification, or the two functions may be separated.

A.  Codex

The Codex Alimentarius Commission (CAC) was created in 1963 by the FAO, WHO 
and other bodies to develop food standards, guidelines and codes of practice, with the 
aim of protecting the health of consumers, ensuring fair trade practices in the food 
trade and promoting coordination of work on food standards (Codex Alimentarius 
Commission, 2007a). In these activities the CAC acts as an aide to the WTO, allow-
ing for the minimization of “the negative effects of technical regulations on interna-
tional trade.” The CAC aims to act as the internationally recognized body for food 
standards, with its norms applied to the widest extent possible by all members as a 
basis for domestic regulation and international trade. The CAC has created a set of 
internationally agreed standards which are available for use in domestic regulation 
and international trade. Guidance is also provided to member countries on labeling 
and import/export inspection and certification systems. The CAC also offers advice 
on food safety management systems (e.g. Pineiro and Diaz, 2007).

The CAC does not conduct any direct technical work on standards, but rather it 
relies on expert committees convened by the FAO and WHO, and upon the tech-
nical work of member nations. For example, the Joint FAO/WHO Meetings on 
Pesticide Residues and the Joint FAO/WHO Expert Meeting on Microbiological 
Risk Assessments are independent of the CAC (Codex Alimentarius Commission,  
2007b).

The growth in global food trade has resulted in a substantial growth in member-
ship of the CAC, with developing countries now accounting for a majority of total 
membership. To achieve agreement across all members however, CAC product 
specifications can be a case of the lowest common denominator. The CAC has been 
successful, however, in the setting of maximum heavy metal, chemical residue and 
microbiological contamination criteria. Otherwise, Codex specifications generally 
relate to issues such as labeling of country of origin, fruit size and esthetic issues, 
with attributes related to eating quality rarely included (table grapes being one 



exception, Figure 9.3). Codex specifications exist for many processed fruit and veg-
etables (frozen, canned, dried, etc.), and for pineapple, papaya, mango, prickly pear, 
carambola, litchi, avocado, limes, pommelos, guavas, chayotas, ginger, grapefruit, 
longans, asparagus, cape gooseberry, pitahayas, oranges, rambutan and table grapes 
(in order of appearance on the Codex web page) as fresh fruit. A focus to date on 
tropical fruit is obvious.

CODEX STANDARD FOR TABLE GRAPES (CODEX STAN 255-2007) 
1. DEFINITION OF PRODUCE

2. PROVISIONS CONCERNING QUALITY 
2.1 MINIMUM REQUIREMENTS 
2.1.1 The bunches must have been carefully picked 
2.1.2 Maturity Requirements 
Table grapes must display satisfactory ripeness. In order to satisfy this requirement, the fruit 
must have obtained a refractometric index of at least 16° Brix. Fruit with a lower 
refractometric index are accepted provided the sugar/acid ratio is at least equal to: 
(a) 20:1 if the Brix level is greater than or equal to 12.5° and less than 14° Brix 
(b) 18:1 if the Brix level is greater than or equal to 14° and less than 16° Brix
2.2 CLASSIFICATION 
2.2.1 “Extra” Class Table grapes in this class must be of superior quality 
2.2.2 Class I Table grapes in this class must be of good quality
2.2.3 Class II Table grapes which do not qualify for inclusion in the higher classes

3. PROVISIONS CONCERNING SIZING 
Size is determined by the weight of the bunch 
3.1 MINIMUM BUNCH WEIGHT   The minimum bunch weight shall be 75 gr 

4. PROVISIONS CONCERNING TOLERANCES 
4.1 QUALITY TOLERANCES 
4.1.1 “Extra” Class   Five percent by weight of bunches not satisfying the class 
requirements 
4.1.2 Class I 
Ten percent by weight of bunches not satisfying the class requirements 
4.1.3 Class II 
Ten percent by weight of bunches satisfying neither the class or minimum requirements, 
4.2 SIZE TOLERANCES 

5. PROVISIONS CONCERNING PRESENTATION 
5.1 UNIFORMITY 
5.2 PACKAGING 
5.2.1 Description of Containers 

6. MARKING OR LABELLING 
6.1 CONSUMER PACKAGES 
6.1.1 Nature of Produce 
6.2 NON-RETAIL CONTAINERS 
6.2.1 Identification 
6.2.2 Nature of Produce 
6.2.3 Origin of Produce   Country of origin, optionally, district 
6.2.4 Commercial Identification 
6.2.5 Official Inspection Mark (optional) 

7. CONTAMINANTS 
7.1 PESTICIDE RESIDUES 
7.2 OTHER CONTAMINANTS 

8. HYGIENE 
8.1 Recommended International Code of Practice 
8.2 Principles for the Establishment and Application of Microbiological Criteria for Foods

Figure 9.3  Summary of the Codex specification for table grapes. 
Source: www.codexalimenatrius.net Accessed 9 December 2007.
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B.  �The Organisation for Economic Co-operation and 
Development (OECD)

The Organisation for Economic Co-operation and Development (OECD) is a group 
of 30 countries committed to “democracy and the market economy” which acts 
with an aim to “facilitate international trade through the harmonization, imple-
mentation and interpretation of marketing standards.” The OECD claims to be the 
“main reference for the certification and standardization of certain agricultural com-
modities.” The OECD is active in developing standards in collaboration with the 
UNECE and Codex, offering a range of explanatory brochures of the standards, and 
in promoting uniform quality assurance and inspection systems under its “Scheme 
for the Application of International Standards for Fruit and Vegetables” (includ-
ing a methods manual on testing fruit and vegetable eating quality, OECD, 2006). 
The OECD and UNECE standards on fresh fruit and vegetables are identical, with 
the OECD website on these standards (OECD, 2007) linked to that of UNECE   
(2007).

C.  �The United Nations Economic Commission for Europe 
(UNECE)

The United Nations Economic Commission for Europe (UNECE) was established 
in 1947 and includes the countries of North America, Europe and Russia. UNECE 
reports to the United Nations Economic and Social Council. Within UNECE, the 
“Specialized Section on the Standardization of Fresh Fruit and Vegetables” is part 
of the Working Party on Agricultural Quality Standards. This body sets standards 
on fresh fruits and vegetables intended for application at the point of export, and 
so informs the CAC (United Nations Economic and Social Council, 2006; United 
Nations Economic Commission for Europe, 2007a).

The function of this body is illustrated by summarizing the outcomes of one of 
its meetings (United Nations Economic Commission for Europe, 2007b). The fifty-
second session of the Specialized Section on the Standardization of Fresh Fruit and 
Vegetables was held in Geneva between May 16 and 19, 2006, and was attended 
by representatives of 16 European nations, Morocco, New Zealand, South Africa, 
Turkey and the US (i.e. exporters of horticultural produce to Europe). The meet-
ing considered modifications on UNECE standards on potatoes, melons, bilberries 
and blueberries, cherries, peaches and nectarines, table grapes, truffles and apples. 
For example, the “minimum maturity requirement” for peaches and nectarines was 
defined by the following criteria: “the refractometric index of the pulp measured at 
the middle point of the fruit flesh at the equatorial section must be greater than or 
equal to 8° Brix and the firmness must be lower than 6.5 kg, measured with a plunger 
of 8 mm diameter (0.5 cm2) at two points of the equatorial section of the fruit, with 
skin intact, except for fruits with Brix values greater than 10.5°, in which case firm-
ness must be lower than 8 kg/0.5 m2.”

This group is quite active. Standards recommended by this group inform the 
OECD, Codex and GlobalGAP standards (see discussion below).



D.  National standards

Every trading country should maintain standards on the quality of traded hor-
ticultural produce. The standards should be, at a minimum, those of the Codex 
Alimentarius, and are likely to be informed by the OECD–UNECE standards. Each 
nation will differ in its mechanism to enforce quarantine and food safety standards, 
with the Australian structure presented by way of example in this section. Going 
beyond these issues, the example of the national grade standards and inspection serv-
ice offered within the US, and the additional regulation criterion of locality offered 
within Europe, are also presented in this section. Finally, the specifications required 
in the national standards of a developing economy, the Philippines, are considered. 
Over time, all countries are likely to adopt similar standards.

Australia
Fresh fruit and vegetable quality is regulated in terms of quarantine and food safety 
issues by several federal government agencies, notably the Australian Quarantine 
Inspection Service (AQIS) and Food Safety Australia and New Zealand (FSANZ), 
respectively. Codex standards apply to all imported fresh fruit and vegetables, but 
government-based regulation of eating quality, per se, does not exist.

Food Safety Australia and New Zealand (2007) (FSANZ) is a regulatory body that 
defines maximum allowable chemical residue and microbial loads on fruit and veg-
etables. FSANZ does not monitor these levels, leaving this to state agencies or com-
mercial practices. However, it can be involved in dispute resolution. This body is also 
responsible for the registration of chemicals for use on a given crop. As the cost of 
preparing a case for registration is high, this process is a major issue for horticultural 
crops of relatively low total farmgate value. An international standard on chemical 
registration would be very useful.

The Australian Quarantine Inspection Service (AQIS) is charged with the responsi-
bility of preventing entry of unwanted fruit and vegetable pests and diseases into the 
country. The service also issues statements of compliance for specified treatments 
(e.g. vapor heat treatment) of produce destined for export markets. Within the coun-
try, quarantine issues are dealt with by State Agriculture Departments. For example, 
papaya fruit fly is a serious pest of tropical fruit that entered Australia through the 
Cairns airport, presumably with a passenger carrying infected fruit and despite AQIS 
inspection. The state agriculture agency enforced bans on fruit transport through road 
blocks in concentric rings around Cairns until the pest was eliminated (Australian 
Quarantine Inspection Service, 2007a). Similarly, when citrus canker appeared on 
a mandarin farm in Emerald, Central Queensland, despite AQIS inspection of all 
imported equipment and budwood, the state agriculture agency enforced bans on 
fruit and equipment movement, and oversaw destruction of all citrus trees in a 200 
kilometer radius (Australian Quarantine Inspection Service, 2007b).

The state and federal agencies maintain a watching brief on other issues. For exam-
ple, frogs are frequently transported from tropical to temperate areas in banana ship-
ments. The Melbourne markets are estimated to import around 6000 frogs of four 
species per year. It is believed that the fungus Mucor amphibiorum was introduced 
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to Tasmanian platypii from “banana” frogs (Tasmania – Department of Primary 
Industries and Water, 2007).

The United States
The Agricultural Marketing Service of the United States Department of Agriculture 
(USDA) was inaugurated in 1915, with the aim of providing market information and 
common terminology for quality and the development of grade standards (USDA, 
2007b). Given their experience and technical capacity, the AMS has contributed 
significantly to the development of international produce standards, e.g. Codex, 
UNECE.

The United States Inspection Service acts to apply these fruit and vegetable stand-
ards, and was established in ten of the largest wholesale markets in 1917. The serv-
ice arranges for domestic inspection of fruit and vegetables, both for sellers and for 
buyers, to ensure that products meet specific grade standards. There are 158 grade 
standards for 85 fresh fruits, vegetables and nuts. Inspections are generally voluntary, 
made at the discretion of either the seller or buyer, and paid by user fees. However, 
inspections are mandatory for fruit purchased by government agencies. Clients can 
request a quality and condition inspection, a condition only inspection, or a con-
tainer weight/count only inspection. A quality and condition inspection of a product 
“in quantities of 51 or more packages … unloaded from the same land or air convey-
ance, over half a car lot equivalent product” is priced at US $114 (USDA, 2007b).

The European Union
Pascale (1992) has reviewed the wider issue of the impact of EEC regulations on 
quality on trade in fresh fruit and vegetables. Since 1992 the European Community 
has also regulated the labeling of food by geographic or traditional origin (European 
Commission, 2007). Three categories are recognized: protected designation of ori-
gin (PDO), protected geographic indication (PGI) and traditional speciality guaran-
teed (TSG). PDO describes foodstuffs produced, processed and prepared in a given 
geographical area using recognized know-how. For PGI, a geographical link to one of 
the three stages of preparation must be demonstrated. To achieve designation, a case 
must be supported by the relevant national government, and approved by the European 
Commission, Agriculture/Food quality section. Well over 100 PDO/TSG assignments 
have been granted on fruit and vegetables (European Commission, 2007).

The Philippines
As a horticultural trading country, the Philippines maintain national standards on 
a range of fruit and vegetables. For example, the Philippine National Standard on 
Mandarin (ICS 065.020.20) details specifications on fruit diameter, defects, packag-
ing, color, juice total soluble solids (or Brix), juice total acidity, juice Brix to total 
acidity ratio and minimum percentage juice content as a maturity requirement. These 
standards are informed by existing standards (e.g. the USDA–AMS and UNECE). 
Allowable levels of heavy metal and pesticide residues are directly referred to those 
set by the Codex Alimentarius Commission.



VII.  Regulation within a supply chain

A given supply chain must first adopt (or circumvent) the governmental regulation 
imposed by its trading environment. However, there is constant “evolutionary pres-
sure” between rival supply chains to capture market share. Large retailers will often 
engage at least two “produce supply managers” for each commodity. The resulting 
competition involves differentiation of product in terms of price, quality or some 
other aspect of the “offer.” The successful supply chain will be disciplined in adher-
ence to standards, and robust in its ability to deliver quantity and quality of fruit. To 
achieve this, a successful supply chain will impose “regulations” on its members.

Thus, a given supply chain must seek to distinguish itself in some way. For exam-
ple, a supply chain may acquire exclusive marketing rights to a variety that promises 
increased market share or premium price. Participants agree to be bound by rules 
that may include the window and volume of production, the production and posthar-
vest methods, and the marketing path. A supply chain can also seek to distinguish 
itself through technology. For example, the SmartFresh™ quality system, developed 
in the US, has been effectively and widely used by Australian producers participating 
in export programs to maintain consistent fruit quality (Good Fruit and Vegetables, 
2007). In this system, fruit are treated with a chemical (MCP) to delay the ripening 
process and improve shelf life.

Another component of fresh fruit and vegetable supply chain “self ” regulation 
involves the reduction of risk associated with chemical safety and hygiene to con-
sumers. Proactive action by the large retailers in this area also reduces the risk of 
provoking government-imposed regulation. Supply chain members are required 
to participate in a food safety management program scheme, which typically var-
ies somewhat between retailers. Such programs become an important feature of the 
import/export process if they are recognized by supply chain participants and gov-
ernment regulators in both source and destination countries.

There are several food safety management programs utilized within the fresh 
fruit and vegetable sector. The HACCP program is one such food safety manage-
ment system. It is used in the US, Europe, East Asia and Australasia. This program 
is accessed through a project management company which designs, implements and 
manages the food safety program (e.g. HACCP Australia, 2007). In these programs, 
an analysis of what and where hazards can occur is made, and systems and proce-
dures are implemented to minimize the risk of failure. Subsystems, such as pest con-
trol, recall protocols, hygiene and sanitation are also implemented. For example, an 
analysis of a packing house operation might consider the risk of using contaminated 
water in the fruit washing process, or the possibility of contamination of fruit from 
the breakage of a glass component in the packing line. Onsite operators and manage-
ment are trained, and a maintenance/audit program involving HACCP personnel is 
implemented.

Another component of supply chain self-regulation takes the form of a specification 
sheet (Figure 9.4), against which produce can be assessed. Generally, this specification 
is written for fruit and vegetables arriving at the retailer’s distribution centre.
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Figure 9.4  (Continued)

Coles Fresh Product Control Specification
Golden Delicious Apples V1.0 

Fresh Produce – T: Max Harvest to Pack Date

Fresh Produce - S: Best Before / Use By

0 – 12 CFresh Produce - R: Pulp Temperature

If Australian grown produce the maximum shelf life acceptance into the DC
shall be 7 days from the date of packing.

Fresh Produce - Q: DC Maximum Acceptance

Washed and polished
Waxed

Fresh Produce – P: Treatment

Coles B Crate - RPCFresh Produce – O: Outer Packaging

Fresh Produce – N: Inner Packaging

A minimum of 85% fruit stickered with the PLUFresh Produce - M: Presentation

Minor Defects: 7 pieces of fruit or less per pack with < 1cm2 in total surface
area affected.
Major defects: 2 pieces of fruit or less per pack with  2cm 2 total surface
area affected. 

Fresh Produce - L: Defects

Conical to Round Fresh Produce - K: Shape

Count per carton: 60 - 65 – 70 – 75 – 82 - 90 Fresh Produce - J: Size

Firmness 5.5 kg (11 mm plunger)Fresh Produce - I: Firmness

Fresh Produce - H: Acidity

Fresh Produce - G: Starch

Brix => 12.5 Fresh Produce - E: Brix

Fresh Produce - D: Maturity

Bright Fresh Produce - C: Appearance

A green- yellow golden skin. A pink blush is acceptable up to 20%.Fresh Produce - B: Colour

Golden Delicious ApplesFresh Produce - A: Variety

Test Accept / Pass Criteria

Product File>Specification>TestsPhysical Tests

Pack Life Packed on 7 Days

Australia 4020, 4021 APN/PLU Country of Origin 

State Australian Capital Territory, National,
New South Wales, Northern Territory,
Queensland, South Australia,
Tasmania, Victoria, Western Australia

Order ID 

12kgColes Supermarkets Crate Weight Minimum Business Supplied To

Date 18/07/2008 Supercedes

Golden Delicious ApplesProduct Title 

Overview 

Packing Product File>Specification>Packaging

Description Value Details

Full Pallet Height 2 pallets of 36 

Number of Layers 6 crates per layer 6 layers high

Fresh Produce - Crate Type (A,B,C,E) B 

Fresh Produce - Kilo/Units per crate 12



Typically, assessment of fruit against at least some of the specified criteria (e.g. 
juice Brix) at a retailer distribution centre is haphazard. This is a function of the effort 
required to select a representative sample, and to measure the desired criteria of a 
statistically significant number of samples. Unfortunately, sometimes enforcement of 
specification criteria may be used within a supply chain to regulate supply, i.e. the 
specification may only be enforced when product is in oversupply. If enforcement is 
sporadic, the supply chain will largely ignore the criterion. If enforcement is consist-
ent, a strong incentive exists for the grower/packer/supply chain agent to adopt sys-
tems to ensure that the criterion is addressed.

Valero and Ruiz-Altisent (2000) describe a quality control system on fruit quality 
intended for implementation at the retailer distribution centre which involves statisti-
cal sampling protocols and quantitative measures of quality attributes including fruit 
firmness, temperature, skin color, juice total soluble solids content and juice total 
titratable acidity. This system represents an “ideal.”

GlobalGAP (EurepGAP)
EurepGAP, now known as GlobalGAP, was implemented by European retailers as a 
means of ensuring product was safe, of high quality and produced in a humane and 
environmentally sound way. It also requires that product be traceable from its point 
of origin in terms of all treatments. The specifications set in this scheme are thus, 
tighter (extending to eating quality determinants) and broader (extending to social 
and environmental issues) than those set by the CAC.

The GlobalGAP certification requirement was originally imposed onto producers 
wishing to access the large European retailers, but GAP certification now serves a 
wider purpose. The commonality of the GAP programs in different countries allows 
it to act as an international standard. Thus, this certification scheme is becoming a 
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Figure 9.4  Specification sheet for peaches from an Australian retailer. 
Source: http://www.supplier.coles.com.au/quality control/specifications.asp (Accessed 26 October 2007)

Coles Fresh Product Control Specification
Golden Delicious Apples V1.0 

Variations Product File>Specification>Variations

Temporary / Seasonal
Variation 

18/07/2008 Variation Effective From Variation Effective To 

Attachments Product File>Specification>Attachments

Physical Filename Current Version 

Golden Delicious Apples (kg) 070408 V1 DC Acceptance Chart.pdf  1 

Golden Delicious Apples (kg) 070408 v1 pic attach.pdf  1 

Standard Produce Quality control Specifications.pdf  1 

Printed By Andreas Klieber 03-Nov-2008  15:16Date Printed

Copyright 2001-2007, reproduction of the whole or part of this document is strictly prohibited 

http://www.supplier.coles.com.au/quality
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global market requirement in the fresh produce trade. GAP certification can be a tool 
to ensure access to global markets.

GlobalGAP certifiers can inspect conditions and product in the country of origin, 
or a local version can be certified by GlobalGAP, with the standard adapted to local 
conditions. Implementation of a local version of the standard, with certification of 
product undertaken by local bodies, reduces the cost of audit and inspection. For 
example, China and Japan have established ChinaGAP and J-GAP, respectively, and 
Thailand is currently in the process of developing ThaiGAP.

To achieve GAP certification on product, farmers must learn what must be done 
to meet standards, invest in systems to comply with the standard and pay for inde-
pendent verification of compliance. The processes and documentation required by 
GlobalGAP thus factors against the involvement of small producers. Hey (2007) 
reports that by 2007 GlobalGAP accreditation in Thailand involved only 300 agri-
cultural suppliers, and was driven by a few large private export companies. However, 
in Thailand fruits and vegetables are produced on 600 000 small farms, with farm 
personnel typically poorly educated. Hey (2007) reported that through ThaiGAP, the 
Thai government will provide support to eight clusters of growers across five regions, 
with certification documentation services supplied to grower groups, thereby greatly 
increasing participation rate.

Organic certification
Another area of differentiation is in organic certification. Both production and post-
harvest practices must be certified “organic.” Thus, organic produce loses this status 
if quarantine provisions require it to be fumigated.

Certification agencies confirm compliance to organic standard requirements. 
However, there is more than one standard – a situation that has arisen as the organic 
industry has developed “from grass roots,” forming several industry associations 
which have established their own standards and certifying bodies. A useful list of 
standards and certifying bodies can be found at http://organic.com.au/standards/, 
although this list is likely to be very incomplete. A plethora of multiple standards 
(Figure 9.5) is confusing to the marketplace and there is a trend towards standard 
consolidation (Lockie et al., 2006).

For example, in Australia, the domestic sector can use either the National 
Association for Sustainable Agriculture standard or the Biological Farmers 

Organic bananas – Lady Finger

Organic oranges

Organic mandarin

Organic lemons

Organic limes

Organic pear

Organic kiwi fruit

Organic pineapple

local

local

local

local

1 kg OGA 731A

NASAA 10187IC

ACO 10045

ACO 4256A

DEMETER

BD 2016A

NASAA 4069A

NASAA 4069A

1 kg

1 kg

1 kg

Each

1 kg

Each

Each

$6.90

$6.50

$4.90

$9.90

75c

75c

$4.90

$4.90

Figure 9.5  Excerpt from order form of “Mary’s Home Delivered Organic Fresh Food.” Product price list 
and order form, 5 June 2007 (Yeppoon, Australia). Certification column refers to organic certification.

http://organic.com.au/standards


Associations’ Australian Organic Standard, while exporters must use an AQIS stand-
ard. In a bid for uniformity, Standards Australia is developing a domestic standard 
based on the AQIS standard.

The three major trading blocs are segregated by the use of different standards: the 
National Organic Program (NOP) in the US, the EU standard (regulation 2092/91), 
and the Japanese Agricultural Standard (JAS) (Lockie et al., 2006). For example, 
the JAS organic certification system requires that no chemicals be used on farms for 
three years prior to the start of organic production, in common with most standards. 
However, the JAS standard extends the definition of “chemical” to alkali humic acid, 
lignin sulfonate and potassium bicarbonate, items allowed in the US NOP organic 
certification. To export product to Japan as “certified organic,” a NOP certified United 
States producer must, therefore, arrange for a JAS certification of his operation.

The next decade should see a movement towards uniformity of organic standards to 
facilitate international trade. This will probably come first through the organic move-
ment, e.g. through the International Federation of Organic Agricultural Movements, a 
German based international NGO, with the setting of a private standard that is recog-
nized by all major trading blocs (i.e. by NOP, EU and JAS), and later through adop-
tion of such a standard by intergovernmental agencies, particularly Codex.

Tesco: greenhouse friendly?
The past half century has seen the rise of the global retailer. These retailers dominate 
their supply chains and therefore, can drive (regulate) change. In driving change, the 
retailers seek to reflect rather than influence public attitudes, with the timing of the 
change linked to a judgement of when a specific value-client group appears sufficiently 
large and cohesive. For example, public attention has swung to the issue of greenhouse 
gases and global warming. Tesco, the UK based trans-national retailer, is to label air 
freighted produce with an aeroplane symbol, and has committed to a 50% reduction 
of the “carbon footprint” of its existing stores and distribution centres by 2020 (Tesco, 
2007). The retailer has indicated that a carbon labeling system will be introduced for 
all products (with this calculation to include emissions due to production, transpor-
tation, storage and packaging). The data and assumptions required for such an exer-
cise are not to be underestimated. For example, tomatoes grown in a warm climate and 
shipped in bulk to the UK incur greater “food miles” than a local hydroponic grower 
growing in a heated greenhouse, but which has a greater “carbon footprint?” Are fresh 
vegetables more “greenhouse friendly” than frozen vegetables? The carbon cost of 
refrigeration of frozen vegetables can be estimated, but the amount of waste of fresh 
product up to the point of consumption should also be known to enable a comparison.

VIII.  On the regulation of eating quality

Setting and maintaining eating quality standards on fresh produce
We have seen that national and international standards on fresh fruit and vegetables 
focus on issues of food safety and external appearance. In contrast, standards on 
eating quality have been sporadically enforced. Indeed, eating quality is often not 
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considered within discussions of “fruit quality” or “vegetable quality.” For exam-
ple, the text Fruit and Vegetable Quality (2000), edited by Shewfelt and Bruckner, 
details a range of concepts, from breeding to economics, but it does not address the 
issue of measurement of internal eating quality or the setting of minimum standards. 
Similarly the text, Quality Factors of Fruits and Vegetables (1989), edited by Jen, 
features a broad range of topics relating to the processing of fruit and vegetables, 
but offers little on quantitative levels of components related to eating experience, 
and does not report any minimum standards. In the specific context of citrus, Fellars 
(1985) concedes that the words “flavor” and “flavor quality” often appear in the lit-
erature, reference to without sensory ratings for quality or palatability existing.

Defining eating quality
Setting a quality standard to deliver eating quality in a consistent fashion requires the 
use of quantitative, but easily measurable, characteristics that can be correlated to eat-
ing quality. The primary measurable attributes of a fruit that can be related to taste are 
texture (commonly indexed as firmness), total sugar content (measured as percentage 
of total soluble solids, TSS, or Brix, in juice extracted from the fruit), type of sugar 
present (fructose elicits a greater sweetness sensation than sucrose), and in certain 
fruit, acidity (sourness sensation). Volatiles and semivolatile organic compounds also 
impact the flavor and aroma of foods. However, analysis of volatiles can be a “daunt-
ing task, and obtaining useful information from such measurements can be even more 
challenging” (Marsili, 1997). In some fruit, starch is accumulated during maturation 
and converts to sugar during ripening. For these fruits, starch (or dry matter content, 
DM) at fruit maturity is a useful guide to fruit sugar content at ripeness and thus, to 
potential eating quality. In other fruit, other parameters are of importance (e.g. oil 
content of avocado fruit).

The importance of these various parameters will vary by fruit, but firmness, TSS 
and DM content are arguably the most important general criteria. TSS and DM are 
easily measured attributes and therefore, the logical criteria upon which to establish 
a quality control (QC) procedure.

Who enforces eating quality standards?
Historically, the advent of the central marketing system allowed imposition of a more 
formal (often government sponsored) regulatory system. For example, Smith (1988) 
reported that Queensland government inspectors attempted to enforce a minimum 
flesh TSS standard (of 12% for summer harvested fruit and 10% for winter harvested 
fruit), through random inspections of fruit in the Brisbane Central Market. Similarly, 
Greer (1990) detailed Queensland’s then current legal requirement for lychee fruit, 
being a minimum TSS to acid ratio of 35:1. Fruit could be destroyed if they did not 
meet this grade. We have earlier discussed the advent in 1915 of the voluntary AMS 
grade standards in the US.

The emergence of “super” retailers, purchasing directly from producers, has 
worked to weaken the central market system and associated broad regulatory struc-
tures. For example, current Queensland Department of Primary Industries (QDPI) 
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recommendations (Menzel et al., 2001) for these fruit exclude internal quality grade 
standards, and only describe external attributes. As noted earlier, however, supply 
chains driven by the large retailers have developed their own formalized quality con-
trol systems that extend to the setting of standards on eating quality criteria.

However, it is an observation that, except in Japan, retailers inconsistently, even 
rarely, enforce their internal quality specifications. Enforcement occurs only when a 
sufficiently large proportion of the consignment is affected by a disorder that would 
provoke severe consumer dissatisfaction (e.g. brown core in apples), or when the 
supply chain is oversupplied. In large measure this behavior can be ascribed to the 
relative difficulty of assessing fruit for internal attributes, and to the perceived lack 
of impact of these criteria on in-store consumer purchase patterns. In the following 
sections, specification criteria on a range of commodities are reviewed, and issues 
related to enforcement of such specifications are discussed.

Setting the eating quality standard
There exists a considerable body of published work on the relationship of fruit eat-
ing quality to measurable attributes such as TSS. This literature covers factors such 
as market differentiation (different grade standards for different market segments), 
and the influence of flesh firmness and acidity on perceived sweetness. However, 
it is possible to summarize this literature in terms of a minimum level for various 
attributes, by commodity, to achieve an acceptable eating quality (Table 9.2).

The human palate is able to differentiate between fruit varying by 1 to 2% TSS. To 
generalize, a TSS level of at least 10 is required for the fruit to taste sweet, but this 
value varies by commodity. As noted above, this value can also vary by consumer 
group (e.g. Cristoto, 1994; Cristoto et al., 2007).

The setting of official and product supply chain specifications on eating quality 
attributes should be informed by the scientific literature. For example, the specifica-
tions of a national body, the Australian United Fresh Fruit and Vegetable Association 
(AUF), and those of two international bodies, the Codex Alimentarius Commission 
and UNECE, show general agreement (Table 9.3). There is, however, room for 
greater consistency between these bodies. In particular, the Codex specifications need 
to be expanded, as they generally do not cover internal (eating) quality attributes.

A given distribution channel may also specify attributes associated with eat-
ing quality. Typically, such specifications are set by the retailers on advice from the 
supply chain manager, and by reference to the official standards. A typical product 
specification used in the horticultural trade covers a range of features. For example, 
a product specification from the retailer Woolworths for peach and nectarine covers 
size, pack count per box, firmness (as measured with an 8 mm diameter probe), sugar 
(percent TSS of extracted juice), pulp temperature, blemish incidence, skin color, skin 
shriveling, flesh color, split stones and foreign taints or odor. Of these 11 features, 
only two relate directly to internal eating quality (firmness and percent TSS).

The general level of agreement between specifications set on eating quality 
attributes by three major Australian retailers (Table 9.4) indicates that these retailers 
are not seeking differentiation on the basis of product eating quality.
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Table 9.2  Examples of specifications on eating quality attributes, as recommended in the scientific literature. Attributes of dry matter (DM), juice content, total 
soluble solids (TSS), total acidity (TA), moisture content and firmness are reported. DM, juice content and TSS are minimum specifications, TA and firmness are 
maximum specifications. Units of DM, juice content, TSS, TA and firmness are %w/w, %w/w, %w/v of extracted juice, mg/L in extracted juice, and kg/f with an 8 mm 
diameter plunger, respectively, except were otherwise stated.

Fruit Climacteric Attribute Level Reference

Avocado Yes DM 21 Agrilink (2001)
(at harvest) oil 8%FW Seymour et al. (1993)

Banana Yes TSS 6.7–12.7 (unripe) Choon and Choo (1972)
fullness 23.0–31.0 (ripe) Samson (1989)
index variable per cultivar

Citrus No TSS: acid 8:1–10:1 Baldwin (1993)
Limonin 6 ppm Davies (1986)

(grapefruit) TSS: acid 6:1 Kader (2002)
(mandarin) TSS: acid 8:1 Kader (2002)
(orange) TSS: acid 8:1 Kader (2002)

10:1–16:1 Samson (1989)
navels: 7.5:1–9.0:1 Davies (1986)

juice content 50% FW Samson (1989)

Grape – table No TSS Ribier, Red malaga, Emperor 16; other 17 Weaver (1976)
TSS: acid Thompson seedless, Malaga, Ribier 25:1 Weaver (1976)

Muscat, Emperor, Cornichon, O”hanez 30:1 Weaver (1976)

Kiwifruit Yes TSS 6.2 Given (1993)
(at harvest)
TSS (ripe) 14 Kader (2002)

15 Mitchell et al. (1991)
TSS (for long-term storage) 7–9 Sale (1985)
firmness 0.71 Cheah and Irving (1997)
(8mm probe)

Lychee No TSS: acid 35:1 Greer (1990)
30:1–40:1 Underhill and Wong (1990)

TA 4.4 cmoH/kg Batten (1989)



Mango Yes TSS 15 Yamashita (2000)
16 Satyan and Chaplin (1986)
12 Samson (1989)

DM 14 Bally et al. (2000)
(at harvest)
specific gravity 1.01–1.02 Samson (1989)
firmness 1.75–2 kg/cm2 Samson (1989)

Melon Yes TSS 10 Mutton et al. (1981)
firmness (8 mm probe) 1–2 Mutton et al. (1981)

Papaya Yes TSS 11.5 Sankat and Maharaj (2001)

Pineapple No TSS 14 Smith (1988)
12 Bartholomew (2003)

TA 1.0% Kader (2002)
TSS:acid 20:1–40:1 Bartholomew (2003)
TSS:citric acid 19:1 Bartholomew (2003)
translucency optimum 50–60% cross sectional area Bowden (1969)
specific gravity 0.960–1.004 Smith (1984)

Pome fruit Yes
(apple) TSS Jonathan 11; Delicious and Red Delicious 10 AHC (1999)

12–14 (ripe) Harker et al. (1997)
Starking and Delicious 10.8–12.2 Truter and Hurndall (1988)
high quality dessert 14–16, cooking 11–13, Goodenough and Atkins (1981)
Delicious and Spartan: 9–11

TSS (storage) Delicious 10; Bonza 13; Golden Delicious 12; Gala 
12.5; Granny Smith 12; Fuji 13; Pink Lady 15; 
Sundowner 14.5;

AHC (1999)

Lady Williams 14.5
pH high quality dessert 3.2–3.5, cooking 2.8–3.2, Goodenough and Atkins (1981)

Delicious and Spartan 3.5–3.7
firmness   5.5 at sale, 6.5 storage AHC (1999)

(pear) TSS 12 (at optimal firmness, suitable TSS:acid ratio) Harker et al. (1997)
13 Kader (2002)

firmness highly liked at 0.6–1.5; optimum at sale 1.3–1.5 Harker et al. (1997)
TSS:acid 2.85:1–3.31:1 Kappel et al. (1995)
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Table 9.2  Continued

Fruit Climacteric Attribute Level Reference

Stone fruit Yes
(apricot) TSS 10 Kader (2002)

TA 0.8 Kader (2002)
(cherry) No TSS 14–16 depending on cv. Kader (2002)
(nectarine) TSS 10 Brady (1993)

11 McGlasson (2001)
TA 0.6 Kader (2002)
firmness 0.9–1.4 Crisosto (1994)

(peach) TSS 10 Brady (1993)
11 McGlasson (2001)

TA 0.6 Kader (2002)
firmness 0.9–1.4 Crisosto (1994)

(plum) TSS 11 McGlasson (2001)
12 Kader (2002)

internal breakdown/TSS amber jewel 17% TSS for less internal breakdown Ward and Melvin-Carter (2001)
TA 0.8 Kader (2002)
firmness 0.9–1.4 Crisosto (1994)

Strawberry No TSS 7 Kader (2002)
TA (citric) 0.8 Kader (2002)

Tomato Yes moisture content  94%w/w Hobson and Davies (1971)
firmness 1.0–1.5 Kader and Morris (1976)

Agrilink (2001). Avocado Information Kit. Department of Primary Industries, Queensland Nambour.
Australian Horticultural Corporation (1999). Guide to quality management – Apples. Australian Horticultural Corporation, Sydney.
Baldwin, E.A. (1993). Citrus fruit. In: Biochemistry of Fruit Ripening, G.B. Seymour, G. Tucker (eds.). Chapman and Hall, London, pp. 107–149.
Bally, I.S.E. et al. (2000). Mango production in Australia. Acta Horticulturae, 509, 59–67.
Bartholomew, D.P. (2003). The pineapple, botany, production and uses. Cabi Publishing, New York.
Batten, D.J. (1989). Maturity criteria for litchs (lychees). Food Quality and Preference 1, 149–155.
Bowden, R.P. (1969). Further studies on ripeness in pineapples. Food Technology in Australia, 21, 160–163.
Brady, C.J. (1993). Stone Fruit. In: Biochemistry of fruit ripening, G.B. Seymour, G.A. Tucker (eds). Chapman and Hall, London.
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Given, N.K. (1993). Kiwifruit. In: Biochemistry of Fruit Ripening, G.B. Seymour, G.A. Tucker (eds). Chapman and Hall, London.
Goodenough, P.W., Atkin, P.K. (1981). Quality in stored and processed vegetables and fruits. Academic Press, New York.
Greer, N. (1990). Growing lychee in South Queensland. Queensland Department of Primary Industries, Brisbane.
Harker, F.R. et al. (1997). Texture of fresh fruit. Horticultural Reviews, 20, 121–223.
Hobson, G.E., Davies, J.N. (1971). The tomato. In: The Biochemistry of Fruits and their Products, A.C. Hulme (ed.), Vol. 2. Academic Press, London, pp. 347–482.
Kader, A.A. (2002). Standardisation and inspection of fresh fruits and vegetables. In: Postharvest Technology of Horticultural Crops, A.A. Kader (ed.). University of 

California, Oakland, pp. 287–299.
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McGlasson, B. (2001). Editorial. Australian Fresh Stone Fruit Quarterly, 3, 2.
Mitchell, F.G. et al. (1991). Effect of harvest maturity on storage performance of “Hayward” Kiwifruit. Proceedings of the 2nd International Symposium on Kiwifruit, I.J. 

Warrington et al. (eds),Vol. 297, pp. 617–625.
Mutton, L.L. et al. (1981). The objective definition of eating quality in rockmelons (Cucumis melo). Journal of the Science of Food and Agriculture, 32, 385–390.
Sale, P.R. (1985). In: Kiwifruit Culture, D.A. Williams (ed.). New Zealand Government Printer, Wellington, N.Z.
Samson, J.A. (1989). Tropical Fruits. Longman Scientific and Technical, Singapore.
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Queensland, pp. 324–333.
Seymour, G.B., Tucker, G.A. (1993). Avocado. In: Biochemistry of fruit ripening, G.J. Seymour et al. (eds). Chapman and Hall, London, pp. 53–81.
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Table 9.2  Continued

Fruit Climacteric Attribute Level Reference

Stone fruit Yes
(apricot) TSS 10 Kader (2002)

TA 0.8 Kader (2002)
(cherry) No TSS 14–16 depending on cv. Kader (2002)
(nectarine) TSS 10 Brady (1993)

11 McGlasson (2001)
TA 0.6 Kader (2002)
firmness 0.9–1.4 Crisosto (1994)

(peach) TSS 10 Brady (1993)
11 McGlasson (2001)

TA 0.6 Kader (2002)
firmness 0.9–1.4 Crisosto (1994)

(plum) TSS 11 McGlasson (2001)
12 Kader (2002)

internal breakdown/TSS amber jewel 17% TSS for less internal breakdown Ward and Melvin-Carter (2001)
TA 0.8 Kader (2002)
firmness 0.9–1.4 Crisosto (1994)

Strawberry No TSS 7 Kader (2002)
TA (citric) 0.8 Kader (2002)

Tomato Yes moisture content  94%w/w Hobson and Davies (1971)
firmness 1.0–1.5 Kader and Morris (1976)

Agrilink (2001). Avocado Information Kit. Department of Primary Industries, Queensland Nambour.
Australian Horticultural Corporation (1999). Guide to quality management – Apples. Australian Horticultural Corporation, Sydney.
Baldwin, E.A. (1993). Citrus fruit. In: Biochemistry of Fruit Ripening, G.B. Seymour, G. Tucker (eds.). Chapman and Hall, London, pp. 107–149.
Bally, I.S.E. et al. (2000). Mango production in Australia. Acta Horticulturae, 509, 59–67.
Bartholomew, D.P. (2003). The pineapple, botany, production and uses. Cabi Publishing, New York.
Batten, D.J. (1989). Maturity criteria for litchs (lychees). Food Quality and Preference 1, 149–155.
Bowden, R.P. (1969). Further studies on ripeness in pineapples. Food Technology in Australia, 21, 160–163.
Brady, C.J. (1993). Stone Fruit. In: Biochemistry of fruit ripening, G.B. Seymour, G.A. Tucker (eds). Chapman and Hall, London.
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Table 9.3  Official grade standards on eating quality. Attributes and units as for Table 9.2. Where a 
single value is presented, only two grades exist (unacceptable/acceptable). Where further values are 
presented, a number of grades are possible.

Fruit Attribute UNECE/OECD Codex AUF (1996) US 
(California)

Avocado DM at 
harvest

Hass 21
other 19

– 21; 21–23; 
23

18.4–21.9
depending 
on cv.

Banana – – – – –

Citrus
(grapefruit) juice content – 35 – –
(lemon) juice content 25 – 30 28–30

depending 
on cv.

(lime) juice content – 42 – –
(mandarin) TSS – – 8 –

TSS:acid – – 8:1 6.5:1
juice content 33 – 28 –

(orange) TSS – – 7–9; 10–11; 
11

–

TSS:acid Israeli market: 
pigmented 
5.5:1 other 6:1;

Navel 8:1;
other 8.1; 8:1–
10.1; 10:1

8:1

European 
market 6.5:1

–

juice content Israeli market: 
Navel 30

navel 33
other 35

Navel 30;
other 33

–

  other 35;
European 
market: 38

Custard 	
apple

– – – – –

Grape – table TSS – – – 14.0–17.5
depending 
on cv.

(seedless) TSS 14 – 14; 15–16; 17; 
18

(seedless) TSS:acid – – 20:1
(seeded) TSS 13

(12 some cv.)
– 14; 15–16; 18; 

18

Kiwifruit TSS 6.2 – 6 6.5
(at harvest)
firmness – – 1.0; 1.5; 2.0; 2.5 –

Lychee – – – – –

Mango DM – – 14 –

(Continued)



Table 9.3  Continued

Fruit Attribute UNECE/OECD Codex AUF (1996) US 
(California)

Melon TSS 10 Charentais; 8 
other

– honeydew cantaloupe

10; 10–12; 
12

8.0, 9.0

rockmelon honeydew 10
9; 9–12; 12

Papaya – – – – –

Pineapple TSS 12 12 10;   12; 
12

–

Pome fruit
(apple) TSS – – fruit for storage Jonathan 12

10; 11; 12; 
13

– – immediate sale
10; 10; 11; 
12

Red Delicious 
11.0

firmness – – fruit for storage Jonathan 8.6
5.5; 6.0; 6.5
immediate sale
5.5; 6.0; 6.5

Red Delicious 
8.2

(pear) TSS – – – 13
firmness – – – 10.4

Stone fruit
(cherry) TSS – – – 14–16 	

dep cv.

Strawberry – – – – –

Tomato – – – – –

Sources: UNECE www.unece.org/trade/agr/standard/fresh/fresh_e.htm
Codex www.codexalimentarius.net
AUF Story, A., Martyine, A. (1996). AUF National Product Description Language. The Australian United 
Fresh fruit and Vegetable Association, Flemington Market, Australia.

Examples of eating quality standards
In the following section, specifications related to eating quality standards are consid-
ered for two widely traded commodities, apple and stone fruit, in terms of the scien-
tific literature, intergovernmental and NGO standards, and retailer specifications.

Pome fruit: apple
It is generally accepted that fruit TA, TSS and firmness of flesh are important eat-
ing quality factors for apples (e.g. Chen and De Baerdemaeker, 1993; Yahia, 1994; 
Harker, 2001; Harker et al., 2003). Malic acid is responsible for the sour and acid 
taste in apple (Yahia, 1994). Harker (2001) reported on a close relationship between 
total acidity (TA) and acid taste in apples, although the relationship between TA and 
consumer acceptability was cultivar specific.
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Sweetness in apples is related to sucrose, glucose and fructose content, with 50% 
of the sugar present being fructose (Yahia, 1994). Eating quality specifications are 
typically set in terms of TSS of extracted juice. For example, Goodenough and Atkin 
(1981) recommend that high-quality dessert apples should have a high TSS (14–16%) 
relative to Delicious and Spartan cultivars (9–11%). Harker (2001), however, con-
tends that, while TSS is a good sweetness indicator for juices and other fruits, it is 
not for apple fruit. This contention is based on sensory research in which the relation-
ship between perceived sweetness and TSS was poorer than the relationships between 
perceived texture and puncture force or perceived acid taste and TA, in apples. This 
result is suggested to be due to the level of flavor volatiles that alter the perception of 
sweetness. Nonetheless, apple TSS is widely specified in both official (Table 9.3) and 
supply chain (Table 9.5) standards, with more differentiation by cultivar than is seen 

Table 9.4  Specifications on eating quality attributes of fresh fruit, except apple, as set by three 
Australian retailers (in 2004). Attributes and units as for Table 9.2.

Fruit Attribute Australia i. Australia ii. Australia iii.

Avocado DM Hass 22–26; Shepard 23 21–35 –
firmness – – –

Banana dry matter – – –
TSS – – –

Blueberry TSS – 10 –

Citrus –
(grape fruit) TSS 9 9 –

TSS:acid – 4.8:1 –
juice content 35 33 –

(lemon) juice content 30 10 –
(lime) juice content 20 10 –
(mandarin) TSS Ellendale 8; Honey 

Murcott, Imperial 10
9 10

TSS:acid Ellendales 7:1, Honey 
Murcott, Imperial 10:1

8:1; Clementine 7:1 –

juice content 33 33 –
(orange) TSS Navel 11; Valencia 7 9 10

TSS:acid Navel 8:1; Valencia 7.5:1 8:1; –
Valencia 7:1

juice content 33 33; –
Navelina, Sevile 25

Custard apple – – – –

Grape – table TSS 16; Thompson 18; Sweet 
White seedless 15; 
Muscatel White 20

16; Calmenia, Red 
Gum, Ribier 15; 
Cardmal, Italia, 
Marro seedless 17

15

TSS:acid Seedless: 18:1; Thompson 19:1 –
Sweet White 20:1; 
Crimson, Thompson 
19:1; Stanley, Flame 18:1



Table 9.5  Specifications on eating quality attributes for apple fruit as set by three Australian 
retailers (in 2004). Attributes and units as for Table 9.2. Retailer ii specified standards for some 
fruits in terms of in season  consumption and for entry to controlled atmosphere storage (with 
latter values in parenthesis).  Retailer iii specified standards by harvest period, February to August 
and September to January (with latter values in parenthesis).  Sources include http://www.supplier.
coles.com.au/quality_control/specifications.asp (Accessed 26 October 2007) and http:///www.
woolworths.com.au/Vendors/qualityassurance/FreshFoodSpec

Retailer TSS Firmness

i ii
in season  
(CA)

iii i ii
in season  
(CA)

iii
Feb–Aug
(Sept–Jan)

Apple
Abas – 13 – – 5.8–6.0 –
Akane 11.5 13 – 5.6 5.8–6.0 –
Bonza 12.6 12 12 5.6 5.3–5.5 5.5 (5)
Braeburn 14 15 11.5 6.5 5.8–6.0 6 (5)
Cameo 12 12 – – 6.8 –
Cox Orange – 14 – – 5.8–6.0 –
Crofton – 14 – – 5.8–5.8 –
Firmgold – 12.8 – – 5.8–6.0 –
Fuji 13 14 13 5.6 5.6–5.8 6 (5)
Golden 12.5 – 12 5.5 – 6 (5)
Golden delicious – 12.8 – – 5.8–6.0 –
Granny Smith – 11 12.5 – 6.3–6.5 6.5 (5.5)
Gravensten – 12 – – 5.8–6.0 –
Johnagold 13.6 14 13 6 5.8–6.0 6 (5)
Jonathan 12.6 11.5 13 5.6 5.6–5.8 6 (5)
Lady William 14 12.5 14.5 6.5 6.2–6.4 6.5 (6)
Matsu – 11 – – 6.8–7.0 –
Pink Lady 14 13.5 14 6.3 5.8–6.0 6 (5)
Red Delicious 12 12 10 6 5.8–6.0 6.5 (6)
Royal Gala 12.6 12 12 6.5 5.8–6.0 6 (5)
Stark Blushing 
Gold

– 12 – – 5.8–6.0 –

Sundowner 13 12.8 14.5 6.5 5.9–6.1 6 (5.5)
Toffee Apple – 11 – – – –
Pear
Buerre Bosc 13 11 (12) – 6.3–8.0 6.0–9.0

(4.0–8.0)
–

Packham 11 – – 6.0–8.0 – –
Packham Ripe 	
and Ready

13 12 – 4.0–4.5 4.0–6.0
(3.0–5.0)

–

Red Sensation 11.5 – – 6.0–8.0 – –
Sensation – 11 – – 5.0–9.0

(4.5–8.0)
–

Sirrera – 12 – – 8.0–10.0
(5.0–10.0)

–

Sophia Pride – 11 (12) – – 6.0–9.0
(4.0–8.0)

–

William 11 – – 6.3–9.0 – –
Ya 9 – – 6.0–8.0 – –
other – 11 (12) – – 6.0–9.0

(4.0–8.0) –
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for any other commodity. The minimum suggested TSS for apples ranges between 
12–14% (Tables 9.2–9.5).

Apple crispness and juiciness are key attributes in determining consumer prefer-
ences. Harker et al. (2002) report that penetrometer measurements are good predic-
tors of such textural perceptions. Further, Harker et al. (2002) report that apples with 
a firmness level 5.0 kgf (11 mm diameter probe) are more susceptible to the devel-
opment of the mealiness (texture) disorder, while fruit with a firmness value greater 
than 7 kgf are effectively free of the disorder.

The Australian Horticultural Corporation (Table 9.3) recommends different flesh 
firmness and TSS levels depending on cultivar and whether the fruit is at point-of-
sale or intended for long-term controlled atmosphere storage. For example, flesh 
firmness (measured using an 11 mm diameter plunger) of no less than 6.5 kgf was 
recommended for apples for long-term storage, and less than 5.5 kgf for fruit at the 
point of sale. A Californian standard on Jonathan and Red Delicious apples sets a 
minimum TSS of 12% and 11%, respectively, and a maximum firmness of 8.6 and 
8.2 kgf, respectively.

No specifications are set on apple eating quality related attributes in the UNECE 
or Codex guidelines. Arguably, these guidelines should contain such information, at 
least in the specification of premium grade fruit.

In contrast, Australian retail stores specify internal quality standards for over 20 
cultivars of apples (Table 9.5). These specifications varied slightly between retail 
chains. For example, the minimum TSS standard required for Akane apples is 11.5% 
with one retailer and 13% with another retailer (Table 9.5). However, in practice, 
there is no evidence that the retailers are attempting to differentiate their standard 
product on the basis of eating quality.

Stone fruit: peaches, nectarines and plums
The eating quality of peaches, nectarines and plums is usually described in terms of 
flesh texture and firmness, TSS and acidity. Sucrose is the dominant sugar in peach, 
nectarine and plum fruit (Lill et al., 1989), and accounts for at least 80% of total sug-
ars (Kawano et al., 1989). The predominant organic acid in peaches and nectarines is 
malic acid (Lill et al., 1989).

Lill et al. (1989) suggested that flesh firmness, in conjunction with background 
color, was a reliable indicator of the picking maturity for peaches and nectarines, 
with a firmness of 5–7 kgf (11 mm plunger) recommended. Further, Crisosto (1994) 
reported that for peach, nectarine and plum, flesh firmness was a useful indicator of 
postharvest ripening. Peaches with a firmness rating of 2.7–3.6 kgf were “ready to 
buy,” and “ready to eat” at a flesh firmness of 0.9–1.4 kgf.

As a specification on eating quality, McGlasson (2001) recommended a minimum 
of 11% TSS for peach, nectarine and plum fruit produced in Australia, whilst Kader 
(2002) suggested a minimum TSS of 10% for apricot and peach, 14–16% (depending 
on cultivar) for cherry, and 12% for plum fruit. As noted earlier Crisosto et al. (2007) 
has further differentiated consumer groups in terms of preferred TSS levels.

The commercial release of low acid lines of fruit, complementing the traditional 
high acid varieties, represents a comment on consumer sweetness preference, as 



much as a preference for low acidity. For fruit of a given TSS level, a lower acidity 
level increases the perceived sweetness.

Internal breakdown is a physiological disorder of stone fruit that negatively impacts 
eating quality. The disorder results from the abnormal ripening and early senescence 
of the fruit, with symptoms usually occurring during cold storage or during ripening 
after cold storage. Ward and Melvin-Carter (2001) reported that symptoms in plums 
appear as internal browning and gel breakdown. They found that for Amber Jewel 
plums, incidence of internal breakdown was minimized if the fruit were packed and 
appropriately cooled on the day of harvest. Additionally, fruit with TSS 17% had a 
significantly reduced risk of developing internal breakdown symptoms.

UNECE stone fruit specifications (Table 9.3) are subjective, e.g. “they must be 
sufficiently developed and display satisfactory ripeness,” and have not adopted any 
quantitative standards for internal eating quality factors. Similarly, Codex and AUF 
maturity grades are based on firmness descriptors (“hard,” “firm,” etc.), with infre-
quent mention of internal quantitative measures or recommendations (Table 9.3). 
Thus, comprehensive official specifications on eating quality do not exist, as yet.

Of the retailers surveyed, one retailer provided comprehensive TSS and firmness 
standards compared to the other retailers, differentiating between cultivars differing in 
flesh color (Table 9.4). For example, the minimum TSS recommended for yellow flesh 
(10% TSS) nectarines was lower than that for white flesh (12% TSS) varieties, while 
the firmness standard of 5.2 kgf was common across all varieties. A second retailer gave 
only an “all-variety” minimum TSS of 10% and a firmness of 4 kgf, while a third retailer 
did not specify for TSS in stone fruit (Table 9.4). Of two European retailers surveyed 
(data not shown), one held a minimum standard of 9% TSS and firmness of 1.4–3.5 kgf 
for nectarines, while the second provided TSS grades for plums based on color (black 
plum: 12% TSS and 1.8–3.6 kgf; red: 10% TSS and 1.4–2.3 kgf; yellow: 14% TSS and 
1.0–1.8 kgf).

Will it happen?
For two widely-traded commodities, apple and stone fruit, it is evident that specifica-
tions on eating quality are inconsistent. Further, even where such specifications exist 
within a supply chain, enforcement is uncertain. Thus, these specifications are not 
standards. This conclusion is consistent with that of Florkowski (1999) who noted 
that “intrinsic quality attributes are not reflected in grading systems and are excluded 
from fresh produce standards,” and continues “(t)his gap leaves a place for govern-
ment as a monitoring, regulatory or even enforcing agency.”

In the last decade, a range of non-invasive technologies have become available 
for assessing the internal quality of fruit and vegetables (e.g. see review by Abbott  
et al., 1997). For example, fruit firmness can be assessed using technology based 
on accelerometers, acoustic frequency or acoustic velocity. Ripeness can be assessed 
using electronic noses or volatile “badges.” Chlorophyll florescence can be used for 
assessment of maturity. X-ray transmission systems can be used to visualize density-
related internal defects and near-infrared spectroscopy is available for assessment of 
carbohydrate or water content. With the advent of these technologies, there exists an 
opportunity to refine, adopt and enforce specifications related to eating quality.
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IX.    A case study:  technology adoption and regulation of  
fruit TSS

Fruit has been traditionally graded by hand and eye on size or weight, color and 
defects. As supply chains set standards based on these criteria, there was incen-
tive to develop suitable technology to mechanize the sorting process. Simple 
diverging belt graders allowed sorting on size, and mechanical counterweight 
tipping bucket graders allowed sorting by weight. With the advent of elec-
tronic grading platforms, weight grading using electronic load cells increased 
in accuracy. The addition of video cameras to the electronic grading platforms 
allowed for grading on fruit color (1970s), and later (1980s) allowed for defect 
detection using image classification routines.

However, as we have reviewed above, fruit eating quality is determined by 
other attributes. For many fruit commodities, texture and sweetness are particu-
larly relevant. To a scientist or engineer the “problem” is thus obvious, that fruit 
eating quality is variable, that fruit firmness and sugar levels are a major factor in 
eating quality for many fruit commodities, and therefore the solution is to adopt 
technologies that allow for fruit grading on these attributes. It might therefore, be 
expected that technologies to non-invasively grade fruit firmness and sweetness 
would be rapidly adopted, given the link between these attributes and eating qual-
ity and the existence of criteria on these attributes in many retail specifications. 
Indeed, fruit firmness and sweetness grading technologies became available from 
the 1990s onwards but, except for Japan, have not been widely adopted.

The question of what is limiting technology adoption must be considered 
using a systems approach. Such an approach aids the identification of critical 
steps in a system and provides a tool for the integration of specific knowledge 
into a system (Prussia and Shewfelt, 1992).

Our research group has been involved in developing the sweetness grading 
technology for western agricultural conditions (lower cost, higher pack line 
speeds) (e.g. Subedi et al., 2007; Walsh et al., 2006). Our experience with the 
adoption of this technology informs the following discussion.

Sweetness grading (near-infrared spectroscopy) technology has been in 
extensive use in other industries, notably the cereal, sugar and dairy industries, 
since the 1970s. Thus, although the technology was not mature in the horti-
cultural application, intending horticultural participants had access to technical 
advisors from both industry and government sectors.

In Japan, marketing of a high value “gift” line of fruit of excellent exter-
nal appearance and internal quality provided an existing business model/sup-
ply chain to implement the new technology in. Sweetness grading technology 
was first developed (1989) out of mining/processing groups (Mistui Mining, 
Sumitomo Metals and Mining), and quasi-government R&D groups (Fantec), 
and later other groups (Eminet). These groups supplied sensors to the Japanese 



fruit grading equipment manufacturers. Within little more than a decade, the 
packing house market in Japan was saturated with this technology.

However, the available (Japanese) technology was very expensive and geared 
for a different market, in which speed of assessment was not as important. 
Further, the technical issue of compatibility of this technology with existing 
on-farm pack line equipment could not be resolved simply. By 2000, Colour 
Vision Systems (CVS) of Australia, Compac of New Zealand and Unitec of 
Italy offered sweetness grading technology outside of Japan. Later, by the mid-
naughties, technology would become available through the major European 
manufacturers of fruit grading equipment (Greefa and Aweta of Holland, and 
MAF-Roda of France–Spain, through CVS).

Thus, the availability of the technology was not a limiting factor to its adoption. 
However, the cost (approximately $US30 000 per lane) and relative complexity of 
the technology were limiting factors, requiring adoption by a supply chain geared 
to achieve marketing benefits from the “guaranteed sweet” technology.

In 1999–2000, an Australian product supply manager interested in the tech-
nology commissioned focus groups with consumers (R. Gray, OneHarvest P/L,  
personal communication). Fruit with large “flavor gaps” (disparity between 
consumer taste expectation and actual experience) were identified, and the 
literature searched for major determinants of taste in those commodities. 
Commodities such as melons (all seasons), stone fruit (early season) and man-
goes were identified as candidates for the sweetness grading technology. In 
2000, the Australian supply chain manager negotiated exclusive access to one 
brand of sweetness grading equipment.

The supply chain manager then sought to contract melon and stone fruit 
growers to supply fruit, with growers located over a spread of geographic areas 
to provide constancy and security of supply. As incentive, packing houses were 
initially offered the technology free of charge, and growers were offered a 
guaranteed (above average market) price for sweet product, with the grower–
packing house marketing remaining fruit through normal channels. It proved 
difficult, however, to attract established growers with established marketing 
arrangements. More success was had with the annual crop (melon) than the 
perennial crop (stone fruit), attracting growers that had not previously grown 
this crop. Further, growers typically believed they grew consistently sweet 
fruit. In practice, it was soon evident that pack-out rates on sweet produce were 
far lower than anticipated. Further, this pack-out rate was variable week-to-
week (e.g. Long et al., 2004; Golic and Walsh, 2005). In an attempt to address 
this issue, an R&D program was implemented on agronomic practices and on 
choice of varieties to maximize melon sweetness.

Installation of the technology into existing pack lines was not as simple as 
bolting a unit above the pack line. Existing pack line electronics had to be 
compatible to the technology. The technology was also disruptive of packing 
house operations. For example, with grading to a sweetness standard, pack line  
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sorting to five size standards would require ten pack-out points. Five pallet 
lines in the cold room would become ten. Further complications arose in that 
the sweet fruit were largely more mature fruit, and ripened at a different rate to 
the below TSS standard fruit.

The product supply manager introduced the technology supported sweetness 
guaranteed program to a major retailer, and negotiated a price premium for 
fruit above the retailer’s specification level on TSS. However, while the retailer 
allowed in-store labeling of fruit in the first year of marketing, no labeling was 
allowed in the second year. With the fruit being offered at a higher price than 
standard grade fruit, this policy was obviously detrimental to sales. From the 
third year, the retailer required labeling of the fruit with their own quality label, 
a label applied to a number of lines considered to be of higher eating quality 
(e.g. a low acid pineapple variety).

Consumer purchasing was disrupted during the year in which in-store labe-
ling was not permitted. In effect, the consumers could not find the fruit. In 
other seasons, consumer purchasing patterns were disrupted by periods of non-
supply. While this was done with the best of intentions, to maintain a standard, 
the inconsistent supply resulted in a loss of product identity with the consumer. 
Further, the reallocation of produce display space during periods of non-supply 
was difficult to recover.

Thus, the sweetness grading technology was a great technological solution – to 
a problem that the supply chain did not value. Specific points in the supply chain 
recognized that consumer perception of eating quality should be an issue, and that 
TSS is a major determinant of eating quality in some commodities, but the supply 
chain as a whole did not value the concept, the cost of implementation was not 
shared, and the reward was not realized. In conclusion, use of this technology can 
be expected to be sporadic until such time as retailer specifications are enforced.

In contrast, the technology was adopted in Japan to support an existing mar-
ket for quality “gift” fruit. In this market, the premium paid for sweet fruit is 
sufficient to cover the cost of the technology and to reward growers for the 
agronomic effort (and loss of yield) incurred in producing sweeter fruit. This 
“gift fruit” business model/supply chain did not exist in non-Japanese markets, 
and the sweetness grading technology has had limited adoption.

The technology has subsequently been adopted by other supply chains as a 
tool to reward growers, rather than as a tool to enforce a standard to “protect” 
consumers. Growers are rewarded for fruit above a specified TSS level, and 
penalized for fruit below this level. This creates a known incentive to support 
agronomic and varietal selection that results in elevated fruit TSS.



X.  Regulatory issues for the future?

Common standards facilitate international trade and improve transparency to con-
sumers. Convergence of heavy metal, chemical residue and microbiological (phyto-
sanitary) standards has been driven by national and intergovernmental agencies 
such as UNECE and the OECD, with the Codex Alimentarius emerging as a global 
minimum standard. Common processes to deal with quarantine issues have devel-
oped under the WTO. These trends are expected to continue, with further intertwin-
ing of the UNECE, OECD and Codex standards, and increased adoption by Asian 
and African countries as a tool to increase export trade. Similarly, consolidation 
and increased adoption of the organic standards is to be expected. For example, the 
IFOAM organic specifications can be further mainstreamed into Codex.

This prediction is somewhat at odds with the CACs view of its own activity (http://
www.fao.org/docrep/w9114e/w9114e00.htm Accessed 12 December 2007). The 
CAC reports that its consumer protection elements are gaining in importance, while 
the “compositional” or quality elements of individual commodity standards do not 
attract as much attention. It is noted, however, that future direction depends on com-
munity attitudes and demands.

The interpretation of standards is indispensable to application in practice, and so 
the availability of explanatory brochures on standards and inspection guidelines is 
important. Organizations like OECD and AMS can be expected to continue to inform 
Codex.

However, standards need to be enforced, and thus there is a need for certifying 
bodies. The organic movement developed through the efforts of many industry asso-
ciations, leaving a legacy of many private certifying agencies. It is likely that there 
will be a trend in some areas to develop a national certifying agency. Official stand-
ards on food safety criteria exist, but enforcement is often ad hoc. This gap may be 
filled by either a government or private certifier. Given the current focus on China 
with respect to food safety, developments within China and within countries import-
ing produce from China will be interesting to watch.

With the continued rise of the global retailers and global production groups, it is to 
be expected that private sector regulation will increase, to match consumer demand 
and to insure against official (government imposed) regulation. For example, the 
GAP program is on track to become a generic certifying body. Thus the large retail-
ers, working through their category managers, will continue to develop as setters and 
enforcers of standards.

In the decades to come, new social drivers will emerge, with related regulatory pres-
sures. The issues of an ageing population and of an increasingly sedentary lifestyle and 
poor diet are probable drivers. The “Two-and-Five” fruit and vegetable consumption 
campaigns are standard bearers in this area. The use of nutritionally and functionally 
enhanced fruit and vegetables will rise, e.g. the Gates Foundation has funded research 
into vitamin enhanced bananas for Uganda. Issues related to “food miles” or carbon 
cost of production will become regulated. With increasing population and increased 
industrialization and urbanization, competition for water increases. Some markets 
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might require labeling for the use of recycled sewage water in irrigation. Water use 
efficiency may well become a point of differentiation, perhaps with fruit labeled with a 
water efficiency star rating (based on ML/tonne). Thus the regulatory environment of 
the next decade is likely to be quite different than that outlined in this chapter.
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I.  Introduction

Fresh-cut produce implies fruit or vegetables that have been prepared and subsequently 
packaged to provide convenient and safe ready-to-eat products for consumers, while 
maintaining their live, fresh state. Fresh and raw vegetables and fruits are subjected to 
minimal process operations, such as cutting, trimming, shredding, peeling, washing, 
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decontamination, dipping, rinsing and packaging. Fresh-cut products, thus, are highly 
perishable, but also agronomically and technologically more susceptible to quality 
deterioration than whole vegetables. The processing operations eliminate any inedible 
parts, but reduce the edible product shelf life by several weeks or months, depending 
on the raw material. The nutritional and sensory quality should be comparable to the 
unprocessed product. Leafy vegetables, particularly baby leaves, are the consumers’ 
favorite, but they are very delicate and susceptible to process manipulations. Control 
and innovation technology implementation needs to be pursued to optimize all fresh-
cut production and processing procedures.

A fresh-cut product is physically altered from its original state during trimming, 
peeling, washing and cutting operations. However, it remains in a fresh state and 
is thus characterized by living tissues that undergo or are susceptible to enzymatic 
activity, texture decay, undesirable volatile compound production and microbial con-
tamination, which reduce shelf life. In the fresh-cut industry, shelf life is the time 
required by a fresh-cut product to lose quality attributes, such as freshness, firmness, 
texture, color, aroma and nutritional value, below a level acceptable to the consumer. 
The relative importance of each quality factor varies according to the product and 
market. The final potential postharvest quality and shelf life of fresh produce are 
determined before harvesting. Processing practices, e.g. packaging and storage tem-
perature, do not improve quality; they can only slow the rate at which deterioration 
occurs. Practices such as washing, sorting and sizing are services performed with the 
consumer in mind, and generally do not improve the inherent quality (Brecht et al., 
2003). The first and most important aspect that affects the subsequent postharvest 
processing and shelf life phases is raw material quality at harvest.

Fresh produce in general, and fresh-cut produce in particular, is perishable. Once 
harvested, quality deterioration occurs leading to raw material losses even before the 
produce reaches the consumer. Fresh fruits and vegetables postharvest losses have 
been estimated between 2% and 20% in developed countries, and between 24% and 
40% in developing countries, respectively (Sirivatanapa, 2006). High levels of waste 
result in higher prices for the final product. Improper handling during harvest on 
farms causes quality deterioration. Quality in the supply chain is crucial in terms of 
food safety, quality and environmental impact. Low input and efficient cultural prac-
tices, postharvest technologies and supply chain management contribute to “making 
the difference” in an industry that wishes to be efficient and competitive. The critical 
points that need to be improved in the fresh-cut sector include:

l	 early cold chain implementation;
l	 storing and shipping conditions prior to reaching the processing plant;
l	 logistics;
l	 processing inputs;
l	 handling in distribution.

For these reasons, innovative technologies have been developed to enhance raw mate-
rial production, preserve quality, guarantee safety, prolong shelf life and diversify the 
fresh-cut products available to consumers.



A.  Consumer trends and the fresh-cut market

Most fruit and vegetables are low-cost food that contain low levels of fat and high 
levels of a number of nutritionally important compounds, such as vitamins, miner-
als, fiber, bioactive compounds, etc., many of which cannot be synthesized by the 
human body. Changing eating habits such as snacking, year-round product availa-
bility and a growing trend towards vegetarianism and healthy eating have resulted 
in an increasing demand for convenient products that fit into the modern consumer 
lifestyle, while offering healthy food. Fresh-cut products, especially vegetables, have 
thus become very popular.

In recent years, the consumer demand for fruit and vegetables decreased in 
Europe. However, instead of a decrease, the ready-to-eat product sector reported an 
increase in sales. In the past few years, fresh-cut produce has seen an increase in 
sales throughout the world. Out of the total produce sales, fresh-cut sales in Europe 
have an estimated share of 18%, a share of 9% in the US, and Australia has a 5% 
share, respectively (Premier, 2007; Premier et al., 2007). Fresh-cut produce sales in 
the US are the highest (ca. $14 billion) with an increase of more than 50% between 
2003 and 2006 (Figure 10.1). This is an indication that the fresh-cut industry is 
expanding faster than any other segment of the fruit and vegetable market. The 
fresh-cut segment supplies both the food service industry and retail outlets in the 
US. Approximately 60% of fresh-cut produce ends up in the food service industry, 
with 40% going to the retail market. Of the retail market, 62% consists of salads, 
31% of vegetables and 7% of fruit (Premier, 2007). The fresh-cut industry is grow-
ing in many European countries, with the UK, France and Italy leading in terms of 
market share. The UK is the leader in the fresh-cut market in Europe, supplying 120 
000 tons of fresh-cut salads in 2004, valued at €700 million; France follows with 
a volume of 77 000 tons, which includes fresh-cut and grilled/steamed vegetables 
(Table 10.1). In Italy, following a slow start, the sales exceeded 64 000 tons, and  
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Figure 10.1  US fresh-cut produce sales from 1997 to 2006. Source: http://www.pma.com.
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the corresponding value of €553 million in 2006 (Table 10.2). In recent decades, the 
changes in lifestyles and habits, the increase in the number of working women and 
an increase in single and two-person households have resulted in an increased inter-
est in the convenience that the fresh-cut industry can offer. In Italy, 40% of consum-
ers buy fresh-cut produce (Bernardelli, 2005).

Fresh-cut production is widespread throughout the world; in some countries it is 
devoted to exports aimed at western countries (e.g. Thailand to the UK, Mexico to 
the US). The fresh-cut market is developing in South-East Asia and Latin America. In 
Asia, fresh-cut product sales are driven by demand in countries like Japan, Singapore 
and the Republic of Korea. Sales of fresh-cut produce in Japan have grown from 

Table 10.2  The value of the Italian fresh-cut industry and annual growth rates between 
2001 and 2006

Year Million euro Growth rate in 
% (preceding 
year  100)

Fresh-cut  
production, tons

Growth rate in 
% (preceding 
year  100)

2001 191 – 23 943 –
2002 257 34.6 30 545 27.6
2003 355 38.1 40 687 33.2
2004 397 11.8 44 879 10.3
2005 479 20.7 55 748 24.2
2006 553 15.4 64 607 15.9

Compiled using the following sources: Della Casa, R. (2005). In: http://www.unaproa.com.
Galassini, U. (2005). Proceedings Vegetalia, January 29, 2005, Cremona, Italy.
Gatti, G. (2006). In: http://venetoagricoltura.regione.veneto.it.
Setti, G. (2004). Terra e Vita, 7,11.
Setti, G. (2006). Colture Protette, XXI.

Table 10.1  Volume and value growth in fresh-cut production in selected European countries

Country Fresh-cut  
production, tons

Year-to-year  
volume growth, %

Million euros Year-to-year 
value growth, %

Francea 76 940 6.4 520.0 2.3
UKb 120 000 NA 700.0 NA
Germanyc 7642 7.5 58.8 12.9
Italyd 71 793 34.6 510.0 28.5
Spaine 20 265 NA 121.5 NA

aFrance: fresh-cut, cooked and grilled produce until September 2005.
bUK: fresh-cut salad retail until 2004.
cGermany: fresh-cut salad until June 2005.
dItaly: fresh-cut vegetables until August 2005.
eSpain: fresh-cut vegetables sold at retail until March 2005.
Source: Della Casa, R., Daltri, C. (2006). L’Informatore Agrario, 4, 63–65.

http://www.unaproa.com
http://venetoagricoltura.regione.veneto.it
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approximately $1 billion in 1999 to $2.6 billion in 2005, of which 89% consisted 
of fresh-cut vegetables and 11% of fresh-cut fruits (Kim, 2007). In the Republic of 
Korea, sales have grown from $0.5 billion in 2003 to $1.1 billion in 2006. These 
sales implied a level of production of 110 000 tons of which 33% consists of vegeta-
ble salads, 42.1% of ready-to-cook vegetables, 8.7% of wild vegetables, 15.6% of 
fruit and 0.3% of mushrooms. It has been reported that fresh-cut produce has been 
increasing in China since the late 1990s, with an annual growth rate estimated at 
20%, although no exact figures are available (Zhang, 2007). Despite the opportunity 
that this sector can offer the overall produce industry, the lack of reliable published 
data makes it difficult to appreciate the importance of the fresh-cut business around 
the world.

B.  Food safety risks in the fresh-cut chain

The success of the fresh-cut industry depends on quality and maintaining con-
sumer confidence. The indicators of vegetable quality include color, texture, flavor 
and other attributes, many of which may be influenced by abiotic and biotic fac-
tors. For example, Kader et al. (1973) reported specific quality indicators for lettuce 
(Lactuca sativa L.). Fresh-cut vegetable safety is related to inherent anti-nutritional 
substances, such as nitrate and oxalate, which accumulate during growth (Reinink 
and Blom-Zanstra, 1989; Weerakkody, 2003), and external microbial and chemical 
contamination during postharvest (Cantwell and Ermen, 2006). These critical factors 
can be controlled throughout the entire chain by implementing targeted cultural tech-
niques and observing sanitation programs. Good agricultural practices (GAPs) and 
good manufacturing practices (GMPs) provide recommended guidelines that guar-
antee a minimum safety level. The hazard analysis critical control point (HACCP), 
which includes good hygiene practices (GHPs), is regulated in the European Union 
(EU) by EU-Reg. N. 852-853-854/2004. Produce sanitation should start in the field 
and should encompass all growing, harvesting, handling and processing areas. One 
approach could be that growers should provide documentation (a logbook) of the 
microbial load, of fertilizer and irrigation water usage, and of the workers’ hygienic 
practices (Zagory, 1999).

A larger volume and greater variety of fresh-cut products have become available 
because of the growth of the fresh-cut sector. From 1996 to 2006, 26% of all food-
borne disease outbreaks caused by the consumption of fresh produce implicated 
fresh-cut produce (FDA, 2007). Fresh fruit and vegetables normally already contain 
high levels of microorganisms at harvesting before processing. Soil, water, air and 
insects all contribute to the microflora of vegetables, but their importance differs 
according to the edible part of the plant. For example, leaves are primarily exposed 
to water, whereas roots have more contact with the soil. The numbers and the species 
of microorganisms found on fresh produce, and specifically on fresh-cut product, are 
highly variable. The range of contamination depends on the harvest time, weather 
conditions at harvesting, applied fertilizer, handling by workers during harvest, sort-
ing, and the subsequent processing, e.g. the contact with cutting knives, transport 
belts, boxes or water used for washing.
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The difficulties involved in killing and removing microorganisms from raw mate-
rial can originate from preharvest sources, such as feces, soil, sewage and sludge, 
irrigation water, water used to apply fungicides, insecticides and herbicides, improper 
manure, dust, wild and domestic animals and human handling (Beuchat, 2007). The 
control of these contamination sources can enhance the successful management of 
microbial safety risk in the fresh-cut industry. Three types of microbes are present on 
the surface of fresh-cut produce:

1.	 useful microbes, such as some lactic acid bacteria, which should not be 
removed or killed;

2.	 spoilage microbes, such as pectynolytic Gram negative bacteria belonging 
to Pseudomonadaceae or Enterobacteriaceae and yeasts with fermentative 
metabolism like Saccharomyces spp., found on fruit, which should be mini-
mized during processing because they reduce shelf life;

3.	 pathogens (e.g. Clostridium botulinum, Escherichia coli, Listeria monocy-
togenes, Salmonella spp., Staphylococcus aureus) responsible for food-borne 
disease outbreaks.

The aim of the fresh-cut industry is to prevent the presence of pathogens and ensure 
that they are not introduced during the processing system. Because of their growth, 
internalization and infiltration behavior, sanitizer treatments are not effective and 
cannot ensure safety, thus GAPs, GMPs and HACCP are essential to prevent human 
pathogen contamination.

II.  �Cultivation management for the fresh-cut 
industry

A.  Raw material quality for the fresh-cut industry

Any preharvest condition that stresses a plant will affect the quality and shelf life of 
the final product. The understanding of these conditions is crucial to assess the post-
harvest potential of fresh produce, especially those that will be further stressed by 
fresh-cutting. Some consumers wrongly assume that fresh-cut produce is a second-
class product obtained from the leftovers of first-class fresh vegetables, while the raw 
material must actually be in a perfect state with regard to safety, physiology, extrinsic 
and internal quality before processing. The raw material must be suitable for fresh-
cut processing, and this means that it must be clean and safe. The most important 
prerequisites concern:

1.	 the absence of insects, soil, metals and weeds, which increase the length and 
cost of the washing phase and jeopardize the quality;

2.	 a low level of microbial contamination that accelerates metabolic processes 
which reduce the shelf life;

3.	 the absence of pathogens that cannot be either controlled or eliminated during 
processing.
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Cultivation conditions, such as the culture system, irrigation, climate and ferti-
lization, influence the quality of the raw material and can modify its physiological 
behavior and suitability for fresh-cut processing. The preharvest and harvest condi-
tions that affect vegetable quality and shelf life are related to:

l	 genetically controlled factors (cultivar, strain);
l	 climatic conditions (light, temperature, relative humidity, etc.);
l	 soil conditions (type of soil, pH, moisture, microflora, soil-borne diseases, 

etc.);
l	 culture systems (open field cultivation, protected cultivation, soilless systems, 

etc.);
l	 agricultural practices (use and type of fertilizers, pesticides, growth regulators, 

irrigation, etc.);
l	 harvesting (harvest time and temperature, mechanical harvest, manual harvest, 

etc.).

Food safety and quality begin on the farm. Fresh-cut produce, being a perishable 
product, is characterized by an irreversible decay in quality, and for this reason it is 
important to obtain the best raw material quality at harvest. Raw material variability 
remains a challenge: cultivars, growing conditions, climatic conditions, preprocess-
ing handling and storage all affect the visual quality, shelf life, flavor and the compo-
sitional and textural quality (Cantwell and Ermen, 2006).

B.  Cultivars

The quality of the product can be preserved and enhanced by the addition of value 
and broadening the product line of fresh-cut products to consumers. Quality starts 
in the field and is the result of cultivation standardization which combines a care-
ful choice of varieties with the best cultural techniques, from planting to harvest. 
Choosing the proper cultivar is not an easy task, because various parties in fresh-cut 
production and distribution often have conflicting needs. Breeding selects cultivars 
that can solve the problems of growers and processors, reduce production costs, and 
optimize postharvest technology efficiency.

Growers want cultivars that are resistant to biotic and abiotic factors, while ensur-
ing a high yield, suitability for mechanical harvesting, plant size uniformity, lower 
rejection rates during processing and uniform maturity. The absence of biotic and 
abiotic damage reduces both the metabolic processes after harvest and micro-
bial contamination at any stage. Resistance to biotic and abiotic factors allows not 
only reduction of pesticide use, but also production of unblemished raw material. 
Breeders have selected Cichorium intybus L. (chicory) cultivars with high bolting 
tolerance and frost resistance without any variation in color. Cultivars with high bolt-
ing tolerance satisfy commercial and organoleptic maturity requirements, and lead 
to a reduction in discarded material, thus lowering postharvest losses. Baby leaf cul-
tivars of lettuce have been selected because of their resistance to different Bremia 
lactucae strains, while spinach (Spinacia oleracea L.) cultivars have been selected 
because of their resistance to Peronospora farinosa.
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Processors want cultivars with low respiration and enzymatic rates, and with toler-
ance to stress due to mechanical operations, such as washing, sorting, cutting and 
drying. Cultivars tolerant of low temperatures used in the supply chain are also pre-
ferred. For instance, head vegetables (e.g. lettuce, chicory) are preferred to baby 
leaves (e.g. rocket, Eruca sativa Mill; corn salad, Valerianella olitoria L.), because 
they are more resistant to mechanical stress and extended storage prior to process-
ing. The latter feature improves logistic management of the produce flow. Spinach 
cultivars are classified according to leaf shape, i.e. smooth, savoy or semi-savoy. The 
smooth leaf and semi-savoy types are mainly used for processing, while the savoy 
type is used for the fresh market. The savoy types are preferred for shipping, because 
they are less likely to wilt or turn yellow before reaching the market (Mills, 2001). 
The smooth type spinach cultivars are suitable for canned, frozen or fresh-cut pro-
duce, because the leaves are easy to clean before processing. Cantwell and Ermen 
(2006) described lettuce cultivars that differed according to their enzymatic brown-
ing rate and the phenylalanine ammonia lyase (PAL) activity of the cut pieces. All 
types of “radicchio,” a chicory cultivar famous for its color and slightly bitter flavor, 
have a long shelf life associated with reduced oxidation at the cutting point.

Cultivar selection is of great importance in fresh-cut fruit processing, because 
cultivar characteristics, such as flesh texture, skin color and browning potential, can 
vary a great deal. Fruit tissue softening during ripening and senescence is triggered 
by ethylene production, which is one of the main reasons for the relatively short post-
cutting life of fresh-cut fruit. The commercial success of fresh-cut peach and nectar-
ine slices (Prunus persica [L.] Batsch) has been limited, due to their short shelf life 
because of cut surface browning and pit cavity breakdown (Gorny et al., 1999). Their 
shelf life can vary from 2 to 12 days at 0°C, depending on the cultivar. The selec-
tion of appropriate cultivars, and an appropriate maturity at harvest, a proper storage 
temperature and relative humidity (RH), can be considered the most important fac-
tors that determine the shelf life of fresh-cut peach and nectarine slices. The shelf 
life of fresh-cut slices of pear cultivars (Pyrus communis L.) varies greatly due to 
their different degrees of flesh softening and surface discoloration. The shelf life of 
pear slices is reduced with an increased incidence of cut surface browning. Gorny 
et al. (2000), when comparing Bartlett, Bosc, Anjou and Red Anjou varieties, stated 
that Bartlett pears were the most suitable cultivars for fresh-cut processing, because 
they exhibited the longest post-cutting shelf life of all cultivars tested. Ethylene pro-
duction can be inhibited by the use of 1-MCP. The effectiveness of 1-MCP is culti-
var-specific and influenced by the maturity of the fruit. Calderon-Lopez et al. (2005) 
found that slices prepared from apple cultivars (Malus 3 domestica Borkh.) treated 
with 1-MCP had lower ethylene production rates, and were firmer than those of 
untreated fruits.

One of the main parameters considered by consumers when choosing a prod-
uct is the color of the product. Consumers associate color with freshness, bet-
ter taste, flavor and ripeness. In fruit, such as apples, cherries (Prunus avium L., 
Prunus cerasus L.) and strawberries (Fragaria 3 ananassa Duch.), there has been 
much interest in breeding fruit varieties with different color, hues, patterns, or with 
a total anthocyanin content. Red skinned apples are preferred to the other colored  
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apples; furthermore, the apple skin is a source of antioxidants and may become a 
new quality marker for different apple cultivars (Takos et al., 2006).

Processors set the characteristics of a product with retailers, and control the 
microbial and nutritional quality both at harvest and after processing. The cultivars 
can change according to consumer demand, but it is important that they satisfy the 
grower and processor requirements to guarantee process and product safety and 
quality.

C.  Growing conditions

Climatic conditions, including light and temperature, have an important influence on 
the chemical composition of horticultural crops. The amount and intensity of light dur-
ing the growing season have a definite influence on the amount of ascorbic acid that 
is formed (Lee and Kader, 2000). Light intensity influences the amounts of oxalate, 
ascorbate and nitrate in spinach leaves (Proietti et al., 2004). Light and temperature 
affect anthocyanin synthesis in several species which, in many instances, is favored by 
UV wavelengths and low temperatures (Kleinhenz et al., 2003, and citations therein). 
Sunlight is the most important external factor that regulates anthocyanin synthesis in 
apple skin, this was found by Takos et al. (2006) who isolated a light-induced gene 
that encodes an MYB regulator of anthocyanin synthesis in apple fruit skin.

Environmental conditions influence vegetable and fruit resistance to biotic and 
abiotic factors. Adverse conditions that negatively stress a plant make vegetables 
and fruits unsuitable for processing. Research results have suggested that lettuce tis-
sue damage incurred in the field increases the potential risk of E. coli contamina-
tion (University of Arizona–Cooperative Extension, 2004a). After harvesting, quality 
deterioration can be accelerated in produce damaged by pests, fungi, bacteria and 
viruses, which alter the plant metabolism and increase the risk of a second microbial 
contamination. Cultivation for fresh-cut processing should take place in areas far 
from chemical, atmospheric or animal husbandry pollutant sources, which jeopard-
ize the safety of the raw material.

Water influences the raw material microbial quality throughout the entire process-
ing cycle. Water used for production and harvest operations can contaminate veg-
etables if the edible portions have been in direct contact with water containing 
pathogens harmful to humans or through water-to-soil and soil-to-product con-
tact (Solomon et al., 2003). It is important to ensure an appropriate chemical and 
microbial quality of the irrigation water and the water used in harvest operations. 
The chemical quality of water can influence plant growth. An example is salinity, 
which increases the susceptibility of plants to many diseases such as Fusarium spp. 
and Verticillium spp. wilts (Besri, 1997). The water should be periodically controlled 
through microbial and chemical analyses, including tests on the levels of fecal colif-
orms (i.e. E. coli) and heavy metals, whose absence is a safety indicator. However, 
growers may encounter difficulties in controlling water quality, because it originates 
from sources that could become polluted. Irrigation water comes from superficial 
and underground sources that can be contaminated by drift, run off or leaching of 
water from polluted areas (Lunati, 2001; Steele and Odumeru, 2004).
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Irrigation methods (e.g. drip irrigation, overhead sprinkler, furrow, sub-irriga-
tion systems) can be chosen according to their potential to introduce or promote the 
growth of pathogens on produce. Water quality, irrigation and postharvest disinfect-
ing treatments appear to be of paramount importance in reducing the risk of E. coli 
contamination in lettuce (University of Arizona–Cooperative Extension, 2004a). 
Fonseca (2006) evaluated the postharvest quality and microbial population of ice-
berg lettuce affected by moisture at harvest. Iceberg lettuce irrigated 4 days before 
harvest had microbial counts over 0.4 Log cfu g1 higher than lettuce irrigated 16 
days before harvest. In addition, the microbial population of lettuce irrigated 4 days 
before harvest with overhead sprinklers was much higher than lettuce irrigated using 
the furrow system.

Water influences not only the microbial quality, but also the shelf life of veg-
etables. Recent studies suggest that in some cases “controlled” water stress during 
plant growth can produce beneficial effects during postharvest storage (University 
of Arizona–Cooperative Extension, 2004b). Moisture stress imposed on broccoli 
(Brassica oleracea L. var. italica) during maturity increased their shelf life from 2–3 
days to as many as 13 days at 15°C. Similarly, water stress can improve the post-
harvest quality of carrots (Daucus carota L.), melons (Cucumis melo L.) and celery 
(Apium graveolens L.), but the positive effect of stress depends on when the plants 
are subject to it. Shelf life at maturity is important for the fresh-cut industry.

The soil type affects not only the nutritional quality, but also the safety of the 
raw material. The soil texture influences the mobility and efficiency of nitrogen 
and mineral uptake, which in turn has an impact on the quality of the final prod-
uct. Cantaloupe melons grown in clay soil produced better-tasting fruit, in terms of 
sweetness and flavor, with superior fresh-cut quality, in terms of less sour taste and 
off-flavor, than melons grown in sandy soil (Bett-Garber et al., 2005). As fresh-cut 
produce is prepared from a raw material that is in contact with soil, microbial con-
tamination can occur. GAPs and GHPs suggest that land used for grazing livestock is 
not suitable for growing vegetables, and it is recommended that manure and compost 
are avoided as fertilizers because they can be sources of microbial and heavy metal 
contamination.

D.  Raw material production

Inherent fruit quality parameters, such as sugar and acid content, ripening and stora-
bility, and external fruit quality parameters, such as color, form, stage of growth and 
firmness, are closely correlated to the main nutrients: nitrogen, phosphorus, potas-
sium, calcium and magnesium. The nutrients can be supplied to the plant through 
distribution on the soil surface or by fertigation. Fertigation increases the efficient 
use of fertilizers and nutrient availability at root level, and fertigation in particular 
increases the mobility of potassium and phosphorus.

In fruits, nitrogen is negatively correlated with the firmness, dry matter percentage, 
refractometric index, soluble sugar content and acidity. An excess of nitrogen avail-
ability causes poor fruit skin color development and increases plant susceptibility to 
pests and physiological disorders. In vegetables, particularly leafy vegetables, nitrogen  
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supplied as nitrate is negatively correlated to the dry matter percentage and directly 
correlated to the nitrate content in the edible portion (Fontana et al., 2004; Nicola et al.,  
2005b). In leafy vegetables, nitrogen fertilization can be scheduled to reduce the 
nitrate content in leafy vegetables in order to reach acceptable threshold levels, which 
are generally below 2500 mg kg1 f.w. In the EU, specific limitations are set for the 
nitrate content in the final product for lettuce and spinach (EU-Reg. N. 563/2002).

Supplementing sufficient soil potassium with additional foliar potassium appli-
cations during cantaloupe fruit development and maturation improves the fruit’s 
marketable quality by increasing firmness and sugar content, and fruit nutritional 
quality by increasing ascorbic acid, beta-carotene and potassium levels (Lester et al.,  
2007). The preharvest nutritional status of fruit, especially with respect to calcium, 
is an important factor that affects potential storage life (Gąstoł and Domagała-
Świątkiewicz, 2006). Fruits with a high level of calcium have lower respiration rates 
and longer potential storage life than fruits containing low levels of calcium. Many 
physiological disorders in fruits are associated with a calcium deficiency. The easi-
est way to maximize the calcium level in fruit is to use a foliar spray although, in 
many instances, the uptake and penetration of calcium into the fruit and its move-
ment within the fruit tissues is difficult to achieve (Mengel, 2002).

Most leafy vegetables used for the fresh-cut industry in Europe are from protected 
cultivation, because protected cultivation leads to an increased yield, allows off-
season production, controls the abiotic factors and facilitates pest management. In 
Italy, the protected cultivation of vegetables for the fresh-cut sector represents 75% 
of the total production (Daffonchio, 2007). The produce originates from different 
geographic areas, according to the season. Each geographic area is characterized by 
different environmental conditions, cultivar availability and cultural practices. These 
factors can influence not only the quality of the raw material at harvest, but also the 
efficiency of postharvest technologies, such as the choice of operational temperatures 
and packaging systems. Fruit and vegetables are produced both in open field and 
in protected cultivations (Figure 10.2a,b). Compared to the open field system, the 

Figure 10.2  Head lettuce varieties grown in open field (a) and baby leaf lettuce under protected 
cultivation (b).

(a) (b)
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protected culture system offers many advantages, for example, protection from dam-
aging winds and other adverse weather conditions, such as rain and hail, a reduction 
in evapotranspiration rate, an increase in photosynthesis rate, and an advance in the 
harvest date. The covering material of the greenhouses enhances the internal air tem-
perature, and leads to reduced air and soil temperature excursions. All these aspects 
affect plant health, and improve raw material quality, yield and safety.

Voća et al. (2006) compared strawberry crops grown in open field cultivation, soil 
protected cultivation and soilless protected cultivation systems, and found that the 
cultivation system had a great influence on the color and firmness of the strawberry 
fruit cv. Elsanta. Better fruit coloring was obtained in the protected cultivation sys-
tems, although the soilless system gave the lowest fruit firmness. The overall chemi-
cal composition of the fruit indicated that the highest quality was reached with the 
soil protected cultivation.

Vegetables usually contain relatively high numbers of microorganisms at harvest, 
because they are in contact with soil during growth (Tournas, 2005). Not all micro-
organisms are capable of proliferating on vegetables. Several microbial species can 
break the protective cover of plants and then grow and cause spoilage; others can 
enter the plant tissue through wounds and then can grow and spoil the vegetable. 
Some fungal spores can survive for some time in the soil and contaminate plants one 
season after another; these organisms may cause plant disease in the field, as well as 
spoilage during storage. In these circumstances, field treatments with fungicides and 
the use of resistant cultivars are necessary in order to avoid disease development and 
spoilage. The avoidance of disease development and spoilage are main factors that 
favor the development of the soilless culture system.

The soilless protected cultivation system allows higher qualitative and quantitative 
standards to be obtained, cultural techniques to be standardized and both production 
costs and environmental impact to be reduced. The system is a valid alternative to 
the soil cultivation system, as it helps to avoid soil-borne diseases, and controls min-
eral plant nutrition in order to standardize the qualitative characteristics of the final 
product. The use of mineral and sterile media with a low environmental impact may 
be an alternative to the practice of soil disinfection. When investigating a soilless 
system, in order to obtain uniform produce of high quality, it is crucial to adjust the 
nutrient solution, moisture and water content of the growing medium, because they 
are the most important aspects, apart from environmental growing conditions.

The soilless protected cultivation system is highly productive, and has proved to 
enhance the postharvest shelf life of many fresh-cut vegetables (Fontana et al., 2003, 
2004, 2006; Fontana and Nicola, 2008; Hoeberechts et al., 2004; Nicola et al., 2003, 
2004, 2005a,b; Sportelli, 2003). Natalini (2005) studied the influence of cultivation 
techniques on melon crop growth, fruit yield and quality. Comparing soil protected 
cultivation to a soilless culture system (nutrient film technique, NFT) the author 
observed that NFT gave the highest yield, while the fruit quality was quite poor in 
terms of softening and loss of cellular integrity during storage.

Among the different soilless cultivation systems, the floating system (FL)  
is a recent growing system that has led scientists and extension specialists to con-
sider it as a way of producing leafy vegetables with characteristics that satisfy the 
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requirements of the entire chain. The system is suitable for raising vegetables with 
both short production cycle and high plant density; it can be considered an effi-
cient system to produce leafy vegetables with high added value, for example, basil 
(Ocimum basilicum L.), rocket, corn salad, purslane (Portulaca oleracea L.), garden 
cress (Lepidium sativum L.), dill (Anethum graveolens L.), baby lettuce and spinach, 
among others.

The FL is a sub-irrigation system that consists of trays that continuously float on 
a water bed or nutrient solution (Nicola, 1993; Pimpini and Enzo, 1997; Thomas, 
1993) (Figure 10.3a,b). A sub-irrigation system increases the precision of fertilizer 
application to plants by reducing water leaching during irrigation. This production 
system requires relatively low maintenance and labor costs, and results in an effi-
cient use of water and greenhouse space (Galloway et al., 2000). The FL allows the 
produce quality at harvest to be improved, reduces microbial contamination, and 
eliminates soil and chemical residue spoilage. Normally, produce obtained from soil 
cultivation systems can reach a total bacterial count of 106 to 109 cfu g1, which can 
be reduced by 2–3 Log cfu g1 after washing and sanitation practices. Garden cress 
grown in a FL resulted in a low total bacterial count at harvest, ranging from 102 to 
105 cfu g1, with Pseudomonas spp. ranging from 100 to 104 cfu g1, total coliforms 
ranging from 100 to 103 cfu g1, and yeasts and moulds ranging from 102 to 104 cfu 
g1 (Nicola et al., unpublished data). Consequently, soilless cultivation systems can 
reduce the sanitizer input, for example, in water during fresh-cut processing by pro-
viding cleaner raw material.

E.  Raw material harvest and handling

Good preharvest and harvest practices are necessary to reduce commodity damage. 
It has been extensively reported that the quality of a raw material and the storage 

(a)

Figure 10.3  Soilless culture system with sub-irrigations: the flotation system for basil (a) and lettuce (b).

(b)



260  Fresh-cut Produce Quality: Implications for a Systems Approach

conditions before processing are very important to keep the quality of a vegetable 
(Wiley, 1994). The harvest, handling, shipping and storage (HHSS) before process-
ing are stages where low temperature conditions are vital to preserve the quality of 
the raw material. The cold chain should, in fact, begin as early as possible, and be 
maintained from the field to the processing plant. Low temperatures, in the range 
from 0 to 10°C, depending on the species and cultivar, keep the turgor in vegetables 
unaltered and slow microbial contamination. However, production operations are not 
yet broadly organized or optimized to handle the harvest phase with a minimum lag 
time before implementing the cold chain.

Fresh-cut vegetable shelf life is, at the moment, ca. 6–7 days in Italy. The shelf 
life of fresh-cut produce in the US exceeds two weeks, depending on the species. 
The long shelf life is basically achieved due to, apart from the limited range of spe-
cies and typology produced, prompt cooling and the maintenance of the cold chain, 
with temperatures generally below 4°C after harvest during processing, shipping 
and distribution. At present, an uninterrupted cold chain is not standard practice in 
Italy. Farms are not equipped for raw material conditioning in the field, and there 
are problems with logistics between growers and processors. Most of the processors 
are located in Northern Italy, while most of the raw material comes from Southern 
Italy (Lunati, 2003). Consequently, the maintenance of the cold chain to preserve the 
freshness and quality of the raw material before processing increases costs. In Italy, 
the cold chain is discontinuous, low temperatures are not guaranteed from harvest to 
the processing plant, and from there to the consumer. The cooling of produce when 
shipping for processing affects the final price of fresh-cut produce, which is already 
high for most Italian consumers.

The stage of maturity of fruit and vegetables destined for fresh-cut processing is a 
critical factor that helps to determine the potential quality and shelf life of the prod-
uct. The eating quality and shelf life of fresh-cut fruit products are influenced by the 
stage of ripeness at cutting (Gorny et al., 2000). In the case of leafy vegetables, the 
growth stage at harvest can influence the shelf life of the baby leaves, harvested at an 
early growth stage due to market demand. The rate of deterioration has often been 
related to the metabolic processes and respiration rate, which are usually higher in 
younger leaves. The high respiration rate explains why it is hard to reach a commer-
cial shelf life longer than seven days.

Harvesting directly affects the appearance and shelf life of the final product. The 
safety and the quality of fresh-cut produce depend not only on the cultural practices 
and postharvest conditioning, but also on the harvesting and handling procedures. 
Factors that can affect the microbial condition in the raw material include the cli-
matic conditions which the plants are produced in, and the temperature and air con-
ditions at which the produce is stored after harvest. Harvesting in the heat of the day 
causes wilting, shriveling, softness and a high respiration rate, and shortens shelf life 
considerably (Perkins-Veazie, 1999). Rough handling creates areas that darken, sof-
ten and make the product vulnerable to pathogen attacks. Microbes can also readily 
attach to cut leafy vegetable surfaces (Takeuchi and Frank, 2001) reducing the safety 
and nutritional quality. At harvest, appropriate measures should be taken to reduce or 
eliminate the potential risk of pathogen contamination through soil contact at the cut 
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surface. The reduction or elimination of pathogens can be achieved by cleaning cut-
ters and containers, by increasing the cutting quality, e.g. cutter sharpening, and by 
guaranteeing the hygiene of field workers.

The harvesting method, whether by hand or mechanical, and handling can deter-
mine the variation in maturity and physical injury, and consequently can influence 
the nutritional composition of vegetables. The use of good preharvest, harvest and 
handling practices is necessary to reduce commodity damage. Harvesting early in 
the morning, before plants become warm and respiration rate increases, lowers the 
needed cooling and often lengthens the preprocessing storage. Placing the harvested 
produce quickly under shade, in opaque or dark boxes, or using white tarpaulins to 
reflect heat from the filled bins can cut the load temperature by 30% (Perkins-Veazie, 
1999). These often disregarded stages of the supply chain, harvesting and handling, 
should be optimized, and the cool chain implemented as early as possible to main-
tain product quality (Thompson et al., 2001) in order to guarantee food safety and to 
reduce the amount of cooling needed afterwards (Figure 10.4).

Fresh fruit and vegetables are living tissues, and subject to continual changes 
after harvest. Fresh produce consumes photosynthates that were stored in the prod-
uct before the harvest. The consumption rate depends on the respiratory activity of a 
particular commodity and its temperature. Delays between harvesting and cooling or 
processing can result in direct losses, due to water loss and microbial contamination, 
and indirect losses, such as flavor and nutritional quality (Thompson et al., 2001). The 
rate of product deterioration is proportional to the rate of respiration, which increases 
exponentially with temperature (Cantwell, 2007). Shriveling and the loss of fresh, 
glossy appearance are two of the most noticeable effects of cooling delays, particu-
larly for commodities that lose water quickly and show visible symptoms at low lev-
els of water loss, such as most leafy vegetables. A correlation has been found between 
respiration rate and shelf life (Ninfali and Bacchiocca, 2004). Vegetables character-
ized by weak respiratory rates, such as carrots, have a long shelf life. Preprocessing 
storage conditions are fundamental to preserve raw material quality; the optimal 

Figure 10.4  Harvested iceberg lettuce stored in a dark, cold room (4°C) before processing.
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vegetable storage temperature should be observed to avoid chilling injuries, such as 
browning or pitting, and vegetable thermal shock due to the high temperature gap 
between the field and the storage room.

III.  �Processing management for the fresh-cut 
chain

Fresh-cut processing accelerates the color, texture, firmness, flavor and nutritional 
value deterioration of a product, and compromises its shelf life. Moreover, wounded 
surfaces provide favorable conditions for microbial growth. Therefore, adequate con-
trol strategies during the storage of fresh-cut produce should minimize nutritional 
and sensorial loss and microbial growth. Proper handling, the use of effective sani-
tizers, adequate temperature storage and packaging are the main ways of reducing 
rapid degradation of fresh-cut produce.

A.  The postharvest quality of fresh-cut produce

It was previously stated that cultivars, environmental conditions, irrigation practices, 
fertilizers and pest control programs affect produce quality. Practices such as wash-
ing, sorting, sizing, cutting, blending and packaging do not change the inherent qual-
ity, but add value for the consumer, who is looking for convenience and also healthy 
and tasty food (Figure 10.5a,b). Like any perishable product, fresh-cut fruit and veg-
etables are characterized by an irreversible deterioration of quality. Therefore, the 
sensory quality of these types of products cannot improve during further storage; it 
can only be retained or deterioration can be retarded by applying optimal process-
ing and packaging techniques, a proper storage temperature and eventually applica-
tion of enzymatic browning inhibitors (Watada and Qi, 1999) and ethylene or oxygen 
absorbers (Markarian, 2004).

Fresh products are susceptible to deterioration between harvest and consump-
tion and this may reach very high values after harvest, depending on the species, 
harvesting and handling methods, processing, length and temperature of storage 
and distribution, market conditions, etc. A longer shelf life, therefore, depends on a 
combination of correct cooling storage throughout the entire chain, modified atmos-
phere packaging conditions and good manufacturing and handling practices (Kader, 
2002a). The main objectives of postharvest technology concern quality and safety 
assurance, and loss reduction in the postharvest chain.

B.  Cutting

Producing fresh-cut fruit and vegetables involves substantial mechanical injury 
due to peeling, slicing, dicing, shredding or chopping (Portela and Cantwell, 2001) 
(Figure 10.6a–d). Thus, the physiology of minimally processed fruit and vegetables 
is essentially the physiology of wounded tissues, which are subjected to an increase 
in respiration rate and ethylene production, membrane degradation leading to cellular 
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Figure 10.5  General diagram flows of processing operations for leafy vegetables (a) and fruit (b).
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disruption and decompartmentalization of enzymes and substrates, and accumulation 
of secondary metabolites. All these biochemical reactions are responsible for changes 
in quality characteristics, such as texture, color, flavor and nutritional value (Portela 
and Cantwell, 2001, and citations therein). Many factors affect the intensity of the 
wound response in fresh-cut tissues. These factors include species and cultivar, stage 
of physiological maturity, temperature, O2 and CO2 concentrations, water vapor pres-
sure, various inhibitors and the severity of wounding (Cantwell, 1992; Brecht, 1995).

The severity of wounding depends on the type of cutting, cutting area size and 
cutting shape. The response of the tissue to processing wounds usually increases as 
the severity of the injury increases. Peeling and cutting increase the respiration rate 
from one-fold to seven-fold compared with the same fresh whole produce (Rivera-
Lopez et al., 2005). Del Aguila et al. (2006) measured the differences in respira-
tion rate, ethylene production and soluble solids between whole and shredded radish 
(Raphanus sativus L. cv. Crimson Gigante), and between shredded and sliced radish. 

Figure 10.6  (a) slicing onions; (b) trimming asparagus; (c) peeling carrots; (d) slicing tomatoes in fresh-
cut processing plants.

(a) (b)

(c) (d)
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During cold storage, the respiration rate of whole radish remained stable, while oscil-
lations in fresh-cut radish were observed, with a generally higher respiration rate in 
shredded radish. After nine hours of processing, ethylene production was higher 
in the shredded and sliced radish than in the whole radish, and the shredded rad-
ish lost more soluble solids than the sliced or whole radish. The decrease in soluble 
solids was partially attributed to the consumption of carbohydrates during respiration 
related to the repair of injury, and the higher injured area of shredded radish may 
have caused an amplification of the response to injury.

Cutting and shredding should be performed with the sharpest possible knives or 
blades made from stainless steel (Allende et al., 2006). Saltveit (1997) considered 
that very sharp cutting tools could limit the number of injured cells. Barry-Ryan 
and O’Beirne (1998) observed that carrot slices prepared using a sharp blade had 
a reduced microbial load and off-odor development, and were characterized by 
a higher microscopic cellular integrity and a longer shelf life than slices prepared 
using a blunt blade. Portela and Cantwell (2001) evaluated the consequences of blade 
sharpness and thereby, the degree of wounding on the appearance and physiology of 
fresh-cut cantaloupe melon. Pieces prepared using a sharp borer maintained market-
able visual quality for at least six days, while those prepared using a blunt borer were 
unacceptable at six days, due to surface translucency and color changes. Borer sharp-
ness did not affect the changes in decay, firmness, sugar content, or aroma, while 
blunt-cut pieces had increased ethanol concentrations, off-odor and electrolyte leak-
age compared to sharp-cut pieces.

Cutting technique quality can influence microbial growth. Gleeson and O’Beirne 
(2005) evaluated the effects of different slicing methods on the subsequent growth 
and survival of E. coli, L. innocua, and background microflora during storage at 8°C 
on modified atmosphere packaged vegetables (sliced carrots, and sliced iceberg and 
butterhead lettuce). In general, the slicing method had no significant effect on the 
initial inoculation levels. L. innocua grew better and E. coli survived better on veg-
etables sliced with blades that caused the most damage to cut surfaces. Slicing manu-
ally with a blunt knife or with machine blades gave consistently higher E. coli and  
L. innocua counts during storage than slicing manually with a razor blade. The effects 
of hand tearing were similar to slicing with a razor blade. The slicing method also 
affected the growth of the total background microflora; razor sliced vegetables tended 
to have lower counts than other treatments. Product respiration was also affected by 
the slicing method; the use of a razor blade resulted in lower respiration rates.

Different new solutions have been tested to prevent the acceleration of decay due 
to peeling, cutting or slicing, e.g. the “immersion therapy,” which consists of cutting 
a fruit while it is submerged in water. The cutting of a submerged fruit controls tur-
gor pressure, due to the formation of a water barrier that prevents movement of fruit 
fluids while the product is being cut (Allende et al., 2006). Additionally, the watery 
environment helps to flush potentially damaging enzymes away from plant tissues. 
Another technique is the cutting operation performed under ultraviolet-C (UV-C) 
radiation. Lamikanra et al. (2005) observed that post-cut application of UV improved 
shelf life of cut cantaloupe melon, while cutting fruit under UV-C radiation further 
improved product quality. More specifically, the study found that UV-C radiation 
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during processing reduced rancidity and improved firmness retention in the stored 
fruit. The UV-C radiation also reduced spoilage microorganisms, such as mesophilic 
and lactic acid bacteria.

Finally, the “water-jet cutting” method which is successfully used for e.g. meat, poul-
try, and vegetables (McGlynn et al., 2003), can also be used in the fresh-cut industry. 
This is a “non-contact” cutting method (Allende et al., 2006) which slices fresh fruit and 
vegetables utilizing a high pressure fluid jet that minimizes bruising in the cut pieces 
and tissue damage in the vicinity of the cut surface (http://www.freepatentsonline.
com/4751094.html). This method reduces the excessive tissue damage caused by  
compression and tearing the piece along the cut surfaces. It has been found that in fruit 
and vegetables sliced with a high pressure fluid jet, the cell tissue damage is minimized 
so that when the fruit or vegetable is subsequently eaten, it provides essentially the 
same sensory qualities, odor, texture and taste as the freshly harvested fruit or vegeta-
ble. This type of slicing, together with proper storage conditions, allows produce shelf 
life to be prolonged in comparison to other conventional cutting methods, such as reg-
ular kitchen paring knives, commercial rotary blade cutters, razor sharp, or thin blade 
knives. The vegetables particularly adapted to being cut by this method are fresh root 
vegetables, leafy vegetables and fruit and vegetables with firm tissue. The efficiency of 
this cutting method depends on the orifice size, water pressure and standoff distance, 
which must be tuned according to the inherent characteristics of the species and culti-
var (Bansal and Walker, 1999). McGlynn et al. (2003) assessed the effect of water-jet 
cutting on the shelf life of cut watermelon (Citrullus lanatus cv. Sangria). A compari-
son of pieces cut with a water jet with those cut with a knife showed that the former 
were firmer than the latter after seven and ten days of storage, and this should be due 
to weight loss. The experiment showed that water-jet-cut watermelon pieces tended to 
lose less moisture during storage than knife-cut pieces. The decrease in weight loss due 
to the loss of liquid during storage could have a significant impact on the consumer 
perception of freshness and texture, and could influence microbial control strategies.

C.  Washing systems

The processing operations of fresh-cut produce include washing treatments to make 
the product ready-to-eat. The produce has to be clean, free of soil residue, insects, 
metals and weeds, and safe. The raw material should be carefully cleaned before 
processing, because fresh-cut produce is prepared from material grown mostly in 
contact with soil and without any strong antimicrobial treatments, such as pasteuri-
zation or sterilization. Even healthy looking products from the field can harbor large 
populations of pathogens, particularly during warm weather.

Washing raw material before cutting and during fresh-cut processing is the most 
effective way of minimizing the risk of the presence of pathogens and of any residue 
left on the produce from harvest and handling conditions. When fruit and vegetables 
are exposed to water containing pathogens, they often become infected and subse-
quently decay during shipping and handling. Pathogens present on freshly-harvested 
products accumulate in recirculated water handling systems and greatly reduce sani-
tation efficiency. Fresh-cut produce is highly susceptible to microbial contamination, 

http://www.freepaten ntsonline.com/4751094.html
http://www.freepaten ntsonline.com/4751094.html
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because microbial cross-contamination can occur through shredders and slicers and 
the inner tissues can be exposed to microbial attachment and growth after cutting. 
Many postharvest decay problems result from the ineffective sanitizing of dump 
tanks, flumes and hydrocoolers (Figure 10.7a,b). Moreover, the operations should be 
conducted at a low temperature to reduce microbial growth. A delay between pre-
washing and subsequent operations without product refrigeration can allow microbial 
growth and a subsequent shortening of the shelf life, as reported by Sinigaglia et al.  
(1999) concerning cut lettuce salad and shredded carrots.

The washing after cutting reduces microbial contamination levels and enzymatic 
oxidation during further storage. The effectiveness of washing to remove soil impuri-
ties and microbial contaminations is related to numerous factors, such as raw material 
spoilage, the duration of the washing treatment, the washing water temperature, the 
method of washing (dipping, rinsing, or dipping/blowing), the type and concentration 
of the sanitizer and the type of fresh-cut fruit or vegetable. At the moment, the disin-
fection agents that are used and tested for water sanitation are chlorine, ozone, organic 
acids, hydrogen peroxide, alcohols, phosphoric acids, UV-C light radiation, ultrasound 
and others, including combinations of some of them for synergistic effects (Weyer 
et al., 1993; Zhuang and Beuchat, 1996; Beuchat et al., 1998; Sapers and Simmons, 
1998; Day, 2001; Seymour et al., 2002; Allende et al., 2006 and citations therein; Artés 
et al., 2007). Essential oils have also been studied as natural disinfectants (Roller and 
Seedhar, 2002 and citations therein). Ozone reduces the amount of wastewater, lowers 
the refrigeration costs of chilled water because of the less frequent flume water chang-
ing, and it can be combined with chlorine, whose use can be reduced by 25% leaving 
less residual odor on the product (Strickland et al., 2007). Organic acid dippings have 
a much more residual antimicrobial effect than an ozone and chlorine treatment on 
the microflora of lettuce during storage (Akbas and Ölmez, 2007). The antimicrobial 
action of organic acids depends on several factors, such as a reduction in pH, the ratio 
of the undissociated fraction of the acid, chain length, cell physiology and metabolism. 
Organic acid with only one carboxylic group, such as lactic acid, has been found to be 

(a)

Figure 10.7  Washing of fresh-cut lettuce (a) and basil (b) in processing plants.

(b)
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less active than citric acid which has more carboxylic groups. A calcium lactate treat-
ment has been reported to have potent antibacterial properties (Saftner et al., 2003). 
Martín-Diana et al. (2005) compared calcium lactate with chlorine as a washing treat-
ment for fresh-cut lettuce and carrots. Calcium lactate was not significantly different 
from chlorine treatment in terms of maintaining color and texture during the entire 
storage period. Furthermore, carotenoid levels were higher in calcium lactate-treated 
carrots than chlorine-treated samples after ten days of storage at 4°C. Ultimately, the 
mesophilic, psychrotropic and lactic acid bacteria counts were not significantly dif-
ferent for the calcium lactate and chlorine treatments for either vegetable. Thus, cal-
cium lactate appears to be a suitable washing treatment, which has no post-treatment 
bleaching effect on fresh-cut lettuce, and does not cause the appearance of whiteness 
on the surface of sliced carrots. At present, chlorination is used primarily in processing 
plants, although there have been many attempts to find alternative washing treatments 
to chlorine because of the formation of carcinogenic chlorinated compounds (chlo-
roamines and trihalomethanes) in water. Furthermore, chlorine compounds can burn 
the skin and release dangerous chlorine gas into the work environment (Martín-Diana 
et al., 2005; Page et al., 1976; Parish et al., 2003; Suslow, 2006; Wei et al., 1995). 
However, a sure and certain disinfection system that is able to remove dirt, weeds, 
pesticide residues and microorganisms, while at the same time not negatively affecting 
the intrinsic and extrinsic quality of the product, has yet to be found.

Lu et al. (2007) studied a predictive model through a response surface methodology 
to evaluate the effect of three selected factors (i.e. chlorine concentration, washing time 
and water-to-lettuce ratio) on reducing aerobic mesophilic bacteria in fresh-cut lettuce. 
Chlorine concentrations of 0, 75 or 150 g L1, washing times of two, five or eight 
minutes, and water-to-lettuce ratios of 25, 30 or 35 L kg1 were tested. According to the 
model, the efficacy in reducing aerobic mesophilic bacteria was largely influenced by 
the hypochlorite concentration, moderately by the washing time and only slightly by the 
water-to-lettuce ratio. The model predictions indicated that washing with a 75 g L1 
chlorine concentration for 6.5 minutes reduced aerobic mesophilic bacteria in fresh-
cut lettuce by about 2 Log cfu g1. The same reduction in aerobic mesophilic bacteria 
could be obtained through adjusting the washing time and water-to-lettuce ratio.

When planning the concentration of chlorine to be used, one should consider its 
reaction to organic matter. When the chlorinated solution comes in contact with 
cut produce, the sanitizer will react with the organic matter (such as vegetable tis-
sue, cellular juices, soil particles, microbes) and the available (free) chlorine will 
be depleted. The difference between total chlorine and available chlorine depends 
on the amount of organic matter and inorganic compounds that react with the free 
chlorine (resulting in combined chlorine) during washing (Pirovani et al., 2004). The 
smaller the amount of organic cellular compounds released by cutting the produce, 
the smaller the difference between the total and available chlorine. Consequently, the 
proper concentration of chlorine to be used during sanitation should also be modeled 
according to the type of produce, cut size and type (e.g. slice, shred, whole leaf).

The chlorine concentrations and washing times vary to a great extent from proces-
sor to processor, and these differences are mainly related to the different operational 
temperatures and the resulting bleaching effects that are tolerated by the consumers 
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in any given market. Chlorine lethal effect increases with temperature, and its affect 
on microbial removal occurs when there is a positive temperature differential between 
the water and the produce, that is, when the water is warmer than the produce 
(Beuchat, 2007; Hernandez-Brenes, 2002). According to Beuchat (2007), the lethal 
effect of chlorine occurs within the first few seconds of treatment, and the popula-
tion of microorganisms decreases as the concentration of chlorine increases to about 
300 g ml1, above which its effectiveness is not proportional to the increased con-
centration. Treatments with 50–200 g ml1 chlorine and a washing time of 1–2 min-
utes can reduce the number of microorganisms by 1–2 Log cfu g1 in some instances, 
but can at the same time be completely ineffective in others (Hernandez-Brenes, 
2002; Roller and Seedhar, 2002). Most fresh-cut processors in the Mediterranean use 
a concentration of chlorine of between 30 and 50 g ml1, to avoid bleaching and 
fading effects on the products, with operational water temperatures close to 12°C.

Raw material is generally washed in cold water, because low temperatures slow 
down plant respiration, transpiration, warming and microbial activity. Water temper-
atures range between 4°C and 12°C, although washing hot raw material (e.g. summer 
in the Mediterranean) with colder water could cause the vegetable tissues to absorb 
any chemical contaminants present in water (Hernandez-Brenes, 2002, and citations 
therein). Maintaining the water temperature 5°C above the internal temperature of the 
produce can prevent this “suction” effect. One precaution could be an initial air-cool-
ing step before washing, to minimize the temperature gap between the produce and  
the water temperature.

D.  Drying systems

An important factor for the stability of fresh-cut product is moisture control. After 
washing, the excess water should be removed from the fresh-cut product before 
packaging, to prevent rapid microbial development and enzymatic processes that 
lead to product quality deterioration. Various methods exist to remove washing water, 
including centrifugation, passing the produce over vibrating screens with air blasts, 
or blotting. Water remaining on the product is a critical issue.

The duration and speed of centrifugation need to be adjusted for each product 
(Figure 10.8). Minimal centrifugation can leave residual water on the produce sur-
face, thus favoring microbial growth, while excessive centrifugation can result in 
cellular damage and cause cellular leakage. Fresh-cut products are often left with too 
much moisture, which causes rapid deterioration. Pirovani et al. (2003) evaluated the 
effect of speed (from 0 rpm to 1080 rpm) and operation duration (from 1 minute to 9 
minutes) of spin drying on the excess water remaining on washed, fresh-cut spinach, 
as well as the microbial growth and sensory deterioration during storage of fresh-cut 
packaged spinach. The combination of the centrifugation speed and operation dura-
tion affected the water removal. According to their results, it is necessary to reach 
higher centrifugal speeds than 600–700 rpm and duration longer than four minutes to 
obtain an optimal drying level of spinach (i.e. 0.1–0.3% of excess water).

Luo and Tao (2003) used imaging technology to determine the tissue damage of 
fresh-cut iceberg lettuce and baby spinach during a centrifuge drying process. Large 
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differences in damage were found for fresh-cut iceberg lettuce between the two cen-
trifuge-drying speeds of 150 rpm and 750 rpm. Furthermore, a significant difference 
was found at 750 rpm depending on the location of the samples in the centrifuge dry-
ing basket; the tissues of samples located near the side of the drying basket were 
more damaged than those located at the top, in the center, or at the bottom. For baby 
spinach, the damage due to the centrifugal force was similar to the results for iceberg 
lettuce, the samples at the bottom of the basket, in addition to those near the side of 
the basket, suffered from severe tissue damage. The damage to the spinach tissues 
was possibly influenced by both the centrifuge speed and the weight of the product 
in the drying basket.

Drying tunnels with continuous air flows are also used, especially for more deli-
cate vegetables (Donati, 2003). The critical points when using air drying tunnels are  
the optimal adjustment of the air temperature to avoid possible raw material fading, the  
thermal shock between air temperature flow and raw material temperature, and the 
residual water on the raw material, all of which are factors that could reduce shelf 
life quality. Some companies have recently introduced cool-drying tunnels, which 
are very efficient but incur additional cost.

At present, a wide range of moisture levels are found in fresh-cut products. Fine 
tuning has to be related to how much water can be left to maintain tissue turgor with-
out compromising food safety. A low microbial load on the raw material or an effi-
cient sanitation treatment are the driving forces that can lead to less tissue damage 
during a long drying phase and to higher tissue turgor, ultimately leading to high-
value commercial products and extended shelf life.

E.  Packaging

Packaging is not only the final operation of fresh-cut processing that allows the 
products to be distributed and safely reach the consumers, but also the tool which, 
together with the cold chain maintenance, allows the quality of fresh-cut product to 

Figure 10.8  Iceberg lettuce after drying centrifugation.
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be preserved and prolongs its shelf life (Figure 10.9). The most studied packaging 
method is modified atmosphere packaging (MAP). Low O2 concentrations reduce 
the respiration rate, chlorophyll degradation and ethylene biosynthesis, while high 
CO2 concentrations reduce the respiration rate and slow plant metabolism. The aim 
of packaging is to create an atmosphere that slows produce respiration, so that the 
minimal necessary O2 concentration or maximum tolerated CO2 concentration of the 
packaged produce is not exceeded, and both fermentation and other metabolic disor-
ders are avoided (Jacxsens, 2002).

A modified atmosphere (MA) is generated by respiration of fresh-cut produce 
(passive MAP) or attained by a gas flushing (active MAP) (Bolin and Huxsoll, 1991; 

Figure 10.9  Packages for fresh-cut produce.
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King et al., 1991; Artés, 2000a,b; Kader, 2002a). The latter is preferred for fresh-
cut vegetables, whose shelf life is relatively short. Passive MAP is applied to fresh-
cut vegetables sealed within bags of semi-permeable films, harnessing the naturally 
occurring respiration of the living vegetable tissues, which will obviously modify the 
atmospheric conditions (Thomas and O’Beirne, 2000). One of the most important 
factors of this technique is the gas permeability of the selected film that must allow 
an adequate O2 and CO2 exchange between the product and the atmosphere, in order 
to establish the desired gas composition inside the bag. Due to the perishability of 
freshly processed produce, the MA is often actively established either by flushing 
with the desired atmosphere or by creating a slight vacuum and replacing the pack-
age atmosphere with the desired gas mixture (Artés, 2000a; Kader, 2002a).

The choice of packaging film depends on the permeability of the film to O2 and 
CO2 that must be adapted to the O2 consumption rate and CO2 production rate of the 
produce. If the permeability for O2 and CO2 is perfectly matched to the respiration 
rate of the produce, an ideal equilibrium modified atmosphere (EMA) can be estab-
lished inside the package. For most produce this atmosphere is between 1–5% O2 
and 3–10% CO2, balanced by N2 (Kader et al., 1989; Day, 1993). The EMA depends 
on many factors: the product respiration rate, respiring surface area, storage temper-
ature, packaging film permeability and equipment, RH, filling weight, pack volume, 
film surface area, degree and kind of illumination of the display in the retail store, as 
well as the initial microbial load (Artés and Martínez, 1996; Jacxsens et al., 1999; 
Day, 2000; Kader, 2002a,b). It was previously mentioned that the biological agents 
that limit the shelf life of vegetables differ because of a number of factors. Thus, it is 
expected that the range of recommended atmosphere composition varies according to 
the different kinds of products, as well as the success of the atmosphere modification 
(Saltveit, 1997). The subsequent maintenance of the optimum atmosphere during 
storage is, therefore, effective in delaying quality deterioration, as well as deteriora-
tion during shipping. It has also been observed that when shipping fresh-cut products 
by air, the volume of the packages increases with decreasing external air pressure; 
the packages can open and thus become unmarketable (Emond, 2007).

The most difficult task during packaging of fresh-cut produce is to reach the opti-
mal EMA conditions inside the package. The main problem is that only a few pack-
aging materials present on the market are sufficiently permeable to compensate for 
produce respiration. Most films are not optimal in O2 and CO2 conditions when the 
produce has a high respiration rate (Jacxsens et al., 2002). At present, oriented and 
bi-oriented polypropylene films are the most commonly used packaging films, even 
though they only give results for fruit and vegetables with a slow to moderate respi-
ration rate stored at low temperatures. Thus, they are not suitable, for example, for 
baby leaves or berries. Furthermore, the difference in temperature sensitivity of the 
respiration rate of the produce and the film permeability can create an unbalanced 
atmosphere. A film permeability increase should be proportional to the temper-
ature increase and the respiration rate increase in order to avoid anaerobic condi-
tions. Exhaustive reviews on different packaging systems for fresh-cut vegetables 
have been published by Exama et al. (1993), Lange (2000) and Ahvenainen (2000). 
The reviews consider the different permeability ratios of O2 and CO2, as well as the 
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mechanical properties and the composition of the films. In general, an optimal pack-
age film and EMA or MAP should be chosen according to the operational and shelf 
life temperatures of the product, the product type, i.e. single or mix, growth stage 
and maturity degree, the season and geographic area of raw material production, and 
water excess on the cut produce after drying operations. The complexity and diver-
sity of processing make it difficult to define recommendations specifically targeted at 
each fresh-cut company.

Packaged fruit and vegetables are usually exposed to different surrounding tem-
peratures during shipping from the processing plant to the consumer, storage and 
display at retail; MAP is not a substitute for good cold chain management, but it can 
help extend the shelf life. A change in the environmental temperature creates a spe-
cific problem in EMA establishment, because the respiration rate is influenced more 
by temperature changes than film permeability to O2 and CO2 (Jacxsens et al., 2002).

F.  Storage temperature and cold chain

Fresh-cut packaged products need to be stored at low temperatures (7°C) with 95% 
RH to slow the respiration rate, enzymatic processes and microbial activity. Storage 
conditioning generally refers to the storage or holding temperature, the time/tem-
perature and the RH which the fresh-cut products may encounter. However, other 
factors can play a role during storage, such as the effectiveness of the packaging 
material to preserve food safety and quality, the technical characteristics of the stor-
age in the processing plant, and the cold chain implementation from the process-
ing plant to the consumer. The storage temperature required by fresh-cut products 
needs to be adjusted not only according to their metabolic and microbial activi-
ties, but also according to the species/cultivar and applied processing techniques  
(Table 10.3).

Several authors have studied the effects of storage temperature and storage time 
on quality and microbial growth. Lamikanra and Watson (2003) evaluated the effects 
of storage time and temperature (4°C or 15°C) on esterase activity in fresh-cut canta-
loupe melon. The enzymatic activity, after 24 hours in storage, was reduced by 40% 
and 10% in fruit stored at 4°C and 15°C, respectively. Pectin methyl esterase activ-
ity in cut fruit also decreased by about 25% at both temperatures after 24 hours, but 

Table 10.3  Shelf life of selected fresh, prepared vegetables in days

Product Days

Baby carrots, peeled onion, peeled garlic 21
Lettuce salads, lettuce mixes, spinach leaves 14–18
Broccoli and cauliflower florets, shredded cabbage,	
 celery and carrot sticks

10–14

Pepper and tomato dices, cucumber slices, squash 	
slices, mushroom slices

4–9

Source: Cantwell, M. (2007).
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greatly increased after 72 hours in fruit stored at 15°C. Fontana and Nicola (2007) 
studied the effect of storage temperature (4°C, 8°C or 16°C) on the freshness of 
fresh-cut garden cress stored from seven to ten days. The fresh weight loss increased 
linearly with increasing temperature, reaching a maximum value of 1.9% at 16°C 
after eight days of storage. An optimal temperature was defined as 4°C, to guarantee 
microbial and sensory quality. Ukuku and Sapers (2007) investigated the effects of a 
waiting period at room temperature (ca. 22°C) before refrigerating fresh-cut water-
melon, cantaloupe and honeydew melon pieces contaminated with Salmonella. The 
Salmonella populations in the fresh-cut watermelon and honeydew pieces declined 
by 1 Log cfu g1 when stored immediately at 5°C for 12 days, while the populations 
in the fresh-cut cantaloupe did not show any significant changes. The Salmonella 
populations in the fresh-cut melons stored immediately at 10°C for 12 days increased 
significantly from 102 to 103 cfu g1 in the watermelon, 101.9 to 103 cfu g1 in the 
honeydew and 102 to 103.6 cfu g1 in the cantaloupe pieces. Keeping freshly pre-
pared, contaminated fresh-cut melon pieces at 22°C for three hours or more prior to 
refrigerated storage could increase the chances of Salmonella growth, especially if 
the fresh-cut melons were subsequently stored at an improper temperature.

Storage temperature is found to be of paramount importance for evolution of 
microbial and visual quality of fresh-cut products. Knowledge of temperature oscil-
lations of fresh-cut product in the cold chain is necessary to determine the influence 
of the temperature on the loss of quality and shelf life. Many European countries 
lack specific regulation concerning temperature control for fresh-cut products. Fresh-
cut products are classified as refrigerated products, whose storage temperature must 
be kept at a maximum of 7°C, with a tolerance of up to 10°C in the warmest condi-
tions (Jacxsens et al., 2002).

The time/temperature conditions at harvest and during postharvest handling are 
an essential critical control point and should be monitored. The air temperature dur-
ing sorting and preparation must be lower than 12°C, while during washing, cutting 
and packaging, the air temperature should be maintained at between 4°C to 6°C. 
Temperature ranges (10°C) can be found in a fresh-cut product cold chain dur-
ing shipping and unloading at the supermarket, storage and display at retail, and in 
domestic refrigerators. During transport in refrigerated vehicles, the main problem 
is to maintain the cold chain as the door may be opened and closed frequently and 
the doors may be left open for variable periods of time, while orders are prepared 
and delivered. A rapid increase in product temperature can occur on transfer from 
temperature-controlled vehicles to ambient conditions during unloading at the dis-
tributor. The control of temperature performance and display units in supermarkets 
is rather poor, and the temperature of the fresh-cut product depends on its location 
on the chilled display shelf. The temperature distribution in the display environ-
ment is critical. The temperature is usually not optimal (8–10°C), and may acceler-
ate fermentation inside packages and reduce both the shelf life and the packaging 
effectiveness (Emond, 2007). Finally, improper cold chain management continues in 
domestic refrigerators. Temperature abuse, such as storage at ambient temperature 
and improper cooling, has been identified as the main cause of microbial and quality 
deterioration.



IV.  Concluding remarks

Cultivation is still a fundamental part of the supply chain, but the complex market 
dynamics require detailed knowledge of all stages in the supply chain. In the last ten 
years, the fruit and vegetable market has developed a rich array of new products. At the 
same time, consumers have become more concerned about health and a proper diet, and 
have increased the demand for healthy fruit and vegetables, and product certification.

Globalization has shown that production systems need a new approach that should 
focus on safety and quality rather than quantity, and has shown that a fully-integrated 
and complex supply chain must be able to fulfill the consumers’ needs. This chapter has 
considered the critical points concerning the safety and quality of produce that should 
be controlled by growers, who represent the first stage in the fresh-cut supply chain, 
and the technologies used by processors to maintain quality and guarantee safety.

An optimal cultivation management on the farm, an efficient and rapid harvesting, 
proper postharvest handling and storage are key factors that favor the quality of the 
raw material. Quality raw material enhances processing and final product quality, lead-
ing to increased competitiveness in the market for the fresh-cut producer. This, in turn, 
leads to increased bargaining power of, in particular, processors and retailers. GAPs, 
GMPs and GHPs are tools that can improve product quality and enhance safety, 
regardless of the yield, thus their implementation is recommended. Additional infor-
mation and increased awareness of the sometimes potentially deadly consequences of 
poor handling on consumer health could encourage growers to implement food safety 
and quality guidelines on the farms, and favor improvements in processing and prod-
uct quality management along the entire supply chain, starting from the field.

The preharvest and postharvest issues described in this chapter highlight the 
research efforts that are being made to test and implement innovations in order to 
increase fresh-cut sector competitiveness in terms of safety and quality. A continu-
ous exchange between scientists and the fresh-cut industry is necessary to guarantee 
the success of the fresh-cut system.
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Gąstoł, M., Domagła-Świątkiewicz, I. (2006). Effect of foliar sprays on potassium, 
magnesium and calcium distribution in fruits of the pear. Journal of Fruit and 
Ornamental Plant Research, 14(2), 169–176. 

Gleeson, E., O’Beirne, D. (2005). Effects of process severity on survival and growth of 
Escherichia coli and Listeria innocua on minimally processed vegetables. Food 
Control, 16, 677–685. 

Gorny, J.R., Hess-Pierce, B., Kader, A.A. (1999). Quality changes in fresh-cut peach and 
nectarine slices as affected by cultivar, storage atmosphere and chemical treatments. 
J. Food Sci., 64(3), 429–432. 

Gorny, J.R., Cifuentes, R.A., Hess-Pierce, B., Kader, A.A. (2000). Quality changes in 
fresh-cut pear slices as affected by cultivar, ripeness stage, fruit size, and storage 
regime. J. Food Sci., 65(3), 541–544. 

Hernandez-Brenes, C. (2002). Good manufacturing practices for handling, packing, stor-
age and transportation of fresh produce. In: Improving the safety and quality of 
fresh fruits and vegetables: a training manual for trainers, Chapter 3. Joint Institute 
for Food Safety and Applied Nutrition, University of Maryland, College Park, MA, 
USA, pp. 1–34. 

Hoeberechts, J., Nicola, S., Fontana, E., Saglietti, D., Piovano, G. (2004). Medium, culti-
var and plant density influenced production and postharvest shelf life of Raphanus 
sativus grown in a soilless culture system. Acta Hort., 659, 791–798. 

Jacxsens, L. (2002). Literature review. In: Influence of preservation parameters on the 
quality of fresh-cut vegetables, Chapter 1. Doctoral dissertation. Universiteit Gent, 
Gent, Belgium, pp. 1–69.

Jacxsens, L., Devlieghere, F., Debevere, J. (1999). Validation of a systematic approach to 
design equilibrium modified atmosphere packages for fresh-cut produce. Lebensm.-
Wiss. u.-Technol., 32, 425–432. 

Jacxsens, L., Devlieghere, F., Debevere, J. (2002). Predictive modelling for packaging 
design: equilibrium modified atmosphere package of fresh-cut vegetables subjected 
to a simulated distribution chain. Int. J. Food Microbiol., 73, 331–341. 

Kader, A.A. (2002a). Postharvest biology and technology: an overview. In: Postharvest 
technology of horticultural crops, A.A. Kader (ed.), 3rd edn, Publ. 3311. University 
of California, Division of Agriculture and Natural Resources, Oakland, CA, USA, 
pp. 39–47. 

Kader, A.A. (2002b). Quality and safety factors: definition and evaluation for fresh hor-
ticultural crops. In: Postharvest technology of horticultural crops, A.A. Kader (ed.), 
3rd edn, Publ. 3311. University of California, Division of Agriculture and Natural 
Resources, Oakland, CA, USA, pp. 279–286. 

Kader, A.A., Lipton, W.J., Morris, L.L. (1973). Systems for scoring quality of harvested 
lettuce. HortScience, 8, 408–409. 

Kader, A.A., Zagory, D., Kerbel, E.L. (1989). Modified atmosphere packaging of fruits 
and vegetables. Crit. Rev. Food Sci., 28(1), 1–30. 

Kim, J.G. (2007). Fresh-cut market potential and challenges in far-east Asia. Acta Hort., 
746, 33–38. 

King, A.D., Jr., Magnuson, J.A., Török, T., Goodman, N. (1991). Microbial flora and stor-
age quality of partially processed lettuce. J. Food Sci., 56(2), 459–461. 



Kleinhenz, M.D., French, D.G., Gazula, A., Scheerens, J.C. (2003). Variety, shading, and 
growth stage effects on pigment concentrations in lettuce grown under contrasting 
temperature regimes. HortTechnology, 13(4), 677–683. 

Lamikanra, O., Watson, M.A. (2003). Temperature and storage duration effects on este-
rase activity in fresh-cut cantaloupe melon. J. Food Sci., 68(3), 703–790. 

Lamikanra, O., Kueneman, D., Ukuku, D., Bett-Garber, K.L. (2005). Effect of processing 
under ultraviolet light on the shelf life of fresh-cut cantaloupe melon. J. Food Sci., 
70(9), C534–C539. 

Lange, D. (2000). New film technologies for horticultural products. HortTechnology, 10, 
487–490. 

Lee, S.K., Kader, A.A. (2000). Preharvest and postharvest factors influencing vitamin C 
content of horticultural crops. Postharvest Biol. Tec., 20, 207–220. 

Lester, G.E., Jifon, J.L., Stewart, W.M. (2007). Foliar potassium improves cantaloupe 
marketable and nutritional quality. Better Crops, 91, 24–25. 

Lu, Z.X., Lu, F.X., Zhang, L.K., Bie, X.M., Zou, X.K. (2007). Predictive modeling and 
growth models of aerobic mesophilic bacteria on fresh-cut lettuce by hypochlorite-
washing. J. Food Safety, 27(2), 157–168. 

Lunati, F. (2001). Linee guida tecniche ed agronomiche per i prodotti di IV gamma.  
Technical report, Nomisma. http://venetoagricoltura.regione.veneto.it/archive/00000177/ 
01/La_IV_gamma_prodotti_ad_alto_valore_aggiunto.pdf. Accessed 13 September 
2007.

Lunati, F. (2003). Non solo le insalate per i mix pronti all’uso. Colture Protette, 8, 23–24. 
Luo, Y., Tao, Y. (2003). Determining tissue damage of fresh-cut vegetables using imaging 

technology. Acta Hort., 628, 97–102. 
Markarian, J. (2004). Packaging gets active: additives lead the way. Plastic Additives & 

Compounding, March–April, 22–25. 
Martín-Diana, A.B., Rico, D., Barry-Ryan, C., Frías, J.M., Mulcahy, J., Henehan, G.T.M. 

(2005). Comparison of calcium lactate with chlorine as a washing treatment for 
fresh-cut lettuce and carrots: quality and nutritional parameters. J. Sci. Food Agr., 
85, 2260–2268. 

McGlynn, W.G., Bellmer, D.D., Reilly, S.S. (2003). Effect of precut sanitizing dip and 
water jet cutting on quality and shelf-life of fresh-cut watermelon. J. Food Quality, 
26(6), 489–498. 

Mengel, K. (2002). Alternative or complementary role of foliar supply in mineral nutri-
tion. Acta Hort., 594, 365–373. 

Mills, H.A. (2001). Spinach. Spinacia oleracea. http://www.uga.edu/vegetable/spinach.
html. Accessed 13 September 2007.

Natalini, A. (2005). Il melone come prodotto di IV gamma: effetto della tecnica colturale 
in serra su alcuni aspetti fisiologici e biochimici della conservazione post-raccolta. 
MSc. Thesis. Università di Pisa, Pisa, Italy, p. 127.

Nicola, S. (1993). Il vivaismo orticolo nel pianeta Florida (USA). Colture Protette XXII, 
11, 45–47. 

Nicola, S., Hoeberechts, J., Fontana, E. (2004). Rocket (Eruca sativa Mill.) and corn 
salad (Valerianella olitoria L.): production and shelf-life of two leafy vegetables 
grown in a soilless culture system. Acta Hort., 633, 509–516. 

Bibliography  279

http://venetoagricoltura.regione.veneto.it/archive/00000177/01/La_IV_gamma_prodotti_ad_alto_valore_aggiunto.pdf
http://www.uga.edu/vegetable/spinach.html
http://www.uga.edu/vegetable/spinach.html
http://venetoagricoltura.regione.veneto.it/archive/00000177/01/La_IV_gamma_prodotti_ad_alto_valore_aggiunto.pdf


280  Fresh-cut Produce Quality: Implications for a Systems Approach

Nicola, S., Hoeberechts, J., Fontana, E. (2005a). Comparison between traditional and 
soilless culture systems to produce rocket (Eruca sativa) with low nitrate content. 
Acta Hort., 697, 549–555. 

Nicola, S., Fontana, E., Hoeberechts, J., Saglietti, D. (2005b). Raphanus sativus produc-
tion in soilless or traditional culture systems and postharvest packaging. Acta Hort., 
682, 1303–1310. 

Nicola, S., Hoeberechts, J., Fontana, E., Saglietti, D. (2003). Cultural technique influ-
ences on post-harvest quality of rocket (Eruca sativa Mill.). Acta Hort., 604, 
685–690. 

Ninfali, P., Bacchiocca, M. (2004). Parameters for the detection of post-harvest quality in 
fresh or transformed horticultural crops. J. Food Agri. Environ., 2(1), 122–127. 

Page, T., Harris, R.H., Epstein, S.S. (1976). Drinking water and cancer mortality in 
Louisiana. Science, 193, 55–57. 

Parish, M.E., Beuchat, L.R., Suslow, T.V., Harris, L.J., Garrett, E.H., Farber, J.N., Busta, 
F.F. (2003). Methods to reduce/eliminate pathogens from fresh and fresh-cut pro-
duce. Compr. Rev. Food Sci. Safety, 2, 161–173. 

Perkins-Veazie, P. (1999). Enhancing fruit and vegetable quality for small farm  
systems in the South. In: 1999 Agricultural Marketing Outreach Workshop Training 
Manual. http://marketingoutreach.usda.gov/info/99Manual/southfruit.htm. Accessed 
13 September 2007.

Pimpini, F., Enzo, M. (1997). La coltura della rucola negli ambienti veneti. Colture 
Protette, 4, 21–32. 

Pirovani, M.E., Güemes, D.R., Piagentini, A.M. (2003). Fresh-cut spinach quality as 
influenced by spin drying parameters. J. Food Quality, 26(3), 231–242. 

Pirovani, M., Piagentini, A., Güemes, D., Arkwright, S. (2004). Reduction of chlorine 
concentration and microbial load during washing-disinfection of shredded lettuce. 
Int. J. Food Sci. Tech., 39, 341–347. 

Portela, S.I., Cantwell, M.I. (2001). Cutting blade sharpness affects appearance and other 
quality attributes of fresh-cut cantaloupe melon. J. Food Sci., 66, 1265–1270. 

Premier, R. (2007). Microbiological quality consideration for the ready-to-eat fresh pro-
duce industry. In: The International Conference on Quality Management of Fresh 
Cut Produce, August 6–8. Bangkok, Thailand, Keynote presentation.

Premier, R., Jeager, J., Tomkins, B. (2007). Microbiological quality consideration for the 
ready-to-eat fresh produce industry. Acta Hort., 746, 25–32. 

Proietti, S., Moscatello, S., Leccese, A., Colla, G., Battistelli, A. (2004). The effect of 
growing spinach (Spinacia oleracea L.) at two light intensities on the amounts 
of oxalate, ascorbate and nitrate in their leaves. J. Hortic. Sci. Biotech., 79(4), 
606–609. 

Reinink, K., Blom-Zanstra, M. (1989). The relation between cell size, ploidy level and 
nitrate concentration in lettuce. Physiol. Plantarum, 76(4), 575–580. 

Rivera-López, J., Vázquez-Ortiz, F.A., Ayala-Zavala, F., Sotelo-Mundo, R.R., González-
Aguilar, G.A. (2005). Cutting shape and storage temperature affect overall quality 
of fresh-cut papaya cv. “Maradol”. J. Food Sci., 70(7), S482–S489. 

Roller, S., Seedhar, P. (2002). Carvacrol and cinnamic acid inhibit microbial growth in 
fresh-cut melon and kiwifruit at 4° and 8°C. Lett. Appl. Microbiol., 35(5), 390–394. 

http://marketingoutreach.usda.gov/info/99Manual/southfruit.htm


Saftner, R.A., Bai, J., Abbott, J.A., Lee, Y.S. (2003). Sanitary dips with calcium propion-
ate, calcium chloride, or a calcium amino acid chelate maintain quality and shelf 
stability of honeydew chunks. Postharvest Biol. Tec., 29, 257–269. 

Saltveit, M.E. (1997). Physical and physiological changes in minimally processed fruits 
and vegetables. In: Phytochemistry of fruit and vegetables, F.A. Tomás-Barberán, R.
J. Robins (eds). Oxford University Press, New York, NY, USA, pp. 205–220. 

Sapers, G.M., Simmons, G.F. (1998). Hydrogen peroxide disinfection of minimally proc-
essed fruits and vegetables. Food Technol., 52(2), 48–52. 

Seymour, I.J., Burfoot, D., Smith, R.L., Cox, L.A., Lockwood, A. (2002). Ultrasound 
decontamination of minimally processed fruits and vegetables. Int. J. Food Sci. 
Tech., 37, 547–557. 

Sinigaglia, M., Albenzio, M., Corbo, M.R. (1999). Influence of process operations on 
shelf-life and microbial population of fresh-cut vegetables. J. Ind. Microbiol. Biot., 
23, 484–488. 

Sirivatanapa, S. (2006). Packaging and transportation of fruits and vegetables for better 
marketing. In: Postharvest management of fruit and vegetables in the Asia-Pacific 
Region, Asian Productivity Organization (ed.). Asian Productivity Organization, 
Tokyo, Japan, pp. 43–48. 

Solomon, E.B., Pang, H.J., Matthews, K.R. (2003). Persistence of Escherichia coli O157:
H7 on lettuce plants following spray irrigation with contaminated water. J. Food 
Protect., 66(12), 2198–2202. 

Sportelli, G.F. (2003). Ortive in fuori suolo, risultati ottimi per qualità e quantità. Colture 
Protette, 2, 29–38. 

Steele, M., Odumeru, J. (2004). Irrigation water as source of foodborne pathogens on 
fruit and vegetables. J. Food Protect., 67(12), 2839–2849. 

Strickland, W., Sopher, C.D., Rice, R.G., Battles, G.T. (2007). Six years of ozone 
processing of fresh cut salad mixes. International Water Technology and Ozone V 
Conference, April 2–4. Fresno, CA, USA. http://www.icwt.net/conference/presenta-
tions.htm. Accessed 10 September 2007.

Suslow, T. (2006). Making sense of rules governing chlorine contact in postharvest han-
dling of organic produce. ANR Publication 8198. http://anrcatalog.ucdavis.edu/
pdf/8198.pdf. Accessed 13 September 2007.

Takeuchi, K., Frank, J.F. (2001). Expression of red-shifted green fluorescent protein by 
Escherichia coli O157:H7 as a marker for the detection of cells on fresh produce. J. 
Food Protect., 64(3), 298–304. 

Takos, A.M., Jaffé, F.W., Jacob, S.R., Bogs, J., Robinson, S.P., Walker, A.R. (2006). 
Light-induced expression of a MYB gene regulates anthocyanin biosynthesis in red 
apples. Plant Physiol., 142(3), 1216–1232. 

Thomas, B.M. (1993). Overview of the Speedling, Incorporated, transplant industry 
operation. HortTechnology, 3(4), 406–408. 

Thomas, C., O’Beirne, D. (2000). Evolution of the impact of short-term temperature 
abuse on the microbiology and shelf-life of a model ready-to-use vegetable combi-
nation product. Int. J. Food Microbiol., 59, 47–57. 

Thompson, J., Cantwell, M., Kader, A.A. (2001). Effect of cooling delays on fruit and 
vegetable quality. Perishables Handling Quarterly Issue 105, 1–4. 

Bibliography  281

http://www.icwt.net/conference/presentations.htm
http://www.icwt.net/conference/presentations.htm
http://anrcatalog.ucdavis.edu/pdf/8198.pdf
http://anrcatalog.ucdavis.edu/pdf/8198.pdf


282  Fresh-cut Produce Quality: Implications for a Systems Approach

Tournas, V.H. (2005). Spoilage of vegetable crops by bacteria and fungi and related 
health hazards. Crit. Rev. Microbiol., 31, 33–44. 

Ukuku, D.O., Sapers, G.M. (2007). Effect of time before storage and storage temperature 
on survival of Salmonella inoculated on fresh-cut melons. Food Microbiol., 24(3), 
288–295. 

University of Arizona–Cooperative Extension (2004a). More studies indicate E. coli 
O157:H7 can contaminate lettuce in the field. Western Vegetable Newsletter, 2(1). 

University of Arizona–Cooperative Extension (2004b). Water stress may extend shelf-life 
of vegetables. Western Vegetable Newsletter, 2(2). 
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I.  Introduction

There is no single clear definition of “local food,” and there are very few defini-
tions presently in use which refer to the marketing or sale of goods (DEFRA, 2003). 
Wikipedia describes local food (also regional food or food patriotism) or the local 
food movement as a “collaborative effort to build more locally-based, self-reliant 
food economies – in which sustainable food production, processing, distribution and 
consumption is integrated to enhance the economic, environmental and social health 
of a particular place” (Wikipedia, 2008). Local food also includes locally grown pro-
duce (Hinrichs, 2000).

The definition of “local” is flexible. A farm may see this as the area reachable 
within a day’s drive, because this is where the product can be moved efficiently. Some 
see “local” as a very small area, such as a city and its surroundings, others suggest a 
bioregion, while yet other groups refer to the borders of a nation or state (DEFRA, 
2003). Some farmers’ markets have a rule that its vendors must farm within an 80 
kilometer (50 mile) radius (Grimsbo Jewett et al., 2007).

Locally grown produce falls into the category of environmentally identified prod-
ucts (EIPs). EIPs are types of food which have been obtained in such a way that their 
growth, processing, or distribution have a smaller environmental impact than con-
ventionally-grown, processed and distributed food. Some examples of EIPs include 
organically grown and processed food, and locally-grown and processed foods 
(Harris et al., 2000). Local food supply chains with fewer intermediaries between the 
producer and the end-consumer are widely described as a way to promote more sus-
tainable consumption systems (Sirieix et al., 2007).

A.  �Consumer and farmer awareness of locally-grown  
produce quality attributes

The quality of locally-grown produce is made up of many attributes, both intrinsic and 
extrinsic. The intrinsic feature of a product includes its key external attributes such as 
color, shape, size and lack of defects. In addition, internal attributes include texture, sweet-
ness, acidity, aroma, flavor, shelf life, food safety and nutritional value. The extrinsic  



factors cover production and distribution systems and includes the use of chemicals, 
sustainability of production and distribution in relation to energy utilization (Hewett, 
2006). Individual differences require consideration of diverse consumer segments 
(Brückner, 2006; Shewfelt, 2006), and it is also necessary to assess quality in an objec-
tive way, in order to address real customers’ needs and perceptions (Brückner, 2006).

Some studies were carried out to evaluate farmer and consumer awareness of the 
quality attributes of locally-grown produce. For example, a study at Slippery Rocks 
University discovered that for consumers the main quality attributes in order of 
importance were: taste, freshness, healthiness, price and shelf life. For the farmers 
the order was: taste, healthiness, freshness and being locally-grown. Other aspects, 
such as seasonality and agronomic practices, were also of great concern to farmers 
(Borsari, 2003; Borsari and Liller, 2005).

Studies carried out in Italy and France demonstrated that consumers are also inter-
ested in the “local” attribute. However, the larger the physical distance between pro-
ducers and consumers, the more difficult it is to create links and to provide accurate 
information to consumers about origin, production methods and quality characteris-
tics. It is also more difficult for consumers to determine the definition of good qual-
ity, and influence the structure of the production and logistic process according to 
their wishes (Van Der Meulen and Ventura, 1993; Sirieix et al., 2007).

A study carried out in Yorkshire on produce from local orchards discovered that 
the term “local” supplanted “organic” in the mind of the consumer, meaning that 
local was more valuable than organic. Most of the orchards surveyed were essentially 
“untreated,” a condition which has no formal status, but which nevertheless appears 
to have credibility for the consumers (Borrie and Potter, 2005).

An investigation into the distribution of locally-grown produce in one supermarket 
chain in Northern Italy showed that 40% of the consumers chose local produce due 
to its known origin, 30% linked this attribute to higher quality, 13% to convenient 
price and 14% to product safety. Freshness and impact on the local economy were 
reasons to buy local produce for 3%, while 78% of the consumers were willing to 
pay more for local produce (Piccarolo, 2006).

II.  Potential benefits

Consumers are increasingly concerned about the freshness, safety and nutritional 
attributes of the fruits and vegetables they purchase, as well as the environmental 
and social implications of the production, packaging and distribution systems used in 
processing the fresh produce (Hewett, 2006). The potential advantages of local fresh 
fruits and vegetables (FFVs) are mainly related to the coexistence of production and 
consumption in the same area. The growing uncertainty in global markets, due to an 
increased threat of regional conflicts, provides an incentive to produce food locally 
in order to reduce dependence on imports. By taking advantage of the shorter, but 
highly efficient supply chains, quality will become associated with products grown 
in the proximity of consumers (Shewfelt and Henderson, 2003).
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Quality
The common explanation that customers give for shopping at community farmers’ 
markets is the quality of produce. Consumers are frequently looking for produce that 
can only be grown locally and is picked at its peak, most desirable, stage for sale 
(Ernst and Woods, 2005a). Postharvest research efforts have often focused on extend-
ing the shelf life of fresh produce, although the extension of shelf life frequently 
results in lower consumer satisfaction, even when the produce is eaten soon after it 
is harvested. Therefore, it is necessary to focus on ways of improving the quality of 
fruit and vegetables when eaten, rather than simply increasing shelf life (Prussia and 
Mosqueta, 2006). By lowering the lead time between production and consumption, 
local production, offers an alternative to extending the shelf life of produce. This is 
even more important for perishable produce (Busato and Berruto, 2006). Shorter 
transport and storage times also help to provide high-quality local FFVs, because 
products can be harvested at a more mature stage, while maintaining current shelf 
life levels. Small local producers generally provide a broad range and variety of local 
FFVs compared to large-scale producers. Small local producers are also of benefit to 
consumers, who may have access to a greater volume and variety of fresh fruits and 
vegetables (Gregoire and Strohbehn, 2002).

Safety and health
Agricultural practices and hygienic conditions vary greatly between growing 
regions around the world, and increased global sourcing raises consumers’ expo-
sure to diverse endemic microflora carried on FFVs. Global sourcing also means 
longer transportation and handling times, giving pathogenic microorganisms more 
time to proliferate and reach levels which can cause illnesses (Gorny and Zagory, 
2004). Food that travels long distances often passes through many handlers, trucks or  
storage spaces, and has an increased risk of cross-contamination (DHHS, 2007).

Produce that is harvested, delivered and/or purchased on the same day has far fewer 
food safety or contamination risks. The shorter time between harvesting and the sale 
of the produce reduces the risk of microbial and fungi growth, while it extends the 
shelf life at the retail outlet for the consumer, given the same storage conditions 
(Berruto et al., 2003). From a health perspective, the promotion of locally-grown 
food complies well with several health concerns. There is a reduced risk of diet-
related chronic diseases and dietary change that complement the seasonal availability 
of foods produced and processed by the local food and agriculture system (Wilkins  
and Eames-Sheavly, 2001). Reducing diesel fuel emissions by limiting the long haul-
ing of FFVs can help reduce asthma attacks. There is also some concern about endo-
crine disruptors and other toxic substances leaking into food from plastic packaging 
(Cohen et al., 2004). Locally-grown produce usually minimizes the use of packaging 
material.

Traceability
An essential feature of modern food quality management systems is the ability to 
trace fresh or processed, food products back to their raw materials, the producer 



and/or previous handlers in the supply chain (Opara, 2003; Bollen et al., 2006; see 
also Chapter 12). Traceability has a key role in ensuring product quality and safety 
(Bollen et al., 2006). Well-publicized food safety concerns have forced consumers to 
become interested in the origin of their food. This depends heavily on shortening the 
distance between producers and consumers (Halweil, 2002). In terms of food safety 
control, local authorities can control locally-grown produce more easily than produce 
shipped over long distances by a large number of producers (McGarry, 2007; Roth et 
al., 2008). Local produce is also relatively easy to trace since, often, the only links 
in the supply chain are the producer and the consumer. In particular, it is easier to 
trace the source of a problem when customers are dealing one-on-one with a farmer. 
Under these circumstances, any problem can be quickly identified and resolved 
(Dargan, 2006). The difficulties are much greater when the supplier buys produce 
from great distances and accumulates products from many farmers (McGarry, 2007).

Environment
Most produce travels long distances before being eaten. A weighted average source 
distance (WASD) can be used to calculate a single distance figure that combines 
information on the distances from producers to consumers and the amount of food 
product transported. A WASD was calculated for a sampling of data from three 
Iowa local food projects where farmers sold to institutional markets such as hospi-
tals, restaurants and conference centers. The food traveled an average of 44.6 miles  
(72 kilometres) to reach its destination, compared with an estimated 1546 miles 
(2487 kilometres) if these food items had arrived from conventional national sources 
(Pirog et al., 2001). In addition to cost, transporting food also has a direct and det-
rimental impact on the environment, and an indirect impact on human health. In 
2002, a study concluded by the Leopold Center for Sustainable Agriculture (Leopold 
Center, 2005) indicated that transportation of local foods would save 79–94% of 
the CO2 emissions, as compared to non-locally sourced foods. Researchers in Great 
Britain estimated that pollution and other damage associated with transport of food 
could be reduced by 90% if all food was grown within 12 miles (19 kilometres) of 
where it was eaten (Grimsbo Jewett et al., 2007). The savings depend on the means 
of transportation. Some studies claim that transport is an important factor, but is not 
the only relevant issue concerning food production and its environmental impact. To 
make fair assessments and comparisons, all factors and resources used throughout 
the lifecycle of the product have to be taken into account: production, processing, 
transport, retail and consumption (Sonesson, 2005; Bhaskaran et al., 2006). Despite 
the reduction in energy consumption, preliminary findings suggest that consumers 
may be more interested in the concept if it is related to how food miles may affect 
product freshness, quality and taste, rather than the amount of energy consumed 
(Pirog, 2004). Environmental decision-makers assume that the “food miles” con-
cept can be used as a communication signal to consumers (Smith et al., 2005). Food 
miles, along with the mode of transportation (e.g. truck, plane, rail and ship), should 
be considered to provide consumers with a relative indicator of fuel use and CO2 
emissions (Pirog and Schuh, 2002). Short supply chains could reduce postharvest 
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losses, reducing transit time for local produce. Since the environmental impact in the 
production phase is often high, wasting raw material later in the chain is, of course, 
costly from an environmental viewpoint. The use of local products with a potentially 
longer shelf life could reduce the amount of waste resulting from discarding spoiled 
produce (Berruto and Busato, 2006). Waste reduction lowers the amount of energy 
used per unit of consumed produce, increasing energy efficiency.

Local community
Additionally, to keep farmers in the business of farming, the benefit of strengthening 
local food systems is often cited (Bryant and Johnston, 1992; Mazereeuw, 2005). 
The local FFV supply chain could improve the circulation of money within the 
region and the local economy, thus helping to break the poverty cycle. Also, urban 
communities where fresh, nutritious foods are scarce will be able to gain easy access 
to food (Casey et al., 2003). Farmers’ markets also promote nutritional education, 
wholesome eating habits, improved food preparation, and boost the community’s 
economy. Diversified farms which sell locally are also less vulnerable to energy cost 
fluctuations or export regulations. Promoting local FFVs results in good public rela-
tions for the producer, and increases consumer awareness about FFV sources and 
production practices. Institutions can also adopt policies that encourage purchases 
from local sources to promote local food production (Wilkins and Eames-Sheavly, 
2001; Strohbehn and Gregoire, 2003).

Economic benefit for small-scale farmers
When produce is processed or sold fresh at grocery stores, it must pass through 
many links of the supply chain. However, when a farmer sells produce directly to 
retailers or customers, many of these links are eliminated. This makes the farmer 
both a producer, the first handler (he checks for imperfections personally), the proc-
essor (he prepares the produce for sale) and the distributor (he contacts and supplies 
the retailer with the produce) (Buck, 2007). By incorporating the above-mentioned 
activities, the farmer’s share of consumer payments increases and affects his income 
positively (Gregoire and Strohbehn, 2002). Often, high-quality local produce allows 
farmers to raise prices. The direct sale of fresh fruits and vegetables to local cater-
ers may provide an important source of income generation for small farms, with-
out the need for additional investment in infrastructures and equipment (Tropp and 
Olowolayemo, 2000).

For developing countries, the production of FFVs for local markets can contrib-
ute to the reduction of rural poverty. Local production may also reduce imports and 
dependence on foreign supplies (Birthal and Joshi, 2007). While large-scale opera-
tions may benefit from investing in costly equipment and high-technology posthar-
vest treatments, these options are impractical for small-scale handlers, especially 
in developing countries. Instead, simple, low-cost technological solutions are often 
more appropriate for small volume, limited resource, commercial operations and 
farmers who sell locally-grown produce. In addition, the growing demand for organic 
FFVs offers new opportunities for small-scale producers and marketers (Kitinoja and 
Kader, 2002).



III.  Barriers to expansion

Despite the potential advantages of locally-grown produce, there are barriers to the 
expansion of the short supply chain which mainly influence small, low-income farm-
ers. Poor handling, unsuitable containers, improper packaging and transportation can 
easily cause bruising, cutting, breaking and other injuries to the produce. With a high 
moisture content and tender exterior, FFVs are very susceptible to mechanical injury 
(Liu, 1999). The hygienic condition of FFVs is also an issue, because fresh produce 
is often eaten without prior washing (Connecticut Department of Agriculture, 2007).

The lack of storage facilities for small production units could lower the quality of 
the product. Adverse weather, such as high humidity or extreme temperatures, could 
accelerate produce respiration and deterioration. High postharvest losses could be 
caused by the invasion of fungi, bacteria, insects and other organisms. Physiological 
deterioration can also occur spontaneously due to enzymatic action, and lead to over 
ripeness or senescence (Liu, 1999; Kader, 2005).

The small producer’s lack of technical knowledge and lack of grading equipment, 
results in high variability in the size and maturity of FFVs grown locally (Borrie 
and Potter, 2005). Even if growers and handlers of local FFVs are convinced of 
the merits of using proper tools or equipment during harvest and in postharvest  
handling, they will most likely not be able to afford them due to their cost.

The lack of production coordination between small producers could lead to over-
supply and shortages within a single growing season, and generate complaints from 
customers. Consumers generally have a favorable attitude towards locally-grown 
produce. Lack of availability and information about local FFVs are the most signifi-
cant barriers to consumption (Harris et al., 2000). For supermarket chains, the main 
obstacle appears to be a combination of a lack of supply and a lack of knowledge of 
where to obtain local produce (Piccarolo, 2006). The lack of communication between 
producers and customers/receivers and the lack of market information, results in 
poor planning or inadequate production volumes. Businesses tend to make unilateral 
changes, without fully understanding the consequences of the changes either in their 
own business or in other links in the supply chain (Prussia et al., 2001). An over-
production of FFVs which cannot be sold in time can lead to significant postharvest 
losses. This problem exists not only in many developing countries, but also in devel-
oped countries (Liu, 1999; Kader, 2005). Alternative distribution systems, such as 
direct sales (e.g. roadside stands, produce markets in cities, farmers’ markets in the 
countryside) should be encouraged (Kader, 2005).

Logistic problems for the food service industry include the following obstacles 
involving local FFV purchases: reliability, seasonality, year-round availability, prod-
uct safety, cost, familiarity of sources, as well as an increase in order receiving, prod-
uct processing and payment procedures (Gregoire and Strohbehn, 2002; Strohbehn 
and Gregoire, 2002b, 2003). Quality is also perceived differently in each link of 
the supply chain (Borsari, 2003). The perception of quality, the lack of information 
on the location of FFV production, and the complex logistic procedures (i.e. order-
ing, payment, relationship, approval of new goods, low-volume suppliers) are key  
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obstacles that hinder the development of a relationship between food service buyers and  
farmers (Borrie and Potter, 2005).

Overall, there is a great deal of enthusiasm for local markets, though farmers are 
skeptical of potential profits. The incentive to harvest and market FFVs is therefore 
not great when set against the general objectives of farm businesses. The biggest dis-
incentive is the amount of time, effort and labor needed to harvest, sort and distribute 
the fruit during a very busy time on many farms (Borrie and Potter, 2005).

The implementation of the short, local supply chain in developing countries poses 
other problems. Most handlers and farmers involved directly in harvesting, packaging, 
transporting and marketing in developing countries have a limited or complete lack of 
appreciation of the need for quality, or they lack knowledge of how to maintain it (Kader, 
2005). Issues that currently impede the smallholders’ access to markets include a weak 
legal, regulatory and institutional framework; poor-quality agricultural products; inad-
equate entrepreneurial skills; poor facilities for processing agricultural products; poor 
quality of the agricultural marketing infrastructure; and limited access to market informa-
tion and intelligence (ActionAid, 2006). Local conditions for small-scale handlers include 
labor surplus, lack of investment credit for postharvest technology, unreliable electricity 
supply, lack of transportation options, lack of transport infrastructure, and a shortage of 
storage and packaging materials, among others. An investment in locally grown produce 
is frequently not feasible, however, it may be possible to implement some postharvest-
ing practices to improve produce quality (Kitinoja and Kader, 2002; Heyes, 2003). The 
emerging local and global urbanization and agro-industrialization patterns and the rise 
of supermarkets and trade liberalization require synergies rather than divisions between 
rural and urban areas, in order for farmers in poor countries to benefit. Institutions have a 
key role in promoting links between rural and urban areas (Chowdhury et al., 2005).

IV.  Distribution systems

The local produce supply chain handles highly perishable produce with a short shelf 
life characterized by seasonal production and local appreciation. Some of this produce 
includes a geographic indication of origin (Pirog and Paskiet, 2004). A detailed view of 
the many available channels for distributing locally-grown FFVs is presented in Jett and 
Hendrickson (2006). Consumer awareness of local FFVs is different if they are purchas-
ing produce, compared to when they are eating it in food service outlets. The money 
spent for locally-grown produce in direct marketing distributions represents only a small 
percentage of the total spending in other distribution channels (CTIFL, 2007c). However, 
interest is growing in the supply of local produce to food service outlets. Serving “sus-
tainable” food in schools, hospitals and public institutions is becoming popular (Gregoire 
and Strohbehn, 2002; Strohbehn and Gregoire, 2003; Cottingham, 2007).

A.  Farmers’ markets

Farmers’ markets are defined as fixed locations where several farmers gather to  
sell their own products at recurring times (Jett and Hendrickson, 2006). These  



are often located in the middle of cities and towns. Some markets are open season-
ally, while others are open on weekends or daily, especially those located in big 
cities.

Throughout the year, farmers take advantage of a common space, and gather on 
a regular basis for the convenience of consumers. This distribution channel brings 
about local economic stability, contributes to a sustainable environment and is a 
place for information exchange and social gatherings. Farmers’ markets also give 
consumers an element of control within the food system, and provide them with a 
unique opportunity to learn where the food comes from and how it is produced.

Markets are classified by different factors, such as their location or structure (open 
air markets, market halls and market districts) or are defined by what is sold at the 
market, through terms such as “grower only,” “green,” or “organic.” Farmers’ markets 
have rules and regulations concerning how the items are sold and who can sell them. 
Some markets allow vendors to sell only what they have produced on their farm, 
and others allow for the purchasing and reselling of FFVs (Phillips, 2007). Farmers’ 
markets require that growers spend a significant amount of time on the marketing of 
their produce and, for some this may represent an inefficient use of time. Due to the 
relatively small sales volume, the growers need to differentiate their FFVs in order to 
increase their volume sold and therefore, do extra work.

In continental Europe street markets, as well as “marketplaces” (covered places 
where merchants have stands, but not entire stores) are commonplace. Both retailers 
and producers sell their wares to the public (Wikipedia, 2008). In particular locally-
grown produce is sold in these markets by farmers.

Local fruits and vegetable sales in the US occupy only a small percentage of the 
entire distribution channel. However, over the past 10 years, the number of farm-
ers’ markets has increased by over 100%. In 2006, the directory listed 4385 farmers’ 
markets. With total sales estimated at about $1 billion for 2005 (Shaffer and Cox, 
2006). It is estimated that more than three million consumers shop at these markets, 
and about 30 000 small farms and food entrepreneurs earn a partial or full income 
selling their products at farmers’ markets.

In France, 5000 farmers sell locally-grown produce directly to consumers. With 
€800 million in sales, these markets represent 7% of the FFVs sold (CTIFL, 2007c). 
Although the markets account for 15–20% of lettuce and small perishable fruits (e.g. 
strawberries) sales, the share of other less-perishable produce (e.g. potatoes, toma-
toes) is negligible (3%). For growers, shorter channels offer an additional outlet and 
an opportunity to capture the margin traditionally left to the middle-men. Most con-
sumers shop at farmers’ markets for freshness, convenience and proximity to their 
homes (CTIFL, 2007a). For consumers, the freshness of the produce and the respon-
siveness of these grower–suppliers are a plus (CTIFL, 2007b).

In Italy, the phenomenon of locally-grown produce sold directly to the consumer 
in street markets is losing market share to supermarket chains, despite the fact that 
on average the markets offer FFVs at lower prices. However, in 2005 the share of 
highly perishable produce was still high, accounting for 34% and 47% for strawber-
ries and nectarines, respectively, compared to 28% and 20% for the same produce 
sold at supermarkets (Macchi, 2006).
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Another important element concerns the impact of policies and laws on farmers’ 
markets. Hamilton (2005) described relevant policies in the US. In Italy, new reg-
ulations approved in 2007 are expected to boost farmers’ markets. Approximately 
400–500 new farmers’ markets will be established within the next few years. The 
promotion of farmers’ markets by regional agencies could also play an important 
role (Benocci, 2005).

B.  Community supported agriculture

Community supported agriculture farms (CSAs) started in Missouri in the mid-
1990s, after being adopted from Europe and Japan to the Northeast in the mid-1980s 
(Van En et al., 2007). In January 2005, there were over 1500 CSA farms across the 
US and Canada. CSAs are community farms where consumers interested in healthy, 
safe food join in an economic partnership with growers seeking stable markets (Jett 
and Hendrickson, 2006). Often, CSAs include a variety of community members, 
including low-income families, homeless people, senior citizens and differently-
abled individuals (Van En et al., 2007). CSAs are also beneficial for creating loyal 
customers and friends, resulting in important community partnerships. The greatest 
benefit of CSAs however, is the financing available from anticipated membership 
fees, which enable the growers to pay for seeds, supplies and labor.

CSA programs may take many forms and can be initiated either by consumers 
(shareholding or participatory CSAs) or by farmers (subscription-based CSAs). The 
subscription-based CSA is the most common form. It is similar to a contractual agree-
ment, and the level of consumer participation and involvement in the farm operations 
is much less significant than in the first type (Lobo and Takele, 2003). Consumers 
pay a membership fee based on the size of their share. CSAs may either charge an 
advance fee for the entire season or growers may collect a nominal membership fee 
with weekly or monthly invoices for the supplied goods. One share is usually designed 
to provide the weekly vegetable needs for a family of four. In return, members receive 
a supply of fruits and vegetables on a weekly basis during the growing season. By 
charging weekly or monthly fees based on the market value of supplied vegetables, 
the subscription CSAs exert less pressure on growers to supply a weekly variety com-
pared to traditional CSA arrangements (Lobo and Takele, 2003).

At times, the CSAs provide direct delivery to members for an additional fee. 
The harvest risk is shared with members, who know they may receive reduced vol-
umes or varieties depending on weather conditions or other problems. While coop-
erative partnerships can take a great deal of time to plan and manage, much of this 
can be done during the off-season. Generally CSAs have medium to high marketing 
costs, but they can help to stabilize farm incomes, minimize risk from specific crop  
failures, and provide outlets for extra produce. CSAs are almost always used in  
conjunction with wholesale or farmers’ market outlets to diversify funding sources.

C.  Food service

Food service is a growing sector in the distribution of locally-grown produce. Due 
to increased consumer awareness of local sustainable production, the food service 



sector is willing to make some local produce available on their menus (Johnson and 
Stevenson, 1998; Gregoire and Strohbehn, 2002; Sanders and Ancev, 2003; Starr  
et al., 2003; Strohbehn and Gregoire, 2003; Ringsberg, 2005). Food service is a very 
feasible new market for producers to consider. Several projects have focused on 
the distribution of locally-grown produce through a local food service. Due to the  
peculiarities of locally-grown produce and arrangements between farmers and the 
school food service, government incentives and consumer awareness, the exten-
sion of this distribution channel has ranged from pilot projects in selected cities 
(Ringsberg, 2005) to a vast program involving 11 000 schools in the US (http://www.
farmtoschool.org/) (Buzby et al., 2003).

Successful local food projects were implemented in Iowa in several sectors of the 
food service industry including schools, hospitals and long-term healthcare facili-
ties (Strohbehn and Gregoire, 2003). Also, many universities have started their own 
projects. For example, Cornell University pioneered a project to bring local produce 
to its cafeterias, and has a website with resources and pointers to other resources for 
promoting local food and sustainability (http://farmtoschool.cce.cornell.edu). At the 
University of Wisconsin, a project to encourage the purchase of food from local farms 
and farm cooperatives was in place on six of its campuses (Strohbehn and Gregoire, 
2003). These projects gathered empirical data from the food service decision- 
makers to determine the perceived benefits and disadvantages of purchasing local 
FFVs (Gregoire and Strohbehn, 2002; Strohbehn and Gregoire, 2003). Discussions 
with the staff at the receiving points revealed a number of problems with the present 
system, which were basically caused by excessive deliveries and deliveries at unsuit-
able times. Ordering and receiving orders were regarded as too time-consuming 
because there were many low-volume suppliers. The lack of consistency and season-
ality of local suppliers was also identified as a problem. Some projects indicated the 
necessity to establish some kind of coordination point between the suppliers and the 
receivers (Johnson and Stevenson, 1998; Starr et al., 2003; Strohbehn and Gregoire, 
2003; Ringsberg, 2005). Small producers have difficulties providing reliable trans-
port. Cooperative organization among small farmers could be one way to address 
many of these problems. Competitive pricing and the assurance of safe produce are 
also important.

Another issue is the complexity of the food service purchasing process which 
could be troublesome for small farmers. An example of procurement process simpli-
fication was carried out in Kentucky (Robbins, 2005). The state legislature amended 
the procurement code to allow local agricultural products to be bought without the 
competitive bidding process. Prices were established, based on the average sales 
price of several wholesale companies, and resulted in lower prices for the food  
service procurement and higher prices for farmers. Consumer satisfaction increased, 
due to the fresher produce, and it was estimated that the program generated approxi-
mately $2 million in sales of Kentucky-grown FFVs.

To promote the consumption of fresh, locally-grown FFVs among students, some 
pilot projects in Italy include the distribution of such foods in vending machines in 
schools. The sales price was lower or equal to the previously offered snacks. The 
vending machines were replenished daily with single packaged, local fruits, and 
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were connected via GSM network with the supplier to avoid a lack of produce. 
Traceability was very simple because the produce was packaged individually, with 
an expiration date on the label. A single cooperative managed the service (Valentini, 
2007). The pilot project involved 41 schools (i.e. 50%) of one district in Emilia-
Romagna for a total of 23 500 students (Nasolini et al., 2007). Both students and 
teachers were informed about the project before the vending machine installation. 
The distribution of locally grown fruits was of interest to 46% of the students, and 
resulted in an increased consumption of the same produce at home (i.e. 34% of those 
interviewed).

Some pilot projects in London hospitals aimed at increasing the amount of local or 
organic food served in hospitals to 10% of the routine catering provision, to improve 
health by providing fresher food for patients, staff and visitors and also to support 
local farms and food businesses (Cairncross, 2004). Some examples of farm-to-hos-
pital program elements include the purchasing of locally-grown products such as 
fruit, vegetables, meat and dairy for use in the cafeteria and patient-served meals, 
and hosting farmers’ markets or CSA programs on hospital grounds (Cottingham, 
2007). The projects increased customer satisfaction in hospitals, which are often per-
ceived as serving low-quality food. Using high-quality, locally-grown produce in a 
percentage of their meals is considered important for the customers, as well as for 
the institutions that are responsible for promoting health by serving wholesome food 
(Cottingham, 2007).

D.  Restaurants

Today’s food consumption trends pressure many chefs to source local, high-quality 
products (Jett and Hendrickson, 2006). The most likely market targets are independ-
ently owned and operated restaurants that change menus frequently (Strohbehn and 
Gregoire, 2003). Many are high-end restaurants that depend on high-quality ingre-
dients. Such restaurants use a limited amount of a single product and need multiple 
deliveries throughout the week (Nakamoto, 2003). Less pricey, high-volume restau-
rants could also be potential buyers of local produce, in particular highly perishable 
FFVs that do not withstand long shipping distances (Grimsbo Jewett et al., 2007).

Farmers should consider the following positive aspects of food service market-
ing: higher price, larger sales volume than retail sales, lower marketing costs and 
time requirements, and a buyer for unique and highly perishable products (Jett and 
Hendrickson, 2006). The feedback that growers receive from chefs on their product, 
who may recommend various solutions such as earlier harvesting or different post-
harvest treatments, is also important. In order to sell to chefs, growers must apply 
suitable postharvest handling, sorting, grading and packaging.

Restaurant sales are also an opportunity for farmers in developing countries. An 
investigation into the mango market in Bali examined the restaurants’ acquisition of 
fruit directly from the fresh farmers’ markets (Batt and Parining, 2000). The reason 
for the high rate of acquisition from local markets was due to the freshness of local 
vegetables (95%), although lower prices (86%), greater availability (76%) and ease of 
purchasing (76%) were also considered important. The lack of production during the 



peak tourism demand was a problem. Often, however, the product was dirty, poorly 
graded and its quality was too variable. While even high-class restaurants indicated a 
preference for locally-grown produce, it is apparent that the quality of local produce 
could improve significantly through the implementation of postharvest practices.

E.  Supermarkets

Locally-grown produce can also be sold at supermarkets, since they cannot be pur-
chased through traditional wholesale channels (Jett and Hendrickson, 2006). 
Geographic indication of origin, or very well-known locally-grown produce are 
accepted by supermarkets, and do not compete with the same kind of produce from 
outside the region (Piccarolo, 2006). By selling to a supermarket, growers can market 
large quantities of produce. In some cases, direct marketing to supermarkets elimi-
nates the need for a broker, and allows the farmer to label his produce. In other cases, 
the supermarket is responsible for choosing a label for the product (Piccarolo, 2006).

Most supermarkets require produce of a consistent quality and quantity, which is 
difficult for a single producer to provide. To cope with this problem, small-scale farm-
ers can join cooperatives for marketing purposes. A cooperative is a business organ-
ization owned by grower-members. Cooperatives offer a wide variety of crops, and 
serve a larger number of customers that could not have been reached by individual or 
small producers. Cooperative marketing offers many benefits to growers, including:

l	 marketing a larger volume of product and therefore reducing the marketing 
costs per product;

l	 access to new markets such as wholesale distributors or supermarkets;
l	 exchange of technology and skills relative to packing, labeling, grading, and 

other postharvest treatments;
l	 a decrease in the cost of postharvest handling of fresh produce;
l	 possible time saving in sales and payments being carried out by a single man-

ager in the cooperative; and
l	 transportation and delivery to stores or customers (Jett and Hendrickson, 

2006).

In some cases, a cooperative of local producers could deal exclusively with the 
paperwork and information management, which includes orders, delivery schedules 
and payments (Piccarolo, 2006). A greater involvement of cooperatives encompasses 
the distribution of the product and all the aspects related to postharvest treatments. A 
cooperative may even deal with the planning of planting and production.

F.  �Local fresh fruit and vegetable (FFV) distribution in 
developing countries

Consumers in developing countries are ready for locally-grown, fresh produce. The 
lack of roads and infrastructure is an important factor in local market development, 
which has ultimately empowered local communities. Such development is advan-
tageous because less investment is required in postharvest facilities and in grading 
and packing equipment for farmers. Training packages and a forum on postharvest 
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research (PhAction) have been designed and established by the FAO in an effort to 
strengthen the capacities of both public and private institutions in the development 
and implementation of comprehensive quality assurance and food safety programs 
for FFVs (Heyes and Bycroft, 2002; Kitinoja and Kader, 2002; Heyes, 2003; López 
Camelo, 2004; Pinero and Diaz, 2007).

Results from the implementation of direct sales of locally-grown produce in devel-
oping countries are mixed. Only a few examples are presented here. Generally, the 
produce has considerable postharvest losses (up to 50%) (Liu, 1999; Heyes, 2003; 
Kader, 2005). The main factors responsible for postharvest losses in, for example, 
Nepal were inappropriate packaging, transportation and grading systems (Udas  
et al., 2005). To rectify this problem, an attempt was made to increase farmers’ and 
vegetable traders’ awareness of postharvest handling systems. The response was 
encouraging.

A project carried out in Brazil was successful (ActionAid, 2006). Apart from 
increasing individual income, the program had a positive impact on the collective 
organization of farmers and on the increased participation of grassroots associations 
in local NGO associations. The income generated by selling fruits and vegetables to 
the institutional market allowed family farmers to pay for electricity which helps in 
pumping water from the traditional tanks of the community. With permanent access 
to water, vegetable production could continue through all the seasons – even the dry 
season – and the families now have diversified food on their table and extra income.

Postharvest losses due to parasitic diseases increase with an increase in time 
between harvest and consumption (Skende, 1999). In Albania, delays are either a 
result of an insufficient demand, or the distance from the production site to markets 
which require extended transportation time. Apart from the logistic and posthar-
vest factors, the lack of financing, regulation and training were the main reasons for 
the failure of projects that aimed at starting or improving local, short supply chains 
(ActionAid, 2006). There is a need for additional research and training to overcome 
postharvest losses in fruits and vegetables. The adoption of low-cost technologies, 
which are appropriate and affordable to farmers and traders may offer a solution.

G.  �Protection and regulation of unique locally produced foods 
and vegetables

The European Union (EU) countries market highly-differentiated, quality-assured 
foods based on historical, cultural, social, climatic and ecological factors that make 
products unique. In response to growing consumer interest in regional food, pro-
ducer demand and policies supporting small farmers, the EU adopted two European 
Council (EC) regulations (2081/92 and 2082/92) for the development and protec-
tion of foodstuffs in 1992 (Tellström et al., 2003). The EU documents and protects 
these food products through the use of geographic indications (GIs). The purpose 
of GIs is to identify the link between the locally-grown produce and the region or  
locality where its quality, reputation, or other characteristics are clearly attributable to 
its geographic origin (Pirog and Paskiet, 2004). EC regulation No. 2081/92 deals with 
protected geographical indications (PGI) and protected designations of origin (PDO)  



for agricultural products and foodstuffs. This has been replaced by regulation  
No. 510/2006.

To receive a PGI product designation, a geographical link must exist in at least one 
of the production, processing, or preparation stages. PDO is a term used to describe 
foodstuffs which are produced, processed and prepared in a given geographical area 
using recognized know-how. To achieve PDO-status, the quality or characteristics of 
the product must be essentially or exclusively relative to the particular geographical 
environment of the place of origin. The production and processing of raw materi-
als must take place in the defined geographical area from which the product bears 
its name. There are currently over 300 PDO-protected food products in Europe, and 
over 100 of these are FFVs. The register of protected products is available at http://
ec.europa.eu/agriculture/foodqual/quali1_en.htm.

Small producers prepare their product in different ways, with different results. The 
differentiation causes problems for some customers, such as restaurants and food 
service outlets. Often the PDO specifies both the region in which the product was 
cultivated and the postharvest handling techniques in the production manual, a doc-
ument which describes each part of the process, from planting to distribution. All 
farmers who wish to have their produce labeled as PDO must sign a contract which 
specifies the procedures listed in the production manual. Such an approach standard-
izes and raises the quality of locally-grown FFVs. GIs are highly-differentiated prod-
ucts, and do not compete in the same markets as undifferentiated commodities (Pirog 
and Paskiet, 2004). The EU countries also prosecute the misuse of product names. 
In the US, GIs are protected with certification marks that certify geographical ori-
gin, the type of materials used, product quality and the manufacturing or processing 
method.

V.  Postharvest handling

The aim of the postharvest handling of locally grown produce is to deliver quality  
produce to the consumer. Quality cannot be improved after harvesting, there-
fore it is important to harvest fruits and vegetables at the proper stage, size and at 
optimal quality (Bachmann and Earles, 2000). Postharvest life, however, can be  
maintained and extended by optimized handling and reducing damage through the 
application of correct postharvesting techniques (Pineiro and Diaz, 2007).

Quality is difficult to define (see also Chapters 3, 8, 9 and 18). It is the result of 
the interaction among many factors including produce, consumer perceptions, distri-
bution and postharvest handling systems (Shewfelt, 2006). The legislation and regu-
lations applied to the quality and safety assurance of FFVs also have an impact on 
produce quality at sales points (Batt, 2006). The main issues for consumers are what 
product the consumer wants, and how much he is willing to pay for it. Consumer 
expectations should be met through the implementation of adequate logistic and 
postharvest handling techniques. Although it is tempting to meet the needs of all 
consumers in a market, an effective strategy identifies those characteristics impor-
tant to a distinct segment (Shewfelt, 2006). This also applies to locally-grown FFVs. 
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However, the logistic question remains: is it possible to provide the volume requested 
at the right time, in the right place, in the right quality, and at the right price? The 
adequate postharvest handling of FFVs must account for the cultural, economic, 
technological, environmental, administrative and legal context of the target market 
(Pineiro and Diaz, 2007).

However, the objectives of efficient postharvest processes and of quality improvement 
and safety programs must conform to the needs of the various links in the FFV supply 
chain. To take into account both consumer and supplier objectives, postharvest handling 
and logistics have to be approached using the systems approach. The application of this 
method enables the effects of individual actions on the final quality and quantity deliv-
ered to the customers and the performance of the supply chain to be predicted (Busato 
and Berruto, 2006; Prussia and Mosqueta, 2006). The systems approach (Prussia, 2005) 
considers all the objectives of the locally-grown FFV supply chain (quality, quantity, 
safety and sustainability), the diversity of FFVs handled from production to consump-
tion, the local destination of the produce (e.g. farmers’ markets, CSA, food service, 
supermarket chains), and finally, the logistic improvement essential for reaching the 
overall objectives (Berruto et al., 2003; Hendrickson, 2004; Pineiro and Diaz, 2007). 
An example of the systems approach applied to the use of a peach wagon prototype 
with suspension showed advantages in the reduction of mechanical damage to the prod-
uct, one of several causes of bruising in packing houses. Therefore, the solution was not 
adopted by the industry (Nguyen et al., 2004; Prussia and Mosqueta, 2006).

Quality assurance and safety also involves, among other factors, the systematic 
organization of people, products, production systems/procedures, logistics, the 
market and the postharvest infrastructure available. The following steps, derived from 
HACCP analysis, are valuable for establishing both a postharvest handling and a  
logistic plan (see also Chapter 8), the assembly of a team to develop the plan and 
assist in its implementation; the design of a flow chart of the distribution channel 
and postharvesting activities; the identification of hazards that may result in loss of 
quality; the establishment of control measures; and the prioritizing of control points 
and acceptance levels. Once the plan is ready, it is necessary to establish a system 
to follow the activities with control measures and indexes, as well as to periodically 
check how the plan is working. Flexibility is necessary to meet changes in customer 
requests or changes in production (Pineiro and Diaz, 2007).

The production of FFVs and quality maintenance in postharvest and distribution 
operations is associated with the attentive application of technology throughout the 
production, harvesting and postharvesting phases. Hygiene problems at any point in 
the local produce supply chain could also lower the safety of the FFVs for consum-
ers. Although locally-grown produce should allow for shorter lead time compared to 
produce shipped from major production centers, microbial growth could still pose a 
threat, because the FFVs could come in contact with microbes or be cross-contami-
nated. Therefore, the handling area for harvested produce should be used solely for 
the purpose of eliminating the possibility of cross-contamination. Sustained efforts 
must be made to avoid recontaminating the cleaned produce.

The postharvest handling activities considered in this section are: harvesting,  
pre-cooling, grading, packing, storage and transport (see also Chapters 9, 14, 15 and 19).  



These related technologies are crucial for ensuring quality and safety. For small-scale 
producers, the principle is not to use sophisticated technologies, but to handle the 
produce efficiently throughout the supply chain. Only in this way will quality and 
safety be maintained, and postharvest losses reduced (Enachescu Dauthy, 1995).

A.  Harvesting

Harvesting is the first step in ensuring quality. Harvesting at optimum maturity 
is best for consumption quality. Locally-grown FFVs can often be harvested at 
advanced maturity, although small farmers may lack the technology to cool the pro-
duce immediately following harvesting. For this reason, harvest techniques are of 
special importance to many local producers.

Early morning harvesting is therefore, important because these are typically the 
coolest hours of the day, and allow for lower temperatures and respiration rates. It 
is cheaper to keep the produce cool at this time, rather than to cool it when its tem-
perature rises (López Camelo, 2004; Cantwell, 2007). There are some exceptions, for  
example, some citrus fruits are damaged if handled when they are turgid in the morn-
ing (Eckert and Eaks, 1989) or when produce is harvested in the late afternoon to be 
transported to a local market during the cooler night hours (Thompson, 2004).

Harvesting techniques should cause minimal mechanical damage if possible. It is 
important to avoid unnecessary wounding, bruising, crushing or damaging of pro-
duce by equipment or containerizing (Suslow, 1997a), because more mature produce 
is sometimes more susceptible to mechanical damage (Cantwell, 2007). Bruises are 
more common, yet less noticeable at harvesting. Gentle digging, picking and handling 
will help to reduce crop losses, especially for produce that must be stored (Kitinoja 
and Kader, 2002). Damage can be prevented by handling each fruit or vegetable as  
little as possible and by field packing wherever possible (Wilson et al., 1995; 
Bachmann and Earles, 2000). Compression can crush produce, so attention should 
be paid when loading containers, regardless of their dimensions. Damaged produce 
can easily be detected, and is usually removed during grading and packing (López 
Camelo, 2004).

It is recommended that harvest bins or containers be covered with a reflective pad 
or placed in a shaded area to reduce solar heating, water loss and premature senes-
cence (Suslow, 1997a). Some FFVs are more susceptible than others. For berries, 
tender greens and leafy herbs, an hour of exposure to sun is too long.

B.  Pre-cooling

It is often critical that fresh produce should rapidly reach the optimal temperature for 
short-term storage or shipping in order to maintain the highest quality, flavor, texture 
and nutritional content. The cooler should be in close proximity to the field to reduce 
delays from harvesting to cooling. Several methods and techniques of pre-cooling 
are available, primarily to meet the requirements of large producers and markets 
(Kienholz and Edeogu, 2002). These differ in terms of time required for the treat-
ment, energy requirements for the movement of equipment, cost, produce weight 
loss, batch or continuous process, and the potential for produce contamination. Not 
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all cooling methods are suitable for every type of FFV, or for all types of packaging 
(Kienholz and Edeogu, 2002; Thompson, 2004). The most feasible cooling methods 
for small farmers are described below.

Room cooling consists of an insulated room or a mobile container equipped with 
refrigeration units. It is a slow method, because the cold air circulates only around 
the produce, but common storage rooms can be used for this purpose. Having a 
cooler in the field, e.g. by buying a used refrigerated highway trailer, is a simple way 
to cool produce (Thompson and Spinoglio, 1996; Suslow, 1997a). Room cooling is 
only appropriate for small quantities of produce, or produce that does not deteriorate 
rapidly (Kienholz and Edeogu, 2002).

Top icing is an effective method to cool tolerant produce adaptable to small-scale 
operations. Ice has characteristics that make it very effective for pre-cooling fruits 
and vegetables, especially for small-scale farmers. These characteristics include 
its versatility as a cold source for several pre-cooling methods, its thermal storage 
capacity and its portability. The ice should be made from clean water, free of chemi-
cal, physical and biological hazards (Kienholz and Edeogu, 2002).

Again, harvesting time is crucial. Simply harvesting in the early morning or at 
night helps supply a high-quality product at a desired temperature. Such harvest  
timing is especially useful when pre-cooling facilities are unavailable.

C.  Sorting and grading

Many activities are performed in the field during field packaging, and each step is 
executed either manually or mechanically (see also Chapter 14). When the produce 
is packed and graded in the field, and must then be washed, the packaging should 
preserve its mechanical characteristics both during and after washing in order to 
protect the produce from mechanical damage (Kitinoja and Kader, 2002). The water 
for washing produce should be potable water (Macsuga, 2007). Details on the use of 
chlorine and other sanitizers are presented by Suslow (1997b) (see also Chapter 10).

The first operation is to remove rejects. This involves the removal of overly mature, 
inferior sized, severely damaged, deformed or rotten produce (López Camelo, 2004). 
Locally-grown distribution channels may not use written grade standards, but the 
products are sorted and sized to some extent. In small-scale packing operations, 
one or a few grading tables may suffice (Liu, 1999). In such operations, the sorting 
and grading are performed manually by skilled workers. The tables and equipment 
should have a smooth, soft surface, and the dumping and grading operations should 
be gentle to minimize injury. Unnecessary drops, bumping and abrasion should 
be avoided (López Camelo, 2004). Sorting and grading may be carried out in the 
field in a permanent temporary, or mobile structure or in a protected area. The two 
systems are not mutually exclusive. In many cases partial field preparation may be  
completed later at the farm (López Camelo, 2004).

D.  Packaging and packing

The packaging of FFVs should satisfy three basic objectives: the standardization of 
the number of units or weight inside the package; the protection of the product from 



injuries, poor environmental conditions or unsanitary conditions during transport; 
and the placement of produce in a clean area. Packaging should also ensure identi-
fication, and provide information including variety, weight, number of units, selec-
tion or quality grade, producer’s name, country, area of origin, handling instructions, 
and appropriate storage temperature for product display (Boyette et al., 1996; López 
Camelo, 2004). Packaging is a cost to farmers which alters if the container may be 
recycled or reused (Liu, 1999).

If produce is packed for handling, waxed cartons, wooden crates or rigid plastic 
crates are preferable to bags or open baskets, because bags and baskets do not pro-
tect the produce when stacked (Kitinoja and Kader, 2002). For domestic marketing, 
plastic crates provide excellent protection for produce and adequate ventilation dur-
ing handling, cooling, transport and storage. Some plastic crates are collapsible or 
can be nested when stacked for easier handling when empty (Kitinoja and Kader, 
2002; Suslow, 1997a).

New forms of packaging, which meet consumer requirements in terms of sus-
tainability, are on the market. It is very important to reduce or avoid the overuse of 
non-biodegradable plastic trays and wrapping materials whenever possible, because 
packaging creates an extra burden of waste disposal and damages the environment. 
Environmentally safe packaging is made of biodegradable materials, such as plant 
starch and fibers. These have the strength and features of plastic material, but are 
biodegradable. This type of packaging is more expensive, but for high-quality, sus-
tainable FFVs, this could be a plus for consumers. Instead of packaged produce, 
some retailers are moving towards a greater use of bulk bins in order to reduce the 
amount of packaging used (Ritenour et al., 2008; Sharrock, 2008).

Supermarkets and food services specify packaging requisites for produce. The 
direct sales of locally-grown produce at farmers’ markets reduce the amount of pack-
aging needed, and to this extent it is more sustainable compared to other distribution 
channels. Often products at farm stands are displayed without packaging, because 
packaging is only used for transport purposes. However, this method requires more 
attention to hygienic conditions of the produce at every stage. The less packag-
ing used, the greater the perception by consumers that the produce has been grown 
locally.

Packing methods can affect the stability of products during shipping, and influence 
how well the container protects their quality. For best results, containers should be 
neither too loosely, nor too tightly filled with produce. Loose products may vibrate 
against others and cause bruising, while over-packing results in compression bruis-
ing (Kitinoja and Kader, 2002). Adding a simple cardboard liner to a crate will make 
it less likely to cause abrasion to produce. Delicate and high-priced produce are often 
packed in trays, while other products are simply boxed together.

E.  Field packaging

Field packing has considerable economic advantages when it is practiced, in that it 
reduces physical structures, labor and equipment costs, and results in lower levels of crop 
damage (Enachescu Dauthy, 1995). Many tasks are combined in field packaging. 
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Through this, products may be prepared directly for the market in the field in a single 
step (López Camelo, 2004).

Strawberries are generally field packed, since even a small amount of handling 
will damage these soft fruits. When lettuce is field packed, several wrapper leaves are 
left on the head to help cushion the produce during transport (Kitinoja and Kader, 
2002). During field packaging, different types of carts may be used to provide room 
for more than one tray, to improve working positions and to provide shading for the 
produce in the field.

Particular attention should be paid to grading the produce in order to avoid the 
mixture of damaged, decayed, or decay-prone products in bulk or packed units 
(Suslow, 1997a). The main benefit of hand harvesting compared to mechanized har-
vesting is that skilled workers are able to select the produce at its correct stage of 
ripeness, and grade the product gently. This results in less damaged products and 
fewer postharvest losses. If workers are hired for the harvest season, training is  
necessary to improve their grading and harvesting skills (López Camelo, 2004).

F.  Storage and transport

Local produce, often characterized by seasonal production, its small volume and short 
transport distances, could require less storage facilities and technology. In this case, the 
lead time between harvesting and customer sales could be limited to less than a day. It 
is important to note that the effective distribution of the produce is more important than 
its preservation in storage. However, storage is a strategy for achieving higher returns. 
Produce can be held temporarily to overcome fluctuations in supply and demand (López 
Camelo, 2004). Cold storage involves the use of an insulated room that ensures low 
temperatures by using refrigeration equipment and various air-moving systems. Storage 
time and type of storage condition depends on the intrinsic characteristics and perisha-
bility of the product. Shelf life ranges from short (particularly raspberries and other ber-
ries) to extended storage periods for onions, potato, garlic, pumpkins, etc. (Bachmann 
and Earles, 2000; Boyhan et al., 2004; Gross et al., 2004; López Camelo, 2004).

The ideal storage temperature often depends on the geographic origin of the prod-
uct. Tropical plants have evolved in warmer climates, and therefore cannot tolerate 
low temperatures during storage. These must be stored at temperatures above 12°C. 
Plants which have evolved in temperate, cooler climates, on the other hand, can be 
stored at 0°C. Fruits and vegetables are divided into three groups in terms of tem-
perature and RH requirements: Group 1 (0–2°C, 90–98% RH), Group 2 (7–10°C, 
85–95% RH) and Group 3 (16–18°C, 85–95% RH) (Thompson and Spinoglio, 1996; 
Boyhan et al., 2004). Temperature, the primary means of lowering the respiration 
rates of FFVs, has an important relationship with vapor pressure and thus directly 
affects the product’s rate of water loss (Suslow, 1997a). Water loss may result in wilt-
ing, shriveling, softening, browning, stem separation or other defects. It may also, of 
course, result in the reduction of saleable quantities (Suslow, 1997a; Berruto et al., 
2003). High RH is needed to reduce product moisture losses.

The principal design constraints for produce storage are to uniformly main-
tain desired temperature and RH levels. The airflow must be distributed uniformly 



throughout the cooler in order to minimize temperature variability (Thompson and 
Spinoglio, 1996; Thompson, 2004). The packaging also influences the time required 
to cool off the produce, and energy requirements. Vent openings in the package 
should allow air to flow through the produce, and thus determine a way to fill the 
cooler. Fresh horticultural products should be cooled after harvesting and during 
transport. In the absence of a pre-cooling system, which is quite a common situation 
for many small farms, it is important to consider that room cooling is only appropri-
ate for small amounts of produce or produce that does not deteriorate rapidly. For 
some produce, the use of top icing is effective for pre-cooling (Kienholz and Edeogu, 
2002). Another cheap way to store products without the full temperature and RH of 
coolers is to take advantage of environmental conditions. At night, air temperatures 
tend to be low, and the cool night air can ventilate the produce. Soil temperature at a 
depth of two meters below the surface is equal to the average annual air temperature 
(Thompson, 2004). Underground or cave storage in the right season, using natural 
cold air, could also work for short-term storage purposes. Here, storage RH could 
be regulated by controlled ventilation and dehumidifiers. Well-water temperature is 
also usually equal to average annual air temperatures and can sometimes be used to 
cool FFVs. Unfortunately, few of the above alternatives work well in humid, tropical 
climates.

Once the FFVs have been cooled, they must stay cool. It is very important that the 
cold chain is continuous (see also Chapter 19). Trucks used for road transport may 
be refrigerated or may sometimes just be insulated for short transport distances, as in 
the case of locally-grown FFVs.

Transport to roadside stands and product display at roadside stands or farmers’ 
markets can often result in the produce being exposed to direct sunlight, warm or 
even high temperatures, and low RH levels. Rapid water loss under these conditions 
can cause fruits and vegetables to deteriorate (Suslow, 1997a). By providing posthar-
vest cooling before and during transport and a shading structure during display, the 
produce will last longer.

For direct marketing (in-store, roadside stand) farmers should make sure their 
products are fresh by misting them with water regularly or by storing them in insu-
lated cartons prior to display. Some of these cartons can be converted into display 
cartons by removing the tops. Some highly perishable items may only be offered for 
sale if displayed in ice or water containers (Marr and Gast, 1995).

VI.  Logistics

There are different definitions of logistics, each of which differs in the extent 
to which this matter is considered. The Council of Supply Chain Management 
Professionals (CSCMP) defines logistics management as “that part of the sup-
ply chain which plans, implements and controls the efficient, effective forward and 
reverse flow and storage of goods, services and related information between the point 
of origin and the point of consumption, in order to meet customers’ requirements” 
(CSCMP, 2008). The goal of logistic services is to ensure the availability of the right 
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product, in the right quantity, at the right time, in the right conditions, right place, to 
the right customer and at the right cost. The supply chains of locally-grown FFVs are 
classified in direct marketing distributions (farmers’ markets, CSAs, roadside stands, 
on-farm stores) and indirect marketing distributions (restaurants, food service, super-
markets). Each supply chain is characterized by different factors that influence logis-
tic design and operations, described below (see also Chapters 6 and 7).

A.  Product quality and availability

Quality and availability must be considered when a farmer chooses FFV supply 
chains (Jett and Hendrickson, 2006). Suitable FFVs for short supply chain are prod-
ucts which are difficult to ship over long distances, due to their perishability (e.g. 
some berries) or products that have strong local or regional appeal, but that may 
not have enough widespread appeal to be part of the standard inventory of a large-
scale food distribution company (Rowell et al., 1999; Tropp and Olowolayemo, 
2000; Jett and Hendrickson, 2006). Many examples of locally grown produce also 
include organic FFVs, and these could have a positive impact on the market (Kidwell 
and Thompson, 1995; Lobo and Takele, 2003; Cottingham, 2007; Grimsbo Jewett  
et al., 2007). Protected FFV names, such as PDO and PGI, are also important in some  
cases (Tellström et al., 2003; Pirog and Paskiet, 2004; MacLeod and Scott, 2007).

Farmers’ markets have no constraints as to the availability of produce. Some 
farmers simply sell their produce at farmers’ markets, while others make use of two 
or more distribution channels. In order to satisfy the seasonal availability requested 
by some distribution channels (e.g. food service, CSAs), farmers overproduce FFVs. 
First they provide food to the restaurant or food service, and then sell the surplus at 
farmers’ market (Nakamoto, 2003). FFV variety is often associated with farmers’ 
market stands. Customers expect variety, and the farmer should manage this in the 
production and postharvest plan, considering the special aspects of each single crop.

For farm roadside stands and on-farm stores, producing a high-quality prod-
uct is a prerequisite when dealing with a high-end, high-priced product. However, 
this is a niche market, and sometimes overproduction can occur. A resolution to this 
problem can be found by selling through other distribution channels. Selling high-
quality produce requires special attention to the customer (Nakamoto and Fleming, 
2003). Product availability and variety is a means of increasing customer service and  
customer loyalty (Grimsbo Jewett et al., 2007).

In CSAs, consumers buy agricultural products directly from the farmer, paying for 
the products in advance at the beginning of the season. Under these circumstances, 
consumers not only support the farmers’ growing operation, but also share in the 
risks associated with crop production. The farmer, in turn, makes a commitment to 
produce a diverse and sufficient quantity of high-quality FFVs in order to satisfy the 
demands and expectations of the consumers (Lobo and Takele, 2003). CSAs require 
excellent management skills, and planning is essential to provide customers with the 
expected variety and quantity of crops throughout a 20–24 week season. Produce 
variety and quality is a key issue for CSAs and all other forms of direct marketing 
(Grimsbo Jewett et al., 2007).



Produce growers have a considerable amount of success in marketing specialty 
fruits and vegetables with strong regional appeal to local institutional food services 
(Tropp and Olowolayemo, 2000). For restaurants and food services, season-long 
quality and availability is a key factor (Nakamoto, 2003). The overall demand for 
food items in school food service operations is considerably stronger during the fall, 
winter and early spring months, compared to late spring and summer (Helliot, 2004). 
Thus, when approaching clients in the food service market, it is critically impor-
tant for farmers to consider which items they will be able to supply to customers. 
Consumers need to know which products are available and when, and want to be 
assured that the produce will be safe. It is common for food service buyers to face 
multiple responsibilities therefore; producers must understand the many require-
ments, as well as the various compliance regulations (Strohbehn and Gregoire, 
2003). Members of small farm cooperatives can usually make greater commitments 
to food service in terms of guaranteed volume and availability, and can usually offer 
a greater volume of processed farm products than most individual small producers 
(Tropp and Olowolayemo, 2000; Bellows et al., 2003; Ernst and Woods, 2005b). To 
facilitate the work with food services, it is important to plan planting in order to 
offer the quantity of produce necessary during the growing season (Strohbehn, 2002; 
Grimsbo Jewett et al., 2007). This involves planting more than required, in order to 
deal with shortages within the season. Overproduction in other periods has to be 
sold through alternative distribution channels, such as farmers’ markets (Nakamoto, 
2003). Cold storage could help to cope with temporary shortages.

Top-quality for restaurants requires consistency of supply and means harvest-
ing shortly before delivery. If the product is unavailable, farmers should consider 
purchasing from a neighbor. However, this option can lengthen lead times. Planned 
overproduction can be a useful risk management tool; it ensures an adequate sup-
ply of product, and enhances quality. The surplus must be sold through alternative 
distribution channels, such as farmers’ markets (Nakamoto, 2003). A greater chal-
lenge may be posed by the need for adequate volumes of produce when marketing 
directly to larger restaurants. It is particularly challenging to produce a volume suf-
ficient to meet the restaurant’s needs and to have produce ready for harvest when the  
restaurant requires it. It is recommended that producers consult with the restaurant to 
determine which products are sufficient in volume to meet the needs. Meeting with 
the manager or chef prior to planting each year is useful, because gaining familiar-
ity with the products that a restaurant will use may assist in planning (Tropp and 
Olowolayemo, 2000).

Medium-sized supermarkets and local grocery stores expand the market for 
locally-produced FFVs, and differentiate themselves from large retail chains 
(Hendrickson, 2004). Large retail chains could also be interested in local food, in 
order to attract farmers and to provide a better image to their customers (Piccarolo, 
2006). Traditionally, there is an intermediary between farmers and supermarkets, 
e.g. a broker, called a forager. This intermediary is paid to find local produce suppli-
ers for supermarkets or for special events. Usually, the forager does all the logistics, 
finds the suppliers, places orders, collects the produce and delivers it to the grocery 
store or other outlet. He works for the customer, and therefore is not involved in the 
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sale of the entire output of the farm (Grimsbo Jewett et al., 2007). Product avail-
ability and volume are not a concern, because the distributor can smooth seasonality 
problems out by buying from local farmers in season, and by sourcing products from 
elsewhere when local FFVs are not available.

B.  Traceability and food safety

The demand for traceability has increased, due to safety concerns (Rangarajan  
et al., 2000a; Carvajal et al., 2005; Bignebat and Codron, 2006; Bollen et al., 2006; 
Codron et al., 2006, 2007; Peeters, 2007). Food safety regulations (Rangarajan et al., 
2000b; Batt, 2006; Bollen et al., 2006; Codron et al., 2006, 2007) and the geographic 
traceability of produce are regulated by state and national entities (Tellström, et al., 
2003; Pirog and Paskiet, 2004; Hamilton, 2005). Although food safety is necessary 
for all produce, liability and the requested procedures for tracing production systems 
and postharvest techniques range from very simple to very complex activities. The 
traceability of produce must be guaranteed, even if produce is sold without packag-
ing (see Chapter 12). Mandatory traceability rules usually have fewer requirements 
than voluntary traceability schemes. In the case of voluntary regulations (see also 
Chapters 8 and 9), some chains require the implementation of good agricultural prac-
tices (GAPs), the registration of all operations and an inspection of the production 
process. The Euro Retailer Produce Working Group – Good Agricultural Practices 
(EurepGAP), and the British Retail Council practices (BRC) are the well-known 
voluntary traceability schemes. These schemes are references for good agricultural 
practices, with the primary objective of reducing health risks and the assurance of 
product compliance through due diligence (Bignebat and Codron, 2006; Batt, 2006; 
Codron et al., 2006; Peeters, 2007). Farmers must satisfy these voluntary protocols in 
order to sell locally-grown FFVs to local supermarkets or food services. For posthar-
vest operators, increased transparency and enhanced traceability allow improvements 
in supply chain management systems to be implemented. For growers, improved 
traceability offers the potential for improved feedback on the performance of their 
product in the market (Bollen et al., 2006).

In relation to farmers’ markets, on-farm stores and roadside stands, despite the fact 
that the produce should be traceable, the above-mentioned requirements are manda-
tory, but at much lower levels than with indirect marketing. To sell to food services, 
farmers or farmer groups must obtain product liability insurance. Some farm insur-
ance policies include coverage for products sold from the farm location, but this is 
inadequate for produce destined to be sold to food services. Fresh, raw fruits and 
vegetables are considered low risk, and insurance for these products may be minor 
(Grimsbo Jewett et al., 2007).

Supermarkets require food traceability because they are responsible for the prod-
ucts sold on their shelves. This has led to the development of private standards of 
good agricultural practice by some distributors (EurepGAP, BRC, Nature’s Choice, 
etc.). Not every country has the same criminal accountability policies (Bignebat  
et al., 2006). Fortunately, local FFVs have fewer potential problems than meat-based 
products. For local FFVs, the main problems concern pesticide residues. Organic 



crops need other types of certification, and each country has its way to deal with 
the issues and the associated costs. Some of these costs are very high for the single 
farmer (Lobo and Takele, 2003; Tronstad, 2003).

C.  Processing, packaging and labeling

Despite many advantages for handling and transportation, the customers of farmers’ 
markets associate packaging with industrial, large-volume traditional produce and 
therefore it is important not to overuse packaging. Since farmers’ markets often do 
not require packaging, marketing locally-grown produce is quite simple, because it is 
only necessary to wash the produce, and to clean and sanitize the package (Suslow, 
1997a). Some produce requires little packaging (e.g. berries), because they have lit-
tle mechanical resistance. Since some protected food names are mentioned in public 
procurement processes, such produce requires labeling (MacLeod and Scott, 2007). 
Direct sales to supermarkets and food services require farmers to package, grade or 
process, because they cannot depend on middle-men to perform these functions.

Food services could request cold storage on the farm or during transportation. If 
farmers do not assure the cold chain, they risk rejection by food services (Tropp and 
Olowolayemo, 2000). Catering to the clients’ specific preferences in terms of product 
and packaging, has been instrumental for some successful cooperatives which supply 
to schools. This is not related to product quality itself, but complies with regulation, 
traceability and easy handling of produce. Product packaging and labeling pertain 
to compliance with government (state and national) food safety regulations and 
ease of ordering for managers. The ability to tailor the product packaging to meet 
the specific needs of individual schools can exert considerable influence on the food 
service director’s decision to use or retain the services of a local vendor (Tropp and 
Olowolayemo, 2000). School food services usually have limited labor resources for 
produce preparation. Schools are oriented towards pre-cut, prepared FFVs. However, 
prepared FFVs require skills and investment that are easy to implement in a coop-
erative form. Labeling packages with a trademark or a geographic indication of pro-
duce origin also helps customers to recognize the product (Tropp and Olowolayemo, 
2000). It is important to remember that the standard size and cleaning of FFVs for 
food service requirements may be different from those for market sales at times, 
e.g. small-sized apples compared to top grade apples at markets or supermarkets 
(Grimsbo Jewett et al., 2007). Packaging, when requested, has to meet sustainabil-
ity requirements and calls for investment or fine-tuning of processing and packaging 
methods (Tropp and Olowolayemo, 2000; Ritenour et al., 2008).

Restaurant buyers prefer to have a set number or weight in each package in order 
to facilitate purchasing, receiving and product inventory control. To protect the qual-
ity, particularly of fresh produce, sturdy containers with appropriate packing and 
proper transportation must be used. Plastic bags should be approved for food storage 
(Strohbehn, 2002; Strohbehn and Gregoire, 2003).

Products for supermarkets are offered to the distributor’s customers in standard 
sizes, and farmers need to package products accordingly. Farmers may have to store 
their product until the distributor requires it, or simply lower delivery frequency 
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(Grimsbo Jewett et al., 2007). Often labels are required listing weight, producer code 
or other information. The package could be provided by the distributor. If the pro-
duce has a geographic indication of origin, this should be placed either on the label 
or on the packaging.

D.  Customer service

Some logistic studies claim that the effort necessary to acquire a new customer is six 
times greater than maintaining an existing one. Area consumer demand is an important 
factor for directing the logistics and sales of locally-grown produce. The distribution 
of locally-grown produce is the link with customers. The key to success in produce 
marketing has always been the establishment of good relationships with buyers over 
time (Rowell et al., 1999). The Internet is increasingly important for this objective. An 
online website which describes the farmer’s activity and produce availability is crucial, 
and should be updated frequently. Communications should focus on hours, produce 
availability, updated address and other contact information, and list events. Because 
SMSs allow for relatively few characters, they can be used to provide simple messages 
which refer to details on the web page. A prompt response to e-mails is important if the 
farmer provides his e-mail address. The willingness, time and ability to deal directly 
with customers are all important for customer service (Tronstad, 2003; McKelvey et 
al., 2007). However, customer service requirements are related to the type of customer 
(consumers at farmer market, members of CSAs, local food service, etc.).

Farmers’ market vendors who reduce customer waiting time improve customer 
service. This can be done by providing timely service, by serving customers on a 
first-in, first-out (FIFO) basis, by providing a pre-weighed package during the peak 
of the season in order to reduce the delays inline, and by speeding up the serving 
process (McKelvey et al., 2007). The type of payment method is also important in 
attracting customers. Examples of payments include: cash, checks, credit cards, use 
of WIC or Senior Farmer’s Market vouchers, and Electronic Benefits Transfer cards 
for the Secure Supplemental Nutrition Assistance Program (DHHS, 2007). The use 
of credit cards is more frequent, and people usually tend to spend more than when 
they pay by cash (Tronstad, 1995). Besides price competition, the extra services (e.g. 
keeping produce bought by customers in a shaded area until they leave the market, 
giving free samples or discount coupons for the next purchase, providing printed 
materials) could help to increase customer demand. Farmers should obey regular 
market schedules, and have an adequate volume of produce.

For CSAs, keeping in touch with consumers is critical, and allows businesses 
to respond to changing needs or seasonal trends, or keep consumers–subscribers 
informed and involved with farm activities. A stable base of satisfied customers 
should be maintained. Satisfied customers can also bring new customers. The diver-
sity of the products grown and sold by the farm, and the variety of value-added and 
customer service activities (e.g. direct delivery) will keep customer service levels 
high (Lobo and Takele, 2003).

For food services, customer service includes timely deliveries of the right kind of 
produce, in the desired quantity and of reliable quality. Food service requirements 



for products (size, packaging, quality, price) are particular, and farmers must pay 
attention to the needs of managers (Nakamoto, 2003; Tropp and Olowolayemo, 
2000). The ability to cultivate close relationships with food service customers and to 
respond quickly to any problems is an advantage. Large-scale food distribution firms 
are not able to match such a service.

For restaurants, the reliability of quality and volume and communication with 
customers are key ways to establish and maintain a market presence (Ernst and Woods, 
2005b). Again, farmers should remember that “it is easier to keep an existing customer 
than to create a new one,” and also consider “make it easy for new customers to stick.” 
The firm’s good name and reputation are powerful assets that must be protected, and 
these are built through customer service (Nakamoto and Fleming, 2003).

E.  Information flow

In an ideal situation, the business links in the chain are connected through cash and 
information flow from the consumer to the grower and by produce and value flows 
from the grower to the consumer. This information is not often collected and shared 
effectively and in a timely manner. Due to a lack of information exchange, every 
stakeholder tends to make unilateral decisions, without fully understanding the con-
sequences of his or her actions on the supply chain (Prussia et al., 2001; Collins, 
2006). Information exchanges provide more knowledge along the supply chain and 
allow for creation, delivery and share value (Collins, 2006). It is important to stream-
line and expedite the exchange of information, even for locally grown FFVs, because 
it is less expensive to invest in the exchange of information than in distribution infra-
structures (Busato and Berruto, 2006; Prussia and Mosqueta, 2006). Traceability 
could help to streamline the information flow in both directions along the supply 
chain (Bollen et al., 2006).

Customers need information on production availability, site location, product 
price, production techniques and product traceability. It is also important to gather 
information from customers, and to understand their interests in terms of produce 
quality (Brückner, 2006; Shewfelt, 2006; McKelvey et al., 2007). This is relevant in 
farmers’ markets and food service (Gregoire and Strohbehn, 2002). Farmers often 
do not pay attention to customers or provide information about product availability 
or shortages, or if they do so they do not provide it in time. In the traditional sup-
ply chain, such tasks are carried out by retailers and distributors (Shewfelt, 2006). 
Timely information is very important, especially for food services and restaurants 
(Tropp and Olowolayemo, 2000; Nakamoto, 2003).

Consumers at farmers’ markets appreciate exchange of information on produce 
and free samples. Customers are often interested in the nutritional value of differ-
ent FFVs, how they are grown or processed, or what makes offers special. They 
also appreciate hearing about how products are used by other satisfied customers. 
Farmers should inform customers about the farm, and should be aware of news 
about locally-grown products (McKelvey et al., 2007). This information, along with  
lessons learned directly from customers, can be used to adjust product selection to 
better suit customers’ needs.
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CSAs are sensitive to the feedback from their members who request information 
about on-farm activities (Grimsbo Jewett et al., 2007). The use of the Internet and 
e-mail helps to handle information efficiently, yields good returns on investment, and 
provides excellent potential for promoting the business and expanding marketing 
opportunities. Computers greatly enhance the work of a CSA member, not only in 
scheduling crop production and harvesting, but also in keeping track of the content 
of the weekly (or bi-weekly) basket, whole shares and half shares, workdays, and 
the division of available produce into equitable shares. Members can stay informed 
by receiving a newsletter, recipes, workday notices, schedule changes and personal 
notes (Adam, 2006).

The streaming of information for food services should focus on reducing trans-
action and procurement time (Michael, 2006). A simple way of delivering invoices 
could be by issuing an invoice for each delivery when a single local grower supplies 
to the food service. Orders could also be placed by phone (Grimsbo Jewett et al., 
2007). The marketing and distribution strategies for farmers participating in a coop-
erative with multiple food products could allow restaurants, stores and food serv-
ices to lower transaction costs involved in obtaining local FFVs, thus reducing the 
number of deliveries and procurement procedures (Hendrickson, 2004). Expediting 
the procurement process and payments is easy for cooperatives, since they can invest 
in the information technology to aid streamlining ordering, receiving and payment 
processes (Strohbehn and Gregoire, 2003). Some cooperatives provide Internet-based 
ordering systems. Timely communication with managers when a shortage of produce 
occurs is also very important.

For farmers who wish to sell to restaurants, the logistic information needed when 
concluding a contract with a local restaurant or supermarket pertains to: products 
available for sale; volume and forms of sales; availability period; frequency of deliv-
eries and prices. The grower should be familiar with other essential information 
pertaining to restaurant menu needs, and his ability to satisfy these needs by custom-
izing production (Nakamoto, 2003; Strohbehn and Gregoire, 2002a).

Information flow and order processing for supermarkets is the distributor’s respon-
sibility. The distributor handles all sales, sends invoices and is remunerated by the 
supermarket. In some cases the distributor simply collects the orders, distributes the 
sales among farmers, provides invoices, is remunerated by the supermarkets and then 
pays the farmers.

F.  Location

Location is important for direct marketing. Every place of consumption near the 
place where production occurs has the potential of distributing locally-grown pro-
duce (Hendrickson, 2004). However, proximity to the city does not always favor farm 
direct marketing. For people who live in the city, the perception of the farm loca-
tion is a few miles away from the city center (Tronstad, 2003). The optimal location 
however, depends on the customer base, on whether they buy produce on a daily or 
weekly basis or whether they visit the farm only occasionally. There is also the possi-
bility to establish new places to sell locally-grown produce at worksites (Granger and 



Cheung, 2007a,b). It is a rule of thumb that people are attracted to a shop at a loca-
tion proportional to the square root of the shopping area, and inversely proportional 
to the distance traveled to a location. The further away the location is from customers, 
the bigger the area and the offered activities should be.

The location of the farmers’ market is crucial. For the farmers’ market, compli-
ance with the concept of customer proximity (e.g. the distance between place of resi-
dence and place of purchase), is important. An area reachable by car, bicycle or walk 
within 2 to 15 minutes is considered close. The availability of parking for loading 
and unloading produce is also important in order to avoid long distance transporta-
tion. In most cases, it is not practical for farmers to transport their produce beyond 
where they park (CTIFL, 2006; DHHS, 2007). To some extent, farmers are unwilling 
to travel every day to reach consumers (Jett and Hendrickson, 2006). Therefore, the 
farmer’s proximity to the market is also very important for daily farmers’ markets 
(Concaro and Capurro, 2006; CTIFL, 2006; Jett and Hendrickson, 2006). Markets 
may be located on college campuses, in hospital facilities, on federal and state land, 
in parking lots of malls or stores, in parks, community centers, church parking lots or 
closed city streets. Important points to consider before joining a farmers’ market are: 
visibility from streets and walkways; electricity availability and placement; shaded 
space for customers and farmers (DHHS, 2007); potable water; bathroom access; 
customer parking and public transportation access (Grimsbo Jewett et al., 2007).

The display layout is important in selling produce (Lloyd et al., 1995). The use of 
contrasting colors and the display of different colored commodities together, make 
a stand very appealing. The produce should be clean, neatly arranged, and regularly 
inspected for defective items. The display table should be full, because customers 
are encouraged to buy when displays show abundance. Prices have to be visible, but 
should not interfere with viewing of the produce. Having the products at a height 
and distance reachable by customers is important. Shading keeps the temperature 
of products low, and allows the produce to last longer under open air conditions 
(Suslow, 1997a).

The location of a roadside stand or on-farm store can greatly influence its profita-
bility. Roadside stands and on-farm stores are most successful in areas of high traffic 
volume (Jett and Hendrickson, 2006). A visible location is usually a prerequisite for 
a successful farm or roadside stand. Direct marketing can also work in more remote 
locations, but it will require more advertising and promotion. Many urban consum-
ers consider visits to farms or farmers’ markets recreational activities, because their 
families enjoy seeing farms and talking with farmers (Rowell et al., 1999). Some 
variables to consider when evaluating sites are the street traffic, the area population 
density, the per capita income, the required travel distance, the location of competi-
tors and the type of produce offered. The location should be within 15 minutes’ travel 
time, and should provide enough parking spaces for all potential customers (Lloyd  
et al., 1995). Roadside stands should be visible from the road, and are more efficient 
if they are located near a road with an average speed lower than 80 km h1. Signs 
should be large enough, and should be placed at the market site and also at least 400 
meters from the stand in both directions. Roadside stands or farm stores should be 
near the farm, orchard or field in order to create a farm atmosphere.
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A survey of a horticultural district in Italy, located just 46 to 60 miles (50 to 75 kil-
ometers) away from three major cities, showed that the development of locally-grown 
produce and direct marketing will be profitable only in specific areas linked to tourist 
attractions or other activities, and cannot become a large-scale phenomena. Farmers 
were not interested in daily travel over an extended period of time to sell their pro-
duce (Concaro and Capurro, 2006). Many CSAs allow the collection of shares from 
the farm, but also have one or more drop sites in locations convenient for their mem-
bers. Some CSAs cooperate with local food cooperatives, churches, office parks or 
other similar locations. CSA members must collect their shares within a specified 
time frame. Some members may even be willing to use their home as a drop site for 
others in their area (Grimsbo Jewett et al., 2007).

G.  Distribution and schedule

Small farms generally lack cold storage (Tropp and Olowolayemo, 2000). However, 
due to short distances, both freshness and shelf life are still high for locally-grown 
produce. With the use of information technology it is possible to reduce lead time 
for information flow and therefore, limit the total lead times for delivery of FFVs 
(Busato and Berruto, 2006), providing longer shelf life for the product at the con-
sumer point (Prussia and Mosqueta, 2006). For growers that participate in farm-
ers’ markets, the customers must be served on a FIFO basis. At peak season a 
pre-weighed package reduces the time spent in line and accelerates servicing cus-
tomers (McKelvey et al., 2007). Some logistic studies have shown that a short reduc-
tion in service time significantly reduces customer waiting time. For example, when 
ten customers are in line, saving one minute per customer allows each customer on 
the average to save five-and-a-half minutes (Berruto, 2004). The layout of the stand 
should be carefully planned. Farmers should avoid too much movement of people at 
the stand, because workers will lose time and confuse customers. Adjusting the sea-
sonal flow of customers by providing an adequate number of people working at the 
farm stand is also important, in order to provide timely service to customers.

For roadside stands and on-farm stores, the logistic problem is the opening hours 
in which customers may buy the produce. Opening hours range from eight to ten 
hours per day. Harvesting can proceed during the store opening hours and provide 
fresh produce to the stand throughout the day. This helps to distribute the daily work 
among personnel, and preserves product freshness, but is not feasible in all weather 
conditions. If cold storage is available, the produce should be placed in storage until 
displayed. Other activities, such as on-farm tours for schools, require extra personnel 
and should also be scheduled.

The distribution of CSA shares is less restrictive than for supermarkets, although 
it is very important for farmers and members. It is easy to plan, because consum-
ers receive products once a week and it is less constraining than in the case of food 
service or restaurant deliveries. The schedule hours should be decided by members. 
To lower delivery costs, farmers should try to focus on groups of customers living 
a short distance from each other, and identify the person responsible for the entire 
delivery to one location. The location may act as a small distribution center for the 



neighborhoods which participate in the CSA (Grimsbo Jewett et al., 2007). Transport 
can be optimized with the many logistic tools available (Brandimarte and Zotteri, 
2007). Individual deliveries should be avoided, because they are too costly. For the 
same reason, the possibility of customizing each share in terms of quantity, type of 
products, or delivery times should not be offered. Customization over the web is 
fairly easy, but the real problem arises with the physical delivery of produce. Farmers 
should avoid individual deliveries, unless they intend to spread awareness of their 
CSA through marketing.

The necessary planning for growing a wide variety of crops (usually 30 or more dif-
ferent vegetables, herbs, fruits or other crops) throughout the growing season requires 
knowledge of different growing techniques (Jett and Hendrickson, 2006). Farmers 
should have several years of vegetable farming experience and planning skills to man-
age the variety of crops, the planting and harvesting schedules, and to produce many 
different FFVs throughout the season. Thorough and careful planning should facilitate 
scheduling planting, production, harvesting and postharvest treatment, as well as the 
delivery of the right product at the right time and to the right place. A management 
resource planning tool (Brandimarte and Zotteri, 2007) should help to make decisions 
about planting and seeding, and managing cultivation for steady, season-long produc-
tion, so that customers receive the diverse, weekly box of produce they were promised 
on joining the CSA (Jett and Hendrickson, 2006; Grimsbo Jewett et al., 2007).

Food service personnel must often observe strict restrictions when it comes to food 
delivery schedules. To ensure that the delivered products are high-quality and fresh, a 
maximum delivery time of 1.5 hours is advised (Schofer et al., 2000). Consequently, 
prospective local farmers are often only able to win contracts with school food  
service providers if they are prepared to adjust their delivery schedules to meet the 
specific needs of their customer base. The fact that some cooperatives follow a strict 
delivery schedule has been a major sales incentive with the local school food service 
(Tropp and Olowolayemo, 2000). The delivery schedule should match school open-
ing before the actual delivery date, and farmers must make a commitment to deliver 
their products to school kitchens at specific times that are safe for students, and 
allow enough time for meal preparation (Ringsberg, 2005). The delivery frequency 
to schools ranges from once to three times a week, because of high-volume usage 
and limited refrigerated storage capacity.

Restaurants also have strict delivery times, because they often have limited cold 
storage. Punctual and consistent deliveries, along with quality, are essential for busi-
ness success (Nakamoto, 2003; Bachmann, 2004). Quality is measured by shelf 
life and freshness. Harvesting should be done as near to the delivery as possible. 
Restaurants should be notified promptly if there are any shortages in orders or if the 
delivery will be delayed.

Supermarkets are sometimes willing to buy directly from growers through direct 
store deliveries (DSDs) made by the farmer. DSDs are often possible with smaller 
grocery stores or chains, but are discouraged by many larger chains that require 
deliveries to a regional distribution center (Rowell et al., 1999). Supermarkets usu-
ally buy through distributors, brokers and foragers, therefore the logistic require-
ments vary according to their operating procedures. The time span for deliveries is 
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usually longer than for food service. Distributors usually have their own trucks, and 
delivery may occur either with the distributor’s truck or be organized by a farmer. 
In some cases, farmers deliver directly to a local supermarket, while the ordering 
and processing is done by a cooperative (Piccarolo, 2006). In this way, the shelf life 
of the produce is optimal, due to direct delivery, eliminating the central distribution 
phase. Delivery occurs between 5:30 am and 11:00 am for orders placed the previous 
day. Some supermarkets which are located very close to the production point could 
plan two deliveries per day for orders placed the previous day, one in the morning, 
and one in the afternoon. The second daily delivery allows the supermarket to adjust 
its stock levels and provide fresh, high-quality produce with a longer shelf life. This 
also allows uniform labor utilization at the farm level.

H.  Pricing and costs

Market price levels and price stability are particularly important issues for small 
farmers (Tropp and Olowolayemo, 2000; Jett and Hendrickson, 2006). Often the 
prices are the same as those which wholesale dealers charge customers (Tronstad, 
2003). When determining prices, farmers should know the product costs, the 
demand, the competitors’ offer and the uniqueness of their produce (Tronstad, 1995). 
The volume per purchase, the date of purchase, the crop production curve and the 
cost of disposal all have to be considered in setting the margin for each type of pro-
duce (Busato et al., 2007). A detailed tracking of expenses and labor is crucial to 
understanding the profitability of each type of locally-grown produce and supply 
chain. A chart and table which compare different distribution channels under these 
aspects can be found in Rowell et al. (1999) and Grimsbo Jewett et al. (2007).

For farmers’ markets, many growers forget that marketing involves time spent in the 
market as well as costs such as transportation, advertising, containers, signs and stall 
fees. Actual costs must include these expenses (Tronstad, 1995). In addition, the cost of 
insurance and liability should be considered (Cook, 1995; Uchtmann, 1995; Tronstad, 
2003). Allowing customers payment options influences both the costs of the service and 
customer service. Some options have implementation costs, but operational costs should 
be considered (DHHS, 2007). If credit card purchases are allowed, transaction costs must 
be considered, because banks usually add up to 5% per transaction (Tronstad, 1995).

On-farm stores often provide additional activities to attract customers, such as 
farm festivals, child attractions, U-pick, etc. It is important to recognize the return 
for such activities. To determine these costs, the activities have to be evaluated after 
a trial. In addition, detailed levels of expense tracking helps to set prices for dif-
ferent events or products (Rowell, 1999; Tronstad, 2003; Hendrickson, 2004). The 
value of the produce, and the return on customer service associated with the product, 
provides information which is used to decide which types of activities are crucial 
(e.g. direct delivery, extended open hours, e-mail and SMS, dynamic website, etc. 
(Tronstad, 2003)). The costs and risks associated with liability should be considered 
(Cook, 1995; Uchtmann, 1995; Tronstad, 2003).

For CSAs, the price is often very similar to the wholesale price offered by retail-
ers. Here, consumers and farmers benefit from the price level. Accurate tracking of  



production and delivery costs is important to determine pricing. Since customers 
pay in advance, the farmer risks running out of money if production costs rise, or 
if something goes wrong in the production process. The activities should be tracked 
to allow for improved future accuracy of pricing (Tronstad, 2003; Grimsbo Jewett  
et al., 2007). For this reason, it is very important to include all the expenses, because 
it is not possible to raise the price later. As a precaution, farmers should raise the 
share cost about 25% at the beginning of the season, to cope with unforeseen adverse 
events during the season.

Food services often face extremely tight budget allocations for food purchases, and 
frequently have limited flexibility in the quality, range and variety of products that 
they are able to purchase for use in school meals. Farmers can expect to be paid the 
wholesale price typically paid by the food service (Tropp and Olowolayemo, 2000). 
The activities should also consider distribution time, transportation costs, sales time 
and packing, because the farmer has to deliver directly to the customer, bypassing 
middle-men or wholesale distributors. Participation in a cooperative, with cost reduc-
tions and service improvements, is an opportunity to reduce costs and increase prof-
its when dealing with the sale and delivery of produce to a food service (Tronstad, 
1995; Tropp and Olowolayemo, 2000; Bellows et al., 2003). Insurance and liability 
costs should also be included (Cook, 1995; Uchtmann, 1995; Tronstad, 2003).

High-end niche markets, such as top restaurants and resort hotels, are attractive, 
potentially lucrative opportunities, because for these customers the price of the pro-
duce is not an issue, as long as the farmer provides excellent quality produce. Price 
is not necessarily the most important factor to buyers. Instead, the focus on value, 
the perceived benefit for the paid price, is more important (Nakamoto, 2003; Jett and 
Hendrickson, 2006). There may be additional costs associated with marketing to res-
taurants. Growers that spend extra time preparing a product specifically to a chef’s 
specifications should set a price that accounts for the extra production time. Other 
“hidden costs” could be fuel and time expenses for delivering the produce to the res-
taurant (Ernst and Woods, 2005b). It is important for producers to be familiar with 
the wholesale prices that restaurants are accustomed to paying for produce.

I.  Promotion

There is a great deal of material on the web for promotion policy regarding local 
food and locally-grown produce provided by universities, extension services, local 
organizations and organic production groups (Tronstad, 1995, 2003; Bachmann, 
2002, 2004; La Trobe, 2002; Adam, 2006; Lamb and Taylor, 2007). However, cus-
tomers still lack knowledge about locally produced FFVs, despite many publications 
and web advertisements. Therefore, it is also the farmer’s responsibility to promote 
locally-grown produce to consumers (Lobo and Takele, 2003). Promotions increase 
sales per customer, the number of clients and enhance the image and visibility of the 
farm, company or produce. When farmers choose promotion strategies, they should 
define their target audience (DHHS, 2007). It is important for farmers to decide  
who their potential customers are, and how they got their information about FFVs 
purchases (e.g. newspapers, fliers, radio or word of mouth).
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Providing good customer service and a good product which yields word-of-mouth 
advertising by satisfied customers is priceless, and cannot be purchased or engineered. 
An estimated 80% of business comes from return buyers, and the focus is on reward-
ing loyal customers by offering discounts, gift certificates or a free delivery service 
(Adam et al., 1999). Coverage by the local newspaper or radio/television station can 
bring in more sales than any paid advertisement. Advertising budgets generally range 
between 4% and 10% of sales. Direct e-mail is a form of advertising with a personal 
touch, and requires an up-to-date and extensive mailing list. Postcards with pictures of 
the farm, along with a logo and promotional message may be sent just before a farm 
festival or when produce is available. Mailing lists should be revised each year. Group 
SMSs with cell phones are now easy to manage through websites, at low cost.

The greater access to fresh produce items through farm-to-school marketing pro-
grams is especially attractive to the large number of food service directors currently 
seeking to expand the number of vegetarian entrees and low-fat products available 
in school menus (Tropp and Olowolayemo, 2000; Helliot, 2004). For the promotion 
of locally-grown produce, it is necessary to develop and refine marketing propos-
als such as health benefits, local economic development and community and envi-
ronmental sustainability for people who participate in community food systems 
(Hendrickson, 2004). These proposals have to be based on credible academic and 
market research, and refined for the targeted consumer groups including mothers, 
people with limited resources who participate in food and nutrition programs, skilled 
consumers interested in the benefits of community food systems, chefs, wholesale 
buyers and food service managers interested in purchasing locally-produced FFVs.

Educational resources such as recipes, healthy eating brochures, food safety materi-
als and storage tips, could be included with FFV purchases. This is useful information 
for consumers, and could also promote local produce (DHHS, 2007). The Internet 
also helps to shorten the distance between producers and consumers. The farm web-
site will keep customers updated, by informing them about produce availability, events 
on the farm, or an upcoming farmers’ market. E-mails and SMSs on cell-phones are 
also useful techniques (Nakamoto and Fleming, 2003; Tronstad, 2003).

For farmers’ markets, an invitation to visit the farm could be very important to 
strengthen relationships with customers. The participation in farmers’ markets 
involves sharing advertising costs. This also applies to radio or TV, especially when 
there are special events. For roadside stands, attractive road signs are an effective 
form of advertising. Signs that are legible to the quick-moving motorist are a way 
to induce people to stop and visit the roadside market or farm store. Signs should 
have a logo, and should reflect the kind of goods being sold. For on-farm stores, 
farm tours have proven to be a successful method for differentiating produce from 
that of competitors. Customers remember these occasions, and it is possible that they  
link the brand name of high-quality produce to the region, as if only this product 
existed in that region. The farm tour is not an end in itself, but is a way to build 
a customer base and strengthen consumer loyalty (Nakamoto and Fleming, 2003; 
Tronstad, 2003).

Farmers should also differentiate their services and produce. The U-pick could help 
customers to be aware of the farmer’s activity, though some farmers have experienced 



it as an unprofitable activity (Tronstad, 2003). When planning events for marketing 
farm produce, it is necessary to identify which period is better for hosting an event 
that could attract more people. This is not the case in farm visits in which one paid 
service is provided to customers (e.g. schools) who pay for it.

For CSAs, a visit to the farm could be a part of the business, and could also pro-
mote the CSA to potential new customers. Researching the strategies of similar com-
panies facilitates plans to strengthen the farm’s business. Promotion for supermarkets 
and food services is done through personal meetings with managers. Having personal 
contact is not easy; the director of a food service for a school district or academic 
institution usually has the primary, if not the sole, responsibility for making procure-
ment decisions and selecting prospective vendors (Tropp and Olowolayemo, 2000). 
Therefore, sales appointments tend to be far more effective when they are held with 
the primary decision-maker, rather than with other food service personnel. The same 
approach applies to promotion to supermarkets.

J.  Policies and regulations

The combination of policies and regulations for each distribution channel are differ-
ent and some of them are so costly that a single small farm cannot afford them (Lobo 
and Takele, 2003; Tronstad, 2003). Policymakers support and regulate, to different 
extents, locally-grown produce and local farmers through the regulation of farmers’ 
markets (Gibson, 1995; Hamilton, 2005). The regulations are relative to farm location  
and facilities, market rules (who sells and what is sold), food safety and traceability, 
and market funding (Marr and Gast, 1995). The specific rules of operation for farm-
ers’ markets may vary. In order to prevent misunderstandings, both formal and infor-
mal market rules should avoid questions of favoritism, promote quality assurance, 
and maintain acceptable business practices (DHHS, 2007).

Usually the market has a clear set of rules, and a procedure for enforcement of 
these rules, to ensure that all vendors are treated equally and fairly. Topics covered 
by typical farmers’ market rules are: membership fees; restrictions regarding the 
farm’s distance from the market; production practices or farm size; types of products 
allowed; required information to be displayed and how space is allocated to the farm-
ers (Grimsbo Jewett et al., 2007). The on-farm store and roadside stand marketing 
sales regulations vary depending on the location (on-farm or off-farm, city or coun-
tryside), so it is important to contact local and county authorities before establish-
ing a roadside stand (Rowell et al., 1999). The legal rules and regulations are much 
more numerous for off-farm sales than for on-farm sales. Insurance is an important 
requirement for direct marketing. Liability insurance is also often required (Cook, 
1995; Uchtmann, 1995; Tronstad, 2003). Some farm activities, such as farm tours 
and farm festivals, could lead to high insurance costs. Procurement policies for food 
service are complex. If farmers wish to sell to food services in the US, they should 
consider being certified by Department of Defense (DOD). This simplifies the pro-
curement process for school districts (Tropp and Olowolayemo, 2000). The regu-
lation usually requires liability insurance for the farmers (Cook, 1995; Uchtmann, 
1995; Tronstad, 2003).
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K.  Producer abilities and willingness

Often locally-grown produce comes from small producers with no possibility of 
investment either in transportation, or in handling, processing and packaging tech-
nologies (Tropp and Olowolayemo, 2000). For farmers who lack transportation, a 
local supply chain is feasible only in the vicinity of large cities where enough con-
sumers are nearby. Producers should think about their personal preferences and 
strengths for conducting business.

When a distribution channel is too limited for the volume produced, a farmer can 
sell the surplus to other types of customers, such as food service, farmers’ markets 
or CSAs. Sales through alternative distribution channels force changes in the logistic 
customer service level, the quality of product offered and prices. Using several dis-
tribution channels is efficient, although it is common for farmers to use a combina-
tion of approaches, and gradually move to the one that works best for their goals and 
operations (Grimsbo Jewett et al., 2007).

Farmers’ markets require a significant amount of time for marketing the produce 
and therefore this, may not be an efficient use of time for all growers (Rowell et al., 
1999). Often farmers are not interested in spending too much time at farmers’ mar-
kets, or in changing their crop rotations to produce the large variety of crops that 
consumers expect to see in farmers’ markets or street markets (Concaro and Capurro, 
2006). The farmer’s flexibility in adapting to different channels is important for cop-
ing with difficult situations (e.g. low price of commodity crops) or with niche mar-
kets that absorb only small volumes of high-priced, high-quality FFVs (Nakamoto, 
2003). Experience is also important when many different types of crops need to be 
grown (Grimsbo Jewett et al., 2007). Training in production, postharvest, logistics 
and information technology are also important for farmers to enhance their skills 
(Hendrickson, 2004). There are many self-assessment tools and tables for choosing 
distribution channels for locally grown FFVs that take into account all the afore-
mentioned aspects (Rowell et al., 1999; Jett and Hendrickson, 2006; Grimsbo Jewett  
et al., 2007).

L.  Logistic plan monitoring

Once goals for the production and distribution of locally-grown produce have been 
established (e.g. customer service, logistic performance and costs) it is necessary 
to choose indexes that describe their performance. Some of the indexes are related 
to customer service, others to economic aspects or to logistics. Logistic indexes 
describe logistic performance and customer service. Some of the indexes that can 
be monitored are: the number of new customers, customer loyalty, shortage of pro-
duce, frequency of deliveries to schools and restaurants, weekly production of a sin-
gle item, percentage of correct deliveries in terms of produce quality and quantity, 
percentage of correct deliveries in terms of scheduled deliveries, and the occurrence 
of food safety problems (Nakamoto, 2003).

Economic indexes require the tracking of all activities (Tronstad, 2003; Buck, 
2007). New traceability software available on the web has additional features that 
allow farmers to track economic activities such as the direct costs of production, 



postharvest and distribution of FFVs. Some software can also track fixed costs. It 
is important to evaluate the project’s success rate in order to make improvements in 
the future. Surveys on customer and farmer satisfaction are very useful to keep track 
of how many people purchased items, and which FFVs were most popular (DHHS, 
2007; Buck, 2007). The year-long monitoring of the chosen index will help to track 
business, the changes in consumer behavior/supply chain, and to identify problems 
or sectors which need improvement in order to improve customer service and main-
tain or increase the customer base. When the indexes refer to benefit for a school 
food service, there are also other aspects that are not directly related to the efficiency 
of the distribution channel, such as student and personnel education on locally-grown 
FFVs (Buck, 2007).

VII.  �Systems approach with simulation models 
to improve the logistics of locally-grown 
produce

Logistics operations that describe a part or all of the supply chain are organized in 
a system. The systems approach is the process that refers to the study of the sys-
tem as a whole, rather than examining the individual operation of its components. 
The logistics of FFVs production is certainly a discipline where simulation can make 
important contributions to the organization of the processes as well as the ways in 
which targeted interventions may be implemented to improve efficiency throughout 
the whole supply chain (Busato, 2008).

Using the systems approach (Prussia and Mosqueta, 2006), a simulation model 
was built to evaluate traditional and short supply chains for locally-grown peaches, 
taking into account their shelf life and firmness (Berruto et al., 2003). The proposed 
model embeds both discrete events, mainly devoted to the description of logistics 
and external condition changes, and continuous time behavior. The model demon-
strates that local produce can be transported short distances without the support of 
a distribution center, allowing a shelf life extension of 22 hours, resulting in more 
uniform firmness of the produce at the point-of-sale.

Computerized simulation models were developed from storage studies for predict-
ing blueberry and peach quality during distribution (Aggarwal et al., 2003). The tools 
were then applied to each link in a typical refrigerated supply chain to evaluate prac-
tical postharvest situations such as the impact of different time delays before cool-
ing. The models developed could be suitable for evaluating postharvest situations of 
locally-grown produce. Another simulation concerned the distribution of fresh pro-
duce by forecasting the quality loss from packer to consumer, and allowing the test-
ing of diverse logistic and transport solutions. The event-oriented model tracks the 
shelf life of each single box of the fruit and vegetables along the supply chain in 
detail (Busato and Berruto, 2006). The percentage of filled orders, the transit time, 
and the remaining shelf life at consumer location are the main parameters provided 
by the model. The model shows that storing FFVs produces a higher percentage of 
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filled orders and lower shelf life, compared to delivery of fresh produce without stor-
age facilities. The stakeholders in the supply chain may use it to explore different  
scenarios and to establish the price of high-quality produce.

The potential of information exchange to increase supply chain profits while  
distributing highly perishable FFVs, has been shown using a simulation model 
(Busato et al., 2007). The model shows that information sharing effectively improves 
the performance of the supply chain for fresh fruits and vegetables with a rise in 
profits from 9% to 24%. This shows that the sharing of information along the supply 
chain can be very effective, especially when there are procedures in place to exploit 
valuable information. Profit optimization in this case also increases the sustainability 
of the supply chain. In fact, information sharing affects not only the produce sold 
and profits made, but also reduces waste from unsold products.

Some refinements of the previous model were performed using a combination of 
simulation and derivative-free optimization methods to study the logistic and infor-
mation flow at the retail level (Busato et al., 2008). Some stock management policies 
for the retailer were compared, and the most relevant economic factors were identi-
fied in the context of high product perishability. The most influential factor affecting 
profits was the consumer purchase policy (FIFO or LIFO), followed by the demand 
variability, and then average cost.

The SCAR (Standing Committee for Agricultural Research) established in the DG 
Research European Commission of the EU hypothesizes some future scenarios of agri-
culture development (SCAR, 2006). One of the four scenarios related to food crisis 
claims that the main priorities are related to self-reliance in rural communities, low 
external input agriculture, and the relocalization of food production, markets and local 
economies. Long-distance trading of goods that are production surplus or not pro-
duced locally should no longer play an important role in society. The diversity of local 
food can be very wide. Small farm consolidation allows for the use of new technol-
ogy. Production-enhancing technologies should be introduced into farming and food 
processing in a sustainable way (Shewfelt and Henderson, 2003). Simulation tools can 
be used jointly with a systems approach, to identify the variability of new scenarios to 
strengthen locally-grown produce and to increase its importance in local communities.

Key words
Logistics, locally grown produce, postharvest, handling, farmers’ market, CSA, food service, 
restaurant, distribution system, systems approach.
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I.  Introduction

Traceability is an expected attribute of the modern postharvest system. Traceability 
is a well-coordinated and well-documented movement of product and documented 
activities associated with the product, from the producer, through a chain of interme-
diaries, to the final consumer. The previous edition of this book emphasized how the 
components of the postharvest system interacted and what the impacts of component 
interactions on other parts of the system were. It is a sign of how well systems and 
supply chain thinking has embedded within this sector of the international economy 
that it is now important to include a discussion on an activity that helps to integrate 
and bind a supply system from end-to-end, the activity of traceability.
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This chapter introduces the concept of traceability in the context of an industri-
alized supply chain, and the reasons for its emergence as a critical component of 
the modern food supply system. The postharvest system’s ability to provide accurate 
traceability is not without limitations. This chapter discusses the limitations, along 
with an introduction to identification technologies and information systems which 
support traceability.

While traceability is primarily driven by the need to provide information to buy-
ers and consumers, there are opportunities to leverage this required activity to pro-
vide information feedback, to improve performance in other parts of the chain, and 
some of these are discussed later in the chapter. There is no single all-encompassing 
definition of traceability. The interpretation of traceability varies widely, and depends  
on the industry, its relative location within the supply chain, and the perspectives 
of both the suppliers and users of the information. The definition, therefore, varies 
slightly through the course of the following discussion.

A.  Drivers of traceability

The drivers for traceability can be separated into two main categories. Bollen  
et al. (2006) defined these drivers as “hard” or “soft” traceability requirements. Hard 
traceability requirements are those with which international or domestic marketers 
of perishable products are required to comply to meet regulatory or international 
trade treaty obligations. Among those requirements are trace back for food safety,  
trace forward for market access or compliance with production standards and the 
meeting of security requirements (Zaske, 2003; Hobbs, 2004). Soft requirements do 
not control the ability to trade, but can have significant impact on the economics of 
particular supply chains. These can include improving performance of supply chains, 
meeting changing consumer needs or responding to the requirements of third parties, 
such as retailers or importers.

Food safety
The European Union (EU) and North America have two of the most industrialized 
food sectors in the world. In these economies consumers are generally well-removed 
from the producers of their food (Sarig, 2003). The separation necessitates consum-
ers, or in many cases retailers acting on their customer’s behalf, to have confidence 
in the supply chain to deliver safe food. Media reports of large and small food scares 
continually shake consumer and retailer confidence. Major international food safety 
issues have included Bovine Spongiform Encephalopathy (BSE) in the UK (Pettitt, 
2001), Canada and the US (Ward et al., 2005), and dioxin in Belgium (Opara, 2003). 
Smaller scale or local concerns over other food hazards, including microbial, physi-
cal and chemical hazards in the food supply, further undermine retailer and consumer 
confidence. Finally, the presence of genetically modified organisms (GMO) in their 
food supply is of concern to a large proportion of the world’s consumers (EU, 2001, 
Nilsson et al., 2004).

While many food scares relate to issues with meat supply, there has been a con-
cern about other foods, such as fresh and minimally processed fruit and vegetables. 



The major consumer concern (Opara, 2003) in this area is the use of agrichemicals, 
and the possible existence of high levels of pesticide on fruit and vegetables. All con-
cerns about food wholesomeness need to be addressed through some form of trace-
ability or audit system.

The EU has been particularly proactive in adopting a highly-regulated regime for 
ensuring food safety. A number of prescriptive traceability requirements were intro-
duced, such as EU Regulation No. 178/02 (EU, 2002; Giacomini et al., 2001). This 
specific regulation requires (Article 18) that there is an obligation for whole supply 
chain traceability on all food stuffs and animal feed, extending to all farms. The EU 
has also implemented regulations to specify how GMOs are to be traced through the 
food supply system (EU, 2001).

The US has more generally taken the approach that individual businesses 
can derive competitive advantage through their own individual information and  
traceability systems. The emphasis is placed on the ability to trace back unsafe food 
rapidly and efficiently (Golan et al., 2004). There is also the incentive to reduce legal 
liability in the event of some trace back issues, which encourages the development 
of appropriate systems (Hobbs and Young, 1999). There has however, been recogni-
tion in the postharvest area of the need for standards throughout the supply chain, 
and this has seen the initiation of the joint Produce Traceability Initiative from the 
Canadian Produce Marketing Association, the United Fresh Produce Association and 
the Produce Marketing Association (Hanson, 2007; Robison, 2007).

Production standards
Besides the requirements for a safe food supply, there is a growing consumer aware-
ness of the effects that agricultural production techniques are having on the envi-
ronment. Several large supermarket chains are now adopting sustainable production 
standards to control and monitor production practices (Tesco, 2005; Wal-Mart, 
2007). The standards are being used as an assurance service to customers, and 
also as competitive points of differentiation. The outcome of such activities is the  
development of minimum production standards and good agricultural practice 
(GAP) protocols which control certain activities of an orchard or farm. The programs  
generally require “activity” traceability in the form of information, such as proof of 
fertilizer, pesticide and water applications. With an increasing frequency, such pro-
grams include other issues, such as carbon footprint and energy use. While much of 
the above can be considered soft traceability requirements, many of these are likely 
to become embedded in regulations over time.

The supply of product to other countries, or out of state, often involves the need to 
provide evidence that the product conforms to the importing country or state’s quar-
antine regulations. Increasingly, quarantine regulations require evidence of product 
conforming to certain production practices or postharvest treatments, in conjunction 
with independent auditing and inspection regimes.

Common to all these issues is the need to capture information on production activities, 
and trace some of this information (e.g. agrichemical use) forward through the supply 
chain alongside the products. The technologies developed for precision agriculture 
offer the opportunity to improve dramatically the quality of the production-related 

I.  Introduction  335



336  Traceability in Postharvest Systems

data (McBratney et al., 2005a; Hoownicki, 2004). Precision agriculture involves 
the capture of spatial, temporal and quantitative information on production activi-
ties, such as spraying or fertilizer applications (Demmel et al., 2002), as well as crop 
quality and production measurements (McBratney et al., 2005b). All data are collected 
with a spatial location (usually global positioning system (GPS) measured), so that 
they can then be displayed on maps using a geographical information system (GIS). 
Information is electronically stored and readily available to the traceability system in 
different formats and levels of detail.

Security
The third area with hard traceability requirements which must be met to trade across 
international boundaries is the increasing need for secure track-and-trace systems 
for international trade (Bollen et al., 2004). The requirements for traceability in the  
shipping and air freight sectors, particularly into the US, require registration of  
goods several days prior to shipping. This can have detrimental impacts on highly 
perishable products, which require shipping in short time frames.

Consumers
Some consumer concerns over food safety and sustainable production are, as already 
discussed, addressed through the provision of regulatory frameworks. Many consumer 
concerns that were soft requirements for traceability earlier have now become hard 
requirements.

Outside of regulatory protocols, it is retailers who assume the bulk of the responsi-
bility to assure their customers of product quality, safety and sustainability. At this level, 
individual supermarkets or branded marketers require traceability systems that deliver 
information and product that support particular businesses’ market positioning.

Part of soft traceability requirements is the ability to segregate the market, and the 
products in the market, to meet consumer expectations. Product and market segrega-
tion involves the segregation of inherently variable biological products into a number 
of more consistent lines, which requires trace forward of information on products 
and their attributes (Bollen et al., 2006). In order to incentivize growers to produce 
product, or packers to segregate product to meet market specifications, it is also use-
ful to trace back or feedback market performance to producers.

Supply chain performance
Supply chains can gain commercial advantage in their ability to use traceability 
information for a number of purposes, one of which is to meet internal operational 
and performance improvements (Pierce and Cavalieri, 2002). Typically, the trace-
ability systems in the postharvest cool chain have been used to improve cool store 
stocking and management, speed product location and improve planning and picking 
operations for shipping. New opportunities exist to use non-destructive measurement 
technologies to assist in quality monitoring and prediction of quality changes, to further 
improve these operations by providing information on matching product quality to 



current pricing to optimize returns, and to identify lines for early or late shipping 
based on their storage potential.

The multiple sharing of information between businesses necessitated by some 
traceability requirements can also have spin-off benefits for whole chains as transparency 
increases. Transparency potentially leads to the improving vertical integration of 
supply chains which, in turn, leads to more efficient food supply systems (Hobbs and 
Young, 1999).

Feedback to producers
An often overlooked opportunity for traceability systems (Bollen, 2004) is to provide 
feedback to producers. Postharvest systems generally involve a sorting and grading 
process (see Chapters 14 and 15). During sorting and grading all produce is individ-
ually measured. By linking the quality information obtained from sorting and grad-
ing to the individual bin or trailer, and backtracking to a specific orchard location, it 
is possible to provide feedback to producers on the overall quality, variation in qual-
ity, and yield across their farm or orchard. An application of such information is dis-
cussed further at the end of this chapter.

B.  Definitions of traceability

The complexities of the supply chain for perishable products mean that a succinct 
definition of traceability is difficult. ISO 9000:2005 (ISO, 2005) defines traceabil-
ity within a business entity as the ability to retrace the history, use or location of 
an entity, using recorded data based on some unique identification. Giacomini et al. 
(2001) suggested a useful extension to this definition is to include the movement of 
product between businesses.

In the context of a food manufacturing system, Moe (1998) defined traceability 
as: “… the ability to track a product batch and its history through the whole, or part, 
of a production chain from harvest through transport, storage, processing, distribu-
tion and sales,” which was defined as chain traceability. Moe further defined internal 
traceability as all product batches and activities within one step of the chain. Moe’s 
work built on the work of Kim et al. (1995) who had stated that: “… the fundamental 
and necessary core in an ideal traceability system is the ability to face both products  
and activities.”

Bodria (2002) observes the obligation of traceability is unique, in that the  
responsibility to provide traceability is shared by all businesses involved in a par-
ticular supply chain. Therefore, traceability requires the unique identification of 
products and processes, coupled with information systems which are able to deliver 
relevant information to meet trace forward or trace back requirements. The meeting 
of requirements has to occur across several business boundaries.

In its fullest sense, traceability is a subset of quality systems, which are in turn 
a subset of information systems. Traceability is essentially about information flows 
within a postharvest system. Opara (2003) identified three types of traceability that 
are relevant in a postharvest system.
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Production and postharvest system traceability
The traceability of production and postharvest activities involves providing infor-
mation on GAP activities linked to the production process. Of particular interest is 
information on use of fertilizers, pesticides, and water, as well as social considera-
tions such as labor conditions. Information collection will likely expand to include 
evidence of sustainable production systems and energy efficiency. Similarly, there is a 
requirement to provide information on postharvest activities, such as drenching, wash-
ing, dips, additives or the use of agrichemicals. It is expected that traceability require-
ments will grow to consider energy use and energy type (renewable or non-renewable) 
for cool chain and transport activities. This type of traceability of information is asso-
ciated with components of good manufacturing practice (GMP) protocols.

Pest, disease and genetically modified organism (GMO) traceability
Quarantine-required traceability involves the ability to trace and record activities in 
order to assure importers that no prohibited pests, diseases or GMOs are introduced to 
the market through implementation of programs that monitor disease incidence, pest 
incursion or accidental GMO release. Also, if an event compromising product safety 
does occur, traceability systems are required to enable the response and location of all 
possibly affected product and to assure markets that no product is sourced, or in some 
cases even transits, through areas and exclusion zones around any such incident.

Product traceability
Product traceability is the ability to identify product at any stage in the supply chain, 
as described by ISO 9000:2005 (2005). The identification of the product and its 
traceability is the primary form of traceability, but is only one integral component 
of traceability with other information and activity records as discussed in the previ-
ous sections. Product traceability is the core component of the system, because it is 
possible to access information on certain products only if the product itself is traced. 
Product traceability is the focus of the remainder of this chapter.

II.  Theory of traceability in postharvest systems

A.  Identifiable units

A critical component of the traceability information system is the identification sys-
tem and the definition of the unit that can be uniquely identified. Moe (1998), using 
the terminology defined by Kim et al. (1995), defined the unit, or batch, that could 
be traced as the traceable resource unit (TRU). The TRU has to be a unique unit, and 
must have characteristics that are different from all other TRUs. The definition of the 
TRU arose from the domain of the quality system, and Kim et al. (1995) take trace-
ability to be backward in time only.

A broader definition of traceability for the postharvest system mentioned ear-
lier requires tracing of products and activities. Bollen et al. (2007) have, therefore, 
defined a broader term, the identifiable units (IUs). The IUs adhere to the uniqueness  



requirements defined by Moe (1998), but have additional attributes; they can be 
abstractions or aggregates, they apply to resources, products or activities, and there 
exist parent–child relationships within any IU structure. Figure 12.1 shows a set of 
typical IUs in the postharvest system for fruit. There are several points in the sup-
ply chain where much of the transformation of IUs occurs. The transformation takes 
place initially at packing, where fruit is placed into packs loaded onto pallets and into 
trucks etc., and eventually at retail where the reverse occurs.

B.  Traceability is not absolute

The postharvest system can be split into three parts in terms of traceability. At the 
packing house product is placed into packaging and onto pallets. From this stage in 
the process, product is well-identified and can generally be traced through the logis-
tics chain. Through the logistic sector of the system it is possible to achieve complete 
traceability, provided adequate recording of activities and product movement is car-
ried out. Once the pallets and packs are broken down, traceability becomes less accu-
rate because product is mixed and the local recording systems tend to be less robust. 
The traceability also poses a challenge from the orchard until the point of product 
packing. So, the system is characterized by a central component of high traceabil-
ity sandwiched between two components of low traceability. While it is common in  
discussions of traceability to assume absolute traceability, in fact in the context of 
the entire postharvest system traceability will never be absolute.

A traceability system can be described by different sizes of IU, also termed  
the granularity of the traceability. At the coarsest level of granularity, a fruit or  
vegetable may be traceable to a state or country of origin, or perhaps an individual 
farm or orchard, whereas finer levels include individual shipments, pallets or packs. 
The ultimate level of traceability would be individual fruit, but currently there are no 
practical systems that enable traceability at this level.

The processing operations, such as cleaning, sorting and grading of fruit in a pack-
ing house, involve taking fruit from definable IUs, such as individual bins picked in 
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Figure 12.1  Typical identifiable units (IUs) in a postharvest system. Source: Bollen et al. (2007).
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the orchard, and handling these as a continuous stream. The packing house gener-
ally, but not always, splits the fruit into batches of common product (from the same 
orchard, or orchard block). Batches are packed in sequence through the facility and 
tracked onto the final pallets. Often there may be fruit from a different grower on 
the same pallet, and the individual growers are generally identified on the packs, 
but in many cases the pack simply contains a generic grower ID that is not specifi-
cally linked to a batch. There are also likely to be packs at the changeover from one  
batch to another filled with fruit from both batches. Traceability in this case relies on 
both the pallet IU, which will generally be linked to a batch, as well as grower IDs 
associated with this IU. Trace back, however, would require manual identification of 
individual packs, because there is no potential to link individual packs into a trace-
ability information system without a unique pack ID.

C.  Precision of traceability

The degree of granularity of the IUs defines the precision of traceability possible 
from a postharvest system. Large IUs may only enable traceability to the level of 
country of origin. Small IUs, such as bins or individual packs, may enable traceabil-
ity to an individual packing house, or perhaps orchard, or even an area (block) within 
an orchard. Granularity is, however, not the sole determinant of precision.

Bollen et al. (2007) conducted studies of traceability and fruit mixing through an 
apple packing facility. Various mixing and packing house operational set-ups were 
modeled (Riden and Bollen, 2007) to estimate the levels of precision possible from 
a typical medium-sized apple processing operation. In their study, Riden and Bollen 
(2007) formally defined precision of traceability as the ratio between IUs at two 
points in the postharvest system. The two defined points were the input to the pack-
ing house (bins with approximately 2400 fruit) and the output (packs containing 36, 
80, 150 or 220 fruit).

The average precision measured in one experiment was 3.6 bins per pack (8400 
fruit). By tripling the size of the input unit (essentially a bin trailer with three bins) 
the ratio improved to 2.0 “triples” per pack (14 400 fruit), but precision was reduced 
as tripling the size of the input unit did not result in tripling the ratio. At the level of 
the IU of a production run, Riden and Bollen (2007) estimated a traceability precision 
to only 136 800 fruit. It is useful, therefore, to trace with a fine level of granularity, 
because such granularity level improves the potential precision of system traceability.

D.  Tracking

Tracking is the ability to trace product when it moves forward through the supply 
chain. At any individual process in the system it is possible to describe the magni-
tude of a tracking activity as a measure of the number of output units that derive 
from each input unit (Riden and Bollen, 2007). That is to say: “how many output 
units need to be tracked to know where the entire product from an input unit has 
gone?” At the level of a batch, it is possible simply to count all the pallets and part 
pallets linked to the particular batch. However, when the size of the IU gets smaller, 
tracking becomes more complex.



For example, in the case of the studied apple packing house, the incoming quantity 
of fruit from one bin would have filled approximately 20 packs. Because the fruit is 
sized and placed in different “count” packs, the fruit from each bin was calculated 
to be spread over 35–40 packs, assuming there was no mixing in the system. If real-
istic levels of mixing in the in-feed system were factored in, across the water dump, 
brushes and sorting tables, and mixing at the packing lanes, the fruit from each bin 
was estimated to be spread over 100 packs.

E.  Tracing

Tracing is the ability to trace back through the supply chain. Riden and Bollen (2007) 
defined the magnitude of a tracing activity as the number of input units that might 
potentially belong to each output unit from any segment of the supply chain. They 
answered the question “how many input units need to be found that directly link with 
a particular output unit of interest?” At the level of a batch, all batches associated 
with a particular pallet must be found. For the studied apple packing house, Riden 
and Bollen (2007) measured tracing precision as the ratio of input bins per output 
pack. Packs with an uncommon fruit size (large or small fruit) were found to be  
supplied by fruit from six to 13 bins, and the amount of in-feed mixing had lit-
tle effect on this ratio. Packs with a common fruit size had a much better ratio of  
one to three bins per pack, and the ratio was predominantly affected by in-feed mix-
ing. Only 5% of packs with a common fruit size contained fruit sourced from only 
one bin, and the ability to trace product from one bin to one pack is not common. 
The ability to trace back up the supply chain is, therefore, significantly affected by 
both the proportion of product segregated into a particular grade, but also by the 
mixing within the system.

F.  Tolerances and purity

While the concept of the existence of tolerances within a traceability system is unu-
sual, there are times where the use of such limits is appropriate. The allowance of 
some error (tolerance) in the estimate of the source or destination of some product 
in an IU will be acceptable for traceability applications, where quality management 
or statistical feedback are the objectives, because errors due to the presence of other 
product will be small. By adopting a traceability system with fine granularity and 
built-in tolerances, it is possible to aggregate IUs to a level where absolute traceabil-
ity is possible, if necessary. If it is not possible to reverse-engineer such a system if 
requirements change in the future, it is useful to consider designing traceability sys-
tems at fine granularity IUs with built-in tolerances.

Riden and Bollen (2007) have also introduced the concept of purity for posthar-
vest system traceability. Purity is an alternate way to consider tolerance. Tolerance 
describes the certainty of the relationship between packs and bins, for example, and 
purity describes the degree of membership or dilution that is “allowed” to effec-
tively have one-to-one membership. A 99% purity pack would, therefore, be a pack 
where 99% of the fruit is from a particular bin. Purity is a useful concept to apply in  
sampling processes, because for trace back it is more useful to sample a pack which 
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has a known composition (e.g. 99% purity) than one that might be difficult to trace 
back (say only 40% purity).

III.  Components of traceability systems

A.  Identification technologies

The basic traceability of product through the postharvest system is achieved by being 
able to identify each IU with a unique code. There is a vast array of technology pro-
viders seeking to provide machine-readable solutions, which become incrementally 
more reliable than their predecessors (Bollen et al., 2006). There are three main ways 
of identifying IUs.

Alphanumeric identification
The alphanumeric identification (ID) is still a common system in particular sectors of 
the supply chain, including orchard, air and sea freight, and retail. Generally alpha-
numeric IDs are read by humans, and manually input into an information system. 
There is a reasonable chance for errors in this situation, and some major interna-
tional ports use optical character recognition to automatically capture and record sea 
freight container IDs (Bollen et al., 2004).

Barcode
The barcode is the most successful machine-readable ID system. It has been applied 
worldwide over the last 30 years because it is a very reliable, low-cost system. The 
system involves printing a label, or directly printing onto a pack, with a series of 
bars and gaps of varying widths. The code is then read and interpreted using a laser 
to scan the bars. The codes conform to one of a number of standards (GS1, 2007). 
Code sizes range in lengths from 8 numerical or 13 numerical through to 48 alpha-
numeric digits (Figure 12.2). To meet the ever-increasing demand for information 
included with the product there is now also a reduced space symbology (RSS) stand-
ard for a 2-D barcode which enables 2335 alphanumeric digits to be recorded (GS1, 
2007). Barcodes are generally printed with an associated alphanumeric ID for times 
when a human readable ID is needed.

Figure 12.2  Examples of barcodes with 8 numerical, 13 numerical and 48 numerical digits.
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Radio frequency identification (RFID)
RFID is the most automated technology of IUs in the postharvest system. The 
improved automation is the ability to read the ID “tag” more readily, without the 
need to shine a laser directly at the barcode. The implementation of RFID has how-
ever, been slower than expected due to costs and limitation on reader performance 
(range and reliability), which have hampered expansion of the technology.

The RFID technology has two primary components (Figure 12.3). The tag consists 
of a small chip with onboard memory which holds a unique ID (read-only tag) or has 
the ability to have some information written to the tag (read-write tag). The tag also 
contains a small radio antenna. The second component is the reader, which consists 
of a pair of antennae with an operating and recording system. When the tag is close 
to the reader, the reader powers the tag through the tag antennae and the tag reports 
information it contains to the reader. There are a number of different tag technolo-
gies, some small enough to be embedded in labels on packaging.

B.  Information systems

While it is important to be able to read and identify product throughout the posthar-
vest system, it is the information system which provides the underlying platform for 
traceability. Unfortunately, the information system in most supply chains is essentially 
a set of disparate local information systems designed to serve the needs of each indi-
vidual business. Data are exchanged between businesses as required, using a myriad 
of data exchange protocols and arrangements (Figure 12.4). Generally, informa-
tion only flows in the same direction as the product. The only information that flows 
backwards through the chain is summary data (such as quality performance) or trace 
back when required. The problem with this structure of information system is that 
the system’s performance is affected by any weakness at any link in the information 
exchange.

Tag
Tag reader 

Figure 12.3  RFID system on orchard bins.
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Figure 12.4  Formal exchange of information in a generalized postharvest system.

One solution to the lack of a common data system is to continue to place more 
data on the tag or label. From an information systems design point-of-view, the addi-
tion of information can lead to issues such as multiple copies of data, data being 
static once written to the tag without the ability to be updated, and the transport of 
a large amount of data which is never used. A preferable design is to use a distrib-
uted database approach (Lo Bello et al., 2004), where the unique ID on each IU is 
shared and data from each point of the supply chain is available to all other parties. 
Improved data sharing leads to better vertical integration of a postharvest system, 
which enables the businesses involved to share the benefits of improved performance 
(Hobbs and Young, 1999).

A study of track-and-trace systems within the Asia–Pacific Economic Community 
(APEC) (Bollen et al., 2004) identified that the economies with high “ease of trade” 
were those with sophisticated information systems. If systems are designed to deliver 
on supply chain performance, then it is relatively easy to provide traceability data. 
However, a system focused inward, on a particular business, makes it often difficult 
and costly to meet regulatory traceability requirements (Johnson, 2007).

IV.  Extended uses of traceability systems

One of the opportunities of the current emphasis on traceability in modern agricul-
tural systems is to use this emphasis to help improve the performance of the entire 
postharvest system. The preceding sections have discussed how traceability to small 
lots or low levels of detail is incomplete. While this may not be of sufficient accuracy 
for standard traceability requirements, it may well be of sufficient accuracy to allow 
new management and productivity activities to be undertaken. There are a number of 
opportunities to exchange information along the supply chain which can potentially 
benefit the entire system or, at least, benefit individual businesses within the system. 
Examples of two opportunities are discussed here.



A.  Grower feedback tools

In the postharvest system the packing house grades fruit and places it in packs for 
shipping. Fruit is graded on one or a number of attributes such as size, color, firm-
ness, number of defects and dry matter. Growers are paid according to the quality 
profile of the product packed. There are usually payment schedules that will reward 
the production of the desired attributes (e.g. high dry matter, preferred color, large 
size, etc.). Currently, the information provided to the grower is summarized at a level 
that relates to the level of granularity equivalent to some operational requirement, 
such as payments, for example, by day, week or batch. There is an extreme loss in the 
precision of the information as, while all the fruit have been individually measured 
by the grader, this data is only ever available in a summarized form.

An enhanced traceability system was profiled by Praat et al. (2003), where 
the location of picking every bin of kiwifruit was identified, and the fruit tracked 
through the packing house. Grader data on size and dry matter for all fruit were 
recorded. Approximately one-half of the information on fruit from each bin was dis-
carded, because there was bin-to-bin overlap due to mixing. The remaining fruit data 
were used to calculate quality statistics for each bin, and the resulting information  
was traced back to the appropriate location in the orchard. The information was  
also mapped on a geographic information system (GIS) similar to that shown in 
Figure 12.5. Growers can use maps to identify orchard areas which are performing 
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15.4 – 15.6
15.6 – 15.8
15.8 – 16
16 – 16.2
16.2 – 16.4
16.4 – 16.6
16.6 – 16.8

Fruit size (count)
36
35
34
33
32

Figure 12.5  Typical quality maps for a kiwifruit orchard generated by tracking information at the level of 
each bin in an orchard.
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well, or underperforming. In this example, the left hand map shows fruit average dry 
matter levels. The western blocks have generally lower levels of dry matter, meas-
ured as a percentage of wet weight, and the north eastern blocks are the most con-
sistently high. The right hand map shows average fruit size measured as the count of 
fruit fitting into a standard weight pack, so a Count 32 is a larger fruit than a Count 
36. This map shows the north east and south west blocks have generally large fruit, 
with the smallest fruit occurring in the north west of the property. The grower can 
further investigate the within-block patterns. This type of information, produced by 
the traceability system, is very useful to the grower and can be generated at marginal 
cost by the packer. The system also then provides a traceability dataset that can be 
aggregated to any higher level, as may be required by other users of this information 
(e.g. summarized to a block level or an orchard level).

B.  Cool chain quality management

One of the most critical measurements that are useful in the management of quality 
in the postharvest system is the measurement of temperature. Tracing temperature 
and other environmental conditions represent traceability of activities, as opposed to 
traceability of product. This distinction was discussed earlier. Le Blanc and Vigneault 
(2006) conducted an extensive review of technologies available for tracking tempera-
ture, and included inventory management recording systems such as cool store tem-
perature monitoring and dataloggers. The temperature recording systems collectively 
can provide a number of measures in a traceability system. The use of dataloggers 
is a simple way to link directly the net effects of a cool chain to the quality of a par-
ticular product. The use of product traceability for all other product that has moved 
through the same cool chain (spatial and temporal) allows operators to associate a 
cool chain history with a particular “lot” of product. In general, the association is 
assumed to be with other packs in a pallet, or pallets within a shipping container, 
truck or vessel. There is, however, a considerable variation in temperature within 
these systems, which requires a large number of monitoring points to adequately 
characterize the cool chain performance.

An alternate approach suggested by Bollen et al. (2003) uses the product  
tracking system to locate product accurately throughout the postharvest system,  
and then use local environmental measurements to predict product temperatures. 
Bollen et al. (2007) discussed an example of apples, which were harvested over sev-
eral days but packed as a single lot at the packing house. The fruit bins were identi-
fied in the orchard and recorded a time of harvest. Next, the bins were traced to the 
packing house and all bin movements were recorded, along with the local environ-
mental conditions (mainly temperature). When fruit was packed, the temperature–
time history of each bin was calculated, and this information was connected with 
the fruit observed in the final packs. The temperature–time histories were aggregated 
for each pallet. In some pallets all fruit was exposed to less than 45 degree–days, 
whereas other pallets had most fruit in the 45 to 75 degree–day range. Still other pal-
lets were identified as having fruit with a very large range of temperature exposure, 
from 15 to 75 degree–days. The different temperature exposures can have marked 



affects on apple firmness so the traceability system can, therefore, also serve as a 
method for identifying pallets which have different potential quality outcomes. With 
this knowledge, the response of the postharvest systems can be improved.

V.  Conclusions

The demand for traceability in the postharvest system is expected to continue to grow. 
This will be driven partially by market demand for better visibility and assurance of 
food safety, as well as technology push from product identification and information 
system providers. As the sophistication of the systems increases, the ability to trace 
product in ever smaller units will become important. Continually reducing the size of 
the identifiable units (IUs) means that it is eventually impossible to describe the exact 
membership of each output unit based on some known input unit. Unit membership 
and the ability to link two or more small sized identifiable units eventually becomes 
a statistical issue. The ability to trace product at this lower level of detail, with small 
IUs, opens up opportunities to add new tools to the information system.

The traceability system is a subset of a postharvest information system. Traceability 
is one of the main activities shared across the entire supply chain. Increasing trace-
ability requirements require improved integration of individual information systems 
within the supply chain. Improvements in information integration, in turn, will also 
lead to increased vertical integration of supply chains.
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I.  Introduction

Fresh fruits and vegetables are perceived by consumers to be healthy and nutritious 
food (see Chapters 3 and 5), because of the plethora of scientifically substantiated 
and documented health benefits derived from consuming fresh fruits and vegetables 
(Huxley et al., 2004). Demand for fresh fruits and vegetables has increased, along with 
consumption of whole crop or minimally processed foods. This increase in volume and 
sales of these fresh products has necessitated changes in how fresh commodities are 
produced, transported, processed, stored and marketed (Gorny, 2006). An important 
result of these changes is an increase in microbial-related postharvest problems, due to 
spoilage microorganisms and human pathogens (Brackett and Splittstoesser, 2001).

Factors leading to the increase in microbial contamination are numerous (Beuchat 
and Ryu, 1997; Waller, 2002; Narciso and Plotto, 2006). In the field, contamina-
tion factors include soil, irrigation water, animals, insects and handling by workers. 
During harvest, sources of contamination include workers, tools, bins and crates, 
and transport vehicles. Processing, transportation, distribution, retail display or 
preparation also contributes to the contamination problem (Gorny, 2006).

Most freshly harvested fruits and vegetables are cleaned, washed or disinfected by the 
grower, packer or processor to remove soil, plant debris, pesticide residue and microorgan-
isms from the commodity surface. The removal is accomplished by dry or wet brushes, 
rinsing or immersion in tap water, hot water or solutions containing one of a number of 
cleaning or sanitizing agents, using equipment designed for the commodity (Fallik, 2004; 
Sapers, 2006). Furthermore, the globalization of fresh fruits and vegetables, including 
extended food storage, has resulted in a potentially increased risk of outbreaks of illness 
associated with the consumption of these raw commodities (Sivapalasingam et al., 2004).

Crops are classified into four categories according to the risk they pose. The great-
est care is required for crops classified in category 1 (Monaghan, 2006). The risks 
depend upon the way the crop is prepared and eaten (with or without skin, cooked or 
raw), and upon the history of its pathogen contamination (e.g. lettuce, green onion, 
fresh herbs – category 1; asparagus, eggplant – category 4). The goal of this chapter is 
to summarize the latest information on pre-storage treatments to reduce or eliminate 
spoilage microorganisms and food-borne pathogens on fresh and fresh-cut products.

II.  Factors affecting microbial quality

Microbial quality of fresh produce refers to the overall effects of microbial activ-
ity, including growth, enzymatic activity and metabolic by-products upon the visual 
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and organoleptic quality of fruits and vegetable. Microbial quality is microorganism- 
dependent, and is highly affected by chemical, physical and biological factors 
pertaining to the cultivar and the environment. It is highly dependent on the con-
ditions of cultivation, harvesting, handling, transport and postharvest storage, as 
well as marketing conditions. Physical factors affecting growth and metabolic 
activity of microorganisms include temperature, pH, atmosphere and moisture con-
tent (e.g. water activity). Chemical factors include the availability of nutrients and 
trace elements necessary for microbial growth, while biological factors include the  
presence of competing flora, and interactions with the plant.

A.  Microbial growth

Microbial growth is usually referred to as increase in the number of microbes, 
rather than a change in microbial mass. Recent studies have indicated that micro-
bial flora associated with fresh produce exist as aggregates or biofilms (Fett, 2000; 
Rayner et al., 2004; Aruscavage et al., 2006; Brandl, 2006). Biofilm describes micro-
bial cells adherent to a surface or interface, and covered with layers of microbially 
produced exopolymeric substance (EPS) (Costerton et al., 1994). Biofilm develop-
ment includes an attachment step, microcolony formation, and EPS expression and 
maturation. Direct microscopic observation of tomatoes, carrots, lettuce and mush-
rooms has indicated the high prevalence of biofilm on these common salad veg-
etables (Rayner et al., 2004). Biofilm communities have been shown to be highly 
resistant to chemical sanitizers and antibacterial agents compared to planktonic bac-
teria. Consequently, higher concentrations of antibacterial agents are required to kill 
biofilm flora (Fux et al., 2005; Szomolay et al., 2005). It is suggested that a bet-
ter understanding of factors that contribute to produce spoilage and contamination 
by food-borne pathogens greatly depends on our knowledge of the various factors 
that control biofilm formation. A comprehensive discussion on microbial biofilms is 
beyond the scope of this chapter, and the reader is referred to recent review articles 
for further information (Stoodley et al., 2002; Ryu and Beuchat, 2005; Kolter and 
Greenberg, 2006). Following is a short discussion on various physical, chemical and 
biological parameters that may affect microbial growth.

B.  Temperature

Temperature is a major factor influencing microbial growth. Microorganisms could 
be divided based upon their capacity to grow under a limited range of temperatures. 
Psychrophiles, or cold-loving microbes, grow slowly at refrigerated temperatures 
(below 7°C), (Olson and Nottingham, 1980; Kraft, 1992). Mesophiles are moder-
ate temperature-loving microbes, that could survive at refrigeration temperature and 
grow well between 20–45°C, with optimum growth between 30–40°C (Jay, 1992). 
Some microbes can grow at low temperatures as psychrophiles, while their optimum 
growth rate is at the temperature of mesophiles. These microorganisms are termed 
psychrotrophs. It is important to note that, for each group, the growth rate increases 
as the temperature increases only up to an optimum, after which it rapidly declines.
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Psychrophilic and mesophilic organisms are considered to be the chief microbio-
logical concerns affecting the shelf life and safety of fresh produce. Fresh fruits and 
vegetables are naturally colonized with bacteria, molds and yeasts belonging to both 
mesophiles and psychrophiles. In the field and during storage at ambient tempera-
tures, the mesophiles flourish and constitute the dominant flora on produce. During 
cold storage, a shift in the population occurs, and the predominant flora becomes 
psychrophiles. A list of the major genera of psychrophiles is presented in Table 13.1. 
Of special concern is the psychrophilic human pathogen, Listeria monocytogenes. 
This pathogen can grow at refrigeration temperatures, can persist as an environ-
mental contaminant in the produce processing environment, and has the potential to 
cause mortalities associated with outbreaks (Fain, 1996).

It should be noted that mesophilic microorganisms could survive under refrigera-
tion and may grow in numbers during any temperature abuse of the stored produce.

C.  Hydrogen ion concentration (pH)

Another parameter which greatly influences microbial growth and metabolic activity 
is pH. The optimum pH for most bacteria is near the neutral point (pH 6.5 to 7.5). 
Certain bacteria are acid-tolerant and will survive at reduced levels (pH 4.5). Notable 
acid-tolerant bacteria include Lactobacillus and Streptococcus, which can withstand 
a pH from 3.8 to 7.2. In the food industry pH is commonly used to control bacte-
rial growth. In many fresh fruits the pH is usually acidic, thus limiting the growth 
of multiple bacterial species. On the other hand, molds and yeasts can survive and 
grow under a wider range of pH. For example, Fusarium oxysporum can grow in a 
pH range of 1.8 to 11.1, and Candida pseudotropicalis can grow between 2.3 to 8.8 
(Brackett, 1992b). Their adaptation to a wide range of pH makes molds and yeasts 
frequent causative agents responsible for fruit spoilage (Deak and Beuchat, 1993).

D.  Moisture content

All microorganisms require water for viability, but the amount necessary for growth 
varies between species. The amount of water that is available in food products is 

Table 13.1  Psychrotrophic spoilage microorganisms

Bacteria
Acinetobacter, Aeromonas, Alcaligenes, Arthrobacter, Bacillus, Chromobacterium, Citrobacter, Clostridium, 

Corynebacterium, Enterobacter, Erwinia, Escherichia, Flavobacterium, Klebsiella, Lactobacillus, Leuconostoc, Listeria, 
Microbacterium, Micrococcus, Moraxella, Proteus, Pseudomonas, Serratia, Streptococcus, Streptomyces, Vibrio, 
Yersinia

Molds
Aspergillus, Penicillum

Yeasts
Candida, Cryptococcus, Torulopsis

Source: Brackett (1992b).



commonly expressed in terms of water activity (Aw), where the Aw of pure water 
is 1.0 and that of dry surface (no water available) is 0. Water activity is a measure 
of the water available to microorganisms, and is affected by the presence of solutes, 
such as salts and sugars. Aw is calculated by dividing the partial vapor pressure of 
the product (or solution) by that of pure water. Each microorganism has a maximum, 
optimum and minimum Aw for growth and survival. Generally bacteria dominate in 
foods with high Aw (above 0.90), while yeasts and molds, which require less mois-
ture (above 0.70), dominate in low Aw foods.

Fresh fruit and vegetables have a high Aw and therefore, moisture is not con-
sidered a limiting factor for microbial growth. Moreover, accumulation of water 
on fresh or minimally processed produce, due to condensation or inadequate dry-
ing steps (following water wash), further supports the growth of organisms. Free 
water enables solubilization of carbohydrates from produce’s exudates, therefore  
facilitating microbial growth due to the availability of nutrients.

E.  Atmosphere

Microorganisms vary greatly in their requirement for oxygen for metabolic activities. 
Consequently, they can be classified according to the oxygen requirements necessary 
for their growth and survival, as follows:

l	 obligate aerobes: require oxygen;
l	 facultative anaerobes: grow in the presence or absence of oxygen;
l	 obligate anaerobes: grow only in complete absence of oxygen (in some cases 

the presence of oxygen can be lethal);
l	 microaerophilic: grow best at very low levels of oxygen;
l	 aerotolerant anaerobes: oxygen is not required for growth, but is not harmful if 

present.

Under standard storage conditions, oxygen availability is not a limiting factor for 
spoilage bacteria. However, in packed produce, respiration of the produce decreases 
O2 concentration and increases CO2 production. These physiological changes will 
affect the microbial flora, and a shift toward microbes that can grow in a low oxy-
gen environment will occur (e.g. lactic acid bacteria, yeasts). In a microenvironment 
where O2 is completely lacking, anaerobic populations will prevail. Some harmful 
microbes, such as Clostridium botulinum might grow under these conditions.

Carbon dioxide (CO2) also affects microbial growth and activity. Gaseous CO2 
inhibits growth of psychotrophic microorganisms and prevents spoilage of fruits and 
vegetables. Carbon dioxide is used as a direct additive in the storage of fruits and 
vegetables under controlled or modified environments. The optimum levels of O2 and 
CO2 (5–10%) to extend a product’s shelf life are determined by factors such as the 
nature of the product, variety, climate and length of storage. Carbon dioxide com-
bined with oxygen affects produce shelf life, mainly by delaying respiration and rip-
ening, as well as by retarding the growth of most aerobic spoilage microorganisms. 
However, under certain conditions, the growth of some anaerobic psychotrophic path-
ogens may occur or even be stimulated (Soliva-Fortuny and Martín-Belloso, 2003).  
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The specific effect of modified or controlled atmosphere on the growth of certain 
spoilage microorganisms and food-borne pathogens should be experimentally tested 
for each product.

F.  Time

Microbial growth is measured over time. Although the effect of time on microbial 
growth seems to be taken for granted, it should be reiterated that time is a critical 
factor allowing microbial growth. While advances are being made in extending the 
shelf life of fresh produce, microbes have more time to colonize and grow (even 
slowly) within or on the surface of fruits and vegetables. Thus, unless produce is 
treated with agents that specifically inhibit microbial growth, it is likely that popu-
lations of microorganisms associated with fresh vegetables and fruits will increase 
with increasing storage or shelf life time.

G.  Nutrients

All microorganisms require a source of nutrients for metabolism. Fermentative 
bacteria require carbohydrates, either simple sugars, such as glucose and fructose, 
or complex carbohydrates, such as starch or cellulose. The energy requirements 
of microorganisms are very high, so limiting the amount of available nutrient can 
inhibit their growth.

The nutritional requirements are quite organism-specific, and differ widely 
between organisms. Nutritional requirements include carbon source, energy source, 
various elements (e.g. nitrogen, sulfur, phosphorus, potassium, magnesium, calcium) 
and trace elements (e.g. copper, iron, zinc, cobalt, and other). Not all microorgan-
isms require or are even able to assimilate all the required nutrients from the environ-
ment. For example, nitrogen is required for amino acid and protein synthesis. Some 
microbes may use inorganic nitrogen as the sole source for all their nitrogen require-
ments. Nitrogen-fixing bacteria convert atmospheric nitrogen (gas) into organic 
molecules available for cellular metabolism, while other bacteria require inorganic 
nitrogen in the form of ammonium or nitrate. Fastidious microbes may require 
organic nitrogen, such as preformed amino acids or peptides. Some microbes can-
not grow without organic growth factors e.g. organic compounds that are products 
of the metabolism of other organisms and are necessary for growth. Fresh produce 
contains sufficient carbohydrate to support the growth of numerous microorganisms. 
Upon growth of the initial population, it may produce and secret multiple degrada-
tive enzymes, such as pectinases, cellulases, amylases and proteases, that release 
more nutrients from the injured plant’s tissue, giving rise to the development of other 
populations that feed on these nutrients. The situation is more problematical in fresh-
cut fruit and vegetables, where exudates from the injured plant’s tissue are freely 
availably for immediate consumption by the resident microbial flora.

H.  Competing flora

Fresh fruits and vegetables are colonized by many microorganisms, includ-
ing bacteria, yeasts and molds. There is wide biodiversity in the nature of these 



microorganisms, and populations may vary in size under different environmental  
conditions. Microbial colonization of produce surfaces requires attachment and growth 
of microorganisms, usually in the form of biofilm (Rayner et al., 2004; Aruscavage 
et al., 2006). While some microbes can obtain all their nutritional requirements from 
the plant’s tissue, others need to acquire particular growth promoting factors made by 
other microbial populations, as discussed above. Thus, colonization of microsites on 
the surface of fruits and vegetables depends on the growth rate of a particular organ-
ism, under complex environmental conditions, and will depend to a great extent upon 
the presence of neighbor microorganisms that compete for the same physical space 
and nutrient sources (Aruscavage et al., 2006). A competitive advantage can be gained 
by an organism that grows quickly, establishing dominance when nutrient levels are 
high, or by being able to grow when there are few nutrients remaining. Therefore, 
organisms that have highly efficient modes of nutrient uptake have a competitive 
advantage (Beattie and Lindow, 1994). Microorganisms also employ other strategies 
to outgrow their competitors. These include secretion of metabolic by-products or 
secondary metabolites that may be harmful to other microorganisms, such as fer-
mentation products that lower the pH and make the environment less favorable for 
certain populations. This strategy is commonly used by many fermentative microbes, 
such as lactic acid bacteria. Certain bacteria, yeasts and molds are capable of pro-
ducing antibiotics, which kill or inhibit the growth of susceptible species and thus, 
facilitate their own occupancy of the specific ecological niche. Many microorganisms 
also produce and secrete proteinaceous toxins, called bacteriocins, which inhibit the 
growth of similar or closely related species. Bacteriocins may affect a wide or nar-
row range of susceptible microbes (Baba and Schneewind, 1998). Although limiting 
microbial growth is crucial for extending the shelf life of fresh produce, care must be 
taken to maintain the diversity and intrinsic balance between members of the natural 
flora. Interfering with this balance, for example, in the case of product disinfection, 
might have important consequences on the composition of the population. For exam-
ple, it has been suggested that reducing the native microbial populations by washing 
and sanitizing or by controlled atmosphere storage can allow human pathogens to 
flourish on produce surfaces (Brackett, 1992a).

On the other hand, future strategies to reduce food-borne pathogens on fresh pro-
duce might take advantage of the “competitive exclusion” approach, similar to that 
employed in other foods. For example, it was recently shown that Lactobacillus 
salivarius and Streptococcus cristatus reduce Salmonellae colonization in poultry 
(Zhang et al., 2007).

I.  Plant defense mechanisms

Besides the production of a wide array of antimicrobial factors by the intrinsic micro-
bial flora of fruits and vegetables, plants have evolved barriers to limit microbial 
growth as part of their intrinsic defense. It is not the aim of this chapter to review the 
literature regarding pathogen–plant interactions however, a few antimicrobial factors 
that might affect microbial growth on fresh or fresh-cut produce will be discussed. 
An important general defense mechanism is the production of phytoalexins by many 
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plants. Phytoalexins are defined as low molecular weight antimicrobial compounds 
biosynthesized de novo in response to diverse forms of stress, including microbial 
attack (Harborne, 1999). Phytoalexins play a significant role in microbial–plant inter-
actions. In fact, some fungi have acquired mechanism to inactivate these molecules, 
as part of their pathogenesis (Pedras and Ahiahonu, 2005). Phytoalexin expression 
is also induced during some processes, such as hot water washing of produce (Fallik 
et al., 1995) and following UV light irradiation in fresh (Rodov et al., 1992) and  
fresh-cut melons (Lamikanra, 2002).

Recently, dietary phytochemicals extracted from fruits and herbs were reported to 
have anti-quorum sensing (QS) activity (Vattem et al., 2007). QS is a cell density 
dependent regulation of gene expression in bacteria, mediated by hormone-like com-
pounds called autoinducers (AI), that affect numerous activities in bacteria, includ-
ing bacterial colonization and biofilm formation (Koutsoudis et al., 2006). Taken 
together, plants have evolved multitargeted means of inhibiting microbial growth.

III.  Microorganisms involved in spoilage

A.  Background

Microorganisms that cause spoilage of vegetables and fruits belong mainly to the 
taxonomic domains Bacteria and Eukarya. Bacteria are prokaryotic single-celled 
organisms, around 1 m in diameter, without internal differentiated organelles. They 
appear in nature as rods, cocci, spiral form or filaments, and sometimes form a chain 
or aggregate of single cells. Most bacteria possess a rigid cell wall composed of pep-
tidoglycan (PG) polymer cross-linked by peptides. Based on their cell wall structure, 
bacteria are divided into those that are stained negative or positive by Gram stain. In 
Gram-positive bacteria, the cell wall is a thick layer of PG, while in Gram-negative 
bacteria the cell wall is relatively thin and is composed of a thin layer of PG sur-
rounded by a membranous structure called the outer membrane. The PD is a sub-
stance unique in nature to bacterial cell walls. Bacteria possess ribosomes different 
from those of Eukaria. Their ribosomal RNA is composed of 16S, 23S and 5S RNA 
molecules that are highly conserved. These molecules, especially the 16S, are cur-
rently used for phylogenetic analysis of bacteria. Bacteria reproduce asexually by 
dividing their cell into two daughter cells, in a process known as binary fission.

A unique class of bacteria, the Mollicutes, includes phytoplasmas and spiroplas-
mas which are microorganisms, considered to be the smallest prokaryotes due to 
their size, typically only 0.2–0.3 m. They differ from other bacteria in that they lack 
a rigid cell wall, and their cell membrane contains sterols, similar to Eukarya mem-
branes. Although Mollicutes include several plant pathogens, they are not considered 
to be spoilage bacteria.

Perhaps the major group of microorganisms that are typically involved in spoil-
age and losses of fresh produce are the yeasts and fungi. Taxonomically, yeasts and 
fungi belong to the kingdom Fungi in the Eukarya domain. The fungi are sapro-
phytes characterized by a cell wall made largely of chitin and other polysaccharides. 



A majority of the species is filamentous and appear as multicellular hyphae forming 
a branched filamentous colony called mycelium. Some fungal species (yeasts) also 
grow as single cells. Under different conditions, some yeast may have filamentous 
growth. Fungi reproduce both sexually and asexually via production of spores, often 
on specialized structures or in fruiting bodies. While some fungal species are consid-
ered to be major spoilage microorganisms, other species are necessary for plant root 
function, such as the mycorrhizae.

B.  Microbial colonization

There are various ways in which fruits and vegetables might become colonized by 
microbial flora which could cause postharvest spoilage. Perhaps the most common 
route is the field’s colonization by soil saprophytes and plant parasites. However, 
microbial colonization could result from contaminated seeds, as well as via contact 
with other fruits and vegetables at any stage during harvest and postharvest, includ-
ing handling, transportation, processing and packaging (Beuchat and Ryu, 1997). 
Microbial biota could spread not only by direct contact, but also through air and 
water. For example, washing produce in a water tank might share microorganisms 
within the entire lot.

C.  Common microbial quality parameters

The numbers and kinds of microorganisms found on fresh produce, and on fresh-cut 
(minimally processed) produce, are highly variable and depend on the microbiologi-
cal method used for identification and enumeration. The microbial quality of fresh 
produce, similar to other food products, is frequently evaluated in terms of “total plate 
count” (TPC), “standard plate count” (SPC) or more accurately “aerobic mesophilic 
count” (AMC). AMC reflects the total number of cultivable bacteria at a tempera-
ture of 30–37°C present in association with food, and does not necessarily imply the 
presence of specific spoilage or pathogenic organisms (Harrigan, 1998). In fact, many 
published studies report no link between spoilage and the size of bacterial populations 
(Zagory, 1999). AMC numbers vary widely in fresh vegetables and fruits, and their 
initial number at harvest is determined by many factors, such as geographical region, 
cultivar and environmental factors. In some food products AMC is used as a param-
eter to evaluate the general microbiological quality of the product as it increases dur-
ing shelf life, especially if the product is exposed to temperature abuse. Thus, AMC 
is frequently correlated to the duration of shelf life under specific storage conditions. 
AMC determination provides information regarding the number of bacteria capable 
of growing at storage temperature abuse (above refrigeration temperature). In some 
cases, knowledge of the number of bacteria that can grow during storage at low 
temperature is beneficial for evaluating microbial quality, and can predict shelf life 
duration. In such circumstances, the total number of psychrotrophic bacteria (total 
psychrotrophs count) is determined. Although variation exists regarding the tempera-
ture and time required for incubation, it is currently recommended that plates should 
be incubated at 7°C for 10 days for many food products (Cousin et al., 2001).
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The range of mesophilic bacteria on fresh produce can vary widely, and is typically 
between 103 to 109 CFU g1. Total counts on products after processing range from 
103 to 106 CFU g1 (Nguyen-the and Carlin, 1994; Ragaert et al., 2007). Total counts 
of yeasts and fungi on fresh and minimally processed vegetables also vary to a great 
extent. For example, in a recent survey conducted in the Washington, DC, area yeast 
and mold counts were determined in 39 ready-to-eat salads, 29 whole fresh vegetables 
and 116 sprout samples (Tournas, 2005a). Yeasts were the most prevalent organisms 
found in these samples, at levels ranging from less than 100 to 108 CFU g1. Mold 
counts generally ranged from less than 100 to 104 CFU g1 (Tournas, 2005a). Mold and 
yeast counts in some fresh and minimally processed vegetables are listed in Table 13.2.

Table 13.2  Mold and yeast counts in fresh and minimally processed vegetables

Product Number of samples Mold and yeast, CFU g1

Mean Range

Salads

Lettuce 18 1.1  105 1.3  103  9.4  105

Coleslaw 4 8.1  105 1.4  105  1.8  106

Carrots 4 5.3  104 100  2.1  105

Celery chunks 1 3.8  104 –

Salad bar items

Broccoli chunks 2 9.2  104 1.4  104  1.7  105

Cauliflower 1 5.8  105 –

Cucumbers (sliced) 2 1.7  104 1.1  104  2.2  104

Iceberg lettuce 1 1.6  103 –

Iceberg and red

  cabbage mix 1 2.6  103 –

Green peppers (sliced) 1 9.1  104 –

Romaine lettuce 2 1.9  104 1.2  104  2.6  104

Spinach 1 9.5  104 –

Tomatoes (sliced) 1 9.2  106 –

Miscellaneous whole 
vegetables

Chives 1 2.2  104 –

Cucumbers 3 2.5  103 1.0  102  6.0  103

Green peppers 3 6.6  103 1.3  103  1.2  104

Green onions 3 1.9  103 2.0  102  4.0  103

Lettuce (iceberg) 2 1.2  104 1.0  104  1.3  104

Lettuce (Romaine) 3 3.7  104 1.9  103  9.5  104

Parsley 1 9.5  104 –

Radishes 3 1.0  104 6.8  103  1.2  104

Spinach 2 2.0  104 2.4  103  3.8  104

Tomatoes

Cherry 4 2.5  104 1.3  104  3.4  104

Grape 1 2.4  105 –

Roma 3 5.0  105 100  1.5  106

Source: Tournas (2005a).



D.  Type of spoilage microorganisms

Tournas (2005b) has recently published a review of the microorganisms that cause 
spoilage of vegetables by bacteria and fungi. Bacterial spoilage of vegetables is most 
commonly caused by members of the genera Erwinia and Pseudomonas (Nguyen-
the and Carlin, 1994). Many of these bacteria can ferment a variety of vegetable 
sugars and alcohols that are not utilized by other bacterial species and cause soft 
rot (reviewed by Tournas, 2005b). In general, bacterial spoilage is characterized by a 
watery and slimy appearance, though some fungal rots are also soft and watery. Most 
bacteria that cause spoilage of fresh and minimally processed vegetables and sprouts 
are psychrotrophic, e.g. capable of growth at low temperatures, including at refriger-
ation temperatures. Vegetables rich with sugar may undergo microbial fermentation 
by lactic acid bacteria or yeasts, whereas others might develop soft rot symptoms 
due to the growth of Gram-negative (pectinolytic) bacteria. Frequently, spoilage can-
not be attributed to a single type of microorganism (Nguyen-the and Carlin, 1994; 
Varoquaux et al., 1996; Pingulkar et al., 2001). A list of the major bacterial spe-
cies that are involved in vegetable spoilage, the type of spoilage and the vegetable 
affected is shown in Table 13.3.

Fungal spoilage is usually distinguished from bacterial decay by the presence of 
mycelium and characteristic spore-forming structures. Frequently, fungi cause spoil-
age by penetrating areas of broken skin. Injury could be inflicted through mechani-
cal damage, chilling injury or bacterial enzymatic activity (Tournas, 2005a). A 
list of common fungi that cause spoilage on a variety of vegetables is presented in  
Table 13.4. Major spoilage fungi include Botrytis cinerea, various species of the gen-
era Alternaria, Aspergillus, Cladosporium, Colletotrichum, Phomopsis, Fusarium, 
Penicillium, Phoma, Phytophthora, and Pythium. Some fungi show a preference 
for a particular substrate, whereas others such as Botrytis cinerea, Colletotrichum, 

Table 13.3  Frequent spoilage bacteria found on fresh vegetables

Bacterial species Type of spoilage Vegetables

Corynebacterium michiganense Canker and fruit spot Tomatoes, other

C. sepedonicum Tuber rot White potatoes

Erwinia carotovora Bacterial soft rot Leafy crucifers, lettuce, endives, 
parsley, celery, carrots, onions, garlic, 
tomatoes, beets, peppers, cucumbers

Pseudomonas chicorii Bacterial zonate spot Cabbage and lettuce

P. marginalis group Soft rot of vegetables Lettuce, other

P. morsprunorum group Halo blight Beans

P. tomato group Bacterial specks Tomatoes

P. syringae group Diseases in soybeans Soybeans

Xanthomonas campestris Black rot Cabbage, cauliflower

Source: Based on Tournas (2005b).
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Alternaria, Cladosporium, and Phytophthora, may be found in a wide variety of 
produce.

The range of yeasts counts and details of major fungi found on vegetables salads 
and on several whole vegetables are listed in Table 13.5.

Spoilage of fruits is also inflicted by a variety of fungi. For example, harvested 
grapes were found to harbor a diverse range of fungal pathogens, such as Alternaria, 
Aspergillus, Botrytis, Cladosporium, Epicoccum, Eurotium, Fusarium and Rhizopus 
(Abrunhosa et al., 2001; Bellí et al., 2003). It should be noted in this context that, 
besides causing devastating economic losses to the agri-food sector, some fungi 
may synthesize toxic and carcinogenic secondary metabolites known collectively as 
mycotoxins, which are capable of causing disease and death in humans and other ani-
mals (Bennett and Klich, 2003). For example, aflatoxins are carcinogenic difurano-
coumarin derivatives produced by many strains of Aspergillus flavus and Aspergillus 
parasiticus; citrinin is a potent nephrotoxin in animal species, which was identified in 
species of Penicillium and Aspergillus (Aspergillus terreus and Aspergillus niveus). 
Fumonisins, another mycotoxin, affect animals by interfering with sphingolipid 

Table 13.4  Common fungi causing spoilage of fresh produce

Fungal species Type of spoilage Vegetables

Alternaria alternata Alternaria rot Tomatoes, peppers, cucurbits

Alternaria brassicola and A. oleracea Alternaria rot Leafy crucifers

Aspergillus alliaceus Black rot Onions, garlic

Botrytis allii Neck rot Onions

B. cinerea Gray mould rot Leafy crucifers, lettuce, onions, 
garlic, asparagus, pumpkin, squash, 
carrots, celery, sweet potatoes and 
most other vegetables

Bremia lactucae Downy mildew Lettuce

Ceratocystis fimbriata Black rot Sweet potatoes

Cladosporium cucumerinum Scab Cucumber, pumpkin

Colletotrichum coccodes
Colletotrichum spp.

Anthracnose Cucumbers, squash, pumpkin, 
peppers, tomatoes

Diaporthe batatis Sweet potato

D. vexans Eggplant fruit

Fusarium spp. Dry rot Potatoes

Geotrichum candidum Sour rot Asparagus, crucifers, onions, garlic, 
beans, carrots, parsley, parsnips, 
lettuce, endives tomatoes, globe 
artichokes, various vegetables

Source: Based on Tournas (2005b).
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Table 13.5  Fungi found in fresh and minimally processed vegetables

Organism Range (CFU g1) Frequency (% 
contaminated samples)

Salads (39 samples)

Alternaria 100  5.0  103 10.3

Cladosporium 100  5.9  103 23.3

Penicillium 100  2.0  103 5.1

Yeasts 100  9.2  106 94.9

Miscellaneous whole vegetables

Tomatoes (8 samples)

Alternaria 100  2.0  103 12.5

Cladosporium 100  1.4  104 50.0

Geotrichum 100  2.4  105 12.5

Penicillium 100  3.2  104 25.0

Yeasts 100  1.5  106 62.5

Cucumbers (3 samples)

Alternaria 100  2.1  103 33.3

Cladosporium 100  2.0  102 66.7

Yeasts 100  1.5  103 66.7

Green onions (3 samples)

Cladosporium 100  1.9  103 66.7

Yeasts 100  2.1  103 66.7

Lettuce (5 samples)

Alternaria 100  6.0  102 20.0

Cladosporium 100  8.2  103 40.0

Penicillium 100  1.0  102 20.0

Yeasts 1.9  103  9.5  104 100.0

Green peppers (3 samples)

Alternaria 100  1.0  104 66.7

Cladosporium 100  6.4  103 33.3

Yeasts 100  2.0  103 33.3

Spinach (2 samples)

Cladosporium 100  1.0  103 50.0

Yeasts 2.0  103  3.7  104 100.0

Radishes (3 samples)

Alternaria 100  2.0  103 33.3

Cladosporium 100  1.3  103 66.7

Yeasts 6.8  103  1.1  104 100.0

Source: Tournas (2005a).
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metabolism and are probably linked with esophageal cancer in humans. They are 
produced by a number of Fusarium species, notably Fusarium verticillioides. Other 
potent mycotoxins include ochratoxin, a potent nephrotoxin produced by different 
species of Aspergillus, including Aspergillus alliaceus, Aspergillus auricomus, and 
patulin, synthesized by Penicillium griseofulvum (Bennett and Klich, 2003).

IV. � Microbial hazards associated with  
fresh produce

A.  Background

Increased public concern about healthy diet, together with advances in agronomics, 
processing, preservation, distribution and marketing technologies, and expansion of 
global trade has enabled the produce industry to supply nearly all types of high-quality  
fresh fruits and vegetables year-round. In addition, new, minimally processed, ready-
to-eat fruits and vegetables are being introduced into the marketplace, making con-
sumption of fresh produce easier and more convenient. While major food-borne 
diseases in the past were attributed to consumption of foods from animal sources, 
such as meat, eggs and dairy products, during the last two decades outbreaks related 
to the consumption of fresh vegetables, herbs and fruits have been increasingly 
reported (reviewed by Brandl, 2006; Beuchat and Ryu, 1997; Sivapalasingam et al., 
2004; Bowen et al., 2006).

Fresh produce does not receive any “lethal” treatment that kills all pathogens prior 
to consumption (Beuchat, 2002). Hence, pathogens that might have been introduced 
at any point of the production chain may still be present when the produce is con-
sumed. The microflora of fresh fruits and vegetables is diverse, but is predominately 
Gram-negative bacteria. The produce can become contaminated with pathogens from 
human or animal sources during growth, harvest, packaging, transportation and 
further processing and handling (Beuchat and Ryu, 1997; Brackett, 1999; Brandl, 
2006). Handling in retail outlets could also introduce pathogenic microorganisms 
to the surface of the fresh produce, as well as non-hygienic storage and handling 
in the consumer’s kitchen. Therefore, the basic assumption regarding the produce 
chain from farm-to-fork is that there is no guarantee of pathogen-free produce. 
Accordingly, it is important to understand the risks of contamination, to identify the 
sources of contamination, and to use technologies and treatments to minimize con-
tamination (Beuchat, 1996; Monaghan, 2006).

Factors that may contribute to produce contamination include both pre- and 
postharvest factors. Potential sources of preharvest contamination were recently 
reviewed, and include the use of manure as a fertilizer, the presence of wild or 
domestic animals in or near fields and the use of poor quality water, such as partially 
treated effluents, as well as flood water, for irrigation (Beuchat and Ryu, 1997; 
Brackett, 1999; Beuchat, 2002; Steele and Odumeru, 2004; Brandl, 2006). Human 
pathogens may be transmitted to the plants via air (aerosols, dust), through water, 
as well as by vectors such as insects and protozoa (reviewed by Brandl, 2006). 



Postharvest contamination might also occur in the packaging house, due to cross-
contamination with raw produce, either on processing and packaging surfaces, or 
during washing steps, if the quality of the water is low. Poor sanitation in the packag-
ing house may also cause contamination. Still, an important cause of contamination 
is human. Individuals suffering from intestinal diseases or health carriers of human 
pathogens might contaminate the fresh produce at any stage from farm-to-fork.

B. � Human pathogens involved in outbreaks related  
to fresh produce

Outbreaks associated with fresh produce involved several microbial pathogens, 
including bacteria, parasites and viruses. Common human pathogens reported to 
be associated with produce-borne illness outbreaks include, Escherichia coli O157:
H7, Salmonella spp., Shigella spp., Listeria monocytogenes, Crytosporidium spp., 
Cyclospora spp., Clostridium botulinum, hepatitis A virus (Beuchat, 1996; Harris  
et al., 2003; Bowen et al., 2006).

Escherichia coli O157:H7
E. coli strains are considered to be part of the natural intestinal flora of humans 
and other mammals. However, this species contains numerous virulent strains, cat-
egorized into several pathogenic groups, which may cause diseases in humans. The 
Enterohemorrhagic E. coli (EHEC) group, also known as Shiga toxin-producing  
E. coli (STEC), is of special importance and contains several pathogenic serogroups 
(Kaper et al., 2004). E. coli O157:H7 is the most commonly reported serogroup in 
human infections. The bacterium was first recognized as a cause of serious acute 
diarrheal illness in humans in 1982 (Riley et al., 1983). These infections are fre-
quently complicated by hemorrhagic colitis and hemolytic uremic syndrome (HUS); 
the latter is particularly common in children (Decludt et al., 2000). The natural reser-
voirs of STEC are domestic and wild animals, particularly ruminants such as cattle, 
sheep and goats (Beutin et al., 1993). The bacterium reaches humans through direct 
or indirect contact with infected animals or through contaminated food or drinking 
water. Following infection, the bacteria can also spread from one person to another.

Although E. coli O157:H7 has traditionally been associated with disease outbreaks 
related to beef products, this strain has also recently emerged as a pathogen asso-
ciated with fresh produce. Outbreaks linked to the consumption of unpasteurized 
apple juice were reported as early as 1991, in a situation where fallen apples were 
used for making juice and cattle were raised near the orchard (Besser et al., 1993). In 
1996, a large, multi-state outbreak in the US and Canada affected 70 people. Again, 
the source was traced to the consumption of fallen apples. These apples came from 
orchards frequented by deer that were subsequently shown to carry E. coli O157:H7 
(Cody et al., 1999). Several other outbreaks related to the consumption of apple cider 
followed, in both Canada and the US (Tamblyn et al., 1999; Hilborn et al., 2000).

Contaminated lettuce has also been implicated in outbreaks related to this patho-
gen (Ackers et al., 1998; Hilborn et al., 1999). In one case the contamination was 
traced to cattle raised near the lettuce field. During September and October of 2006, 
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a major multi-state disease outbreak linked to the presence of E. coli O157:H7 in 
fresh, bagged spinach was reported in the US. As of October 6, 199 ill people had 
been reported to the US Center for Disease Control (CDC); 102 (51%) of these cases 
required hospitalization. Thirty-one of these people (16%) developed HUS, and three 
deaths were recorded (CDC, 2006a). Another E. coli outbreak later in the same year 
was associated with the consumption of contaminated lettuce by customers at mul-
tiple restaurants of a single restaurant chain in the northeastern US. By December 
13, 2006, 71 people had become ill with E. coli O157:H7 in association with this 
outbreak. Among these, 53 (75%) were hospitalized and 8 (11%) developed HUS. 
Shredded lettuce consumed at the restaurants was the most likely source of the out-
break. It has been hypothesized that this lettuce was probably contaminated before it 
reached the restaurants (CDC, 2006b).

Salmonella enterica
Another major human pathogen involved in outbreaks related to fresh produce is 
Salmonella enterica. This pathogen is a Gram-negative, rod-shaped bacillus of the 
genus Salmonella that is part of the family Enterobacteriaceae, just like E. coli. 
There are more than 2500 known serotypes of S. enterica. However, only a small 
number of these are frequently isolated in a given geographic region. It is estimated 
that 1.4 million cases of salmonellosis occur annually in the US (Voetsch et al., 
2004). This pathogen is transmitted through contaminated food and water, as well 
as contact with infected animals. The majority of Salmonella infections have been 
linked to consumption of raw meats, poultry, eggs, milk and dairy products. In recent 
years, there has been an increase in both the frequency and magnitude of tomato-
associated Salmonella outbreaks reported to the CDC. This pathogen caused 1616 
reported illnesses in nine outbreaks between 1990 and 2004, representing approxi-
mately 60 000 illnesses when taking into account the estimated proportion (97.5%) 
of illnesses which go unreported (Voetsch et al., 2004). Two Salmonella outbreaks, 
one in 1990 (176 cases of S. Javiana) and one in 1993 (100 cases of S. Montevideo), 
were both traced to a South Carolina packing house. It was hypothesized that cross-
contamination might have occurred at the packing house, where substantial num-
bers of tomatoes passed through a common wash tank (Hedberg et al., 1999). This 
allowed for the inoculation of large numbers of tomatoes with the pathogen. More 
recently, S. Baildon was implicated in a third outbreak related to consumption of raw 
tomatoes (Cummings et al., 2001).

Salmonella has also been implicated in disease outbreaks associated with other 
types of produce. For example, Salmonella caused a multi-state disease outbreak 
due to consumption of contaminated citrus juice (Parish, 1998). In 2002, S. Poona-
contaminated cantaloupe from Mexico caused a multi-state outbreak in the US and 
Canada, resulting in 58 infections. Sewage-contaminated irrigation water was consid-
ered to be one of the possible sources of this contamination (CDC, 2002). Outbreaks 
due to consumption of watermelons contaminated with S. Javanica, S. Oranienburg 
and S. Saphra have also been reported (Blostein, 1993; Deeks et al., 1998; Mohle-
Boetani et al., 1999). In each of these cases, the pathogen may have first come into 
contact with the melon rind. Both E. coli O157 and Salmonella infections have also 



been associated with the consumption of various sprout types (Mohle-Boetani et al., 
2001). Recently, Salmonella was also linked to outbreaks related to contaminated 
tahini in Australia and New Zealand. The source of contamination was traced to  
sesame seeds (Unicomb et al., 2005).

Other bacterial pathogens
Several other bacterial pathogens have been implicated in diseases associated with 
eating contaminated produce (Harris et al., 2003). Shigella sonnei, a species closely 
related to invasive E. coli, was implicated in outbreaks related to the consumption 
of contaminated parsley (CDC, 1999), melon (Fredlund et al., 1987) and lettuce 
(Martin et al., 1986). Clostridium botulinum, a Gram-positive, spore-forming, rod-
shaped bacillus has also been implicated in produce-related outbreaks. Its toxin and 
spores were found in a coleslaw dressing that contained cabbage and carrot pieces 
(Solomon et al., 1990).

Protozoan pathogens
Cyclospora cayetanensis is a unicellular parasite that causes a disease called 
cyclosporiasis. C. cayetanensis caused disease outbreaks in the US and Canada from 
1995 to 1999, which were linked to the consumption of raspberries imported from 
Guatemala. In one instance, the crop may have become contaminated when it was 
sprayed with insecticides and fungicides mixed with contaminated water (Herwaldt 
and Ackers, 1997; Fleming et al., 1998). In the other cases, the source of contami-
nation could not be identified (CDC, 1997b,c; Koumans et al., 1998; Herwaldt and 
Beach, 1999; Herwaldt, 2000).

Another protozoan pathogen implicated in produce-related outbreaks is 
Crytosporidium parvum. This unicellular parasite can survive in extreme environ-
ments as an oocyte (Dawson, 2005). The pathogen has particular clinical significance 
for immunocompromised persons, including AIDS patients and cancer patients 
receiving toxic chemotherapeutic drug regimens. C. parvum was detected on lettuce 
and several other vegetables (reviewed by Moore et al., 2007), and it has been linked 
to outbreaks related to the consumption of unpasteurized fresh apple juice, most 
likely contaminated with cattle feces (CDC, 1997a).

Giardia lamblia, another protozoan pathogen, is the causative agent of giardiasis. 
A common route of infection is through fecal-oral transmission. Food-borne giar-
diasis has been linked to eating fruit salad and raw sliced vegetables (reviewed by 
Dawson, 2005).

Viral pathogens
The involvement of viruses in outbreaks related to fresh produce was thoroughly 
reviewed by Seymour and Appleton (2001). The two major virus groups that have 
been associated with the consumption of fresh produce are Norwalk-like viruses 
(NLV), the most commonly identified etiological agent of viral gastroenteritis, and 
hepatitis A (HAV). NLV has been identified in salad items and fresh-cut fruits. HAV 
infections were reported following consumption of contaminated iceberg lettuce, 
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diced tomato, strawberries, coleslaw, potato salad and frozen raspberries (Seymour 
and Appleton, 2001).

C.  Interactions of enteric pathogens with fresh produce

Pathogenic microorganisms associated with food-borne diseases have been detected 
in numerous fruits and vegetables, including lettuce, melons, seed sprouts, berries, 
tomatoes, green onions, carrots, apples, pears, pineapples, basil, celery, cucum-
bers, as well as in apple, orange, lemon and elderberry juices (Sivapalasingam  
et al., 2004). Recent years have witnessed a marked increase in the fresh-cut or 
ready-to-eat fruit and vegetables market that reflects increasing consumer demand for 
a quick and convenient but healthy diet. Consequently, extensive efforts have gone 
into research concerning microbiological quality, safety, processing and packaging 
of these types of products. While the majority of fresh vegetables and fruits remain 
almost intact after harvest, fresh-cuts undergo several processing steps that affect 
their microbiological quality and safety, such as trimming, washing, disinfection and 
additional cutting or slicing steps. During all these steps, fresh-cut produce have the 
potential for contamination with pathogenic bacteria, as well as the possibility of 
enhancing growth of these contaminants (Brackett, 1999). Contamination may come 
from unhygienic personnel, through contact with contaminated surfaces in the food 
plant, or from contact of the processed, decontaminated product with raw, untreated 
produce (cross-contamination). The process of slicing and shredding destroys surface 
cells, bruises underlying layers and allows exudates to leak from inner tissues, provid-
ing essential growth nutrients to the microbial flora residing on these products.

Bacteria present on produce or on abiotic contact surfaces may potentially infil-
trate into inner tissue which enables further growth, and provides a protected niche 
against further washing and disinfection steps. Furthermore, exudates may directly 
contaminate equipment (knives, processing surfaces, conveyer belts, etc.) with 
organic material which contributes to colonization and growth of microorganisms 
(Francis et al., 1999).

Recently, a study was conducted to characterize the routes of microbial contami-
nation in produce, and to identify areas of potential contamination from production 
through postharvest handling (Johnston et al., 2005). A total of 398 produce sam-
ples (leafy greens, herbs and cantaloupe) were collected through production and the 
packing shed, and assayed by enumerative tests for total aerobic bacteria, total col-
iforms, total Enterococcus and Escherichia coli. These samples were also analyzed 
for Salmonella, Listeria monocytogenes and E. coli O157:H7. For all leafy greens 
and herbs, the aerobic plate count ranged from 4.5 to 6.2 log CFU g1; less than 1 to 
4.3 log CFU g1 (coliforms and Enterococcus); and less than 1 to 1.5 log CFU g1 
(E. coli). In many cases, total counts remained constant throughout the packing shed. 
However, in the case of cilantro and parsley, total coliform levels increased during 
the packing process. For cantaloupe, microbial levels significantly increased from 
field through packing, with ranges of 6.4 to 7.0 log CFU g1 (aerobic plate count); 
2.1 to 4.3 log CFU g1 (coliforms); 3.5 to 5.2 log CFU g1 (Enterococcus); and less 
than 1 to 2.5 log CFU g1 (E. coli). The prevalence of pathogens for all samples was 



0, 0 and 0.7% (3 of 398) for L. monocytogenes, E. coli O157:H7 and Salmonella, 
respectively.

In another study, Golden Delicious apples taken from different points throughout 
the production chain and shelf life were analyzed for Enterobacteriaceae, thermo-
tolerant coliforms, E. coli, E. coli O157:H7 and Salmonella spp. A total of 36 sam-
ples picked up in the orchard, 36 after storage and handling in the packing house, 
and 144 from different retail stores were analyzed using standardized techniques. 
Enterobacteriaceae counts varied greatly. Pantoea spp. was the main genera isolated. 
The percentage of samples with thermotolerant coliforms was 16.6%, 22.2% and 
10.4% after harvest, after handling in the packing house and in the stores, respec-
tively. Strains belonging to Citrobacter, Enterobacter, Klebsiella and Escherichia 
were isolated. Three samples coming from orchards, five from the packing house 
and two from retailers harbored E. coli. However, none of the E. coli strains isolated 
had the virulence genes that are pathogenic for humans. None of the samples was 
Salmonella positive (Abadias et al., 2006).

The phyllosphere, or plant leaf surface, is a habitat for many epiphytic microor-
ganisms. The population size of these colonies can vary dramatically from one leaf 
to another, and undergoes constant change in both size and composition (Kinkel  
et al. 2000). Microorganisms may arrive on or depart from a leaf surface through the 
action of rain, wind or insects. Although plants were not considered to be a natural 
habitat for human enteric pathogens, recent studies have reported on the attachment, 
growth and survival of human pathogens on leafy vegetables (reviewed by Brandl, 
2006). This is perhaps not surprising, given the findings that nutrients released from 
the plant are adequate to support large microbial populations. Molecules leaching 
from plant leaves include a variety of organic and inorganic compounds, such as 
sugars, organic acids, amino acids, methanol and various salts (Mercier and Lindow, 
2000). Indeed, even on an intact plant, populations of bacteria may be observed 
which can reach 105 to 107 CFU g1 per leaf under favorable environmental con-
ditions, such as when high relative humidity or free water is present (Hirano and 
Upper, 1990).

The capacity of enteric pathogens to colonize leaf surfaces was investigated by 
many researchers and was recently reviewed by Brandl (2006) and Aruscavage et al. 
(2006). Several intrinsic and extrinsic factors determine the ability of enteric patho-
gens to attach and proliferate in the phyllosphere of plants. These include motility 
of the pathogen, availability of nutrients on the plant surface, water availability and 
interaction with epiphytic organisms. It has been shown that under constant wet con-
ditions, population sizes of E. coli and S. enterica resemble that of Pseudomonas 
syringae in bean and corn phyllospheres, but the populations were much lower 
following incubation under dry conditions (O’Brien and Lindow, 1989).

The colonization of the cilantro phyllosphere by S. Thompson under various envi-
ronmental conditions was investigated by Brandl and Mandrell (2002), and com-
pared to that of Pantoea agglomerans and Pseudomonas chlororaphis, two common 
colonizers of plant surfaces. Salmonella population size was ten-fold lower than that 
of the two other species when incubated at 22°C. However, at a warmer temperature 
Salmonella achieved significantly higher population levels, suggesting that warm 
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temperatures may increase the competitiveness of this organism in the phyllosphere 
(Brandl and Lindow, 2002). Interestingly, the tolerance of the Salmonella strain 
to dry conditions on plants at 60% relative humidity was at least equal to that of  
P. agglomerans and P. chlororaphis. Confocal laser scanning microscopy (CLSM) 
studies demonstrated that Salmonella cells were detected at high densities on the 
veins and in natural lesions on the surface of the leaves (Brandl and Lindow, 2002).

The interactions of human pathogens with postharvest leaves were also investi-
gated. In a series of studies cut lettuce leaves were incubated with a suspension of  
E. coli O157:H7, and the fate of the pathogen was studied. E. coli was found attached 
to the surface, trichomes, stomata and cut edges of the leaves. Interestingly, treatment 
with 20 mg liter1 chlorine solution for 5 minutes did not eradicate many of the cells, 
which were located in the stomata and on cut tissues, suggesting that these niches 
provided some degree of protection (Seo and Frank, 1999). The pathogen showed 
preferential attachment to damaged tissues as compared to intact tissues. Penetration 
of E. coli O157:H7 into lettuce tissue was observed by CLSM at an average of 101 
micron below the surface of the cut tissues. Penetration was greatest when lettuce 
was held at 4°C, compared to 10°, 22° or 37°C (Takeuchi et al., 2001).

The fate of Salmonella applied to tomato plants was also investigated (Guo et al., 
2001). A mixture of five Salmonella serotypes were used to inoculate tomato plants 
before and after fruit set, either by injecting stems with inoculum or brushing flowers 
with it. Ripe tomato fruits were subjected to microbiological analysis. Results sug-
gest that Salmonella cells survive in or on tomato fruits from the time of inoculation 
at flowering through fruit ripening. Tomato stems and flowers were considered to be 
possible sites at which Salmonella may attach and remain viable during fruit devel-
opment, thus serving as routes or reservoirs for contaminating ripened fruit (Guo  
et al., 2001). The acidic environment of the tomato fruit (around pH 4.0) did not 
affect bacterial survival. In fact, it had already been demonstrated earlier that 
Salmonella can grow or survive on cut tomatoes (Asplund and Nurmi, 1991; Wei  
et al., 1995; Zhuang et al., 1995; Weissinger et al., 2000).

D.  Human pathogens in organically-grown crops

Animal waste in the form of raw manure or composted manure containing human 
pathogens is routinely applied to the land as a crop fertilizer and/or for soil amend-
ment. The pathogens may survive for extended periods of time in manure and 
manure-amended soils and, consequently, can be transmitted to growing vegetables 
(Natvig et al., 2002; Islam et al., 2004a; Islam et al., 2004b).

It has been speculated that since organic farming relies primarily on animal 
manure for fertilization of the soil, organically-grown produce might have a greater 
risk of pathogenic contamination than conventionally-grown produce. In an extensive 
longitudinal study performed during two consecutive harvest seasons (2003–2004), 
the microbiological quality of fruits and vegetables collected at the preharvest stage 
on farms in Minnesota and Wisconsin was undertaken to determine the effect of 
type of farm, produce variety and harvest season on coliform counts, E. coli preva-
lence, and the presence of Salmonella and E. coli O157:H7 (Mukherjee et al., 2006).  



The farms studied included 14 organic farms, 30 semi-organic farms (used organic 
practices but not certified) and 19 conventional farms, and a total of 2029 preharvest 
produce samples (473 organic, 911 semi-organic and 645 conventional) were ana-
lyzed. Produce varieties included mainly lettuces, leafy greens, cabbages, broccoli, 
peppers, tomatoes, zucchini, summer squash, cucumber and berries. Produce samples 
from the three farm types had average coliform counts of 1.5 to 2.4 log most prob-
able number per g. None of the produce samples were contaminated with Salmonella 
or E. coli O157:H7. However, E. coli contamination was detected in 8% of the sam-
ples, with leafy greens, lettuces and cabbages having significantly higher E. coli 
prevalence compared to the other produce types, for the three farm types. It was con-
cluded that the preharvest microbiological quality of produce from the three types 
of farms was very similar during these two seasons, and that produce type appears 
to be more likely to influence E. coli contamination than farm type (Mukherzee  
et al., 2006). In another study, the microflora composition of spring mix or mes-
clun, a mixture of multiple salad ingredients, grown either by organic or conven-
tional means was determined. It was found that the mean populations of mesophilic 
and psychrotrophic bacteria, yeasts, molds, lactic acid bacteria and coliforms on 
conventionally-grown spring mix were not statistically different from respective mean 
populations on organically-grown spring mix. Salmonella and L. monocytogenes 
were not detected in any of the samples analyzed (Phillips and Harrison, 2005).

E.  Potential entry of human pathogens into plants

It has been reported that human pathogens, namely E. coli O157:H7 and Salmonella 
spp., are capable of penetrating from contaminated soil through the roots into the 
aerial parts of some vegetables. To date, internalization of human pathogens has been 
reported in lettuce seedlings (Solomon et al., 2002; Watchel et al., 2002a; Jablasone  
et al., 2005; Bernstein et al., 2007a; Franz et al., 2007), tomato plants (Guo et al., 
2002), alfalfa (Gandhi et al., 2001; Dong et al., 2003), bean sprouts (Warriner et 
al., 2003), radish (Itoh et al., 1998) and corn seedlings (Bernstein et al., 2007b). 
The presence of Gram-negative bacteria within vegetable tissues have already been 
reported more than 40 years ago (Samish et al., 1962), however, the mechanism 
underlying this phenomenon is still not clear. The recent reports regarding possi-
ble internalization of E. coli O157:H7 and Salmonella by plants have raised pub-
lic concern regarding potential health hazards related to the apparent inability of 
washing and disinfection treatments to eradicate internally protected cells (Powell 
and Chapman, 2007). Nevertheless, most studies which have established internali-
zation of enteric pathogens have focused on short-term interaction between high 
inocula of pathogens and young seedlings or sprouts. There is a great knowledge 
gap regarding long-term survival of pathogens within mature plants. To address 
this question, Jablasone et al. (2005) have artificially contaminated seeds of carrot, 
cress, lettuce, radish, spinach and tomato by E. coli O157:H7, S. Typhimurium and 
L. monocytogenes. All the pathogens became rapidly established shortly after ger-
mination, attaining cell densities of the order of 5.5–6.5 log CFU g1 (Jablasone et 
al., 2005). However, E. coli O157:H7 became internalized in cress, lettuce, radish 
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and spinach seedlings, but was not recovered within the tissues of mature plants. 
Internalization of Salmonella was also observed in lettuce and radish, but not cress 
or spinach seedlings. In contrast, L. monocytogenes did not internalize within seed-
lings, but did persist on the surface of plants throughout the cultivation period. The 
researchers concluded that the results suggest that the risk associated with internal-
ized human pathogens in salad vegetables at harvest is low (Jablasone et al., 2005). 
In other studies, no evidence for E. coli O157:H7 internalization into the aerial parts 
was observed in mature (50-day-old) lettuce (Johannessen et al., 2005), nor in spin-
ach leaves, even when roots were biologically or mechanically damaged (Hora et al., 
2005). In agreement with these findings, S. enterica serovar Newport was shown to 
enter 33-day-old lettuce seedlings via the root system. However, internalized bac-
teria were observed in leaves of lettuce plants with intact and damaged roots at two 
days post-inoculation, but not five days later (Bernstein et al., 2007a). When a field 
of young cabbage was accidentally irrigated with tertiary-treated effluents, cabbage 
samples taken at harvest showed non-pathogenic E. coli isolates in roots, but not in 
the edible portion of the cabbage (Watchel et al., 2002b). Although, internalization 
and in-plant survival might be restricted to pathogens, such as E. coli O157:H7 and 
S. enterica serotypes, these findings support the hypothesis that enteric pathogen may 
not be adapted for long-term survival within internal plant tissues.

In contrast, when tomato plants were artificially inoculated before and after fruit 
set with five S. enterica serotypes, either by injecting stems with inoculum or brush-
ing flowers with it, ripe tomato fruits were found to harbor the pathogens. These 
results suggest that Salmonella cells survived in or on tomato fruits from the time 
of inoculation at flowering through fruit ripening. Hence, tomato stems and flowers 
were considered to be possible sites at which Salmonella may attach and remain via-
ble during fruit development, thus serving as routes or reservoirs for contaminating 
ripened fruit (Guo et al., 2001).

Taken together, the potential risk related to a pathogen’s internalization in prehar-
vest produce is currently questionable and requires more study. Nevertheless, the 
mere capacity of human pathogens to colonize the surface of leaves, fruits and roots 
at pre- and postharvest stages, together with their demonstrated survival capabilities 
at these sites, make contaminated crops an important vehicle for outbreaks of enteric 
infectious diseases. The current lack of an efficient, acceptable “pasteurization” tech-
nique that would completely eliminate human pathogens from produce without com-
promising quality, suggests that prevention of contamination coupled with rapid and 
sensitive pathogen detection systems are critical for ensuring the safety of fresh and 
minimally-processed fruits and vegetables.

F. � Limitation of common disinfectants in removing human 
pathogens from fresh produce

The effectiveness of any sanitizer or disinfectant depends on its chemical and physi-
cal state, treatment conditions, such as water temperature, pH, and contact time, the 
resistance of pathogens, and the nature of the fruit or vegetable surface. The most 



widely used sanitizer for decontaminating fresh produce is probably hypochlorite. 
Although chlorine is more effective in solution at acidic pH levels, chlorine-based 
sanitizers are usually used at pH values between 6.0 and 7.5, in order to minimize 
the corrosion of processing equipment. A produce sanitation step typically involves 
a solution of 50 ppm to 200 ppm chlorine with contact times of 1–2 minutes (FDA, 
1998). Numerous reports have questioned the ability of chlorine to completely eradi-
cate enteric pathogens from fresh produce. The efficacy of chlorine in reducing 
microbial load on fresh produce varies from no effect to 3 log10 reduction (reviewed 
by Beuchat and Ryu, 1997; Burnett and Beuchat, 2001; Aruscavage et al., 2006). 
For example, the efficacy of chlorine in killing Salmonella Baildon inoculated onto 
shredded lettuce and diced tomatoes showed that populations of the pathogen in let-
tuce and tomatoes inoculated with 3.60 log and 3.86 log CFU g1, respectively, were 
reduced by less than 1 log when the produce was immersed for 40 seconds in a 120 
or 200 ppm free chlorine solution. Produce inoculated with 0.60–0.86 log CFU g1 
was positive for the pathogen after treatment with 200 ppm chlorine (Weissinger  
et al., 2000).

In another set of experiments, the effect of calcium hypochlorite on inac-
tivation of Escherichia coli inoculated on fresh produce was investigated. 
Dipping inoculated lettuce leaves into hypochlorite solutions containing 
50 ppm or greater free chlorine for 30 seconds or longer reduced E. coli cells 
by approximately 1.9–2.8 log CFU g1 from an initial population of approxi-
mately 6.8 log CFU g1. Dipping inoculated broccoli florets into hypochlo-
rite solution reduced E. coli cells by approximately 1.7–2.5 log CFU g1, 
depending on the time and concentration of the free chlorine. Dipping let-
tuce or broccoli in water alone reduced cell numbers by 1.5–1.8 log  
CFU g1. Dipping broccoli florets for 2 minutes in a 100 mg liter1 free chlo-
rine solution at temperatures between 4 and 25°C reduced E. coli cells by 
approximately 2.4 log CFU g1 (Behrsing et al., 2000). To determine the 
effectiveness of different sanitizing treatments for reducing bacterial patho-
gens on fresh cantaloupes and bell peppers, Salmonella Typhimurium and 
E. coli O157:H7 inoculated fruits were treated with water wash alone or 
were washed and then waxed or rinsed with 200 mg/liter hypochlorite, 10% 
Ca(OH)2, or 2% lactic acid solutions applied by dipping for 15 seconds or 
spraying for 15 seconds. Preliminary experiments with chlorine treatments 
indicated that spraying with a 200, 600, or 1000 mg liter1 hypochlorite solu-
tion reduced populations of both pathogens by 2.1 to 2.6 and 1.5 to 2.1 log  
CFU g1, respectively. In general, no differences were observed between chlo-
rine solutions without pH adjustment (pH 9.2) and those with pH adjusted to 6.0 
(Alvarado-Casillas et al., 2007). The limited disinfection efficacy of chlorine com-
pounds was found to be, in some cases, as successful at removing bacteria as non-
chlorinated water, but its presence was required to keep the wash water free of 
contaminants (reviewed by Zagory, 1999). The failure of the disinfectant to remove 
adhered flora is believed to be related to localization of the microbes in protected 
microsites on the surfaces of fruits and vegetables, as well as to their growth in 
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aggregates or biofilms (Brandl, 2006). In addition, low efficacy of disinfectants 
may also be attributed to chemical inactivation of the chlorine by organic residues 
found on the fruits and vegetables. Increasing chlorine concentration is not viable 
because of esthetic and sensory problems. Recent studies, however, suggest that 
chlorine dioxide (ClO2), in relatively low concentration, might be more effective 
in reducing bacterial pathogens without affecting the quality of produce (Sy et al., 
2005; Lee et al., 2004). Due to the environmental and health risks that are posed 
by the use of chlorine (Wei et al., 1985), its use in some European countries has 
been banned for disinfection of fresh-cut products. A continued trend towards a 
“greener” environment might result in the extension of this ban to other countries 
in the future. Consequently, there is a need for alternative treatments to be used for 
the decontamination of fruits and vegetables, and especially fresh-cut produce. A 
number of such chemicals and technologies are detailed in Section V, below.

V. � Postharvest treatments to maintain  
microbial quality

The industry of fresh-cut fruits and vegetables is constantly growing due to consumer 
demand. New techniques for maintaining quality and inhibiting undesirable micro-
bial growth are required in all the steps of the production and distribution chain. 
In this review, we summarize some of the new processing and preservation tech-
niques that are available in the fresh and fresh-cut industry. Modified and controlled 
atmosphere, washing and sanitizing, photochemical treatments (UV-C), irradiation, 
physical treatments and ozone treatments, alone or in different combinations, have 
proved useful in controlling microbial growth and maintaining quality during storage 
of fresh and fresh-cut produce. In addition, combinations of physical and chemical 
treatments have been reviewed lately (Artes and Allende, 2005; Allende et al., 2006; 
Shah and Nath, 2006).

A. � Modified atmosphere packaging (MAP), controlled 
atmosphere (CA) and active packaging

To control physiological and pathological deterioration, environmental gas concen-
tration and storage temperature are usually controlled (Fonseca et al., 2002). The two 
systems that are used to maintain freshness of fruits and vegetables by controlling 
the environmental gas concentration include controlled atmosphere (CA) storage and 
modified atmosphere packaging (MAP) (Mattheis and Fellman, 2000). CA storage 
involves preservation of fruits and vegetables in an airtight storehouse where the lev-
els of gases are consistently monitored, controlled and maintained at optimal con-
ditions. However, the facility and the running cost involved are substantial. On the 
other hand, MAP is a method to maintain the freshness of fruits and vegetables in an 
environment similar to CA storage, but it is created by using plastic film packaging, 
and depends upon the fresh produce and the film’s physical properties (Yasunaga, 



2006). The quality of grated carrot (variety Nantes) was evaluated throughout 10 
days of storage in two different atmospheres: air and vacuum at 2°C. The use of a 
vacuum was promising with respect to the capacity to extend the shelf life of grated 
carrot by reducing microbial load and by minimizing physico-chemical changes. The 
shelf life of grated carrot under vacuum was extended to 8 days at 2°C (Rocha et al., 
2007).

Modified atmosphere packaging (MAP) has been used to increase the shelf life 
of green asparagus (Asparagus officinalis, L.), meeting the market demand for fresh 
high-quality products available year-round and without the use of additives. Green 
asparagus spears were stored under three different conditions until they were not fit 
for consumption: refrigeration at 2°C, MAP at 2°C and MAP at 10°C after 5 days at 
2°C. MAP, combined with refrigeration at 2°C, showed the best results among the 
treatments in terms of retaining sensory, nutritional and microbial quality, increasing 
the safety and extending the shelf life of green asparagus (Villanueva et al., 2005). 
Five different packaging treatments, including two passive modified atmosphere 
packaging (MAP), two active MAP and a moderate vacuum packaging (MVP), were 
used for minimally-processed bunched onions. Various sealed-packaging treatments 
did not significantly influence microbiological populations, including mesophiles, 
psychrotrophs and lactic acid bacteria. However, MVP with a gas-permeable plastic 
film retained better quality bunched onions, with reduced microbial decay and visual 
sensory aspects, compared with the other packages (Hong and Kim, 2004).

A study was conducted to evaluate the effect of an edible coating combined with 
modified atmosphere (MA, 60% O2, 30% CO2, and 10% N2) packaging and gamma 
irradiation on the microbiological stability and physico-chemical quality of mini-
mally-processed carrots (Lafortune et al., 2005). Microbiological analysis revealed 
that for uncoated carrots irradiation at 0.5 and 1 kGy under air and MA reduced 
the aerobic plate counts (APCs) by 3.5 and 4 log CFU g1, and by 4 and 4.5 log 
CFU g1, respectively. For coated carrots, irradiation at 0.5 and 1 kGy under air and 
MA reduced the APCs by 4 and 4.5 log CFU g1, and by 3 and 4.25 log CFU g1, 
respectively.

Preliminary study showed that among 40 to 100 kPa O2 atmospheres, 60 kPa O2 
reduced the respiration of fresh-cut Carabao mango cubes the most when held at 
5°C or 13°C for 42 hours. Therefore, the effects of 60 kPa O2 on the physiology and 
microbial quality of fresh-cut Caraba and Nam Dokmai mango cubes were deter-
mined and compared with those held in air (Poubol and Izumi, 2005b). The growth of 
mesophilic aerobic bacteria was stimulated at 60 kPa O2 on Carabao cubes and yeasts 
on Nam Dokmai cubes at 13°C. Within Nam Dokmai mango cubes, the predominant 
genera in mesophilic aerobic bacteria were Enterobacter, Klebsiella and Pantoea and 
the yeasts were Candida, Cryptococcus and Rhodotorula. These results indicate that 
60 kPa O2 is not desirable for mango cubes when held at 13°C. However, 10% CO2 
only reduced the bacterial count on Carabao and Nam Dokmai cubes stored at 13°C. 
Bacterial flora in Nam Dokmai mango cubes consisted mostly of Gram-negative rods 
assigned primarily to phytopathogenic bacteria such as Pantoea agglomerans and 
Burkholderia cepacia. The genera of bacteria isolated from cubes stored in 10% CO2 
were similar to those from cubes on the initial day (Poubol and Izumi, 2005a).
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The effects of high O2 and high CO2 throughout storage on the microbial and 
sensory quality of fresh-cut bell peppers from two commercial California cultivars 
grown under different climatic conditions were studied (Conesa et al., 2007). The 
results showed that 80 or 50 kPa O2 combined with 15 kPa CO2 inhibited growth of 
the spoilage microorganisms and Enterobacteriaceae in minimally processed bell 
peppers after 9–10 days at 5°C.

The use of antimicrobial agents, compounds that inhibit the growth of molds and 
bacteria without presenting a risk to consumer health, is one of the possible methods 
of microbial control. However, their direct application on the surface of the prod-
uct by spraying or dipping may not be very effective. An alternative is antimicrobial 
active packaging technology, which involves incorporating the active agent into the 
package for subsequent release, in order to maintain a minimum inhibitory concen-
tration on the surface of the product for a given time (Almenar et al., 2006).

Active packaging was developed by adding eugenol or thymol to table grapes 
stored for 56 days under modified atmosphere (MAP). Control fruit showed losses 
of quality in terms of sensory, nutritional and functional properties. These losses 
were significantly reduced in packages with added eugenol or thymol. In addition, 
lower microbial spoilage counts were achieved with the active packaging (Valero  
et al., 2006). Sweet cherries show serious problems for commercialization, mainly due 
to the incidence of decay and a fast loss of sensory quality, both for fruit and stem.  
A package has been developed based on the addition of eugenol, thymol, menthol or 
eucalyptol oils to trays sealed with polypropylene bags to generate a modified atmos-
phere (MAP) of 2–3% of CO2 and 11–12% of O2 at 1°C for 16 days. The micro-
bial analysis showed that all essential oils reduced molds, yeasts and total aerobic 
mesophilic colonies by 4 and 2 log CFU compared with the controls, respectively 
(Serrano et al., 2005).

B.  Washing, sanitizing treatments

Guidelines for packing fresh or minimally-processed fruits and vegetables generally 
specify a washing or sanitizing step to remove dirt, pesticide residues and micro-
organisms responsible for quality loss and decay (Sapers, 2006). However, washing 
procedures with water or chemical sanitizers typically result in only a 1 to 2 log10 
decrease in microbial counts (Sapers, 2001). In addition to washing with plain water, 
various factors are used to enhance the washing effect of water, and to reduce the 
microbial load of whole or freshly cut produce more efficiently, e.g. washing with 
chlorine, hot water dips or rinsing and brushing, ozone, acidic electrolyzed water or 
H2O2 (Baur et al., 2004; Koseki et al., 2002; Palou et al., 2007).

For both organic and conventional operations, liquid sodium hypochlorite is the 
most common form used. For optimum antimicrobial activity with a minimal con-
centration of applied hypochlorite, the pH of the water must be adjusted to between 
6.5 and 7.5. At this pH range, most of the chlorine is in the form of hypochlo-
rous acid (HOCl), which delivers the highest rate of microbial kill and minimizes 
the release of irritating and potentially hazardous chlorine gas (Cl2). Chlorine gas 
will exceed safe levels if the water is too acidic. Products used for pH adjustment 



must also be from a natural source, such as citric acid, sodium bicarbonate or vin-
egar. Calcium hypochlorite, properly dissolved, may reduce sodium injury to sensi-
tive crops (e.g. some apples varieties), and limited evidence points toward extended 
shelf life for tomatoes and bell peppers due to calcium uptake. Amounts of sodium 
hypochlorite to add to clear, clean water for disinfection are given in Sapers, 2006. 
Food-grade hydrogen peroxide (0.5 to 1%) and peroxyacetic acid are additional 
options. In general, peroxyacetic acid (PAA) has good efficacy in water dump tanks 
and water flume sanitation applications. PAA has very good performance, as com-
pared to chlorine and ozone, in removing and controlling microbial biofilms (tightly 
adhering slime) in dump tanks and flumes. At this time, one disadvantage is a higher 
cost per unit, and availability is restricted to large bulk units.

In a common scenario of water reuse in the fresh-cut produce industry, chlorine, a 
widely used sanitizer in the fresh produce industry, is readily inactivated upon con-
tact with organic matter in the process water. Sanitizers that can maintain the efficacy 
of pathogen removal under fresh-cut processing conditions are urgently needed. A 
study was aimed to provide a side-by-side comparison of the efficacy of chlorine and 
three new sanitizers on pathogen reduction of shredded carrots under simulated com-
mercial processing conditions (Gonzalez et al., 2004). Fresh carrot shreds were arti-
ficially inoculated with E. coli O157:H7 and washed in various sanitizer solutions, 
including 200 ppm chlorine, 1% Pro-San®, 80 ppm Tsunami® – 100, and 1000 ppm 
SANOVA®, under fresh tap water or simulated processing water conditions. 
SANOVA® (acidified sodium chlorite) provided a strong pathogen killing effect in 
both tap water and process water conditions, with more than 99% reduction when 
compared to a tap water wash. The role of sanitizers in maintaining the microbial 
safety of wash water was also evaluated, with no recovery of pathogenic E. coli O157:
H7 or total bacteria from the sanitizer solutions used, eliminating the possibility of 
cross-contamination of other produce and potential quality deterioration. Leafy salad 
species are increasingly consumed in the human diet and there is increased concern 
about the levels of microbial organisms in these raw foods, and especially bacteria 
such as Salmonella that cause food poisoning. Various chemical sanitizers there-
fore, are used to control microorganisms and fungi, but there is very little informa-
tion on the effects of these chemicals on food composition. Wild rocket (Diplotaxis 
tenuifolia L. DC) leaves were washed using tap water, chlorine (100 mg L1), 
ozonated water (10 mg L1), lactic acid (Purac(R) 20 ml L1), acidified sodium 
chlorite (Sanova(R) 250 mg L1) and peroxyacetic acid (Tsunami(R) 300 mg L1) 
(Martinez-Sanchez et al., 2006). The effects of sanitizers on the quality of rocket 
leaves were studied under air and low O2 (1–3 kPa) plus high CO2 (11–13 kPa) for 
15 days at 4°C. All the sanitizers effectively reduced microbial growth on the day of 
processing, but only Purac, Tsunami and Sanova inhibited microbial growth through-
out the shelf life.

New delivery, control and recycling technologies have been developed and incor-
porated into a new iodine delivery system called Isan™. Control of pH, so essential 
with chlorine, is not required for iodine dips with a pH below 8.5. Continual removal 
of sanitizer breakdown products during operation dramatically reduces any accu-
mulation of undesirable breakdown products, and improves dip effectiveness and 
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accuracy of control. When used as a general produce sanitizer at levels up to 30 ppm, 
iodine applied in the Isan™ unit is very effective, with even levels below 15 ppm 
giving a log reduction in surface microflora of 1.5 (i.e. apples, nectarines, peaches, 
tomatoes) (Klein and Morris, 2005).

Four different postharvest treatments for removal of Salmonella from bell pep-
per and cucumber were examined, including washes with chlorinated water (HOCl, 
200 ppm), acidified sodium chlorite (ASC, 1200 ppm), peroxyacetic acid (PAA, 
75 ppm) and treatment with gaseous chlorine dioxide (ClO2, total 100 mg). For tests 
involving smooth surface inoculation, ASC and PAA treatments decreased con-
tamination to undetectable levels on bell pepper and cucumber, while the chlorine 
treatment of bell pepper reduced contamination by approximately 2 logs. For stem 
scar contamination on bell pepper, ASC and PAA treatments both showed 2 log 
unit reductions, and chlorine treatment showed a 1 log unit reduction. For punc-
ture wounds on bell pepper, HOCl, ASC and PAA treatments reduced bacterial lev-
els approximately 2, 3, and 1 log units, respectively, indicating that HOCl and ASC 
were more effective than PAA. These aqueous treatments of cucumber with punc-
ture wounds reduced bacterial levels approximately 1, 2, and 2 log units, respec-
tively. ClO2 treatment decreased counts to undetectable levels on all inoculation 
sites on cucumber and strawberry smooth surfaces, but failed to completely elimi-
nate Salmonella from bell pepper and from the stem scar and the puncture wounds 
of strawberry. ASC treatment of bell pepper and ClO2 gas treatments of cucumber 
showed the best efficiency for inactivation of Salmonella. ClO2 treatments effec-
tively reduced Salmonella cells inoculated on the smooth surface and stem scar of 
strawberries compared with unsanitized control (Hyun-Gyun et al., 2006).

C.  Warm and hot water treatments

Washing with warm or hot water has also been used as a means to reduce the micro-
bial load more efficiently than is observed with cold water (Lin et al., 2002). Physical 
treatments have been very effective in controlling pathogenic microorganisms. 
Various heat treatments, alone or combined with other means, have been extensively 
studied to control many postharvest fungi and bacteria (Fallik, 2004, 2007; Fallik 
and Lurie, 2006). Strawberries cv. Selva were heat-treated in an air oven (45°C for  
3 hours) and then stored at 0°C for 0, 7 or 14 days. The treatment decreased the ini-
tial bacterial population, but did not reduce the amount of fungi initially present. This 
difference was still significant after 48 hours at 20°C. Heat-treated fruit that were 
stored for 7 or 14 days at 0°C, and then transferred to 20°C for 48 hours showed 
lower CFU value than controls in the case of fungi (Vicente et al., 2002). Keeping 
strawberries (Fragaria x ananassa cv Seascape) at 45°C for 3 hours reduced decay 
caused by B. cinerea and R. stolonifer (Pan et al., 2004).

A range of vapor heat temperatures (50–55°C) and treatment time intervals (12–32 
minutes) were initially evaluated for their effects on B. cinerea in artificially inocu-
lated table grapes. The most promising treatments were 52.5°C for 21 or 24 minutes 
and 55°C for 18 or 21 minutes, which reduced infection levels by 72–95% on the 
ninth day compared with controls (Lydakis and Aked, 2003). Curing is considered  



a moderate heat treatment. The effectiveness of curing oranges and lemons at 33°C 
for 65 hours, followed by storage under ambient and cold-storage conditions, was 
investigated. This treatment effectively reduced the incidence of P. digitatum (Pers) 
Sacc. and P. italicum Wehmer decay on inoculated and naturally infected oranges 
and lemons stored at 20°C for 7 days (Plaza et al., 2004). Golden Delicious apples 
were wound-inoculated with conidial suspensions of either C. acutatum or P. expan-
sum, and then treated with heat (38°C) for 4 days, antagonists, or a combination of 
both. Heat or heat in combination with either antagonist eliminated decay caused 
by P. expansum. Either heat or the antagonists alone reduced decay caused by  
C. acutatum, but a combination of the two was required to completely eliminate the 
decay caused by this pathogen (Conway et al., 2004). Pre-storage 1-MCP, heat (38°C 
for 4 days), 1-MCP plus heat treatments, and CA storage decreased decay severity 
caused by wound-inoculated P. expansum Link, B. cinerea Pers.:Fr., and C. acutatum 
(Saftner et al., 2003). Dry hot air treatment (48.5°C or 50°C for 4 hours), especially 
in combination with the fungicide thiabendazole, decreased the growth of inoculated 
C. gloeosporioides (Perez-Carrillo and Yahia, 2004). Postharvest hot water dips of 
organically grown strawberries at 55 and 60°C for 30 seconds significantly reduced 
the incidence of decay to 3.4 and 2.7%, respectively, while that in the control was 
28.5%. However, in another experiment, the efficacy of hot water treatment at 60°C 
was significantly better than that of hot water treatment at 55°C (Karabulut et al., 
2004a). Applying a biocontrol agent following hot water treatment (45°C for 2 min-
utes) was as effective as the fungicide treatment, which gave 100% control of both 
green and blue molds on artificially inoculated Valencia and Shamouti orange culti-
vars (Obagwu and Korsten, 2003). Strawberries treated with the combination of hot 
water dips at 63°C for 12 seconds, biocontrol and CA, had significantly less decay 
caused by gray mold than those from all other treatments (Wszelaki and Mitcham, 
2003). The use of a combination of hot water dips (42.5°C for 30 minutes) and MAP 
reduced decay on tomatoes during 2 weeks at 10°C and then for 3 days at 20°C 
(Suparlan-Itoh, 2003).

The most effective treatment to control decay development on sweet cherry inoc-
ulated by P. expansum and B. cinerea was immersion in 10% ethanol at 60°C for 
3 minutes (Karabulut et al., 2004b). Heat treatment (50°C for 60 minutes) reduced 
the total microbial count during the first storage day on fresh-cut melon, and pre-
vented growth of lactic acid bacteria that occurred in untreated fruit after 8 days in 
storage (Lamikanra et al., 2005). The optimal conditions of washing iceberg lettuce 
with acidified warm water to improve the hygienic product quality was achieved at 
50°C, washing for 5 minutes at pH 4.9. The total bacteria and Enterobacteriaceae 
were reduced by 2.9 and 3.7 log CFU g1, respectively, after 13 days at 4°C (Wei  
et al., 2005). The combination of 200 ppm of sodium hypochlorite and mild heat 
treatment at 50°C for 1 minute reduced the native bacteria and the food-borne patho-
gens Staphylococcus aureus, Escherichia coli O157:H7 and Salmonella typhimurium 
populations by 94 to 98% (1.2 to 1.7 log reduction), without increasing browning in 
fresh-cut lettuce (Kondo et al., 2006). Hot water rinsing and brushing technology, 
which was reviewed recently by Fallik (2004), is the shortest physical treatment that 
can reduce decay development in fresh produce after harvest. This treatment is no 
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longer than 30 seconds at temperatures between 48°C and 63°C, depending on the 
cultivar.

Most cases of microbial food contamination may be caused by cross-contamination  
at the food processing stage. Application of acidic electrolyzed water (AcEW) for 
pre-cut vegetables in combination with mild heat and sanitizers was examined for 
bacterial control at their processing stage (Koseki et al., 2004). Mildly heated AcEW 
and chlorinated water (200 ppm free available chlorine) with a treatment period 
of 1 or 5 minutes produced equal reductions of pathogenic bacteria of 3 log and 4 
log CFU g1, respectively. The procedure of treating with mildly heated AcEW for  
5 minutes, and subsequent washing with chilled (4°C) AcEW for a period of 1 or 5 
minutes resulted in 3–4 log (10) CFU/g reductions of both the pathogenic bacterial 
counts on lettuce. Extending the mild heat pretreatment time increased the bactericidal 
effect more than that observed from the subsequent washing time with chilled AcEW.

Using a different technology, the effects of high intensity pulsed electric fields 
(HIPEF) processing on the microbial shelf life of orange juice was investigated dur-
ing storage at 4°C and 22°C, and compared to traditional heat pasteurization (90°C 
for 1 minute) and an unprocessed juice (Elez-Martinez et al., 2006). HIPEF treat-
ment ensured the microbiological stability of orange juice stored for 56 days under 
refrigeration without affecting juice quality, but spoilage by naturally occurring 
microorganisms was detected within 30 days of storage at 22°C.

D.  Ozone

Ozone, the triatomic form of oxygen (O3), is a highly reactive compound with potent 
antimicrobial activity and numerous potential applications in the agriculture and food 
industries. Ozone, in gas or aqueous applications, is an approved antimicrobial agent 
that can be used in direct contact with foods, including raw and minimally-processed 
fruits and vegetables (Palou et al., 2007). The first step in the use of ozone is to know 
the ozone concentration to apply. In general, fungi are more resistant to ozone than 
bacteria (Aguayo et al., 2006). However, ozone doses that kill spores of postharvest 
fungal pathogens vary widely, and depend on the fungal species, spore morphology, 
substrate, moisture status of the spores, length of exposure and ozone dosage (Palou 
et al., 2007). Tomatoes, strawberries, table grapes and plums were inoculated with 
Botrytis cinerea, transferred to chilled storage (13°C) and exposed to “clean air” or 
low-level ozone-enrichment (0.1 l L1). Ozone-enrichment resulted in a substan-
tial decline in spore production, as well as reduced visible lesion development in all 
treated fruit. However, data presented illustrate that optimal ozone treatment regimes 
are likely to be commodity-specific, and require detailed investigation before such 
practices can be contemplated commercially (Tzortzakis et al., 2007). Similar results 
were reported for artificially inoculated orange and lemon fruits exposed for 4 weeks 
to continuous concentrations of ozone (0.3 to 1.0 l L1) at 5°C and 90% RH (Palou 
et al., 2001). The effectiveness of microbial sanitation with ozonated water (1.0 to 
5.0 g ml1) sprayed on fruits and vegetables in processing lines is typically mod-
est, only slightly better than sterile water washing alone, and usually less effective 
than that obtained with chlorinated water (200 g/ml) (Smilanick et al., 2002a,b).  



Achen and Yousef (2001) reported that the population of E. coli O157:H7 on apple 
surfaces was reduced by 2.6 to 3.7 log10 units by 3 minutes of treatment in bubbling 
ozonated water. Six different washing treatments consisting of water, sodium sulfite, 
sodium hypochlorite, Tsunami, ozone and the combination of ozone–Tsunami were 
evaluated on the microbial quality of fresh-cut potatoes stored under passive MAP 
and vacuum packaging. Growth of aerobic mesophilic bacteria, psychrotrophic bac-
teria, coliforms, lactic acid bacteria (LAB), anaerobic bacteria, molds and yeasts 
were studied. The use of ozonated water alone was not effective in reducing total 
microbial populations. Ozone–Tsunami resulted in the most effective treatment to 
control microbial growth, achieving 3.3, 3.0 and 1.2 log reductions for LAB, coli-
forms and anaerobic bacteria, respectively. Therefore, although microbial growth was 
not slowed down by ozone alone, the combination of Ozone–Tsunami results in an 
efficient and promising treatment for controlling microbial growth and maintain-
ing the sensory quality of potato strips under vacuum (Beltran et al., 2005b). The 
combined treatment of hot water (50°C, 2.5 minutes) followed by ozonated water 
(5 ppm, 2.5 minutes) had the same bactericidal effect as treatment with ozonated 
water (5 ppm, 5 minutes) or sodium hypochlorite (NaOCl, 200 ppm, 5 minutes), giv-
ing a reduction in bacteria numbers of 1.2 to 1.4 log CFU g1 (Koseki and Isobe, 
2006). However, bacterial populations on the lettuce treated with sanitizers were ini-
tially reduced, but then showed rapid growth compared with that of the water wash 
treatment, which did not reduce bacterial counts initially.

E.  Photochemical treatment

Recently, many studies have demonstrated the effectiveness of surface decontamina-
tion techniques to reduce the microbial risk involved in the consumption of fresh 
fruits and vegetables (Erkan et al., 2001; Yaun et al., 2004). Non-ionizing, artifi-
cial ultraviolet-C (UV-C) radiation is extensively used in a broad range of antimi-
crobial applications, including disinfection of water, air, food preparation surfaces, 
food containers (Wang et al., 2005) and surface disinfection of vegetable products 
(Marquenie et al., 2002). Most of these studies showed the effectiveness of microbial 
reduction in fresh-cut fruits and vegetables by using chemical disinfection, low UV-C  
light doses (from 0.2 to 20 kJ m2) and storage under conventional MAP, without 
any detrimental effect on the organoleptic quality of the product (Allende and Artes, 
2003; Lopez-Rubira et al., 2005; Allende et al., 2006). Postharvest UV-C treatments 
consist of exposing the commodities for a certain period of time under a bank of UV 
lamps with maximum emission at 254 nm.

In commercial trials, exposing packaged watermelon cubes to UV-C light at  
4.1 kJ m2 produced 1 log reduction in microbial population by the end of the 
product’s shelf life, without affecting overall visual quality. In further experimenta-
tion, lower UV-C dose (1.4 kJ m2) reduced microbial populations to a lower degree, 
and only when complete surface exposure was ensured (Fonseca and Rushing, 2006).

Fresh-cut iceberg lettuce (Lactuca sativa L.) was washed at 4°C using three dif-
ferent ozonated water dips activated by ultraviolet C (UV-C) light, and the dips were 
compared with water and chlorine rinses. Treated lettuce was packaged in air or 
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active modified atmosphere packaging (MAP) (4 kPa of O2  12 kPa of CO2) and 
stored for 13 days at 4°C. Initially, ozonated water and chlorine reduced the total 
mesophilic population by 1.6 and 2.1 log respectively, when compared with water. 
Active MAP was effective in controlling total microbial growth, achieving 2.0 log 
reduction in relation to samples stored in air at the end of storage. On the other hand, 
active MAP caused a 2.0–3.5 reduction in coliforms on sanitized samples, compared 
with water-washed samples. The most efficient treatments were ozone 20 and ozone 
10 activated by UV-C, which were as effective as chlorine (Beltran et al., 2005a). 
Many researchers have already tested the synergistic effects of combining UV-C  
light with chemical disinfection and/or MAP on vegetable produce. Marquenie 
et al. (2002) tested the efficacy of heat treatments and UV-C light for controlling 
postharvest decay of strawberries and sweet cherries. In most of the cases, fungal 
inactivation was achieved for the treatments with the highest UV-C dose (10 kJ m2) 
combined with a long thermal treatment (15 minutes at 45°C).

F.  Irradiation

Irradiation is a well-known technology for elimination of microbial contamination. 
Food irradiation has been approved by 50 countries around the world. Low-dose 
gamma irradiation is very effective in reducing bacterial, parasitic and protozoan 
pathogens in raw foods. Irradiation was approved by the FDA for use on fruits and 
vegetables at a maximum level of 1.0 kGy (IFT, 1983).

A low-dose irradiation (0.51 kGy) with subsequent refrigerated storage (4°C) can 
effectively reduce or eliminate Listeria monocyrogenes on chopped romaine lettuce, 
improving the safety of ready-to-eat salads (Mintier and Foley, 2006). A reduction 
of 4.7 and 3.8 logs for total plate and Enterobacteriaceae counts was observed for 
celery and cabbage, respectively, which were irradiated at 1 kGy. In both irradiated 
and non-irradiated vegetables, neither E. coli nor Salmonella spp. were detected. An 
increase of 1.6–1.7 logs in both microbiological parameters in non-irradiated sam-
ples was observed during storage. In irradiated products, only celery showed an 
increase of 1.2 log in total plate count (Lopez et al., 2005).

The combination of 7% calcium ascorbate and irradiation (0.5 or 1.0 kGy) 
enhanced microbial food safety while maintaining the quality of fresh-cut apple 
slices after 3 weeks at 10°C (Fan et al., 2005). A dose of 2.0 kGy completely control-
led the fungal and bacterial counts on carrot slices stored at 5°C for 2 weeks. The 
irradiated samples (2.0 kGy) were also acceptable sensorially (Chaudry et al., 2004). 
The effect of a combination of a 1% calcium chloride dip with low-dose irradiation 
(1.5 kGy) on microbial populations was evaluated on fresh diced tomatoes during a 
two-week storage period (Prakash et al., 2007). The calcium dip was found to limit 
irradiation-induced loss of firmness. Irradiation, by itself and in combination with 
calcium treatment, resulted in a 3 log CFU g1 decrease in total aerobic counts 
and psychrotrophs. Additionally, irradiation at 1.5 kGy eliminated 3 log CFU g1 
of Salmonella organisms from tomatoes contaminated with Salmonella. Counts 
continued to decrease to an undetectable level over the 11 day storage period. Fan  
et al. (2006) reported that the combination of hot water surface pasteurization (76°C 



for 3 minutes) of whole cantaloupe and low-dose irradiation (0.5 kGy) of packaged  
fresh-cut melon reduced the population of native microflora while maintaining the 
quality of this product.

VI.  Future perspectives

Increasing consumption of fresh vegetables and fruits as part of a healthy diet, and a 
transition toward convenience foods, such as ready-to-eat fresh-cut, requires continu-
ing efforts to conserve the nutritious value and extend shelf life without compromis-
ing on food safety. The few recent outbreaks of produce-associated illness reinforces 
that the agro-food industry generally produces high-quality and safe foods all year 
round. The food chain from farm-to-fork offers multiple opportunities for produce to 
become contaminated, and yet the vast majority of produce sold in markets in devel-
oped countries is considered safe. Although no one can guarantee that food safety 
will not be breached at some point during the production chain, producers and food 
industry should make every effort to minimize such events.

Consequently, future endeavors will have to focus on three main areas:

1.	 prevention of crop contamination;
2.	 development of more efficacious treatments to inactivate spoilage and food-

borne pathogens; and
3.	 development of rapid and sensitive techniques for detecting the presence of 

human pathogens on minimally-processed fruits and vegetables.

In order to prevent contamination, future efforts should concentrate on a better 
understanding of the source of pathogens, their behavior in the field environment 
(soil, water), their potential reservoirs, distribution and survival on crops. Studies 
of the fate of human pathogens introduced during harvest and postharvest process-
ing, and the effect of current and future treatments on their persistence are of special 
interest. Application of a microbial ecology approach, in conjugation with genomics 
and proteomics to analyze global gene expression, might reveal the molecular mech-
anisms that enable human pathogens to survive in the non-host environment, and 
may ultimately lead to the development of new intervention procedures to prevent 
contamination. Producers and the food industry must follow formal guidelines for 
the microbial safety of fresh produce that define good agricultural practices (GAP) 
and good manufacturing practices (GMP), such as those published by the US Food 
and Drug Administration (FDA, 1998, 2007). Hazard analysis of critical control 
points (HACCP) and prerequisite program (PRP) should be implemented by produc-
ers and food handlers (Walker et al., 2003).

Development of more efficacious decontamination treatments should focus on 
current and newly-introduced chemicals and techniques that will preserve nutri-
tional values, as well as organoleptic and esthetic attributes. There are several new 
or revisited techniques for microbial inactivation that are being explored. Among 
them are biological treatments, such as the use of microbial antagonists against 
food-borne pathogens (Schuenzel and Harrison, 2002), bacteriophages (Greer, 2005; 
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Leverentz et al., 2003, 2006), as well as antimicrobial peptides (bacteriocins) pro-
duced by lactic acid bacteria (Gálvez et al., 2007). New physical treatments might 
include irradiation, ultra-sonication and pulsed light. As with other foods, it seems 
that no single method or treatment would be sufficient to inhibit microbial spoil-
age or eradicate microbial pathogens. The combined use of several disinfectant 
agents has been widely reported in the last few years (Beltrán et al., 2005b; Ukuku  
et al., 2005; Uyttendaele et al., 2004). Combinations of lactic acid, chlorinated water, 
thyme essential oil solution, sodium lactate, citric acid, hydrogen peroxide, ozone 
and peroxyacetic acid have already been tested. A recent tendency has been reported 
by Bari et al. (2005), who combined the efficacy of chemical disinfectant with the 
antimicrobial effect of bacteriocins.

In general, a combination of chemical disinfectants was found to have a synergis-
tic effect and results in a better sensory and microbial quality of the product. In the 
past, a combination of preservation technologies was used empirically without much 
knowledge of the governing principles. However, the last two decades have witnessed 
intelligent application of hurdle technology, as the principles of major preservative 
factors for foods (e.g. temperature, pH, water activity, competitive flora) and their 
interactions became better understood (Leistner, 2000). Similarly, it is expected that 
knowledge regarding factors that govern survival of spoilage and human pathogens in 
the diverse and complex ecosystems along the food chain will facilitate the develop-
ment and application of a science-based hurdle technology in the fresh-cut industry. 
It was argued previously that results of studies to determine the efficacy of sanitizers 
in killing human pathogens are often difficult to asses, because of the lack of suf-
ficient reporting of methods or variations in procedures for preparing and applying 
inocula to produce, conditions for treatment and storage, and procedures for enumer-
ating pathogens (Beuchat et al., 2001). Indeed, the development of new or improved 
treatments should follow the establishment of a widely-accepted standardization of 
the methodology used to test a treatment’s efficacy.

Finally, the last important issue to be investigated for enhancing food safety is the 
development and application of rapid pathogen monitoring systems. Detection of 
pathogens in the end product, before it is shipped to market, is critical for prevent-
ing recall and the associated economic losses. Since the shelf life of fresh produce, 
and especially that of minimally-processed products, is very short (usually around 
10 days) microbial analysis should be available in hours rather than days. Similarly, 
online monitoring of microbial contamination might enable rapid intervention pro-
cedures if contamination is found. Several recent methodologies and kit-based tech-
niques, such as PCR, reverse-transcriptase real-time PCR, quantitative PCR, as well 
as a number of immunologic-based techniques might offer a suitable solution.
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I.  Background

A.  Reasons for sorting

Modern industrialized supply chains have many established criteria and for producers  
to be competitive, they must meet the specified requirements. Buyers will pay 
premium prices for fruit and vegetables of uniform size and color. In general, items 
should not be misshapen or bruised, and should be free of blemishes, diseases and 
mechanical damage. For exporters, many international and national quarantine  
regulations must also be met for insects and diseases (see Chapter 9). Product that 
will be stored for a length of time prior to marketing must also meet criteria for 
maturity, firmness and damage to ensure storability (see Chapters 15 and 17). These 
quality specifications have been established primarily to protect members of supply 
chains and to ensure a saleable product arrives at the consumer.

Consumer perception of quality is highly variable and changes for many reasons, 
for example, time of year, supply of product, supply of other products and end use 
(see Chapters 3, 4 and 5). Although initial product quality is determined by the pro-
ducer, the dynamic parameters of price and quality requirements are established 
largely by the retailer and consumer (see Chapter 6).

To assist both the seller and the buyer, many public agencies and marketing organ-
izations have developed standards for the grades of most horticultural crops (see 
Chapter 8). The documents are commonly called “grade standards,” and include 
one or more sets of specifications and tolerances. Compliance with a specific set of 
requirements in the grade standard enables the lot to be sold as a shipment labeled 
with the specified grade, for example, US Extra Fancy, Fancy, No. 1 or Utility. When 
required, a third party inspector evaluates samples from each lot shipped by a seller, 
before certifying that the lot complies with the grade standard specified.

The application of grade standards in supply chains is essential to codify the qual-
ity attributes of a product that are acceptable to:

1.	 meet some supply chain performance, such as storage or transport perform-
ance; or

2.	 that are considered acceptable to the consumer or buyer.

Many of such attributes have not been tested specifically with consumers, but more 
often change over time based on experience, and the expert opinion of marketers 
and others involved in each supply chain. Kusabs et al. (2006) investigated the rela-
tionship between sorters of mushrooms and consumers’ ratings of the same product. 
There was little relationship between the two. The sorters were applying a different 
set of attributes to sort against, which differed from the visual attributes applied by 
the consumers. Jahns et al. (2001) attempted to use mapping of fuzzy image analysis 
attributes to predict consumer assessments of quality, and used this approach as a 
technique to grade product that directly met consumer expectations.

The sorting operation must be viewed in the context of overall postharvest supply 
chains. It is important to understand how cultural practices and uncontrolled inputs, 
such as weather, cause variation of quality in products that enter the packing house 



(see Chapter 20). Likewise, at the time of shipping, it is important to be able to pre-
dict the quality of shipments as they progress through the rest of a postharvest sup-
ply chain (see Chapter 19). A major function of a packing house is to transform the 
highly variable product received from the harvesting operation into uniform lots of 
product for shipments that comply with the requirements of the buyer. The impor-
tance of the sorting operation cannot be overstated, since variations in this operation 
will affect returns for most other parts of postharvest supply chains.

B.  Sorting terminology

The following terminology is applied in this chapter. Separation is the removal of 
non-usable material from usable product. An early operation in packing houses is 
the separation of debris and inedible items from the flow of marketable product. 
Separations are generally made with mechanical devices such as sizers, blowers and 
washers.

Sorting is the segregation of edible or marketable product into distinct quality 
categories. Sorting of the marketable items is accomplished by both mechani-
cal equipment (sizers or color sorters) and by manual means (visual or tactical).  
The equipment used for sorting is referred to as a sorting line. People who perform 
sorting operations are referred to as sorters. Graders are the third-party inspectors 
who evaluate whether or not the packed lot complies with requirements of a grade 
standard for a predetermined grade classification. Inspection of samples for this 
quality control process is more precise than, and differs from, the inspection of prod-
uct necessary for sorting.

C.  Manual sorting equipment

Most sorting operations are still performed by human visual inspection of the prod-
uct and manual removal of items with defects. Humans have unique abilities for 
identifying defects and for determining if they exceed prescribed threshold criteria.

A typical sorting operation consists of a continuous flow of product passing 
in front of one or more stationary sorters (Figure 14.1). Normally, the task of the 
sorter is to remove items that do not meet the specifications for the lot being shipped. 
Nonconforming items are placed into a discard flow and items meeting other speci-
fications are placed on separate conveyers that may flow to packing areas for lower 
quality markets. The design of sorting equipment has a considerable effect on  
efficiency of the sorter in detecting and removing defective items.

D.  Visual perception

The ability of humans to perceive a visual image depends on both physical and cog-
nitive factors (Prussia, 1991). Changes in the color and intensity of light alter the 
image received by the eye. The method of presenting the product to the sorters also 
has an important effect on perception. If product speed (either translation or rotation) 
is too fast, it is not possible to fixate properly on a defect and hence, it is not possible 
to reach a decision about whether or not the item should be rejected.
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Any vision difficulties adversely influence detection of defects. Visual acuity 
decreases with age, but can be increased by increasing the brightness of the test object. 
A 60-year-old worker requires about twice the brightness level that a 20-year-old  
worker needs for equal visual acuity (Luckiesh, 1944). Vision examinations for sort-
ers are useful for determining problems with visual acuity, peripheral vision and 
color blindness. The inability to concentrate for long periods of time also results in a 
relaxing of vigilance, which is an important factor in visual perception.

E.  Automated sorting

While most sorting operations worldwide are still manual, they are progressively 
being supplemented with automated sorting, based on computer vision. These sys-
tems are typically implemented to perform presorting operations to reduce the 
number and range of defects that human (manual) sorters need to work with. A typi-
cal system is shown in Figure 14.2. Fruit is received after the bin dump and cleaning 

Figure 14.1  Typical sorting operation.

Figure 14.2  Automated sorting system.



brushes, and carried on a singulated conveyor under a hood where the fruit is rotated 
and a camera captures a number of images of the fruit. The images are then proc-
essed rapidly, and defects or quality attributes are identified. The fruit are dropped 
from the conveyor at an appropriate position, based on the decision reached by the 
image analysis. The high-quality fruit then usually proceeds on past manual sorters 
prior to sizing and packing. These systems are also often used to presort fruit from 
the orchard, prior to placement in bins for cool storage.

While the accuracy and range of defects and products that can be graded is limited, 
the technology offers significant advantages over human sorters as it is generally fast, 
often more consistent, not prone to fatigue, more objective and becoming progres-
sively lower in cost (Brosnan and Sun, 2002; Tadhg and Da-Wen, 2002, 2004).

Early work in this area (Miller and Delwiche, 1989; Shearer and Payne, 1990; 
Yang, 1992) focused on techniques for identifying the fruit and descriptions of shape 
and color. The work has led on to development of very specific algorithms and analy-
ses for much more complex quality traits and defects (Brosnan and Sun, 2002). The 
analysis techniques are beyond the scope of this chapter, but a range of approaches 
that have been successfully implemented for fruit and vegetables are described by 
Graves and Batchelor (2003), Ngan et al. (2003) and Zheng et al. (2006).

The bulk of the reported research relates to apples, which have particularly difficult 
issues associated with the stem and calyx ends of the fruit (Leemans et al., 2000; 
Leemans and Destain, 2004; Zhu et al., 2007) which limits the accuracy of detection 
for russetting, scab and physical damage. More sophisticated lighting and filtering using 
multi-spectral imaging has also been used, in particular to assist with the detection of 
bruising (Bennedsen et al., 2005; Xing and de Baerdemaekker, 2005; Kleynen et al., 
2005).

Other applications that have been investigated include surface defects on citrus 
(Miller and Drouillard, 2001; Aleixos et al., 2002) shape and defects on cherries 
(Rosenberger et al., 2004) and peach defects using NIR (Crowe and Delwiche, 1996).

The accuracy of automated sorting algorithms where reported, for most of these 
techniques range from 60% to 90%. Often misclassification is not measured, and yet 
for a commercial operation this can have significant effects, as discussed in Section 
III. C.

II.  �Design and operation of manual  
sorting equipment

The basic sorting operation has developed over a long period of time. Most design 
and operating conditions have been determined by trial and error for parameters such 
as table width, table speed, number of sorters and speed of product rotation. Different 
products place different requirements on the system.

The interrelationship between physical design parameters, the productivity and 
accuracy of the sorters, and the quality of the product are only partially understood 
(Prussia and Meyers, 1989), yet the result of the sorting operation has a significant 
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effect on much of the rest of a postharvest supply chain. Sorting research has tended 
to concentrate on large spherical and ellipsoidal products, such as potatoes, apples 
and citrus. Table 14.1 summarizes design and operational parameters reported by 
various researchers. Work has concentrated on selected parts of the system with spe-
cific objectives, including:

1.	 the optimal design and operating parameters to achieve high accuracy of reject 
removal (Malcolm and DeGarmo, 1953; Hunter and Yaeger, 1970);

2.	 the optimal design and operating parameters to achieve sorter productivity 
(Bollen, 1986a);

3.	 the evaluation of a specific piece of equipment (a keypad to identify grades –  
Stevens and Gale, 1970; performance with fruit flow towards the sorter – 
Prussia, 1985; Meyers, 1988);

4.	 determining the relationship between sorter productivity and the quality of the 
product (Lidror et al., 1978; Pasternak et al., 1989).

Table 14.1  Optimal design and operational performances parameters established for selected products by various 
researchers

Product Defect 
type

Defects 
(%)

Design parameters Operational parameters

Table 
width  
(m)

Translation 
speed 
(m/min)

Rotation 
speed 
(rev/min)

Product 
rotation 
(rev/m)

Sorters 
per table

Fruit per 
row on 
table

Fruit per 
person

Lemonsc Actual 25–50 0.5 6.6 22–81 3–13 1 4 4.5

Orangesc Actual 20–60 0.5 5.5 54 9.8 1 4 3.7

Potatoesc Actual 15–40 0.5 9.0 36 3.3 1 3 4.5

Potatoesd Simulated 10–20 0.4a 6.7–11.0 5.8 1 4–5 7.0–11.6b

Kiwifruite Actual 10–40 0.65 7.0 20–40 4.9 2–4 4 1.6

Spheresc Simulated 10–30 0.5 6.4–8.5 5.3 1 3–5 4.2–5.6

Ellipsoidsf Simulated 10.30 0.5 6.4–8.5 2.5 1 3–5 4.2–56

Applesg Simulated

Culls 5 0.24 3.4 4.0 1 2 1.0

III 5a

II 10

Spheresh Simulated 30 0.41 6.6 131 19.9 1 4 5.3

Spheresi Simulated 30 0.41 3.8 19 5.0 1 5 3.0

Orangesj Actual 10.50 9.0 44 4.9 4 3–10 2.0

a This value is per sorter
b The lower value is at 20% defect level, the higher at 10% defect level
c Malcolm and De Garmo (1953)
d Hunter and Yaeger (1970)
e Bollen (1986a)
f Stevens and Gale (1970)
g Meyers (1988)
h Prussia (1985)
i Pasternak et al. (1989)
j Three simulated defect grades



To conduct the experiments listed in points 3 and 4 above, the researchers had to 
make assumptions about, or otherwise determine, the optimum design and opera-
tional parameters for their investigation. The applied designs can be assumed to be 
near-optimal, or at least typical for the particular product of interest.

A.  Size of table

A sorting table should be designed at a height that is comfortable for the sorter to 
reach product on both sides of the table, and it should be easy to deposit rejects on 
the appropriate belt or in the appropriate chute. The design philosophy is to mini-
mize hand movements, to enable rapid location and removal of defective items. 
Hand movements should also occur within a comfortable envelope of space. Dreyfus 
(1967) suggests that the sorters be positioned so that an angle of 45° is measured 
between the center of the table and the shoulder.

B.  Translation speed

Translation speed is the velocity at which products pass the sorter. If the feed rate for 
incoming items is constant, then changes in translation speed will vary the amount of 
product on the table at any given time. In others words, translation speed controls the 
number of fruit per row. If the table rotates the fruit using a static friction drive, then 
changing translation speed also varies the rotational speed of the product.

Changing the translation speed must be done with caution, since it is unsettling for 
sorters if the speed is adjusted frequently. However, sorters have the ability to adapt 
to a wide range of steady speeds. The limiting factors appear to be overflowing the 
table with product when operating at a low speed, and rotating the fruit too quickly 
at a high translation speed. Most researchers suggest speeds of 6.5–9.0 meters per 
minute (Table 14.1).

C.  Product loading

The quantity of product is often described in terms of product density on the table 
(kg/m2 or fruit/m2) or in terms of number of fruit per row. Loading can be regu-
lated by adjusting the translation speed or the product feed rate. Loading should be 
regulated to ensure the sorters are capable of maintaining a desired accuracy, and 
to ensure that sufficient product can be handled when incoming quality has a high 
reject level. Product loading is generally between three and five fruit per row (Table 
14.1), irrespective of table width.

D.  Rotational speed

To achieve effective sorting, the product must be rotated in front of the sorter. It is 
desirable that the fruit is rotated completely at least twice within the immediate field 
of view. The maximum rotational speed at which sorters can operate effectively is 
determined partly by the types of defects being removed (Table 14.1) but, in general, 
rotational speeds above 50 revolutions per minute are detrimental.
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To achieve rotary motion on a roller conveyor, the rollers are dragged over station-
ary rails. The roller rotation causes the product to rotate in the opposite direction. 
If desired, a powered belt can be installed beneath the rollers, or the rollers may be 
driven by a chain, to vary rotation speed independently of translation speed.

With the belt stationary, the moving product will have maximum reverse rotational 
speed. Rotational speed will be zero when the belt is run at the same speed as the 
roller conveyor. When the belt speed is increased further, the fruit will start to rotate 
forward. If forward rotation is used, the maximum rotational speed should be main-
tained below 50 revolutions per minute, as translational and rotational speeds are 
additive at the product surface.

E.  Sorter position

The most efficient sorting operations require two sorters per table for a line carrying 
products with low levels of defects. A good design allows accommodation of addi-
tional sorters in the event of high defect rates in the product. Sorting productivity is 
reduced if the sorters stand directly opposite each another, since they tend to compete 
for the same product and do not use the full width of the table properly. Research 
with kiwifruit on a table 0.8 m wide showed that the proportion of defective fruit 
removed was 96% when the sorters were staggered, and fell to 68% when the sorters 
were standing directly opposite each other (Bollen, 1986b).

Research with simulated fruit (Meyers et al., 1990a) reported a 23% improvement 
in defect detection for sorters positioned at the end of an inspection conveyor, compared 
with sorters positioned at the sides. Approximately two-thirds of the improvement was 
shown to result from the ability to see more of the surface area when at the end, rather 
than when at the side.

F.  Lighting

Correct lighting is critical for an efficient sorting operation (Guyer et al., 1994). It 
improves defect detectability and reduces eye strain. Low intensity light makes 
perception of contrasts difficult. A study on lighting for fruit sorting by Nicholson 
(1985) recommended a uniform light level of at least 1000 lux at the table.

Fluorescent tubes are most commonly used. If they are mounted 1.5 meters above 
the table, there is minimum glare and the whole area is well-lit. For wide tables, it is 
good practice to mount the tubes perpendicular to the table, since this ensures uniform 
light levels across the whole table. For narrow tables, tubes mounted parallel to the 
table provide suitably uniform light. When it is necessary to mount lights at or below 
eye level to avoid shadowing, the lights should be fitted with deflectors and diffusers to 
direct a diffuse light onto the table where it is required, and not into the eyes of sorters.

Both Guyer et al. (1994) and Nicholson (1985) also suggest that the surroundings 
should be well-lit. When sorters look up from the table, their eyes adjust to the light 
intensity of the background. Background light of a similar intensity helps to reduce 
eye strain. Neutral-colored walls help reflect diffuse light back onto the table. Sorting 
products on white belts can produce glare or high reflectivity of incident light. Dark 
dull belts can ease eye strain and improve the visibility of the product.



If determining product color is important, then it is necessary to use lights that 
produce a spectrum similar to that of daylight. In an extreme case, green light falling 
on a red surface will make the surface appear dark to the eye, since most of the light 
at these wavelengths will be absorbed by the surface. Making accurate decisions 
based on dark images is difficult. Unfortunately, “cool white” fluorescent tubes have 
a high intensity, but a blue bias, which makes products appear excessively green.

G.  Location of reject chutes and conveyors

Removing rejects or segregating products on a table is physically tiring work,  
and it is important to reduce hand movements to a minimum. For some crops, it  
has become habitual to throw rejects across the table. Some sorters prefer this  
design, but it is more energy-efficient to have narrow chutes directly in front of the 
sorters or immediately beside them. Conveyors installed above the table usually 
require extra hand movements, and the conveyor can shadow the table, which also 
hinders sorting.

H.  Defect types

The types of defects have significant effects on the optimum operating parameters. 
Some of the simulated products shown in Table 14.1 could be sorted at very high 
throughput rates of 5.3 fruits per second (Meyers et al., 1990b), 4.2–5.6 fruits per 
second (Malcolm and De Garmo, 1953), and 7.0–11.6 fruits per second (Hunter and 
Yaeger, 1970). These simulated defects tended to be limited to one or two types, and 
usually were all of similar size. A real sorting operation encounters a wide range of 
defect types; sorters must make decisions on the severity of each. This additional 
decision process results in a significant slowing in potential product throughput.

For the examples shown in Table 14.1 typical throughput rates are reported as 2.0 
fruits per second (Pasternak et al., 1989), 1.0 fruits per second (Stevens and Gale, 
1970) and 1.6 fruits per second (Bollen, 1986b). Malcom and De Garmo (1953) 
reported throughputs of 3.7–4.5 fruits per second for actual defects on lemons, 
oranges and potatoes. The reported trial run time was only 1–2 minutes, and sorters 
may be able to sustain these levels of activity for short periods.

III.  Analysis of sorting operations

To analyze a sorting operation, it is necessary to establish parameters, such as effi-
ciency or accuracy, which may be useful for comparing performance under differ-
ent conditions. Because of the complexity of sorting, no standard analysis has been 
established. Simple measures of sorter accuracy have been quoted by many inves-
tigators. Often these are called sorting efficiencies. However, they generally relate 
only to the ability of the sorter to detect and remove a particular product, and are 
not related to product throughput. Stevens and Gale (1970) discussed inspec-
tion efficiency in terms of the proportion of sorting errors in an observed product  
flow. Malcolm and DeGarmo (1953) defined their inspection efficiency as the  

III.  Analysis of sorting operations  407



408  Sorting for Defects and Visual Quality Attributes

proportion of defective product that was removed from a determined quantity of 
incoming defects.

When analyzing an automated or manual sorting operation, the information 
directly available includes the throughput, the rate of removal of product, the propor-
tion of defects removed, and the proportion of good fruit removed with the rejects. 
Sometimes a breakdown by defect type is also possible. This information has been 
used by various investigators to predict the performance of operations, to provide 
sorting system design information, and to provide operational information and man-
agement tools.

When using a systems approach to postharvest handling, it is useful to be able to pre-
dict how a particular operation might function under various conditions. It may be nec-
essary, for example, to predict productivity and staffing levels for various throughput or 
quality conditions. Many attempts have been made to analyze and describe the sorting 
operation mathematically; some of these models can be useful in systems analysis.

A.  Sorting performance

Sorting performance may be described primarily as a throughput variable, for exam-
ple, (fruit per second) per sorter, as shown in Table 14.1, or (kilograms per sorter) 
per hour. Often throughput is correlated with the level of incoming defects, and 
decreases as some function of increasing defect level. The sorter throughput param-
eter does not describe the sorter accuracy, and assumes that a prescribed pack out 
quality and an allowable level of good fruit in the reject flow are being maintained.

Peleg (1985) presents several quality criteria indices to describe the performance 
of the sorting operation. His description of sorting includes both a sorting accuracy 
and a product throughput variable. The efficiency is defined as:

	
E P G PQi gi i i ∑ ( ), /

	
(14.1)

for i separate quality grades, where E is efficiency, Q is throughput rate of incoming 
product, Gi is outflow rate sorted into the ith grade, Pi is the proportion of i in the 
total incoming product flow Q and Pgi is the proportion of i in the outflowing grade 
Gi. The most generalized definition includes weighting for the relative monetary 
value of the different grades of product. The weighted sorting efficiency for an entire 
operation is defined as:

	
E P G PQ Ww gi i i i ∑ ( )/

	
(14.2)

where the weighting function is:

	 W K P K Pi i i i i /  ∑ ( ) 	 (14.3)

and Ki is the cost fraction of grade i (must be  1.0). In a simple sorting opera-
tion, in which the product is either packed or discarded ( i  1,2; Ki  1, K2  0), 
Equation 14.2 is reduced to:

	
E P G P Qw g 1 1 1/

	 (14.4)



The weighted efficiency Ew is equal to the probability of a correctly sorted product 
being placed in the correct grade of outflowing product.

B.  Empirical models

The advantage of developing a model of the sorting operation is the ability to fit a 
mathematical relationship to some observed or experimental data, and then predict 
outcomes from other situations (Portiek and Saedt, 1974). In the systems approach 
it is useful to be able to simulate and evaluate the impacts of different scenarios on 
whole supply chains.

By examining the condition of a sorting process a one moment, it can be seen 
that a certain amount of work must be input to achieve a reduction in the quantity of 
defective product. From studies on the sorting of citrus fruit (Lidror et al., 1978), the 
following relationship was developed:

	
 kdP P dtp q 	

(14.5)

where t is the sorting work input in terms of inspection time (minutes per 1000 fruit), 
k is a constant factor that is a function of product type, Pp is the proportion of defec-
tive fruit in the product outflow and Pq is the proportion of defective fruit in the 
incoming product flow. The solution to the equation, which was correlated highly in 
over 300 experiments, was:

	
t k P P Pq p q  /( )

	
(14.6)

with k  18 for citrus. A similar expression is defined by Groocock (1986) as inspec-
tion effectiveness for industrial quality management.

In another study on the sorting performance of oranges, Pasternak et al. (1989) 
determined that the process was described effectively by:

	
P Pp q e

t A B
	

(14.7)

where A and B are constants that are a function of defect type.
Significant differences were noted between sorting slight defects and sorting 

severe ones. The model was developed using two sets of constants:

	

A  and B  for slight defects,

A  and B  f

 

 

0 86 0 027

0 76 0 078

. .

. . oor severe defects. 	

These values were determined using a sorting system considered to be operating 
under optimum sorting conditions. Similar relationships could be established for 
other sorting operations. Different values of the constants A and B can be gener-
ated easily using curve-fitting techniques with observed sorting data. Equation 14.7  
can be used in a systems analysis to predict the quantity of defective fruit that  
will pass on to the packing operation, for a given input defect level and sorting rate. 
However, this equation does not take into account the quantity of good quality fruit 
rejected.
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C.  Signal detection theory

Signal detection theory (SDT) was developed to quantify the effectiveness of sys-
tems used for detecting communications signals from background noise (reviewed 
by Egan, 1975). This has a direct analog with manual and automated image process-
ing-based sorting applications. The ability to detect a signal has been described by 
two non-dimensional parameters, d and . The first parameter gives a measure of 
the detectability of the signal, and the second represents the criterion (bias) used to 
identify the signal. SDT was applied in psychology experiments to determine human 
ability to distinguish a visual signal from a background visual noise (Tanner and 
Swets, 1954). SDT has numerous applications to visual and other sensory percep-
tions, to vigilance and to various industrial inspection tasks (Jaraiedi et al., 1986).

The manual sorting operation is analogous to situations in psychology and psycho-
physics, and SDT is a useful analysis tool for fruit and vegetable sorting operations 
(Prussia, 1991). Psychology and manual sorting analysts have retained the original 
communications terminology (Green and Swets, 1966). When attempting to detect 
a signal, there are two possibilities: a signal-plus-noise stimulus (SN) and a noise-
with-no-signal stimulus (N). The two possible responses to a stimulus, “yes” and 
“no,” indicate the observer’s belief, or algorithm estimate, that the signal is present 
or absent. That either response may be in error is always a possibility.

For the general sorting operation, a flow of product passes in front of the sorter, 
who removes the defective product; the good product is conveyed to the packing 
area. In automated sorting, defective produce is directed to a reject drop. The incom-
ing mixture of both good and defective product is considered SN; the good prod-
uct is considered N. The ability of the sorter (or algorithm) to make “yes” and “no” 
decisions correctly is influenced by the physical parameters of the operation, for 
example, speed, rotation, fruit density, number of defective fruit, types of defects and 
lighting. Decisions for manual sorting are also influenced by psychophysical factors, 
such as sorter sensitivity to perceptual stimulus, sorter alertness and sorter motiva-
tion to give one response or the other. A major contribution of SDT is the ability to 
separate the physical conditions from the psychophysical influences, or the physical 
from the algorithm performance.

The conditional probability of responding “yes” when a signal is present is termed 
the hit rate, p(Hit) or p(H), and is calculated by dividing the number of hits by the 
total number of defective items in the batch sorted. The conditional probability of 
responding “yes” when a signal is not present is termed the false alarm rate, p(False 
Alarm) or p(FA), and is calculated by dividing the number of good items that were 
removed by the total number of good items sorted.

A third possibility is the conditional probability of responding “no” when a sig-
nal is present, which is called a p(Miss) or p(M), and is calculated by dividing the 
number of defective items incorrectly packed by the number of defective items in 
the batch sorted. The last conditional probability is that of responding “no” when a 
signal is not present, which is called p(Correct Rejection) or p(CR), and is calculated 
by dividing the number of good items packed by the total number of good items 
sorted. For this chapter, the traditional terminology for p(CR) is called p(Correct 



Acceptance) or p(CA) to better reflect the sorting response of correctly accepting 
good items for packing.

Since the probabilities are conditional, all four possibilities can be described 
using only two probabilities, since p(M)  1.0  p(H) and p(CA)  1.0  p(FA). 
All four responses to the SN and N stimuli are shown graphically in Figure 14.3 
where the SN distribution is labeled “Bad” and the N distribution is labeled “Good”. 
Conventional SDT techniques assume that the SN or Bad and N or Good probabili-
ties are distributed normally and are of equal variance as shown in Figure 14.3. The 
curves are frequency distributions for the intensity of the signal, not for the number 
of bad items.

The quadrants in Figure 14.3 are defined by the distribution from bad items above 
the bold horizontal line, and the distribution from good items below the line. The 
bold vertical line separates the items on the left that are packed, and the ones on 
the right that are removed. Above the line, the missed items are bad items that get 
packed, and hits are bad items that are removed. Below the line, the correct accept-
ance items are good items that are packed, and the false alarms are good items that 
are removed.

For a particular system in which the physical and operational parameters and the 
product characteristics do not change, the bad and good distributions do not change. 
The difference between the normal deviations of the means is described by the 
parameter d, the detectability (Freeman, 1973), where z is the standard deviation 
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Figure 14.3  Probability distributions for “noise-with-no-signal” (N or good) and “signal-plus-noise” (SN or bad).
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value or z-value for a normal variate. The relative value of d is also important. The 
easier the detection of defects, the further apart the two distributions will be, and 
the higher d will be. A sorting table or sorting set-up with a higher d indicates that  
the system has the potential to detect and remove more of the defects than those with 
a lower d.

An equation for calculating d can be determined from the example shown in 
Figure 14.3 by finding the z-value distances from the mean for the good distribution 
to the mean for the bad distribution. The example distance of 1.64 from the mean 
for the good distribution (z  0) to the vertical set point line (described later) is the 
z-value for a correct acceptance rate of 95%, which represents the shaded area under 
the good distribution to the left of the set point. The remaining distance, shown in 
Figure 14.3 as 1.28, is the distance from the mean for the bad distribution to the set 
point, and is the z-value for a miss rate of 10% which represents the shaded area 
under the bad distribution to the left of the set point.

The equation for d is the addition of the two distances from the set point line to 
the means of the two distributions, or the separation of the two distribution means. 
However, the distance from the mean for the bad distribution must be subtracted, 
because it is in the opposite direction from the distance from the mean of the good 
distribution to the set point line. The resulting equation is:

	 d z p CA z p M  ( ( )) ( ( )) 	 (14.8)

Equation 14.8 differs from previously published equations for detectability that 
show the term z(p(H)) subtracted from z(p(FA)). The same numerical values result 
from both equations, because the terms are complements of each other. The terms 
in Equation 14.8 are used because they represent the physical realities for the dis-
tances and areas shown in Figure 14.3. The terms in Equation 14.8 also relate to the 
economics of the sorting operation. It is important to maximize the number of good 
items packed, p(CA), and to minimize the number of the bad ones packed, p(M).

The detection performance at a sorting situation may be evaluated visually by 
using a graph called the receiver operating characteristic (ROC) graph (Figure 14.4), 
on which p(H) is plotted against p(FA). In manual sorting, p(H) and p(FA) may 
be varied in some manner, for example, by varying the instructions to the sorters 
or by adopting some incentive payment scheme. In automated sorting this would 
be achieved by varying algorithms or algorithm parameters. By varying p(H) and 
p(FA), it is possible to generate any number of points on an ROC curve that all have 
the same value for d. Since the physical parameters of the system (such as speed or 
rotation) have been unchanged, this curve is characteristic of that operation, which 
is shown as a unique d curve for each set of physical conditions. Each sorting sys-
tem has a curve for each value of p(H) and the corresponding p(FA); these thus are  
characterized by a detectability curve. The power of SDT is that, after one pair of 
p(H) and p(FA) values has been determined, it is possible to generate the complete 
curve.

The second useful descriptor for SDT theory is the criterion likelihood ratio or 
bias, , which represents the probability that a decision was based on SN stimuli rel-
ative to the probability that the decision was based on N stimuli. For this chapter we 



use the term “set point” to emphasize the purposeful decisions of human sorters and 
the mechanical or electronic settings established on automated sorting equipment.

The ratio of the two normal density functions simplifies to Equation 14.9 (from 
Egan, 1975) after changing the p(FA) to p(CA) and the p(Hit) to p(M) as required to 
represent the physical reality in Figure 14.3. The same numeric values result as for 
previously published equations, because false alarm and correct acceptance rates and 
hit and miss rates are complements of each other:

	 S exp z p CA exp z p M { . [ ( ( ))] } { . [ ( ( ))] }0 5 0 52 2/ 	 (14.9)

The physical representation of the set point, S, is a description of the cut-off  
position for an algorithm or that which a sorter sets in his or her own mind. 
Changes in the set point can be visualized in Figure 14.3 by considering the changes  
resulting in the four conditional probabilities as the vertical line is moved to the right 
or left.

The value for S is 1.0 when the distance from the mean for the good distribution to 
the set point is equal to the distance from the mean for the bad distribution to the set 
point. At S  1.0 the numerator and denominator are equal, and the shaded area rep-
resenting the false alarm rate is equal to the shaded area representing the miss rate 
(for example when CA  92.8 and M  7.2). When S  1 the values for z(CA) and 
z(M) both equal half the value for d.

As the set point moves to the right the values for S become greater than 1.0 
because z(CA) increases, making the numerator in Equation 14.9 larger. Meanwhile, 
the denominator in Equation 14.9 decreases as the set point moves toward the mean 
for the bad distribution. Likewise, the value for S is less than 1.0 as the set point 
moves to the left of the point where the FA rate is equal to the miss rate.
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Figure 14.4  Typical receiver operating characteristic plot showing relationships between p(hit) and p(false 
alarm) as a family of detectability curves, d.
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Any stimulus above this set point is called a signal, regardless of whether it is SN 
or only N. The set point, S, may be varied by the sorter, and a deliberate change in S 
results in differing hit and false alarm rates for an otherwise constant sorting system 
(no change in d). A low value for S indicates that a considerable amount of N is 
being accepted as SN, so p(FA) is high. Such a tendency is termed a liberal criterion. 
A high S implies a low p(FA), and is called a conservative criterion.

Each pair of p(H) and p(FA) has a corresponding d and S. For a particular system, 
d is constant and the values of p(H) and p(FA) will follow this relationship (see rele-
vant lines in Figure 14.4), depending on the value of S. The system parameters, thus, 
are conveniently separated. The physical description is encapsulated by the value of 
d and the psychological factors are described by S. Simulation models using applets 
are available on the Internet to show interactions of SDT parameters (Bisantz, 1999; 
Claremont Graduate University, 2005).

In a commercial sorting operations, false alarm rates are normally very low, so it 
is not possible to generate a full ROC curve through experiments. However, it is nec-
essary to ensure that the theory holds true for the portion of ROC space of interest, 
as shown in Figure 14.5.

Analyses using SDT highlight the importance of determining both the hit rates 
and the false alarm rates in the assessment of any sorting operation, which is rarely 
considered. The resulting detectability and set point values have several useful 
applications.

Physical design and operational parameters
The detectability, d, can be used to compare the design and operating characteristics of 
different sorting system set-ups without consideration of sorter bias. For example, 
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fewer false alarms (discarded good items) result when physical changes increase 
d, and the hit rate, p(H), remains fixed. Operating or design criteria for a particular 
system also can be optimized by generating d values using real product for various 
alterations and modifications.

The advantage of SDT over other techniques of evaluating sorting operations, 
already discussed, is that d can be determined by different sorters with products of 
differing quality in various systems, and still allow comparisons. However, the SDT 
analysis has some limitations. For example, product quality does have some effect on 
the sorted behavior, as some defects are easier to identify than others.

Sorter criteria
By calculating S for a sorter, it is possible to determine whether that sorter has a 
conservative or liberal approach, which could serve as a useful management tool. A 
conservative approach prevails when the sorters only remove the worst product.

In a commercial operation, the objective is usually to maintain a consistent quality 
of packed product. If the incoming product quality is poor, it is necessary for the hit 
rate to be high, whereas if the quality is good, a low hit rate is adequate. The sort-
ers thus are required to vary their own criterion, depending on the incoming quality. 
Analysis of individual criterion values will determine how effectively each sorter is 
able to adjust.

Performance of automated sorting
SDT is useful in the analysis of automated sorting systems. As with manual sort-
ing, it is possible to separate out the different aspects of the system. Detectability, 
d, is generally a measure of the physical design including how well lit the product 
is, product speed and rotation, camera design and resolution, and number of images 
captured. The set point, S, is predominantly a measure of the performance of the 
algorithm. There is some interaction between the two parameters.

Systems analysis
SDT mathematically describes the relationship between hit and false alarm rates. 
After a value of d has been determined experimentally, it may be used in a model of 
the packing house to predict hit and false alarm rates. The analyst also has the ability 
to use S to vary the behavior of the sorters, and predict the impact of such changes 
on whole supply chains.

IV.  Economics of sorting operations

In many cases, the ability to predict performance of a sorting operation with SDT 
is useful for management operations on a daily basis. In addition, the usefulness of 
the model can be extended if it is possible to predict the economic value of potential 
changes. Models provide a useful tool during planning and design phases, as well 
as for managing an operation. Economic models are also necessary to evaluate the 
impact of different sorting scenarios.
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One method of optimizing a sorting operation is using the sorting efficiency 
defined by Peleg (1985), and described by Equation 14.10. Peleg’s sorting efficiency 
requires the proportion of defective product to be known or estimated in both the 
incoming and the sorted product flows, and monetary values to be assigned to the 
various grades. The calculated efficiency is weighted according to product value, and 
allows a comparison of various scenarios. The total value of sorted product, V, is 
calculated:

	 V E Tw  	 (14.10)

where T is the throughput for sale (e.g. kilogram per hour, ton per season and so 
forth), Ew is p(CA), and  is the unit value of the product (e.g. $ per kilogram, $ per 
ton). The returns, represented by total value, can be used in addition to the costs to 
evaluate various alternatives or can be used as part of a wider system model.

For any marketed product, there will be a payout schedule that is a function of 
the product amount that is defective. Therefore, the higher the hit rate, the better the 
returns (Figure 14.6). Every “false alarm” represents a lost item and thus, the value 
of returns decreases with increasing p(FA).

For a predetermined payment schedule, a payout matrix can be established, as rep-
resented in Figure 14.6. The payout must be established for a known incoming fruit 
quality to specify a hit rate to produce the desired output quality. For example, for 
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a required output quality of 95% good product, the sorter must maintain a hit rate  
of 0.53 if 10% defects are incoming, but must have a hit rate of 0.92 if 40% are 
defects.

If the relationship between p(FA) and p(H) for a particular system is known, or can 
be determined, this information can be used to determine the relationships between 
the sorting operation and the returns for product sold, thus combining economic 
and operational parameters into the same model. The p(H)–p(FA) relationship may 
be determined from historical data of sorter performance or it may be predicted  
using SDT.

For the example shown in Figure 14.6, managers might want to know the conse-
quences of advising their sorters to “reduce the number of good fruit in the reject 
bin” (reduce false alarms) or “reduce the number of defects in the outgoing product” 
(increase hit rate). If the sorters concentrate on reducing good fruit entering the reject 
bin (p(FA)), the consequence will be a reduction in the hit rate of defective product; 
similarly, the consequence of reducing rejects passing into the final pack (p(M)) will 
be an increase in good fruit entering the reject bin. This situation, as previously dis-
cussed, is represented by moving along the d line shown in Figure 14.6.

If a buyer of quality product pays according to the following schedule:

Grade I	 2% defects;
Grade II	 10% defects;
Grade III	 15% defects;
Grade IV	 25% defects;
Will not buy	 25% defects;

and the packing house operator has incoming product with 35% defects, then sorters 
must achieve a hit rate of 0.96 to ensure Grade I product, 0.79 for Grade II, 0.67 for 
Grade III and 0.38 for Grade IV. Figure 14.6 shows these hit rates.

If the operation is maintaining an average hit rate of 0.8 then, referring to Figure 
14.6, “a reduction in the number of good fruit in the reject bin” by lowering p(FA) to 
0.015 would result in a reduction of p(H) to below 0.79. The payout schedule cut-off 
is represented by p(H)  0.79, therefore, any reduction in the false alarm rate will 
result in a considerably lower return to the packing house.

The second scenario is to “reduce the number of defects in the outgoing product.” 
If the hit rate was increased to 0.9, the objective would be achieved. However, the 
increase in p(H) will also result in an increase in false alarms to above 0.02, thus, the 
return to the packing house will be reduced by the loss of salable fruit. Any changes 
in the instructions to the sorters will result in a reduction in overall packing house 
returns in the illustrated situation.

An operator contemplating an upgrade for the system can benefit from applying 
SDT techniques. The expected performance of some new equipment is an increase in 
hit rate from 0.82 to 0.95 at a false alarm rate of 0.018. A new d9 curve is established 
for the upgraded system, and represents p(H)  0.92 and p(FA)  0.02. Then, if the 
sorters are suitably instructed, it is possible for the operator to achieve a hit rate of over 
0.95 at a false alarm rate of 0.02. The change increases the value of the product and 
determines whether there is a sufficient return on the capital invested in the upgrade.

IV.  Economics of sorting operations  417
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V.  Summary

This chapter discusses the pivotal importance of the sorting operation to postharvest 
supply chains. It outlines the approaches researchers have adopted in the past to ana-
lyze the operation, and details some of their important recommendations. In addition, 
the chapter introduces new techniques that are being developed to enable the sorting 
operation to be described and understood in the context of the overall postharvest 
supply chains.

Key words
Postharvest, sorting, grading, quality, signal detection theory, supply chain, 
management.
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I.  Introduction

While most commercial quality classification systems for fruit and vegetables are 
based on the external aspect (color, size, absence of blemishes, etc.) there is an 
increasing interest in also incorporating internal quality attributes. Consumers now 
demand fruit and vegetables which not only look nice, but also taste good, have an 
appropriate texture, are free of contaminants and contain sufficient nutritional and 
health-promoting substances. Until recently, destructive techniques were used to 
measure these properties. An obvious disadvantage of such techniques is that the fruit 
is lost after the measurement, so that only quality inspection at the batch, rather than 
at the individual fruit level, is feasible. However, during the last decade several novel 
systems have been developed to measure quality attributes non-destructively. Several 
of them are now commercially available as desktop units or mounted on a grading 
line, so that quality control of individual fruit becomes feasible. Additional advantages 
are the fact that no sample pretreatments are required for non-destructive techniques, 
the absence of waste after the measurement, and often the measurement speed.

The objective of this chapter is to give an overview of some recent developments 
in non-destructive quality measurements. We will focus on systems to measure exter-
nal appearance, internal defects, firmness, taste and aroma.

II.  External appearance

The external appearance is the main quality aspect each consumer is confronted with 
when buying food products. Historically, human perception of the product’s appear-
ance has been the main “instrument” to qualify aspects like color, blemishes, gloss, 
shape and size. The main developments seen in assessing visual quality are related to 
moving away from subjective qualitative consumer evaluation by developing objec-
tive quantitative instrumental techniques. The first step was the introduction of color 
charts and other reference charts to standardize the evaluation process. The next step 
was the development of instrumental techniques to replace human vision. An addi-
tional benefit of introducing such quantitative instrumental techniques is that the 
quality attributes can be interpreted as continuous variables, which allows the use of 
increasingly sophisticated statistical and numerical modeling techniques to analyze 
and interpret the data (Hertog et al., 2007).

A.  Color

The color of any object depends heavily on the nature of its illuminating light source; 
in the absence of light, as an extreme, color is nonexistent. The properties of color 
distinguishable by the human eye are hue, saturation and brightness. While spec-
tral colors can be correlated to wavelength one-to-one, the perception of compound 
light, consisting of multiple wavelengths, is much more complicated. Many different  
combinations of wavelengths can produce the same color perception.



The color of a food product is the combined result of both its structure, affecting  
the scattering and reflectance properties of the food, and its pigmentation, affecting the  
absorption properties of the food. Small structural changes affecting the scattering 
properties of the food may induce larger changes in color than can be attributed to 
simple changes in pigment concentrations (Macdougall, 1982).

Trichromatic colorimeters and spectrophotometers are commercially available to 
take single spot color measurements under standardized lighting conditions express-
ing color in units of one of the standardized color spaces (ASTM, 2000). The L*a*b* 
color space or the HCS (hue, chroma, saturation) color spaces are widely used in 
fruit or vegetable applications. Computer imaging systems have been developed that 
measure color of the whole product’s surface using digital cameras, incorporating 
possible spatial variation. In this configuration images can be rapidly processed and 
used for online color sorting systems (Liao et al., 1992; Tao et al., 1995). However, 
careful calibration is required. Almost all manufacturers of sorting lines now provide 
online color inspection stations.

B.  Blemishes

With the ongoing developments in computer vision, imaging techniques have been 
developed as an inspection tool for quality assessment of a variety of food prod-
ucts to recognize objects, to measure shape characteristics and to identify external 
defects. These techniques have been successfully applied to fruit (Abbott et al., 1997; 
Throop et al., 2005), meat (Swatland, 1995) and poultry (Park et al., 1998), and have 
also resulted in harvesting systems for fruit production (Kondo et al., 1996; Bulanon 
et al., 2002; Van Henten et al., 2002). The ongoing development in hardware, going 
from grayscale cameras to color systems and multispectral or hyperspectral imag-
ing techniques, has further contributed to the development of more sophisticated 
recognition systems to detect blemishes before they might even become visible to 
the human eye. Blemishes studied include rots, bruises, flyspecks, scabs and molds, 
fungal diseases and soil contamination (Mehl et al., 2004). The base for any of these 
inspection techniques is to take multiple monochromatic images of the food objects 
at different wavelengths, and to search for those wavelengths at which the blemish of 
interest shows a characteristic absorption behavior different from the unblemished 
tissue. By combining data for different wavelengths using multivariate techniques, 
the detection of blemishes can be further improved.

III.  Internal defects

Internal disorders in horticultural products are not revealed by external visual symptoms.  
Non-destructive and non-invasive monitoring techniques are beneficial to investigate 
the occurrence and development of internal disorders. Two non-destructive tomo-
graphic techniques have been applied for the direct structural and 3-D detection of 
internal defects in horticultural products: X-ray computed tomography (X-ray CT) 
and magnetic resonance imaging (MRI). While MRI has recently been shown to be 
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applicable for online detection of internal defects, X-ray CT has the advantage of 
obtaining very high resolution images of the plant material’s cellular and subcellu-
lar structure. These two techniques, and how they have been used in the scientific  
literature, are discussed further. Other methods for internal quality evaluation  
are reviewed by Butz et al. (2005).

A.  Magnetic resonance imaging
1 H MRI employs static magnetic fields and radio frequencies in order to obtain 
images of proton mobility in biological systems. The proper radio frequency will 
rotate its magnetic moment by 90°. After removal of the radio frequency, energy 
relaxation results in a signal in the receiver. The energy loss depends on the envi-
ronment surrounding the nucleus, leading to different but characteristic relaxation 
times. By applying magnetic field gradients in 3 directions, 2- and 3-dimensional 
images can be created (Butz et al., 2005). Basically, the signal comes from the aque-
ous fraction in the sample and is, therefore, mainly used to measure water content 
and profiles in products non-destructively (Nguyen et al., 2006).

MRI has been applied for the detection of core breakdown in Bartlett pears (Wang 
and Wang, 1989), the detection of void spaces, worm damage and bruises in fruit 
(Chen et al., 1989), quantitative NMR imaging of kiwifruit during growth and rip-
ening (Clark et al., 1998a), the study of watercore dissipation in Braeburn and Fuji 
apples (Clark et al., 1998b; Clark and Richardson, 1999), the study of watercore and 
its distribution in Red Delicious apples (Wang et al., 1988) and woolly breakdown 
in nectarines (Sonego et al., 1995). Gonzalez et al. (2001) and Clark and Burmeister 
(1999) studied the progression of internal browning in Fuji and Braeburn apples, 
respectively, stored under disorder-inducing conditions. Lammertyn et al. (2003a,b) 
and Hernandez-Sanchez et al. (2007) used MRI to study browning and core break-
down in pear. Core breakdown in Conference pears is a storage disorder which is 
characterized by brown discoloration of the tissue and development of cavities, and 
which cannot be detected by the consumer from the external appearance at the time 
of purchase. MRI was able to differentiate between unaffected tissue, brown tissue 
and cavities (Figure 15.1). The area percentage brown tissue per slice increased with 
the diameter of the pear, but was systematically underestimated by 6%, compared to 
the actual slices (Lammertyn et al., 2003b). The area percentage cavity corresponded 
very well to the actual amount. At the macroscopic level, fast low angle shot MR 
images were acquired for pears on a sorting line, and discriminated for internal 
breakdown according to histogram characteristics (Hernandez-Sanchez et al., 2007). 
Up to 96% of pears were correctly classified.

B.  X-ray computed tomography

X-ray tomography is based on X-ray radiography. An X-ray beam is radiated towards 
the sample and the transmitted beam is recorded by a detector. The level of transmis-
sion of these rays depends mainly on the mass density and mass absorption coef-
ficient of the material (Maire et al., 2001; Salvo et al., 2003). The resulting image is 
superimposed information (projection) of a volume in a 2-D plane. The classical way 



to get 3-D information is to perform a large number of radiographs, while rotating 
the sample between 0° and 180°. The filtered back-projection algorithm can then be 
used to reconstruct the volume of the sample from these radiographs (Herman, 1980).  
X-ray CT allows visualization and analysis of the architecture of cellular plant materials  
with a resolution down to a few micrometers, and without sample preparation 
or chemical fixation (van Dalen et al., 2003; Maire et al., 2003; Lim and Barigou, 
2004; Mendoza et al., 2007). X-rays are shortwave radiations which can penetrate 

Figure 15.1  Comparative overview of the corresponding X-ray CT scans (left), MRI images (middle) and 
actual photographs (right) of core breakdown of pear tissue. Sound tissue, brown tissue and cavities are 
light gray, dark gray and black in the CT scans, and light orange, dark orange and blue in the MRI scans, 
respectively. There is a good correspondence between the different images. Source: Lammertyn et al. 
(2003b), reproduced with permission from Elsevier Science Ltd.
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through plant tissue. Due to the high moisture content in fruit and vegetables, water 
dominates X-ray absorption. Defects that affect the density and the water con-
tent can therefore be visualized by X-ray imaging. Compared to 2-D radiography  
used in medicine and linescan radiography applied on grading machines, X-ray 
computer tomography (CT) is the most powerful technique from the horticultural 
research point of view, since two and three dimensional images can be reconstructed 
from the accumulated data to study internal physical and physiological processes. 
Generally, there are different sources to perform X-ray tomography. The first one 
uses the divergent beam produced by a microfocus X-ray tube, and the second one 
uses synchrotron radiation (Salvo et al., 2003).

Most internal disorders, such as woolliness in nectarines, hollow heart in potato, 
watercore in apples and spongy tissue in mango, affect the density and water con-
tent of the internal tissue and hence, are detectable by means of X-ray measurements 
(Brecht et al., 1991; Tollner et al., 1992; Thomas et al., 1993; Sonego et al., 1995; 
Schatzki et al., 1997; Barcelon et al., 1999). Lammertyn et al. (2003a,b) used X-ray 
CT to study the development of core breakdown disorder in Conference pears (Pyrus 
communis cv. Conference). After image processing of X-ray tomography slices of 
pears (Figure 15.1, left series of images), it was possible to measure the breakdown 
development non-destructively (in terms of area percentage of affected and unaf-
fected tissue, as well as the cavity and core area per slice) during storage measured 
on actual slices (Figure 15.1, right series of images) with an underestimation of 12%. 
MRI was proposed as a better method to follow core breakdown during postharvest 
storage (Figure 15.1, middle series of images) (Lammertyn et al., 2003b). The advan-
tage of X-ray CT is, however, its better resolution over MRI. Recently, as the resolu-
tion of the method is constantly improving, X-ray CT has been applied to study the 
fine structures of horticultural products at the scale of only a few microns (Kuroki  
et al., 2004; Mendoza et al., 2007). For in vivo observations, high resolution submicron  
tomography has so far only been achieved on relatively dry or hard biological sam-
ples, such as plant seeds (Stuppy et al., 2003; Cloetens et al., 2006). It is expected to 
be applicable also to moist plant materials, such as fruits and vegetables.

IV.  Firmness

Firmness is traditionally measured by means of a Magness–Taylor (MT) penetrometer.  
The penetrometer test simulates the mastication of fruit tissue in the mouth, and the 
MT firmness incorporates several mechanical properties, including the elastic, shear 
and rupture properties of the fruit tissue. The test is to some extent sensitive to the 
operator, and the MT firmness may be position-dependent. The search for an alter-
native non-destructive firmness procedure for horticultural products has resulted in  
several techniques which allow use of the same principles under laboratory and 
online conditions (De Ketelaere et al., 2003). Sensors based on low-mass impact and 
acoustic impulse response are among the different technologies developed, and are 
commercially available and most widely used. These are briefly discussed below.



A.  Impact analysis

Impact analysis is a simple and quick method for determining local fruit properties. 
De Baerdemaeker et al. (1982) and Rohrbach et al. (1982) attempted to use either 
time domain or frequency domain characteristics of the impact force as a firmness 
indicator for a wide variety of fruits and vegetables. Nahir et al. (1986) reported that 
the characteristics of the impact response of dropping tomatoes on a rigid surface are 
highly correlated with both fruit weight and fruit firmness. Delwiche et al. (1987) 
found that impact characteristics derived from the time signal of peaches striking a 
rigid surface were highly correlated with the elastic modulus and penetrometer val-
ues of the fruit. A problem inherent in this technique is the fact that impact char-
acteristics are highly dependent on the mass and radius of curvature of the fruit.  
A large variation in these parameters affects the accuracy of the technique. A different  
approach was suggested by Chen et al. (1985) who impacted the fruits with a small 
spherical impactor of known mass and radius of curvature. The deceleration of the 
impactor was related to fruit firmness (Chen et al., 1985; Chen and Ruiz-Altisent, 
1996; Garcia-Ramos et al., 2003). The advantage of this technique is that the impact 
response is independent of the fruit mass, and less sensitive to its radius of curvature. 
The technique was further investigated by Jaren et al. (1992) and Correa et al. (1992) 
for different fruit. Ruiz-Altisent et al. (1993) used the impact device to sort apples, 
pears and avocados, while Molto et al. (1996) used maximum impact force as crite-
rion for sorting oranges, mandarins and peaches. De Ketelaere et al. (2001, 2006a) 
used this technique to analyze apples and tomatoes, and compared their results to 
acoustic measurements that are discussed below.

B.  Acoustic impulse response measurements

The analysis of the acoustic fruit response to mechanical impulse in the frequency 
domain detects internal properties of the whole fruit, including firmness (Abbott 
et al., 1968; Finney and Norris, 1968; Cooke, 1972; Shmulevich et al., 1996;  
De Ketelaere et al., 2001, 2006b). Excitation of the fruit can be performed by a shaker  
(Peleg, 1993) or by impact excitation (Schotte et al., 1999). The fruit’s response can 
be captured by an accelerometer (Peleg, 1993), a piezoelectric sensor (Galili et al., 
1993) or a microphone (De Ketelaere et al., 2004). A computer which is hooked up 
to the transducer derives the frequency response spectrum from the time domain sig-
nal by means of a fast Fourier transform. A firmness index F  f 2m2/3 is typically 
calculated, where f is the first resonance frequency (in Hertz) and m is the mass of 
the fruit (in kilograms) (Schotte et al., 1999).

The resonant frequencies and dynamic behavior of simply shaped objects (sphere, 
axisymmetric spheroid) are well-understood, and several studies have been carried 
out on various kinds of near-spherical agricultural objects, such as apples (Chen and 
De Baerdemaeker, 1993), peaches (Verstreken and De Baerdemaeker, 1994), melons 
(Chen et al., 1996) and tomatoes (Langenakens et al., 1997). However, if the fruit 
shape is far from spherical, as in pears, Jancsók et al. (2001) have shown that an 
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adapted firmness index which also includes a measure of shape S (e.g. the length/
diameter ratio) is more appropriate:

	
F

aS b
f m



1 2 2 3/

	

where a and b are constants. As the authors only considered Conference pears, it is 
not clear whether the constants a and b depend on the species/cultivar.

As the firmness index is related to the elastic properties of the fruit only, it is fun-
damentally different from the MT firmness. This is illustrated in Figure 15.2, where 
the firmness index of tomato is shown versus the compression force and the MT 
firmness (Hertog et al., 2004). As the compression force (force required to compress 
the tomato fruit over a well-defined distance) essentially measures the elastic prop-
erties, a relatively good relationship with the firmness index was obtained (Figure 
15.2a). On the other hand, a poor relationship was obtained between firmness index 
and MT firmness (Figure 15.2b). Shmulevich et al. (2003) compared a Magness–
Taylor device, a commercially available low mass impact device and an acoustic 
device for apple firmness evaluation. They found that the correlation between low 
mass impact and acoustic firmness sensing was reasonably high (r  0.83–0.93), 
while correlations with Magness–Taylor were low (r  0.43–0.60). Golding et al.  
(2005) also reported moderate correlations between Magness–Taylor and non-
destructive sensor technologies (r  0.62 for an acoustic sensor and 0.82 for a low 
mass impact sensor). Similar conclusions were drawn by Valero and Crisosto (2004). 

Figure 15.2  Firmness index versus compression force (a) and Magness–Taylor firmness (b) for tomato 
fruit. Data from: Hertog et al. (2004).
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De Ketelaere et al. (2006a) compared a commercial low mass impact sensor to a 
commercial acoustic sensor, and reported that the acoustic sensor is preferable for 
firm products, while for soft products the low mass impact sensor has advantages. 
It is believed that this lack of documentation about the comparison of techniques, 
together with the different physical backgrounds and related units, are the main rea-
sons obstructing the rapid adoption of non-destructive firmness sensors in industry 
and among postharvest researchers.

In conclusion, with the commercial availability of these non-destructive sensors 
nowadays, and the proof of their ability to sense firmness and firmness changes of 
fruit with very different properties, time might have come to consider these non-
destructive techniques as new standards for fruit firmness evaluation, replacing the 
older destructive standard. However, in order to overcome the issues of comparison 
of technologies, there is a clear need for standardization of non-destructive firmness 
sensing of fruit and vegetables (De Ketelaere et al., 2006a).

V.  Taste components

Taste is defined as the sensation perceived through the tongue when exposed to certain 
classes of chemicals. Receptors have been identified for at least five taste attributes: 
sweet, acid, salt, bitter and umami. The latter attribute represents “savoriness” which 
is related to the presence of glutamates. While in fruit sweetness and acidity are the 
most important taste attributes, in vegetables other attributes may also be important.

Taste attributes are typically measured through refractometry (sweetness), titration  
(acidity), HPLC (bitter and umami components) and atomic absorption (salts). 
These techniques all require destructive sampling. Non-destructive techniques for 
taste components are often based on the interaction of fruit or vegetable tissue with  
near-infrared (NIR) radiation (wavelength range from 780 to 2500 nm).

A.  Near-infrared spectroscopy

In NIR spectroscopy the fruit or vegetable is irradiated with near-infrared light, and 
the reflected or transmitted radiation is measured at a single or multiple spots on 
the surface of the fruit. While the radiation penetrates the fruit, its spectral charac-
teristics change through wavelength-dependent reflection, scattering and absorption 
processes. This change depends on the chemical composition of the fruit, including 
its sugar and acid content, as well as its light scattering properties, which are related 
to its microstructure and hence, texture. Some typical near-infrared reflectance spec-
tra of different fruit species are shown in Figure 15.3. The near-infrared spectrum 
of fruit and vegetables is dominated by the absorption bands of water and therefore, 
advanced multivariate statistical techniques, such as partial least squares regression, 
are required to extract the required information from the usually convoluted spectra 
(Nicolaï et al., 2007a).

The penetration depth of NIR radiation in fruit or vegetable tissue is limited. 
Lammertyn et al. (2000) found a penetration depth of up to 4 mm in the 700–900 nm 
range and between 2 and 3 mm in the 900–1900 nm range for apple. In a different 
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optical configuration, Fraser et al. (2001) showed that the penetration depth in apple 
in the 700–900 nm range was at least 25 mm, while it became less than 1 mm in the 
1400–1600 nm range. The limited penetration depth decreases the accuracy of NIR-
based measurements of internal quality attributes of thick-skinned fruit such as cit-
rus. Transmission measurements, on the other hand, need very high light intensities 
which can easily burn the fruit surface and alter its spectral properties.

A drawback of NIR spectroscopy is that, for each fruit species and cultivar, a new 
calibration model is required, which should be based on large datasets incorporating 
different orchards, seasons, cultivation systems, etc. (Peirs et al., 2003b). The predic-
tion accuracy also depends on temperature (Peirs et al., 2003a). Finally, the calibra-
tion models depend on the spectrophotometer, so that model transfer, even between 
different spectrophotometers of the same brand and type, is not straightforward.

NIR spectroscopy has been used to measure the SSC of various fruit, including 
apple (Lammertyn et al., 1998), apricot (Carlini et al., 2000), cherry (Lu, 2001), 
kiwifruit (McGlone and Kawano, 1998), mandarin (Kawano et al., 1993), melon 
(Guthrie et al., 1998) and peach (Slaughter, 1995). The root mean squared error of 
prediction (RMSEP) is typically 0.5–1.0°Brix. Acidity in fruit is much more dif-
ficult to measure by means of NIR spectroscopy, although some reports have been 
published in which a reasonable accuracy was obtained (e.g. Peirs et al., 2002). 
Mehinagic et al. (2004) developed a calibration model to predict sensory attributes 
of apple directly from NIR reflectance spectra. A full account of NIR applications in 
fruit and vegetables is given by Nicolaï et al. (2007a).

Fruit grading lines equipped with NIR sensing devices are now commercially 
available from Aweta (IQA, www.aweta.nl), Greefa (iFA, www.greefa.nl), Mitsui-
Kinzoku (www.mitsui-kinzoku.co.jp), Sacmi (F5, www.sacmi.it), TasteMark (www. 
taste-technologies.com) and others.
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Figure 15.3  Typical NIR reflectance spectra of some fruit. The NIR reflectance spectra were recorded 
using a Corona 45 VIS/NIR diode array spectrophotometer (Carl Zeiss Jena Gmbh, Jena, Germany). 	
From: Nicolaï et al. (2007), reproduced with permission from Elsevier Ltd.
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B.  Multi- and hyperspectral imaging systems

Most applications of NIR spectroscopy which are described in the literature essentially  
rely on spot measurements. Peiris et al. (1999) however, observed a circumferential 
variation of up to 2% Brix for the SSC in a variety of fruit; the radial and proximal 
to distal variation was even larger. Several authors have therefore used multispectral  
(a few wavelengths) or hyperspectral (a continuous range of wavelengths) imaging systems  
to inspect the surface, rather than only a single spot on the fruit. In such systems 
(e.g. Martinsen and Schaare, 1998) lines of spatial information with a full spectral 
range per spatial pixel are captured sequentially, to complete a volume of spatial–
spectral data. This is usually achieved by means of a spectrograph, which disperses 
an incoming line of radiation into a spectral and spatial matrix which is captured by 
the camera. The horizontal and vertical pixels on the camera capture spatial and spec-
tral information, respectively. Such a system hence, provides full spectral information 
at every spatial position. The object must be moved step-wise under the camera by 
means of an actuator, while at each step a line is scanned, but this is not necessarily 
a disadvantage when the system is mounted on a grading line on which the fruit is 
physically transported anyway. Novel developments include focal plane array cam-
eras, in combination with liquid crystal tunable filters (LCTF), acousto-optical tun-
able filters (AOTF) or other monochromatic principles which allow for much quicker 
acquisition speeds (Bearman and Levenson, 2001). Multi- and hyperspectral systems 
have been used to visualize the SSC distribution in kiwifruit (Martinsen and Schaare, 
1998) and melons (Sugiyama, 1999; Long and Walsh, 2006).

C.  Spatially and time-resolved spectroscopy

A typical reflectance or transmittance spectrum of fruit contains information about 
absorption, as well as scattering properties. Absorption is related to the presence of 
chemical components, while scattering is related to the microstructure and hence, the 
texture of the tissue. Several authors have attempted to develop techniques to meas-
ure absorption and scattering properties separately (Tu et al., 1995, 2000; McGlone 
et al., 1997). In spatially-resolved reflectance spectroscopy the fruit is irradiated with 
a light beam. Because of local scattering the reflected spot is actually larger than  
the cross section of the light beam. Lu (2004) used broadband light in the range  
688–940 nm, and related some features of the reflected spot to firmness and soluble 
solids content of apple. He obtained a standard error of prediction (SEP) of about 
6 N for Magness–Taylor firmness (Lu, 2004), and 0.78% Brix for the soluble solids 
content (SSC). In time-domain reflectance spectroscopy, series of very short (pico or  
femto second) NIR light pulses are pumped into the fruit, using a tunable laser or a  
solid-state laser array (Cubeddu et al., 2001). The detector is positioned at some dis-
tance from the light entry point. Depending on the scattering properties of the tissue, 
the photons may follow a complicated path in the tissue, and it may take more or 
less time to reach the detector. As a result, the detector will measure a photon time 
of flight distribution from which, based on light diffusion theory, the absorption and 
scattering coefficient as a function of wavelength can be measured. These coefficient 
spectra can then be correlated to internal quality attributes. By comparing classical 
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NIR reflectance measurements of pear with the corresponding absorption and scat-
tering coefficient spectra obtained through TRS, Nicolaï et al. (2007a) showed that 
NIR reflectance is, in fact, dominated by scattering, which does not change much 
with wavelength. So far the obtained correlations between absorption and scattering 
spectra and quality attributes such as SSC or firmness have been low (Valero et al., 
2004) to non-existent (Nicolaï et al., 2007b), most probably due to instrument drift 
or the limited wavelength range (1030 nm) considered in the experiments. More 
research is required in this area.

VI.  Aroma

Aroma analysis is traditionally done by means of gas chromatography-mass spec-
trometry (GC-MS). In this technique the headspace of the product is first sampled, 
either directly using a gas syringe or via a concentration technique, such as purge 
and trap or solid-phase microextraction (SPME). The latter technique, in particular, 
has become very popular because it is simple, cheap and relatively straightforward to 
automate. After injection in the GC, the headspace is separated into its different vol-
atile components. For identification purposes, every eluting component is transferred 
to a mass spectrometer where it is fragmented into a mass spectrum. The component 
can then be identified through a mass spectrum library search. While GCMS remains 
the standard aroma analysis technique to date, it requires skilled personnel, and the 
analysis time is too long for routine fruit aroma analyses.

A.  Headspace fingerprinting mass spectrometry (HFMS)

Unlike in normal GCMS, in headspace fingerprinting mass spectrometry (HFMS) 
the headspace of a sample is injected directly into the ionization chamber of a mass 
spectrometer, without prior chromatographic separation (Shiers et al., 1999). This is 
typically implemented by means of a short capillary column which is operated at 
an elevated temperature so that a broad, featureless peak is obtained. The spectrum 
resulting from simultaneous ionization and fragmentation of the mixture of molecules 
introduced can be considered as a fingerprint of the actual aroma. Typically vials 
with juice are loaded into an autosampling system equipped with an SPME injector. 
While the technique is much faster than traditional GCMS – samples can be ana-
lyzed every 2–5 minutes, depending on the headspace equilibration time required –  
headspace equilibration and extraction time and temperature must be controlled 
carefully to obtain reproducible results. A disadvantage of the technique is that it is 
unable to take into account variable odor thresholds. While for some products this 
may not be a problem, it certainly is when the headspace contains thiols or amines 
which have a very low odor threshold. HFMS has been used successfully to measure 
ripeness of apples (Saevels et al., 2004), and the aroma profile of tomato cultivars in 
a quality system (Berna et al., 2004). Recently, the evolution of aroma production in 
strawberries during super-atmospheric oxygen storage was monitored using HFMS 
(Berna et al., 2007).



Other techniques to speed up gas chromatography analysis have been developed. 
In fast GC, a capillary column with a very small diameter is used in combination 
with a sensitive detector. The column temperature is often established using resis-
tive heating, which allows very fast heating rates. Mondello et al. (2004) achieved 
an analysis time of 3.3 minutes for citrus essential oil, which represented an analysis 
speed gain of almost 14. Applications to rapid aroma screening of horticultural prod-
ucts remain to be identified.

B.  Electronic noses

Electronic nose systems are sensor arrays which mimic the operation of a human 
nose. When an atmosphere loaded with volatile components flows over it, each sen-
sor generates a signal. The combined signal of all sensors is then statistically related 
to, e.g. the response of a human taste panel. Sensors that rely on chemical properties 
of the target molecule, whether it can adsorb at a particular surface or be oxidized or 
reduced, have been developed for a variety of analytes. Popular at present are sensors 
based on the conduction of semiconductors, such as tin oxide, or polymers such as 
polypyrrole (Gardner and Bartlett, 1994; Di Natale et al., 2000). More sensitive are 
sensors that “weigh” impinging molecules, such as piezoelectric crystals and surface 
acoustic wave devices.

In horticulture, electronic noses have been successful in monitoring the aroma of 
melons (Benady et al., 1995), pears (Oshita et al., 2000), peaches (Molto et al., 1999), 
nectarines (Di Natale et al., 2001) and tomatoes (Maul et al., 1998; Berna et al.,  
2004). Most research has focused on classification of cultivars or evaluation of 
changes of the aroma profile during maturation and ripening. Measuring the head-
space of apples has been an interesting challenge for electronic noses, since aroma 
is an important maturity indicator that correlates well with consumer acceptance 
(Brezmes et al., 2001). Hines et al. (1999) and Young et al. (1999) used an electronic 
nose to measure ripeness of apples. Aroma changes in apples during shelf life and 
the optimal picking date were successfully determined non-destructively using an 
electronic nose by Saevels et al. (2003, 2004). Berna et al. (2004) investigated the 
effect of shelf life and cultivar on the aroma of tomato using a quartz microbalance 
electronic nose system. These authors also correlated tomato aroma measured using 
an electronic nose successfully with sensory properties and consumer preference 
(Berna et al., 2005a,b).

An important step in miniaturization and cost reduction was made by Rakow and 
Suslick (2000), who developed a 2-D array of metalloporphyrins as sensor elements 
for the visual identification of a wide range of olfactants and even weakly-ligating sol-
vent vapors. The color of the sensors change depending on the absorbed volatile mol-
ecules, and the resulting 2-D fingerprint can be measured with a scanner. While this 
technology has, as far as we know, not been used in postharvest applications, it opens 
up the possibility of low-cost, disposable electronic nose sensors. The New Zealand 
company ripeSense® (www.ripesense.com) has taken this idea and developed a dis-
posable sensor which reacts to the aromas released by the fruit as it ripens. The sensor 
is initially red, and graduates to orange and finally yellow. The sensor can be integrated  
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into a package and gives the consumer an idea of the ripeness of the fruit. It can be 
assumed that similar sensors will emerge within the next couple of years.

VII.  Conclusions

Many novel non-destructive systems have become available to measure internal qual-
ity attributes of fruit and vegetables. Some of them, in particular vibration and impact-
based techniques for measuring firmness, as well as NIR spectroscopy for measuring 
soluble solids content, are now implemented on grading lines. As a consequence, grad-
ing based on internal quality attributes, rather than external appearance becomes pos-
sible, and this is expected to radically change the way fresh fruit is commercialized.

However, many problems remain to be solved. It is clear that a successful commer
cial implementation of these techniques will depend on the reliability of the mea
surements, their correlation with existing techniques and their price.

Key words
Fruit, vegetable, quality, non-destructive, measurement, firmness, appearance, aroma, 
taste.
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I.  Introduction

Once a commodity has been harvested, only the best postharvest procedures will 
maintain quality. In virtually all cases, fresh produce quality is set at harvest, and 
then inevitably declines during the postharvest lifetime. The number and type of 
stresses will vary, depending on handling conditions after its removal from the plant 
or tree. These conditions include water stress due to moisture loss, temperature stress 
from storage conditions, anaerobic stress if the product is stored in a modified or 
controlled atmosphere, biotic stress from pathogens present at harvest or that enter 
small wounds during the postharvest sorting, and mechanical stress from transport, 
sorting and packing (see also Chapters 14, 15 and 18). The ability to monitor the 
response of products to stress, including handling conditions, is important in design-
ing the best postharvest management procedures.

Understanding the underlying mechanisms that made a fruit or vegetable sensitive 
to stress helps to design treatments to minimize the adverse effects of the stress or to 
modify the postharvest procedures to prevent development of symptoms. Differences 
in susceptibility among and within species provide geneticists and physiologists with 
models to study the cellular and molecular basis of tissue response. Cellular and 
molecular approaches lead to the development of postharvest handing and storage 
methods that maintain quality without stress, and to the development of postharvest 
stress-resistant cultivars.
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II.  Types of postharvest stress

Stress is usually categorized by environmental (abiotic) factors or biological (biotic) 
factors that induce injury and quality degradation. Fruits and vegetables are exposed 
to several types of stress as they pass through the handling system from farm to con-
sumer. Some types of stress are induced intentionally, such as temperature change 
and controlled atmosphere use, while others are unintentional, such as impact stress 
during harvest and handling. In addition, stresses that the product experiences in the 
field or orchard can manifest in damage once the product has been harvested. The 
category of stress evident after harvest includes stress from direct sunlight, mineral 
deficiency, and latent infections of pathogens that invade during the development of 
a fruit or vegetable and are quiescent until after the product is harvested.

A.  Abiotic stress

Abiotic stresses are those caused by the environment, either during growing condi-
tions or after harvest. Descriptions of specific stress forms follow.

Stress from preharvest and harvest conditions

Sun scald
Fruit and vegetables that are exposed to direct sunlight can develop sun scald. The 
temperature of a fruit exposed to sun is 5 to 10°C higher than the surrounding air 
(Woolf et al., 2000). Fruits do not have the numbers of stomata that are present in 
leaves, which prevent the leaves from heating, and by water vapor loss cause evapo-
rative cooling. In most cases, sun scald will be apparent in the field and appear as 
bleaching or yellowing on the product. The damage can be serious and cause the 
thermal death of epidermal and sub-epidermal cells, which results in a necrotic 
spot. Thermal death has been reported to affect many fruits and vegetables, includ-
ing apples, blueberries, citrus, grapes, lychee, peppers and tomatoes. In many cases 
it results from plants’ exposure to additional stresses, such as water stress or insect 
or pathogen attack. As a result, the leaves are wilted or missing, thus exposing the 
fruit to the sun. Pruning can ensure that fruit are shaded by leaves which can pre-
vent sun scald, since UV-B radiation is needed for its induction (Schrader et al., 
2003). Other means of preventing damage to healthy plants include shade netting, 
evaporative cooling and covering the plant or fruit with a protective layer of white 
kaolin (Gindaba and Wand, 2005). Bagging the fruit can also help reduce sun scald, 
although in direct sunlight fruit can be affected by heat stress. In most crops, sorting 
at harvest will remove the damaged fruits. However, in the case of apples, this type 
of stress will develop further in storage as latent damage.

Apple fruit affected at harvest will be culled. However, if the sun scald damage is 
light and the area affected small, the fruit will be harvested and stored. During stor-
age this light area becomes brown, detracting from the fruit quality following storage 
(Figure 16.1). The development of the brown pigmentation is not dependent on oxy-
gen and not decreased by controlled atmosphere (CA) storage (Lurie et al., 1991).  
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No effective measures for prevention have been found. It may be caused by non-
enzymatic condensation of amino acids and reducing sugars to a brown compound 
(Lurie et al., 1991).

Mineral imbalance or deficiency
Proper irrigation and fertilization of a crop can have important consequences for 
its postharvest quality. Irrigation is often increased as harvest time approaches to 
enhance fruit size. Fruit size enhancement is applied to pome and stone fruits, as 
well as grapes. The increase in irrigation has the effect of diluting the cellular con-
tents of the fruit. The dilution is generally not important for fruit immediately des-
tined for the market, but if the fruit is designated for storage it may impact negatively 
on quality after storage. Larger fruit tend to be more sensitive to storage disorders 
than smaller fruit of the same cultivar. Among the minerals that have been found 
to be involved in postharvest problems are nitrogen, calcium, phosphorus, zinc and 
boron. Over-fertilizing with nitrogen fertilizers will lead to fruits that soften very 
quickly and have less storage potential than fruits with lower levels of nitrogen.

Calcium is thought to be the most important mineral element in determining fruit 
quality. It seems to be especially important in apples, where it has been shown to 
reduce metabolic disorders. Calcium in adequate amounts helps to maintain apple 
fruit firmness, and decreases the incidence of physiological disorders such as water 
core, bitter pit and internal breakdown. Postharvest decay may also be reduced by 
increasing the calcium content of apples.

Calcium has a number of roles in plant tissue. It is an important part of the plant 
cell wall, and binds together strands of pectin helping to maintain fruit firmness  
(Figure 16.2a). It is also involved in membrane stabilization, and acts as a signal mol-
ecule to activate many cellular processes. Calcium is transported by the xylem, and 
once cell division ceases and cell expansion begins, very little additional calcium 
enters the fruit tissue. As fruits increase in size, the calcium is diluted and may fall 
below a critical level. In some cases, it is not the absolute level of calcium in the tis-
sue, but the ratio of calcium to potassium, or to potassium and magnesium, that are 
associated with the development of latent disorders in storage. A number of stor-
age disorders have been attributed to suboptimum levels of calcium in fruits besides 
apples, including vascular and flesh browning in avocados, peel pitting in kiwifruit, 

Figure 16.1  Sun scald on apples: (a) an apple with light sun scald at harvest; (b) severe sun scald at 
harvest is shown as yellow peel which would not be stored; (c) light sun scald which darkened in storage to 
a brown color.
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Figure 16.2  Two forms of pectic polysaccharides that require minerals for structure. (a) Calcium-pectate 
interactions in the cell wall. Homogalacturonic acid forms “egg box” junctions, with calcium bridging 
two anti-parallel chains. (b) Boron-pectate interactions. Rhamnogalacturan II is a complex polymer 
with four distinct side groups containing several different kinds of sugars and linkages. Monomers of 
rhamnogalacturan monomers can dimerize as boron di-diesters with apiose residues.
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blossom end browning in persimmon, internal breakdown in plums and blossom end 
rot in tomatoes. Except for tomatoes, all of these are latent problems that develop dur-
ing fruit storage.

Boron is a micronutrient that can cause latent damage in storage if its concentra-
tion is too low and other problems if it is too high in the fruit tissue. It is necessary 
as a cofactor for some enzymes, and it is also found in the pectin of the cell wall in 
a structure called rhamnolgalacturan II (Figure 16.2b). The latter is a unique epitope 
in the cell walls, where unusual neutral sugars are bound together by a boron atom. 
Boron deficiency is associated with brown heart in Conference pears, and with pit-
ting in other fruit, including apples.

Bruising and wounding
Fruits and vegetables can be damaged during their development on the plant or tree. 
Wind can cause abrasions by rubbing the fruit or vegetable against other parts of 
the plant, while insects can cause damage which, even if it is repaired by the fruit or 
vegetable, will leave a scar. Harvest practices often contribute to additional wound-
ing by the fruits or vegetables coming in contact with each other or with the sharp 
edges of harvesting containers. Harvest is the stage when the fruit or vegetables may 
be bruised when placed in picking containers or emptied from these into large bins. 
Bruising causes compression of layers of cells, and when the elastic limit of the cell 
wall has been exceeded, the cell walls rupture, releasing the contents of the cell into 
the air-filled intercellular spaces.

Bruising is a particularly serious problem on cherries due to impact during harvest 
or sorting. The bruises develop as pits on the fruit surface during storage or distribu-
tion (Figure 16.3). Generally, the fruit is hydrocooled to reduce fruit respiration and 
metabolic activity rapidly. It was found that cold fruit (0°C) were more sensitive to 
impact damage than warmer fruit (5°C) (Stow et al., 2004). This is due to the physi-
cal properties of cell walls that are affected by temperature; stiffness is greater at 
lower temperatures and cell walls are less flexible and more susceptible to pressure 
damage (Herppich et al., 2005).

Tomato fruit has been used as a model to study bruising, because it is a soft fruit 
and easily bruised by impact damage. The occurrence of bruising depends on two 
main factors: the direct mechanical damage to the tomato, and the presence and sub-
sequent action of unregulated cell wall modifying enzymes. Bruising is considered to 
be a two-step process, in which mechanical damage occurs first, and then enzymatic 
degradation of the affected tissue, including cell walls, takes place. The enzymatic 
degradation could result in a rapid enzymatic breakdown of the cell wall polysaccha-
rides, observed as soft spots (bruises) on the fruit. A comparative biochemical analy-
sis of the bruised and intact tissue of green, pink, light red and red tomatoes showed 
that a mechanical impact results in an immediate loss of cell wall material only in 
the riper fruit. Differences in the pectin and neutral sugar content in bruised and 
sound mature green and pink fruits were not significant, whereas pectin and neutral 
sugar content in bruised orange- and red-ripe fruits was lower compared to the sound 
fruits. No immediate enzymatic wall disassembly was observed in the early stages of 
ripening. However, orange- and red-ripe fruits showed depolymerization of the pectin 
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and hemicellulosic components. The studies revealed that, in the case of mechani-
cally damaged fruit, polysaccharide-digesting enzymes are responsible for the rapid 
breakdown of the cell wall (Van Linden et al., 2003; Van Linden and Baerdemaeker, 
2005). The breakdown results in soft spots on the fruit. No bruises will form without 
enzymatic digestion of the cell wall. In another study of induced bruising, research-
ers found that fruit dropped a number of times from a height of 10 centimeters had 
lower respiration, lower soluble solids and ascorbic acid, and higher titratable acidity, 
chlorophyll and decay than control fruits (Kaaya and Njoroge, 2004). These dropped 
fruit had lower eating quality.

In addition to changes in the taste parameters of soluble solids and titratable acidity, 
the aroma of the tomato fruit is altered by bruising. Individual volatile profiles of the 
pericarp and locule tissue in bruised fruit were significantly different from those of 
corresponding tissues in undropped, control fruit, notably: trans-2-hexenal from peri-
carp tissue; 1-penten-3-one, cis-3-hexenal, 6-methyl-5-hepten-2-one, cis-3-hexenol  
and 2-isobutylthiazole from locule tissue (Moretti et al., 2002). Alteration of vola-
tile profiles was most pronounced in the locule tissue, which was more sensitive 
to internal bruising than the other tissues. Changes observed in the volatile pro-
files appear to be related to disruption of cellular structures. Panelists were able to  
distinguish between bruised and unbruised fruits, which indicated that internal bruis-
ing caused by impact significantly altered tomato flavor and aroma (Moretti and 
Sargent, 2000).

Figure 16.3  Pitting on sweet cherries.
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Wounding and cracking involve breakage of cells and release of their contents into 
the intercellular spaces. The release induces a whole range of catabolic processes, 
including enzymatic digestion of membranes. Wounded strawberry fruit produces 
a diverse group of volatile compounds, including aldehydes, alcohols and esters 
derived from the lipoxygenase (LOX) and hydroperoxide lyase (HPL) pathways 
involved in membrane breakdown. Some of the breakdown products are volatiles, 
such as trans-2-hexanal, which is derived from -linolenic acid (18:3). The level of 
total lipid 18:3 in the fruit increased 2-fold in response to wounding. At 10 min-
utes after wounding, fruit exhibited a 25% increase in LOX activity, and a doubling 
of HPL. Thus, during the first 10-minute period after wounding, free 18:3 substrate 
availability and the activity of two key enzymes, LOX and HPL, changed in a man-
ner consistent with increased volatile biosynthesis, particularly trans-2-hexanal and 
cis-3-hexanal (Myung et al., 2006). These volatiles are important in plant–pathogen 
interaction.

The volatile production that is the product of lipid oxidation can generate off-
flavors. Off-flavor production in legumes, such as garden peas, is a particular prob-
lem, due to high levels of lipoxygenase found in the seeds. The lipid oxidation 
pathway is triggered in response to tissue wounding, which occurs during mechani-
cal harvesting of peas in the field. Bruised peas develop strong off-flavors within a 
few hours. Studies have shown that antioxidants are consumed during lipid oxida-
tion, and vitamin C, an important micronutrient, is decreased in wounded or bruised 
peas (Dornenburg and Davies, 1999).

Stress in storage

Chilling injury
The most frequent treatment applied to fresh fruits and vegetables to maintain their 
quality following harvest is temperature management, including the cold chain, 
where the temperature of the product is reduced rapidly after the harvest to stabi-
lize it, and then the low temperature conditions are maintained until it reaches the 
consumers. The freezing point of fruits and vegetables is below the freezing point 
of water, for example, apples will freeze about 1.5°C, bananas at about 0.8°C, 
mangoes at about 1°C, grapes at about 2.2°C and dates at about 16°C. The 
actual freezing point will vary between cultivars, or even within a cultivar, depending 
on the conditions in which the produce is grown. The reason is that the freezing point 
is determined by the soluble solids dissolved in the cell sap, and this varies among 
different fruits and vegetables. Generally, the lower the temperature the longer the 
storage life, as long as the temperature is above the level at which the fruit is likely 
to freeze. However, certain commodities are subject to chilling injury (Table 16.1). 
Chilling injury is a temperature-associated physiological disorder which a product 
develops when exposed to low temperatures. Chilling injury may be apparent as fail-
ure to ripen in climacteric fruit, different forms of external or internal tissue discol-
oration, or predisposition to microorganism infection (Figure 16.4). The susceptibility 
to chilling injury is influenced by factors such as time of exposure to a chilling injury 
inducing temperature, cultivar and the preharvest conditions of the crop. The exact 
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mechanism by which chilling injury affects a product has not been fully determined. 
It has been shown to be concerned with loss of membrane integrity and ion leakage 
from cells and changes in enzyme activity, but exactly why some crops are suscepti-
ble and some resistant is unknown. However, the commodities that are susceptible are 
generally those that originated from tropical or subtropical areas of the world.

Table 16.1  Recommended commercial storage conditions of fruits and 
vegetables

Commodity Maximum storage and 
shelf life (days)

Optimum storage  
temperature (°C)

Anona 14–28 14

Avocado 14–28 2–6

Banana 7–28 13

Bean 3–10 7

Carambola 30–45 5

Cucumber 10–14 12

Eggplant 10–14 10

Grapefruit 28–42 12

Guava 14–21 10

Lemon 30–180 12

Lychee 21–35 5

Mango 14–40 12

Melon 7–14 5–10

Onion 30–180 14

Orange 21–84 3–6

Papaya 7–21 12

Pepper 12–18 7

Pineapple 14–36 10

Pomegranate 28–56 6

Potato 60–120 4–14

Prickly pear 14–35 5

Squash 84–150 12

Sweet potatoes 28–180 14

Tangarine & mandarin 17–28 3

Tomato 7–14 12

Watermelon 14–35 14

Zucchini 5–10 7
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A model proposed in 1973 suggested that changes in membrane permeability, 
associated with a membrane lipid physical phase transition from a flexible liquid–
crystalline to a solid–gel structure, is the primary event associated with chilling 
injury (Lyons, 1973). This is now thought to be one factor contributing to plant tis-
sue’s ability to sense chilling temperature, but is not the only factor in all products. 
In the case of citrus fruits, it has been suggested that the sensitivity of Fortune man-
darins to chilling injury is related to the inability to modify its membrane compo-
nents, because the increase in unsaturated fatty acids (which help maintain a flexible 
liquid–crystalline structure) occurs after the onset of chilling injury (Mulas et al., 
1996). However, manipulations that reduced chilling injury did not change the mem-
brane lipid composition. A part of the damage appears to be due to oxidative stress. 
There have been a number of reports indicating the involvement of oxidative stress in 
chilling-induced damage of different fruits and vegetables, and antioxidative enzyme 
activation due to various temperature or storage manipulations is correlated with 
reduced chilling injury.

Because damage is caused by a combination of time and temperature, there are a 
number of manipulations that can be instituted to delay chilling injury on sensitive 
commodities. Temperature manipulation is one method. The lowering of temperature 
gradually, over a number of days, can reduce the risk of injury in a number of fruits, 

Figure 16.4  Chilling injury symptoms on tomatoes. Left: irregular ripening causes blotchy color 
development. Center: pitting development due to collapse of underlying cells. Right: increased decay 
development. Below: a red ripe tomato with no chilling injury.
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including avocados, citrus and tomatoes. Holding the commodity at an intermediate 
temperature can also help prevent injury. Citrus that is held for a few days at 16°C 
is less susceptible to chilling injury at low temperature. Other procedures include 
delaying cooling for 48 hours or warming fruit for 14 hours every few weeks. Both 
procedures are effective on peaches and nectarines, which are generally stored at 
0°C, but which develop a form of chilling injury after three or four weeks in storage. 
The delay in cooling or breaking of the cold chain allows them to be stored longer at 
0°C with no chilling injury. Citrus fruit can also benefit from intermittent warming.

In addition to temperature manipulations, there are methods to increase the resist-
ance to stress in the fruit or vegetable. Stress will induce the synthesis and accumu-
lation of a number of stress proteins that protect plant tissues from other stresses.  
A short anaerobic treatment, a high temperature stress (above 37°C), and UV irra-
diation all have been found to induce resistance to chilling injury. They all induce the 
synthesis of groups of proteins, anaerobic stress, heat shock or pathogenesis response 
that grant cross-protection to low temperature. In citrus, heat treatment of Fortune 
mandarins increased the activities of the antioxidative enzymes superoxide dis-
mutase, catalase and ascorbate peroxidase, and protected fruits against chilling, indi-
cating the participation of oxidative stress in the development of chilling injury (Sala 
and Lafuente, 2000). In addition, a comparison of gene expression in cold-stressed 
fruit to those given a prestorage heat treatment showed that some genes relevant to 
the transcriptional and translational apparatus of tissues were enhanced by the heat 
treatment. This result supports the suggestion that the protective effect of stress treat-
ments may be related to an increased transcription capacity and the ability of cells to 
recover from early stages of cell damage (Want et al., 2001). Controlled atmosphere 
or modified atmosphere also delay chilling injury development by depressing general 
tissue metabolism.

Controlled and modified atmosphere
Altering the atmosphere around a stored commodity by lowering the level of oxygen 
and raising the level of carbon dioxide was first developed for apple storage in the 
1920s. It is still a major method of storing both apples and pears, to make these fruit 
available year-round. No other commodities have been found to be as amenable to con-
trolled atmosphere storage for such a long time, but many other fruits are stored for 
shorter periods of a few months. These include kiwifruit, persimmons and plums. In 
recent years, the use of modified atmosphere packaging has expanded. This technique 
encloses the fruit or vegetable inside a polymeric film of known permeability to water 
vapor, carbon dioxide and oxygen. The respiration of the product raises the level of 
carbon dioxide and reduces oxygen. Products stored in modified atmosphere packag-
ing can be held in this manner through storage and shipping, in contrast to controlled 
atmosphere, where a storage room is opened and the fruit shipped in regular air storage.

Exposing harvested products to low oxygen and high carbon dioxide can be ben-
eficial or harmful, depending on the concentrations of theses gases, temperature, 
exposure duration and commodity. Beneficial effects include disease control, insect 
disinfestation, alleviation of chilling injury, inhibition of browning and yellowing of 
commodities and of other physiological disorders. However, storage of a commodity in 
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reduced oxygen and elevated carbon dioxide causes stress. On the one hand, respiration 
and metabolic activity are decreased under these conditions. On the other hand, the 
exposure of horticultural products to oxygen levels below and/or carbon dioxide levels 
above their optimum tolerable range can cause the initiation or aggravation of certain 
physiological disorders, irregular ripening, increased susceptibility to decay, off-flavor 
development and eventually, a loss of the product. Even apples which store well for 
extended periods in proper conditions of oxygen and carbon dioxide will develop dis-
orders if stored in too high a carbon dioxide concentration. These disorders include 
peel scalding and the development of internal browning and air pockets (Figure 16.5).

Even if a product does not show visible signs of damage, the response of plant 
tissues to low oxygen or high carbon dioxide is the initiation of ethanolic fermen-
tation. In this pathway, acetaldehyde is produced through pyruvate decarboxylation 
catalyzed by pyruvate decarboxylase. The acetaldehyde is reduced to ethanol by the 
enzyme alcohol dehydrogenase. Ethanol is usually the major product in most low 
oxygen stressed fruit, but in some tissues part of the ethanol is converted into ethyl 
acetate. In high carbon dioxide stress the ratio of ethanol to acetaldehyde was 2:1 
compared to 50:1 in low oxygen stress (Ke et al., 1994).

Relative humidity
The amount of water vapor in the air can greatly affect the quality of fruit and veg-
etables. Too low relative humidity (RH) will cause cracking or shriveling of the prod-
uct as water is lost from the tissue (Figure 16.6). The generally recommended levels 
of 85% to 95% RH for storage of fresh produce represent a compromise to prevent 
excessive weight loss, while providing some control of microbial spoilage. Too high 
RH will cause condensation of water on the surface of the commodity, and encourage 
the development of decay organisms. Condensation affects many modified atmosphere 
packaging methods. A study of tomatoes found that, in a flow-through system of 2% 
oxygen, the fruit remained saleable for 40 days, compared to 15 days in a package 
with the same oxygen concentration (Shirazi and Cameron, 1992). The limiting factor 
in the package was decay due to high in-package RH.

Figure 16.5  Carbon dioxide injury on apples held in controlled atmosphere. Left: scalding of the apple 
peel. Right: flesh browning a cavity development.
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Even when stored at optimal RH, commodities lose weight over time due to both 
transpiration and respiration. The weight loss is equivalent to water loss. The amount of 
weight that a commodity can lose before visible damage is apparent ranges from 3% to 
6% of its harvest weight. However, with water loss comes water stress of the tissue, and 
this stress can accelerate ripening and senescence. Stored tomatoes and cucumbers at 
low RH (60%) elevated ethylene and respiration, compared to storage at 80% and 95% 
RH. The consequence was faster ripening of the tomatoes, including fruit reddening and 
softening, and faster senescence of the cucumbers, including peel yellowing and tissue 
softening. Bananas ripened faster in low RH and produced higher levels of ACC (the 
intermediate of ethylene), as well as ethylene. In apples stored in low RH ethylene pro-
duction increased, and the volatiles of ripe apples, mainly acetate esters, were enhanced.

B.  Biotic stress

Stress caused by microorganisms is generally due to infection by either fungi or bac-
teria. Infections can occur at any time during the growing season, from flowering 
onwards. If the pathogen can develop on unripe fruit then this fruit will not reach matu-
rity or enter the marketing chain. However, many microorganisms can be present on the 
surface of a commodity and only begin to develop as the fruit or vegetable begins to 
ripen or senesce. In addition, some fungi will begin to develop on an unripe commod-
ity and become quiescent or latent until better conditions for development are present.

Latent or quiescent infections
Postharvest fungal pathogens exploit three main routes to penetrate the host tissue: 
through wounds occurring during growth, through natural openings such as lenticels 
and stem ends, and by direct breaching of the cuticle of the commodity. In many 
cases a fungus will enter the unripe fruit tissue and then remain inactive until the 

Figure 16.6  Water loss from apples due to low humidity in storage. Left: cracking of the fruit peel. Right: 
shriveling on some of the surface area of the fruit.
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harvested fruit ripens. The penetration may go unnoticed by the fruit, or may elicit 
rapid defense processes that can limit fungal development. The period from infection 
to activation of fungal development and symptom expression is called the quiescent 
stage (Prusky and Lichter, 2007). After harvest and during ripening, the mechanisms 
that protect unripe fruit from fungal development become nonfunctional, and the 
quiescent fungus begins to develop and cause decay.

The fruit’s natural preformed and inducible antifungal molecules or defense 
responses constitute a major barrier to the quiescent pathogen. An example of com-
plex host- and fungus-mediated metabolism of antifungal compounds is the case of 
Colletotrichum gloeosporioides on avocado fruit. C. gloeosporioides spores can 
adhere to and germinate on the surface of avocado and send a germ tube through the 
cuticle of the fruit. But the fungus does not initiate decay until the avocado fruit begins 
to ripen. The spread of the fungus is inhibited by a high concentration of an antifungal 
diene. The diene compound decreases as the fruit matures, due to both the activity of 
avocado lipoxygenase, and the activity of a fungal enzyme that breaks down an inhib-
itor of lipoxygenase, leading to increased lipoxygenase activity (Guetsky et al., 2005). 
In grapes, quiescent infections of Botrytis cinerea occur because fungal development 
is inhibited by high levels of phenolic compounds (Goetz et al., 1999).

Prevention of quiescent infections is very difficult, because most preharvest treat-
ments will not penetrate into the fruit or vegetable to destroy the pathogen. The best 
way of preventing the pathogen development is to maintain the fruit or vegetable in 
an unripe or non-senescent state, because the conditions are not optimal for pathogen 
development.

Infections after harvest
The types of microorganisms present on fresh produce can vary widely. Before  
harvest they can come from dust or soil, air, irrigation water, insects or animals. 
After harvest they can be in the air, containers or packing line of a packing house or 
store room. Once present, microorganisms subsist on the fruit through biotrophy, in 
which nutrients, carbohydrates, proteins and minerals are obtained from the living 
host cells. However, growth is limited by intrinsic properties of the particular fruit or 
vegetable, as well as storage conditions. In general fungi, because of their resistance 
to acidity, are the predominant organisms on fruits, while aerobic bacteria and fungi 
can develop on fruit and vegetables.

Although microorganisms will be present on all commodities, most microbes 
are innocuous and do not cause damage or decay. Only a small group of bacteria 
and fungi can invade the tissue of fresh fruits and vegetable and cause spoilage. In 
the colonization of fruit and vegetable hosts and the development of decay, post-
harvest fungal pathogens switch from biotrophy to necrotrophy, in which nutrients 
are obtained from dead host cells (Perfect et al., 1999). Opportunistic fungi will be 
present on the surface of the product in an inactive mode, waiting for wounding, 
ripening or senescence. In ripening or senescent products fungi will easily initiate 
necrotrophic development. Thus, the storage methods that delay or prevent ripening 
or senescence will also prevent the development of fungal pathogens. Low tempera-
tures will inhibit most bacterial and fungal development, although among bacteria 
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Pseudomonas fluorescens can grow at close to 0°C, and among the fungi Botrytis 
cinarea can germinate and develop at 0°C. Preventing free water on the stored com-
modity will also inhibit decay development. Most fungi need a certain level of water 
activity to germinate, and in adverse conditions will remain as spores. Controlled or 
modified atmospheres also have fungistatic effects. Carbon dioxide levels of 3% or 
higher will inhibit the development of Alternaria alternata, which attacks numerous 
fruits, and low oxygen also inhibits the development of many fungi. In addition, some 
of the treatments that raise resistance to chilling injury can either kill fungal and bac-
terial spores, or induce resistance in the commodity to microbe invasion. Such treat-
ments include a UV stress and a high temperature stress (Fallik, 2004; Shama, 2007).

However, once fruit or vegetables are in the marketing chain or displayed in the 
store, the microorganisms that were unable to develop under storage conditions are 
released from inhibition, and can cause extensive losses. This is in contrast to chemical 
fungicides, which will have an impact after storage, as well as during storage. There 
are very few fungicides (or bacteriocides) permitted for postharvest use, because there 
are fears of elevated residue levels and affects on human health. Therefore, the proper 
method of storage is essential to minimize losses at the retail level.

III.  Implications for quality management

The implications for fruit and vegetable quality management are clear from the 
description of the preharvest and postharvest stresses detailed above. A comprehen-
sive or systems approach can help control quality losses that will occur if all stages 
of production and marketing are not optimal. There are increasingly sophisticated 
monitoring methods to determine the quality of commodities at different stages, both 
during development and after harvest. In the orchard or field, optimum irrigation 
and fertilization can be monitored by instruments that simultaneously determine soil 
water content, leaf and air temperature, air RH, fruit growth and temperature, stem 
water potential and other measurements. These can be remotely monitored and used 
to optimize irrigation and fertilization regimes. On the sorting line, following harvest 
there is increasing use of non-destructive measurements to examine commodity qual-
ity, in addition to human observation and culling. Cameras can scan the commodity 
as it rotates on the line and sort by color, and identify fruit with blemishes; weigh-
ing cups will sort by size or weight; near-infrared instruments can determine soluble 
solids content or internal disorders; while acoustic methods can determine the firm-
ness of a commodity. These methods and others are still in development for more and 
more commodities, and will increasingly be used to deliver products of uniform qual-
ity. The expected problems of a commodity can be analyzed and systems developed 
to minimize quality loss. For example, many crops need to undergo quarantine treat-
ment when they are exported from the Mediterranean area to other parts of the world 
where Mediterranean fruit fly is a quarantine pest. One method to eliminate the pest 
is a storage period of 16 days at 1.1°C, which will kill the fly. However, many sub-
tropical crops, such as citrus, cannot be held for so long at that temperature without 
developing chilling injury. A systems approach would utilize prestorage treatments 



to reduce the sensitivity of the crop to low temperature. With regard to temperature, 
understanding and monitoring the ripeness of a fruit can allow decisions to be made 
about the best temperature for storage. Early-season subtropical fruits are more sensi-
tive to low temperature than late-season, while less mature fruits are also more sensi-
tive than riper fruits. Understanding the differences in sensitivity allows tomatoes of 
varying ripeness to be stored at dissimilar temperatures without damage. Avocados 
from mid- and late-season harvests can also be stored and shipped at a lower tem-
perature than the early-season fruits, with no quality loss.

Another example is carbon dioxide damage that can develop on some apple cul-
tivars if they are exposed immediately after harvest to a controlled atmosphere. 
However, a procedure whereby the apples are stored for a period of time in regu-
lar air before controlled atmosphere is imposed can alleviate this problem. Dynamic 
controlled atmosphere is a new technique where oxygen is lowered to below 1% and 
the fruit monitored by either a fluorescent measurement, respiration or ethanol pro-
duction. The fruit are held just above the oxygen point where anaerobic fermentation 
will occur. Proponents of this method of storage claim that apples stored in this man-
ner are of higher quality with regard to firmness, aroma and other nutritional aspects 
than apples stored in normal controlled atmosphere.

If the major problem of a commodity is weight loss and shriveling, a systems 
approach would evaluate various methods of maintaining high humidity around the 
commodity without encouraging decay development. Two methods are enclosure in 
a polymer film that has higher permeability to water vapor than to carbon dioxide 
or water, or storage in a room with humidity control with a system where the water 
droplets are extremely small and charged so that they do not coalesce into drops that 
will condense on the commodity. This can maintain RH close to saturation, but the 
commodity remains dry.

There are continuing developments and improvements in postharvest monitor-
ing and storage techniques. These need to be integrated into an overall procedure 
for each fruit and vegetable taking into account the weaknesses and strengths of 
each commodity. The end result will be better quality and healthier products for the 
consumer.

Key words
Abiotic stress, biotic stress, bruising, chilling injury, decay, latent infection, mineral defi-
ciency, relative humidity, sun scald.
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I.  Quality and acceptability

Quality is defined by the buyer (Kramer and Twigg, 1970; Shewfelt, 1999) and per-
ception of the quality of a product changes as it travels through the handling system. 
The grower buys seeds or plants of a selected cultivar, as well as a series of inputs 
(water, fertilizer or pest protection) that will help provide a good yield at a level of 
quality acceptable to the first buyer. Quality of a fresh product early in the posthar-
vest system (at packing houses or warehouses) is usually evaluated against grades 
and standards. Such grades and standards tend to be based on attributes that can be 
readily determined visually – color, size, shape and absence of defects. Visual sort-
ing and grading operations use these attributes to determine the acceptance or rejec-
tion of shipments of a fresh product.

Postharvest Handling: A Systems Approach	 Copyright © 2009, Elsevier Inc.
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For any given lot of a fresh crop, a grade can be established at harvest, usually 
at the packing facility. Theoretically, the grade of that lot will not change, but the 
condition of the commodity will alter during handling and storage as the product 
senesces. Perishability of a commodity is a function of how rapidly the condition of 
the product deteriorates under a given commercial storage regime.

Maturity of a crop is an assessment of physiological development. Physiological 
maturity is described as the stage of development when a plant or plant part will 
continue ontogeny even if detached, whereas commercial maturity is defined as the 
stage of development when a plant or plant part possesses the prerequisites for uti-
lization by consumers for a particular purpose (Watada et al., 1984). Maturity of a 
crop at harvest directly affects the color and size of an item, and thus its grade. Other 
important quality characteristics such as texture, flavor and nutrient content, as well 
as perishability and susceptibility to adverse handling and storage conditions, are a 
function of harvest maturity.

Although grade and condition are the primary factors influencing buying decisions 
for fresh items from the farmer to the consumer, the consumer uses different criteria 
to judge quality. Quality attributes can be divided into purchase quality and consump-
tion quality. Purchase quality is composed of those characteristics that are impor-
tant to the consumer when deciding whether to buy a particular commodity and 
which item(s) to select. Purchase attributes may include color, size, shape, absence 
of defects, firmness to the touch and aroma. Consumption quality consists of those 
characteristics assessed by the consumer to determine how much that item is liked 
during eating. Consumption attributes include flavor (taste and aroma) and mouth-
feel. In addition to purchase and consumption quality there are other hidden 
attributes, such as wholesomeness, nutritional value and safety. These attributes are 
considered hidden because they cannot be readily detected by visual inspection or by 
consumption, but require sophisticated analysis. Perception of these hidden attributes 
plays an important role in the consumer purchase decision.

Quality characteristics constitute part of a wider range of factors leading to food 
acceptability that is defined as “the level of continued purchase or consumption by a 
specified population” (Land, 1988). Extrinsic attributes or other factors that affect 
acceptability include packaging, price, marketing practices and merchandising tech-
niques. More detailed descriptions of food acceptability (Thomson, 1988; Meiselman, 
2006) and quality measurement (Shewfelt and Brückner, 2000) are the subjects of other 
books. This chapter focuses on the intrinsic attributes of a fruit or vegetable that affect 
its acceptability, and places measurement of maturity and quality in a systems context.

II.  Commodity-specific quality attributes

A set of characteristics important to consumer acceptance is associated with each 
fresh fruit or vegetable. Broccoli should be green, but green peaches are rejected. 
Celery should be crisp and crunchy, but strawberries are expected to be soft and suc-
culent. Bland flavors are associated with lettuce and potatoes, but are not desirable in 
tomatoes and blueberries.



Determining characteristics that are important for consumer acceptance is not 
as easy as it might seem. Few investigators determine consumer acceptability of  
specific fruits and vegetables in their research. More consumer acceptance stud-
ies have been performed on the tomato than on any other fresh commodity (Stern  
et al., 1994; Malundo et al., 1995; Auerswald et al., 1999; Sinesio et al., 2000; 
Causse et al., 2002). Research establishes that external factors (particularly firm-
ness to the touch, with uniform but not fully ripe color) are of primary importance in 
tomato purchase. Unfortunately, a single test does not establish acceptance once and 
for all, since consumer tastes change with time and are influenced by cultural fac-
tors. Carefully planned studies identify specific target markets. For example, yellow 
kiwifruit appeal to a specific segment, but not to others (Jaeger et al., 2003). Apples 
are segmented by variety (Shewfelt, 2000), region (Hampson and Quamme, 2000) 
and safety concerns (Baker and Crosbie, 1994).

Despite good intentions to serve the consumer, the grower must satisfy the  
immediate buyer (packer or distributor) to stay in business. Most packers, whole-
sale distributors and retail sales operators buy fruits and vegetables on the basis of 
grades and standards, as mentioned earlier. Many postharvest systems are there-
fore biased toward purchase quality attributes that are closer to grades and stand-
ards. When designing specifications for quality management programs of a specific  
commodity, attributes must be selected that can be used to predict both purchase and 
consumption quality as perceived by the consumer, as well as being readily quan-
tifiable throughout the handling system (Shewfelt, 1999). Techniques should be  
identified or developed for each attribute that would provide a single number on 
a linear scale to distinguish clearly between products of acceptable and unaccept-
able quality. Instrumental techniques are usually preferred to any other methods if 
they are rapid and provide reproducible results. Non-destructive instrumental meth-
ods are preferred to destructive ones, since they decrease waste and permit repeated  
measures on the same items over time. Chemical methods are usually preferred to 
sensory techniques, primarily for reproducibility. For some products, no instrumen-
tal or chemical analyses are available that adequately predict consumer response. 
In these cases, objective scales are developed for a commodity and items are  
evaluated by an expert judge. Ayala-Zavala et al. (2004) describe a scale for spoil-
age of strawberries, and Rennie et al. (2001) use a quality scale for lettuce. At a 
minimum, the use of any technique must be validated by its relationship to sensory 
perception of small, experienced, or trained panels. When possible, these attributes 
should be tested to determine their ability to predict consumer acceptability in large, 
untrained panels.

When evaluating a system, quantification of key attributes should be made at major 
points in the handling system. A technique that is dependent on a single expensive 
instrument bound to a particular location is not useful. Quick, reliable, reproduc-
ible methods that can be performed by available personnel at each critical step are 
ideal. Clearly written quality specifications, coupled with defined actions for specific  
circumstances, are beneficial. Monitoring quality attributes should start as close to 
the field as practicable. The earlier in the handling system a problem can be detected 
the greater are the chances for taking corrective action to minimize economic losses. 
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For example, if a quality check reveals that a harvested crop is deteriorating more 
rapidly than normal a decision can be made to:

1.	 expedite shipping and handling to market and distribute it directly to consumers 
while the quality is still acceptable;

2.	 grade and sort items to save those that will be able to withstand normal handling 
and discard those that will not; or

3.	 stop shipment immediately and discard the lot before any additional input costs 
are incurred.

Some postharvest operations collect additional product at each sampling step, and 
partition the sample into sub-samples that will be analyzed immediately and those 
that will be stored under anticipated handling conditions. This practice helps to 
increase the chances of detecting potential problems while they are still managea-
ble, and can provide insight into whether a problem is the result of inferior product 
or abusive handling conditions. Use of temperature recorders during transport or in 
storage rooms and of time-temperature indicators on the boxes of fresh product can 
also provide information about temperature abuse.

III.  Sample collection and preparation

Part of any quality specification includes the number of samples and the frequency 
of collection. Requirements for individual commodities vary widely; specific rec-
ommendations are beyond the scope of this book. Factors that must be considered 
are normal fruit-to-fruit variation within a lot, seasonal and regional variability, 
degree of precision needed to predict acceptability and the capabilities of the ana-
lytical facilities. A compromise must be reached between collecting so few samples 
that resultant information is meaningless, and collecting more samples than can be 
analyzed accurately. Sampling plans should enhance the chances of detecting fruit-
to-fruit variation in the lot at the expense of detecting variation in the methodology, 
such as by increasing the number of fruit analyzed but not duplicating measures on 
the same fruit. Two-tiered sampling plans are also useful, in which a certain result 
triggers more detailed sampling.

All quality management programs must be well-grounded in statistics, from  
the development of sampling schedules to the interpretation of results. Statistical 
methods cannot merely be added on to a fully developed management program,  
but must be integrated thoroughly into the entire process. Pitfalls to be avoided 
include:

1.	 under-collection of data so no valid conclusions can be drawn;
2.	 over-collection of data to answer questions that are not relevant to management 

problems;
3.	 subtle changes in collection techniques that invalidate the results; and
4.	 failure to appreciate and account for the dynamic changes that occur in senescing 

plant tissue.



Once specifications, including sampling schedules, have been established, every 
effort must be made to provide the necessary equipment, supplies and personnel  
at each sampling location. A full commitment to the quality program is needed to 
reap any benefits. Any scaling-back of monitoring efforts must be done only after a 
careful assessment of the implications of the changes.

IV.  Maturity

Maturity at harvest is an important factor affecting quality perception and the rate of 
change of quality during postharvest handling. Thus, it is critical to obtain measures 
of maturity. An ideal maturity index can be measured non-destructively (Bergevin 
et al., 1995; Olmo et al., 2000; Nelson, 2003; Butz et al., 2005), is different at  
distinct levels of maturity and does not change with time of storage. Unfortunately, 
few such ideal measures exist. Maturity indices can be determined in many ways, 
including estimation of the duration of development; measurement of size, weight, 
or density; physical attributes such as color (Choi et al., 1995; Ferrer et al., 2005), 
firmness (Edan et al., 1997) and moisture or solids content; other chemical attributes 
such as starch, sugar, or acid content; or morphological evaluation. Development of 
such indices can help separate maturity effects from storage and handling effects, 
thus permitting more effective predictive modeling.

Maturity can be assessed in some crops by morphological examination. Most 
notably, mature green tomato fruit can be subdivided into four distinct physiologi-
cal stages that cannot be distinguished by external visual evaluation. By slicing the 
fruit however, and looking at internal morphology, the stages can be distinguished by 
observing locular gel formation (Table 17.1). The difference in ripening to breaker 
stage in fruit not treated with exogenous ethylene is only 2–3 days for stage M4 and 
more than 16 days for stage M1 (Brecht, 1987).

Although the effects of maturity at harvest on quality and storage stability of 
numerous commodities are widely accepted, the use of maturity indices to separate 
maturity effects from handling effects has not been exploited sufficiently. Two tech-
niques are available to quantify maturity effects:

l	 separate maturity into discrete classes and plot the change in a particular qual-
ity attribute of each class as a function of storage time;

Table 17.1  Scoring of “mature green” tomatoes based on visual evaluation of 
sliced fruit (Brecht, 1987)

Score Gel formation Color change

M1 None None

M2 Observed in at least one but not 
all locules

None

M3 Observed in all locules None

M4 Observed in all locules Red coloration in one or more locules, 
but none on fruit surface
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l	 treat maturity as a continuous variable and plot change in a particular quality 
attribute at distinct steps in the handling process as a function of the maturity 
index.

An example of maturity class plots, shown in Figure 17.1, is the interaction of matu-
rity and cultivar on soluble solids development in kiwifruit during postharvest stor-
age. In this specific case, harvesting Merced and Solano at a more advanced stage of 
maturity is more critical than harvesting Butte at a particular stage. Maturity specifi-
cations must be evaluated carefully under commercial conditions and might require 
some adjustment, but the process puts maturity evaluation on a much more solid sci-
entific basis than does the generally accepted earlier-is-better approach.

An example of a maturity index as a continuous, dependent variable for  
summer squash is shown in Figure 17.2. In this specific case, a hue angle of 92° 
is the optimal hue for sensory color acceptance, indicating that a squash with an 
external length of 15 centimeters from proximal to distal end will have the best 
color acceptance within this defined system, which consists of 10 days from har-
vest to sale. Such plots provide a clearer picture of the optimal maturity range than 
the maturity class plots, but they must be viewed with some caution. Use of con-
tinuous indices is preferable when the index is highly accurate and can be measured  
precisely, and the relationship of maturity and quality is highly correlated. Both tech-
niques are dependent on how closely the defined test system mirrors actual handling 
conditions. It can be seen that changes in storage duration within the system could 
have profound effects on recommended maturity levels. For example, shorter periods 
between harvest and sale would permit the sale of more mature (15 cm) squash at 
optimal maturity, but might limit the sale of smaller squash that could be perceived 
as too green.

V.  Measuring quality

A.  Visual evaluation

Visual evaluation of quality characteristics by an expert judge, despite limitations, is 
still a widely used and accepted technique. Numerical scales for specific attributes 
are available for commodities when no chemical or physical measure is available that 
relates to a specific purchase characteristic (Gilles and Toivonen, 1995). Such scales 
are treated as objective measures, but they suffer from many of the problems of sen-
sory analysis without having many of the safeguards of those techniques:

l	 Scoring is subject to variability by expert judges.
l	 It is almost impossible to “blind” the judge to treatments, particularly when the 

same samples are evaluated over time in a storage study.
l	 The full range of the scales is rarely used, since studies are usually stopped 

when the sample drifts into the lower (poor quality) end of the scale.
l	 Results tend to be analyzed assuming linearity of the scale, although no clear 

evidence exists in many cases that points on the scale are at equal intervals.
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Figure 17.1  Effect of cultivar (A, Butte; B, Merced; C, Solano) and harvest maturity (1, –·–; 2, ——; 	
3, – –; 4, – –) on soluble solids development (SSC) in kiwifruit stored for 80 days at 0°C. Reprinted with 
permission from Crisosto et al. (1984). Am. Soc. Hort. Sci. 109(4), 584–587.
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On the other hand, an experienced judge can detect subtle changes well before any 
differences can be detected by instruments or sensory panels. Sample variability 
within a treatment, the short length of most storage studies (which frequently span 
weekends), and large sample size requirements prevent the use of sensory panels in 
experimental studies or for routine quality control checks.

When faced with the need to use a visual evaluation technique or another  
sense (such as smell) to evaluate quality without consumption, these guidelines are 
recommended:

l	 When possible, use a previously published scale so that results can be related 
to previous studies.

l	 Evaluate only those characteristics that relate directly to purchase quality 
attributes of the intended end use of the product.

l	 Select as the expert judge someone who has little or no detailed knowledge of 
the design of the study and no stake in the results (i.e. not the graduate student 
who designed the study).

l	 Use the same judge throughout each study or, in a quality control environment, 
minimize the number of judges. When possible, have two or more judges  
independently evaluate each item.

l	 Periodic discussions should be held to refresh the judge(s) on definitions of key 
terms. (These discussions, however, should never be conducted in the middle 
of an ongoing experiment in which it is essential to maintain consistency of 
interpretation.)
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Figure 17.2  Effect of maturity (external length from proximal to distal end) and simulated handling step 
(A, packing house departure 1 day postharvest; B, wholesale warehouse arrival after 2 days at 5°C; C, 
wholesale warehouse departure after 4 days at 10°C; D, retail sale after 3 days at 10°C) on hue angle of 
summer squash. Hue angle of 92° was considered optimal by a sensory panel (— —).



l	 The scale should be evaluated for its ability to predict likeability by an untrained 
consumer panel (30 or more panelists) for both the specific attribute(s) and over-
all acceptability.

B.  Color

Measurement of color is an important means of quality assessment of food products. 
Although color of fruits and vegetables is an external manifestation of composition 
and form of plant pigments, a simple compositional analysis of extracted pigments 
does not necessarily predict visual impact. Fruit ripening and vegetable yellowing 
frequently involve the unmasking of yellow-to-orange xanthophylls and carotenes by 
the disappearance of chlorophyll (Chan and Ramaswamy, 2002). A direct measure of 
chlorophyll concentration however, is a poor predictor of the visual impact of broccoli 
color (Toivonen and Sweeny, 1998). Anthocyanins are the primary pigments in blue-
berries, present in the fruit in metal–ion complexes. When extracted however, the pig-
ment is red with little resemblance to the purple coloration of whole fruit (Boulton, 
2001). Coloration of anthocyanins is highly dependent on the intracellular environ-
ment, particularly pH (Holcroft and Kader, 1999). Traditional spectrophotometric 
methods for total anthocyanins (Prior et al., 1998), betalains (Fernández-López and 
Almela, 2001), chlorophyll (Gitelson and Merzlyak, 1997) and carotenoids are being 
replaced by HPLC methods that separate individual pigments. Published HPLC sep-
aration methods exist for anthocyanins (Wu and Prior, 2005), betalains (Fernández-
López and Almela, 2001), carotenoids and chlorophylls (Almela et al., 2001).

Measurement of changes in pigments is important in understanding the physiol-
ogy of ripening and senescence. In measuring changes in visual impact however, it is 
more important to detect physical changes in the appearance. Although appearance 
is a function of more than just color, and there are instruments available to detect 
these other factors (Voss, 1992), this discussion will focus on color measurement.  
Many color scales have been developed, but the predominant scale used for fruits 
and vegetables is the Hunter “Lab” or its variant CIE L*a*b*. For most applications, 
either scale provides meaningful information. Since most investigators are switching 
to the CIE L*a*b* system, it is the scale of choice. For the sake of simplicity, the 
following discussion refers to Lab.

In selecting color-measuring equipment, careful attention must be paid to the spe-
cific applications desired and the range of commodities or products to be tested. In the 
experimental stage, sample orientation and light aperture are critical. These factors are 
described in detail elsewhere (Clydesdale, 1991) and are not covered in this chapter.

The most frequent error in color measurement is the use of Lab results directly 
without conversion to hue, value and chroma. The primary reason food scientists use 
food colorimeters is that the readings are related to human color perception, which 
influences consumer acceptance of the product. Humans and colorimeters “see” 
color differently. Humans see the color of a product in terms of its lightness, hue 
(color name such as red, blue, or green) and chroma (brightness or saturation) by 
integrating some very complex signals into these three components. Colorimeters do 
not have the capacity to integrate directly, and thus must break the signal down into a 
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simpler construct. Instruments “see” color in terms of lightness (L), red-green char-
acter in the absence of yellow or blue components (a) and yellow-blue character in 
the absence of red or green components (b). L, a, and b measures are machine lan-
guage, whereas hue, chroma and lightness are terms that relate to human perception. 
Fortunately, we can convert the machine language, through some rather simple math-
ematical calculations, to numbers that have relevance to humans.

As soon as the specific terms of hue (for example, red or yellow) are used, different 
things are being said in machine and human terms. To the machine, an increase in yel-
lowness is signaled by an increase in the magnitude of b, whereas in human terms 
an increase in yellowness is signaled by the closeness of the hue angle (tan1 b/a)  
to 90°. Thus in human terms, the yellowness of a sample can increase even if the b 
reading decreases, as long as the a reading exhibits a greater decrease. Likewise, 
the yellowness of a sample can decrease even if the b reading increases, if the a 
reading exhibits a greater increase.

In the example shown in Table 17.2 and Figure 17.3, apple S is more yellow than 
apple R, which is in turn more yellow than apple T to the instrument. In terms of 
human perception however, the ranking of yellowness of the samples is just the 
opposite. Differences in chroma may also affect human perception in this case, but 
hue is usually more important in the perception of fruit and vegetable quality.

Although color is related primarily to maturity or purchase quality, it may also 
contribute to consumption quality. Johnson and Clydesdale (1982) show that dark 
colored beverages are perceived to be sweeter than lighter-colored counterparts pre-
sented with the same flavorings and sugar concentration. Flesh color of many fruits 
and vegetables may not be observed until the time of consumption, and may pro-
vide a different quality perception than external color. When measuring flesh color, 
the sample should be measured as soon after cutting the fruit as possible to avoid 
changes due to browning or desiccation. In addition, it is a good practice to clean any 
juice from the sample port between measurements. Other non-invasive techniques 
to measure fruit and vegetable appearance use radiant energy (Butz et al., 2005) or 
computer vision (Brosnan and Sun, 2004).

C.  Texture

Firmness is the primary textural attribute measured in fruits and vegetables.  
Firmness is usually measured by destructive puncture tests, including handheld Effegi 

Table 17.2  Hypothetical example to demonstrate difference 
in yellowness of Golden Delicious apples as perceived by 
humans and instruments1

Apple L a b b/a Hue angle

R 35 5.0 10.0 2.00 120

S 35 10.0 12.5 1.25 130

T 35 0 7.5 4 90

1See text for explanation of abbreviations used.



(Volz et al., 2003) and mechanized Instron tests (White et al., 2004). An indication of 
firmness is obtained by the force necessary to cause penetration of a standard probe 
a specified distance into the product. These tests are being replaced by more non-
destructive tests (Macnish et al., 1997; Sugiyama et al., 1998; Cho and Han, 1999; 
Hung et al., 1999; De Ketelaere and De Baerdemaeker, 2001; Butz et al., 2005; 
Gomez et al., 2005). Non-destructive tests are particularly effective in sorting fruit 
by firmness, but may not be as effective in measurement in quality monitoring during 
handling and storage (Abbott, 2004). Sensory evaluation of apples was most likely to 
be predicted by puncture tests than other methods evaluated (Harker et al., 2002).

As in color measurement, sample presentation for textural analysis is important. 
The size of the surface area for puncture or deformation, the geometry of the sam-
ple, the means of support, and the interaction of the instrument and the sample all 
affect results. In puncture tests, a decision must be made about whether the peel 
should be retained or removed. In analyzing tomatoes, the peel is usually retained, 
but in analyzing peaches it is more often removed. Temperature of the samples can 
affect measurements and should be standardized. Penetration instruments yield data  
about firmness as a force. Thus the SI unit of force, the Newton (N), should be  
used to report all results; probe diameter must also be reported. For more details on 
measurement of food texture, see Bourne (2002).

D.  Flavor

Chemical analysis of fruit and vegetable composition is used primarily to estimate 
consumption quality and hidden attributes. Sweetness is a function of sugar con-
centration and sourness a function of acidity. Consumer perception of sweetness or 
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Figure 17.3  Illustration of the misleading conclusions drawn on use of “b” readings to determine 
yellowness of a sample.
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sourness is related to the ratio of sugars and acids, but the relationship is complex 
(Malundo et al., 1995; Crisosto et al., 2007). Sugar composition is usually estimated 
by measuring the percentage of soluble solids (°Brix) using a refractometer (Esti 
et al., 2002). Acidity is determined by titration with a standard base (Abegaz et al., 
2004). More detailed analysis and separation of individual sugars and acids can be 
determined using HPLC (Sturm et al., 2003).

Volatile compounds are responsible for the distinctive aromas associated with fruits 
and vegetables. These compounds, in combination with taste sensations (sweet, sour 
and bitter), form characteristic flavors. The volatile constituents of numerous fruits 
have been isolated and characterized using chromatographic techniques. More than 
200 volatile compounds are found in orange juice (Selli et al., 2003), and more than 
300 in apples (López et al., 1998). Many fruits contain one or two volatile compounds, 
known as character impact compounds, which convey the flavor message. Examples of 
character impact compounds are nootkatone in grapefruit oil and 1-p-methyl-8-thiol in 
grapefruit juice, raspberry ketone, 4-(4-hydroxyphenyl)-butan-2-one, and 3-mercapto-
1-ethanol in passion fruit (Rowe and Tangel, 1999). Full aroma of any fruit however, is a 
subtle combination of many compounds, which is why duplicating fruit flavors in artifi-
cial beverages is so difficult. Determining the volatile compounds responsible for aroma 
and flavor is a complex task. The complexity of flavor, and our inability to relate peaks 
of a few compounds to consumer perception of flavor adequately, greatly limits our abil-
ity to incorporate flavor into quality evaluation programs. Presence of bitter compounds, 
such as limonene and naringen in citrus fruits (Braddock, 1995), or absence of a critical 
flavor component such as cis-3-hexenal in chilled tomato fruits (Maul et al., 2000) are 
examples of flavor problems identified using gas chromatography.

E.  Nutrients

Vitamins and minerals are hidden attributes that affect consumer perception. Nutrient 
composition varies widely in raw commodities because of genetics, preharvest fac-
tors (soil fertility, moisture content of the soil, growth temperature, growth regula-
tors and cultural practices), maturity at harvest and postharvest handling conditions 
(mechanical damage, storage times, temperatures, relative humidity, gaseous atmos-
phere and the use of additives). Despite the importance of these compounds, little 
is known about the rates of degradation of nutrients during postharvest handling 
(Shewfelt, 1990) with most of the emphasis on loss of vitamin C (Kalt et al., 1999; 
Lee and Kader, 2000). Consumers buy certain items as good sources of specific 
nutrients, for example, leafy green vegetables for vitamin A, oranges for vitamin C 
and bananas for magnesium and potassium. Without sophisticated analytical equip-
ment however, the consumer cannot detect differences in individual products at the 
point of purchase (Shewfelt, 1999). Thus there is little incentive to measure nutrient 
content in a quality control program, unless specific nutritional claims can be made. 
The two most commonly measured nutrients in fruits and vegetables are ascorbic 
acid (vitamin C) and -carotene (pro-vitamin A). Ascorbic acid (Asami et al., 2003) 
and -carotene (Hart and Scott, 1995) are measured by HPLC. Mineral analysis is 
usually performed by ashing and atomic absorption (Aleotor et al., 2002).



VI.  Sensory evaluation techniques

Known widely as “taste” testing, sensory evaluation incorporates a much wider 
range of senses than merely taste. Taste is the sense that detects chemical properties 
of foods in the mouth in the absence of aroma. Usually considered to be limited to 
sweet, sour, salty and bitter sensations, taste is probably more complex (O’Mahony, 
1991). The sense of smell (Lawless, 1991) to detect aroma, which combines with 
taste to form flavor; sight (Clydesdale, 1991), which detects color and other appear-
ance characteristics; kinesthetics, which detect textural attributes by hands and 
mouth (mouth-feel) (Szczesniak, 1991); and even sound (Vickers, 1991), which is 
an indication of crispness and crunchiness; can all play a role in an understanding of 
sensory perception of food quality.

A.  Types of sensory tests

Sensory tests are divided into affective and analytical tests (Meilgaard et al., 2006). 
Affective tests provide information on the preference (liking one sample better than 
other) or acceptance (how much is a sample liked or disliked) of products. Analytical 
tests seek to determine the level of specific attributes or the sensitivities of panelists. 
Most postharvest studies and quality control tests are designed to answer questions that 
require affective tests, whereas most tests conducted tend to be analytical. Examples 
of questions requiring affective tests include:

l	 Which treatment results in the preferred product?
l	 Is this product acceptable and will it remain acceptable long enough to satisfy 

consumer needs?

Unfortunately, analytical sensory tests are not designed to provide meaningful 
answers to such questions.

A minimum of 24 untrained panelists is essential to place any confidence in 
affective test results; usually 50–100 panelists are needed to provide adequate 
information. A demographic profile of the panelists is important to provide insight 
into wider applicability of the results (e.g. 24 white Anglo-Saxon men might not  
provide an accurate projection of consumers in New York City). Score sheets typi-
cally ask panelists to rank the samples in order of preference or rate each product 
from 9 (like extremely) to 1 (dislike extremely), this is known as hedonic scaling. 
Ranking tests give more direct information about which sample is preferred, but 
give no information about how much a sample is preferred and why. Hedonic scales  
are treated statistically as linear equal-interval scales, although panelists tend to 
ignore both extremes. These scales are more readily adaptable to obtaining informa-
tion about some specific attributes. A willingness-to-purchase scale from 5 (definitely 
would purchase) to 1 (definitely would not purchase) (Malundo et al., 1997) or an 
acceptability scale from 3 (tastes great) to 2 (acceptable) to 1 (unacceptable) (Dubost  
et al., 2003) are more useful measures of fruit and vegetable acceptability. Rather 
than being reported as a mean on the scale, willingness-to-purchase is expressed as a 
percentage of purchase acceptability.
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Analytical tests can be subdivided into descriptive and discriminative tests. 
Descriptive tests measure and quantify specific attributes of a product, for example, 
sweetness, juiciness, or flesh color, whereas discriminative tests determine differences 
in samples and products. In descriptive tests, the panelist is asked to rate the intensity 
of a particular attribute on a scale. Two such scaling techniques are quantitative descrip-
tive analysis (QDA) (Stone and Sidell, 2004) and magnitude estimation (Lawless  
and Heymann, 1997). An example of a QDA score sheet for peaches is provided in 
Figure 17.4. Note that the panelist is not asked to indicate which sample is preferred. 
For example, some panelists may prefer sweet apples whereas others prefer tart ones, but 
such opinions are not relevant to these tests. Descriptive tests provide important infor-
mation about specific attributes and should be incorporated into any study where appro-
priate chemical or physical tests cannot be developed for critical consumption attributes. 
Normally, descriptive panels consist of 5–15 trained panelists, usually permanent support 
staff personnel. Experienced panels contain panelists with a familiarity with the termi-
nology and quality characteristics of the product. Panelists have normal sensory acuity, 
in contrast with members of highly trained panels, who can detect subtle changes in a 
product. It is critical that, within a given study, changes in the composition of a panel 
are minimized. A panelist whose scores differ from the norm can still be useful if judg-
ments are consistent, but can skew results greatly if they are present for only part of the 
study. Managers, who can rarely be tied down to a specific location at a specific time on a  
predictable schedule, and students, who tend to graduate, make poor panelists.

Discriminative tests can be subdivided further into difference and sensitivity tests. 
Difference tests such as paired-comparison, duo-trio, or triangle tests can be used to 
determine if two products differ from each other. Postharvest scientists have largely 
ignored this useful technique. An example is provided for fruit juices by Valliant 
et al. (2001). A difference test can be used to determine if a new handling tech-
nique results in a detectable difference in overall quality or in a specific attribute. 
For example, if a new handling technique is introduced to improve the firmness of 
fresh avocados during shipment, demonstration of detectable differences in firmness 
would provide strong support to adopt the technique. However, finding no significant 
difference is not equivalent to finding no difference! Statistical tests are designed to 
minimize the risk of a Type I error (stating there is a difference when none exists) at 
the expense of making a Type II error (stating there is no difference when one exists) 
(Freund and Wilson, 2002). Unfortunately, there are no simple tests to determine if 
a modification of a system (for example, changing pre-cooling temperature require-
ments) will result in a product of comparable quality. Standard tests can detect only 
significant differences in quality, if they exist.

B.  Sample preparation and presentation

Sensory evaluation tests are usually performed in special facilities housing a number 
of individual booths. These booths should provide an atmosphere conducive to mak-
ing sound judgments, clean, adequately lighted and ventilated, free from audio and 
visual distractions, equipped with a sink for rinsing and expectoration, with ready 
access to the food preparation area. Samples should be presented to panelists in a 



SENSORY EVALUATION OF PEACHES

THE SAMPLE CODE NOS. ARE:

YOU SHOULD HAVE SIX MARKS ON EACH SCALE WHEN YOU COMPLETE THIS.

Name Date A.M./P.M. Set

Please evaluate these samples of peaches using the rating scales below. Place vertical marks on each
of the scales to indicate your rating of each sample. Label each mark with the code number of the 
sample it represents.

FLESH COLOR

FLAVOR
Sweetness

Sourness

Peach flavor
intensity

Overall flavor
intensity

Off-flavor
(IF ANY)

DESCRIBE OFF-FLAVOR

FLESH COLOR

OVERALL
EXTERNAL COLOR

FIRMNESS TO
THE TOUCH

PLEASE TAKE YOUR SCORE CARD TO THE KITCHEN AREA TO EVALUATE SAMPLES
FOR COLOR, FIRMNESS TO THE TOUCH, AND OVERALL PREFERENCE.

green yellow red-orange

too bland about right too sweet

too bland about right too sour

weak moderate strong

weak moderate strong

slight moderate strong

green yellow red-orange

fair good excellent

not firm moderately firm very firm

Figure 17.4  Sensory panel sheet for evaluation of peaches.
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form in which and at a temperature at which the item is consumed normally. Samples 
should be coded in a fashion that will not bias a panelist (three digit codes extracted 
from a random number table are sufficient) and should be presented in a random 
fashion to avoid first or last sample biases. Consider the number of samples provided 
at a sitting to avoid panelist fatigue. Consuming an unsalted cracker between strong 
samples, such as raw onions, helps prevent carryover. Otherwise, a water rinse is 
usually sufficient. Distilled water is preferable, particularly if a pronounced flavor is 
present in tap water. Tests should be conducted at the same time each day, preferably 
not to interfere with normal break times or close to a normal mealtime. More details 
on panel environment and sample preparation are provided by Lawless and Heymann 
(1997), Stone and Sidell (2004) and Meilgaard et al. (2006).

Design of a proper questionnaire for a sensory test is critical. Does the question-
naire adequately address the test objectives? Is the questionnaire readily understand-
able using unequivocal language? Is it too long, so it taxes the panelist? Does it 
present the samples to the panelist in the same order in which they are presented 
physically? As in any other analytical test, attention to detail is essential to generate 
valid, accurate data from sensory tests.

C.  Evaluating purchase and consumption attributes

Most sensory tests are associated with consumption attributes, such as flavor and 
mouth-feel. As described earlier, sensory evaluation may be the only valid measure for 
consumption attributes for certain crops. Purchase attributes can also be evaluated by 
sensory techniques. Color, other appearance attributes, firmness to the touch and aroma 
are purchase attributes that can be assessed. Usually, purchase attributes are not evalu-
ated in booths, but are measured on a well-lighted counter top. No communication is 
allowed between panelists. Unless individual items are small (peas or blueberries, for 
example), they should be evaluated individually and not in clusters of 2 or 3. More sam-
ples can be evaluated for purchase attributes by a panelist, since fatigue is usually not as 
much of a factor as it is for consumption attributes. When measuring consumption and 
purchase attributes as part of the same test, it is usually preferable to perform consump-
tion tests first, followed by purchase tests, since the latter are more likely to bias the 
former than vice versa. When filtered light is being used to screen out color differences 
however, some time must be permitted between consumption and purchase evaluation 
to adapt to normal lighting, or the purchase attributes should be evaluated first. In any 
case, coding of samples for purchase and consumption samples should be different. It is 
always tempting to compare purchase and consumption attributes, although experience 
has suggested consistently that purchase attributes are not reliable predictors of con-
sumption attributes. One goal of a systems approach is to improve consumption quality, 
while maintaining acceptable purchase quality (Malundo et al., 1997).

D.  Correlating sensory and physico-chemical results

Quality tests are only meaningful if they relate to consumer acceptance. In the absence 
of consumer acceptance data for many commodities, most chemical and physical tests 
are evaluated for their ability to correlate with sensory results. In many cases, simple 



correlation coefficients are used; a coefficient of 0.9 (R2  0.81) is preferable and 0.8 
(R2  0.64) is considered acceptable. More sophisticated techniques have been devel-
oped using cluster analysis and factorial analysis (Krumbein and Auerswald, 1997), 
which help reduce the data required to discriminate between samples from multiple 
attributes to a few critical ones. In any decision-making process, it is critical not to let 
the level of statistical significance obscure the practical implications of the results.

VII.  Quality in a systems context

Quality is only one of the factors that influence consumer acceptability of a fruit 
or vegetable, but it is the only factor that is intrinsic to the item, and is the factor 
most directly affected by handling and storage conditions. Quality can be divided 
into purchase, consumption and hidden attributes. Each commodity has a unique set 
of quality attributes desired by the consumer. Maturity and quality indices have been 
developed for many commodities to permit quality evaluation of an item through  
the system and to separate “maturity effects” from “handling effects.” Sensory  
evaluation represents an important means of assessing quality, but it is frequently 
misapplied in postharvest experiments. An understanding of the interaction of  
production systems and subsequent handling steps to affect quality represents the 
greatest potential application of a systems approach to postharvest handling.
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I.  Introduction

Major changes in consumer behavior and in understanding the technical possibilities 
of production have occurred in the last couple of decades in agriculture and horti-
culture. Consumers have become increasingly aware of the importance of fruit and 
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vegetable quality (Benner et al., 2003, Batt, 2006; Fearne et al., 2006; Hewett, 2006); 
and put more emphasis on the quality of their daily food. While retailers govern the 
fruit and vegetable supply chain in all developed countries, they have to comply with 
changing consumer demands and preferences to stay competitive. The increasing 
number of food quality issues covered in the media has added to the awareness and 
concern of the consumer, increasing the challenge to the grower and retailer.

Another change results from drastically increased technical and technological 
capabilities to measure food quality, together with the technology of modeling and 
data analysis. Combining this information at both the level of product usage and at 
the level of research and handling possibilities, it becomes increasingly clear that a 
systematic approach to fruit and vegetable quality, handling and modeling is vitally 
important. The traditional way of thinking about quality and of developing empiri-
cal models and data analysis, has to expand to include all available knowledge and 
information. Consequently, models must include not only information contained in 
experimental data but also, and especially, information contained in chemical, physi-
cal and physiological expertise accumulated over decades of scholarship.

The ultimate goal of modeling is to predict the future behavior of any product, in any 
circumstance, from any region and grown in any season. Modeling is the modern ver-
sion of analyzing and understanding laboratory and practical experiments (Tijskens, 
2004). It should allow the transfer of experimental results to practical applications. The 
world of food supply chains however, and especially globalized fruit and vegetable sup-
ply chains, has grown increasingly complicated. The quality of produce from different 
areas and growing conditions is sometimes different from that expected, making the 
usual rules for quality control no longer generally applicable. Traditional models, mainly 
statistical or empirical models, are no longer sufficiently reliable to predict quality. We 
have to include all (as much as possible) available knowledge, both in the preharvest 
realm (i.e. fruit and vegetable production) and in the postharvest phase (i.e. distribution, 
processing, sales and service). The barrier between both areas needs to be breached, so 
that ideas and information can be exchanged. However, communication between the two 
areas is often problematic (Tijskens and van Kooten, 2006) due to differing viewpoints 
on quality and importance. Process oriented modeling, based on knowledge of the proc-
esses occurring, is a system of modeling that provides a feasible approach to integrate 
the preharvest and postharvest areas (Tijskens, 2004; Tijskens et al., 2001).

This chapter attempts to achieve just that by presenting an expanded view on qual-
ity, modeling and modeling of quality. Since the variation in properties of individual 
items in a batch of commodities accounts for a large part of the problem in under-
standing and dealing with product behavior, special attention is devoted to the omni-
present biological variation and how to use it for competitive advantage.

II.  What is quality?

When applying a systems approach to modeling, built on the processes active in com-
modities that change their behavior and quality over time, we also need a framework 
for quality within the same paradigm of system approach. As long as man is concerned 
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with the quality of food, he will attempt to define that notion (see Chapters 3, 8, 9, 11, 
and 17). Sometimes, it is assumed that it is easier to define quality in terms of levels of 
attributes or properties for large groups of consumers. The problem with this approach 
is that each individual perceives quality differently. Consequently, every possible defi-
nition is of limited use. To deal with the variation between individuals in developing 
quality models, Sloof et al. (1996) developed working concepts on quality that proved 
to be successful outside the modeling framework as well.

The framework (Figure 18.1) was adapted evaluating the modeling requirements 
for globalization in the fruit and vegetable supply chain (Tijskens et al., 2006a) and 
for quality assurance (Tijskens et al., 2005a). The main assumption behind the frame-
work is that the processes by which humans evaluate the quality of any commodity 
are likely to be highly similar in every human being, regardless of culture, upbringing 
and social circumstances. Differences among individuals, regions, states, societies 
and cultures come about because of the difference in applied limits and “initial con-
ditions” (Brückner, 2006). Although obtaining suitable data on human behavior in 
assessing quality, and whether or not they purchase a particular commodity, is still 
far out of reach, psychologists are increasingly convinced these premises are appli-
cable (personal communication R. de Wijk). Nevertheless, the fact that obtaining  
suitable data is virtually impossible should not prevent consideration of that 
framework.

Quality is assigned to a commodity by the buyer or consumer (Figure 18.1 shows 
the center of scheme), based on the perceived properties of a particular specimen. 
Consumers perceive those properties (e.g. sugar content) and convert them into 
attributes (e.g. sweetness). The value of a particular product is also assigned, by the 
user, based on the market situation (assigned value). Based on the social circum-
stances of the evaluator (user, buyer), and the intended use for the commodity, a usa-
bility is assigned (assigned usability). Consumers ultimately use all three assigned 
notions to decide whether to accept a product.

USERUSER

ProductProduct

SocialSocial

A
ss

ig
ne

d
us

ab
ili

ty

MarketMarket

A
ssigned

value

Assigned Quality

Temperature

Rel. humidity

Cultivar

MA/CA

Climate

Growth cond.

Preference

Customs

Status

Fashion

Intended useCosts

Availability

Prior experience
Price

Advertisement

Acceptance

Figure 18.1  Schematic representation of quality and acceptance.
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Figure 18.1 shows that on the first assigned item, quality, some information is 
available. With respect to modeling quality, that intrinsic or assigned quality depends 
almost exclusively on the quality attributes of the product, and hence on proper-
ties of that product that are related to the attributes under consideration. On the last 
two assigned items (value and usability) however, not much is known (Botonaki 
et al., 2006). Modeling acceptance is, therefore, much more difficult and cumber-
some if the market situation and the social circumstances vary, because economical 
and psychological issues also come into play. Although there is increased interest 
in this area (Moskowitz, 2005; Morris and Young, 2000), as already mentioned, not 
much is known about the economical and psychological items in a systems approach 
framework.

Kramer and Twigg (1983) defined quality as:

“The composite of those characteristics that differentiate individual units of a 
product, and have significance in determining the degree of acceptability of 
that unit by the buyer.”

Their definition clearly connects acceptability to product properties and attributes 
(here called characteristics). The keeping quality of products, that is the time 
a product remains acceptable during handling and storage, is closely related to 
acceptability (Rico et al., 2007; Tijskens et al., 1996a,b). At the same time, the defi-
nition of Kramer and Twigg stresses the importance of the difference between units 
of product, which is actually the biological variance present in a batch of individual 
items.

Consumer acceptance based on product attributes has been the subject of studies  
and reports on its own (Crisosto et al., 2003, 2006; Berna et al., 2005; Tomlins  
et al., 2007). However, research on consumer acceptance and its effects on post
harvest technology applications will remain very cumbersome without an attempt to 
base this on fundamental models (Schouten et al., 2007a,b).

A.  Attributes versus properties

A consumer assigns attributes to a product based on its relevant properties (Figure 
18.1). For practical application, the differences between product properties (physical, 
chemical) and quality attributes (psychological) are not that important. In fact, some-
times the differences between properties and attributes are not very clear.

However, for the sake of developing theories and viewpoints and for research in the 
area of quality and human behavior, it is of utmost importance to understand the dif-
ference. This is particularly true when a variable is measured using objective measur-
ing techniques, when the variable is often assumed to be a property. A good example 
is color. Does a tomato in pitch darkness have a color? We cannot judge that, since 
we need light to observe it. What a tomato always has however, whether or not we 
observe them, are color compounds such as chlorophyll or lycopene. Therefore, the 
properties related to the attribute color are light absorbing compounds.

It is important to note that, frequently, so-called objective measuring techniques 
are designed in such a way that the impact of human sensitivity on the factor is 
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already incorporated in the measuring technique. Again, color is a good example: the 
well-known L*a*b* color space does reflect the sensitivity of the human eye by the 
choice of wavelengths used.

Firmness can also be regarded as an attribute based on the properties of strength 
generating compounds. Many of the objective firmness-measuring techniques do 
reflect the way humans observe product strength while chewing, bending, breaking 
or touching the product. When dealing with this type of data, it is important to real-
ize the nature of the variable measured, in order to deduce the proper framework of 
reasoning.

Most of the time attributes are based on more than a single property, while proper-
ties may affect several attributes. The relationships between properties and attributes 
are very complex and still not well understood. Table 18.1 shows some examples.  
A more elaborate example from texture research can be found in Table 18.2, as reported  
by Tijskens and Luyten (2004) based on the work of de Wijk et al. (2003).

B.  Assigned quality versus acceptance

From the definition by Kramer and Twigg (1983, see previous section) and the repre-
sentation of quality relations (Figure 18.1), it is clear that assigned (or intrinsic) qual-
ity differs from product acceptance. The concepts are highly related to one another 
in a more or less unidirectional way: assigned quality can exist without acceptance 
however, acceptance never occurs without quality. In the latter case, other issues such 
as availability or cost (Figure 18.1, market), or personal preference (Figure 18.1, 
social), come into play in the context of acceptance. The principles of acceptance of 
potted plants based on assigned quality are described in Tijskens (2000) and Tijskens 
et al. (1996a). Recently, a similar approach has been applied to obtain information of 
consumer buying behavior for tomatoes (Schouten et al., 2007a,b), based on color 
and firmness as limiting attributes.

Table 18.1  Relations between most common sensorial attributes and 
physical or chemical properties of fruits and vegetables

Attribute Property

Color Amount/concentration coloring compounds
Wavelength light

Texture Amount/concentration strength generating compounds
Tissue structure
Cell size

Sweetness Amount/concentration sugars
Amount/concentration acids

Flavor Amount/concentration aroma compounds
Texture (ripeness)
Adsorbent properties tissue
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Table 18.2  An illustration of the complexity in the attribute-property relations using the example of 
mayonnaise and custards

Physical property           affects Sensorial property

Viscosity Thickness, stickiness, compactness, melting, creaminess

Density Compactness

Particle size Compactness, creaminess

Adhesion Thickness, stickiness

Concentration of flavoring compounds Creaminess

Sensorial property           relates to Physical property

Thickness Viscosity, adhesion

Stickiness Viscosity, adhesion

Compactness Viscosity, density, particle size

Melting Viscosity

Creaminess Viscosity, particle size, concentration of flavoring 	
compounds

Source: de Wijk et al. (2003)
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Figure 18.2  Notional components of prediction error in models of increasing complexity: (a) when 
the structure of the system is well understood; (b) when the model structure or the mechanism applied 
is wrong, with the irreducible structural error represented by the dotted asymptote. Complexity and error 
increase away from the intercept. Source: Passioura (1996). Courtesy of Agronomy Journal.

Total

Complexity

E
rr

or

(b)

Structure

Parameters

In most cases laymen mean acceptance when referring to quality. Even in scientific  
publications, more often than not, quality is used in the meaning of acceptance. How
ever, the concepts are not the same. For economic purposes, commercial companies 
are much more interested in product acceptance than in product quality. In that sense, 
acceptance is more important than assigned quality. On the other hand, without  
quality the acceptance of the commodity is at risk.

In summary, both product acceptance and product quality are extremely important, 
sometimes hard to discern, and pose a challenge to model. A direct consequence of the 
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applied quality philosophy, however, is that as long as one is primarily concerned with 
assigned or intrinsic quality, and does not include economic or socio-psychological  
aspects, the modeling approach can be based entirely on the behavior of relevant 
product properties. If economic and social issues are also to be considered, modeling 
becomes very difficult, not because of practical or mathematical reasons, but because 
of the sheer differences in expertise and level of understanding in the three areas of 
product, market and consumer research.

III.  Systems approach in modeling

Many scientists consider modeling to be very difficult, highly mathematical and far 
out of reach. However, modeling is as old as science. Every conclusion based on sci-
entific research is, in fact, a model. Not a mathematical model but a conceptual one, 
often applied inconsistently and variably, but nevertheless a model.

Modeling in agriculture started in the late sixties with, among others, the work of 
Thornley (1976) and the school of C.T. De Wit at what is now Wageningen University 
and Research Centre (de Wit, 1968; Wierenga and de Wit, 1972; de Wit and van 
Keulen, 1972; van Keulen et al., 1976). For several decades, these traditional empiri-
cal/statistical models induced a tremendous impetus in agricultural research and opti-
mization, especially in the area of production, both in open fields and in greenhouses.

However, the technology of modeling has improved considerably over the last dec-
ades. Parameter estimation on measured data can now be based easily on non-linear  
regression analysis (statistical packages like SAS, Statistica, Genstat, R-Project); 
mechanisms can be automatically converted into differential equations and (possi-
bly) solved for analytical solutions (e.g. Maple 10, MapleSoft, Waterloo Maple Inc., 
Waterloo, Canada or Mathematica, Wolfram Research, Inc., Champaign, IL, USA). 
These technical developments enable the use of conceptual models, directly derived 
from available expertise, and the use of all laws of nature and scientific rules of dis-
ciplines in developing improved, more reliable and more understandable models.

A.  Process oriented modeling versus statistical models

The main and mostly only source of information for traditional mathematical models 
is data gathered during experiments. The expertise and rules of statistics and data 
analysis are applied. Very often these types of models are developed, extended and 
refined over several years or even decades, often with amazing applicability.

However, those models generally ignore existing expertise and scientific knowl-
edge. Concepts of processes occurring in nature, which are part of expert knowl-
edge of a particular area of research, are much more valuable in general application, 
as well as in understanding power, than mere mathematical or statistical models. 
For example, William of Ockham (a fourteenth-century logician) was right with 
Ockham’s razor (make models as simple as possible), but statisticians have wrongly 
translated his wisdom into tests on the number of parameters in the model (e.g. 
goodness of fit).
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As Passioura reported (1996), a clear relationship exists between the estimation 
error (or goodness of fit measures), the structure of a model, the number of parame-
ters in the model, and the complexity of the model. A minimum number of parameters 
only provide an (statistically) improved, more useful model for very simple models  
(Figure 18.3). In more complex models, decreasing the number of parameters as 
much as possible seems futile. The structure of the model (which processes need 
to be included) becomes much more important. Ockham’s razor can be applied to 
deciding which processes that occur in the product are important, and which must be 
disregarded, to arrive at models applicable in practice. In other words, the problem 
has to be decomposed into the constituting processes (Sloof, 2001). Simplification 
needs to be done on the level of processes to be included or excluded, and not on the 
level of mathematics and statistics.

Fundamental rules of disciplines (e.g. chemical kinetics), and the laws of nature 
(e.g. basic physics), are well established. Besides the use of statistical and mathemat-
ical skills, these rules and all the available expertise should be used fully in building 
models for complex and variable fields, such as agriculture and food. Data gathered 
can and must be used only for setting up the problem framework, and finally for cali-
bration and validation of the developed models.

By including all available fundamental knowledge at our disposal, we achieve the 
ultimate goal of modeling: the prediction of future behavior in any circumstance, from 
any region, grown in any season, while generating more knowledge about the process 
under study. This approach yields the so-called fundamental process oriented model. 
Research on modeling the effects of globalization of the fruit and vegetable trade is, 
as far we are aware, non-existent. Effects of different batches, seasons (both within 
one year and from year to year), harvest maturity, and field management conditions 
are abundant. Proper interpretation with a global view, however, is mostly absent. 
By considering these differences, we basically deal with biological variation. Lately 
reports have covered this subject (Hertog, 2002; Hertog et al., 2004; Schouten et al., 
2004a; Tijskens et al., 2003, 2005c). These reports indicate that it should be possible 
to interpret experimental data in a global context applying process oriented modeling.

The most basic rule of modern science is that of the repeatability of experiments. 
Under the same conditions, the same set-up and ingredients should provide identical 
results. This means, for example, that the rate constant of chemical reactions should 
be the same, regardless of the level of reactants present. Considering that many, pre-
sumably most, processes occurring in food products are of a chemical nature, the 
rate constant of a process has only to be determined once in the controlled circum-
stances of a laboratory, and henceforward, can be reused in different situations out-
side the laboratory. Moreover, a rate constant has to obey the fundamental rule of 
temperature dependence, according to Arrhenius’ or Eyring’s law (van Boekel and 
Tijskens, 2001). If, during model development and calibration, the rate constant of a 
process does not meet these requirements, either a wrong mechanism was selected or 
more processes are active than were considered in the model. The decomposition of 
the problem was improper (Sloof, 2001).

Applying the fundamental rules and problem decomposition in a systems approach 
to build process oriented models are a few of the powerful tools capable of describing 
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phenomena under any circumstances in the fruit and vegetable supply chain. The 
next sections discuss examples of this approach applied to quality behavior in any 
link of the supply chain.

B.  Area of dedication

Traditional empirical and/or statistical models are frequently specified for a dedi-
cated application or for one factor in the supply chain (growing, storage, transporta-
tion, etc.). When building models based on occurring processes, however, it does not 
matter where the product is in the chain or what conditions are imposed on the prod-
uct. For the occurring processes, for example degreening, it is not important whether 
they occur in storage or during transport. The mechanism will be the same, as will be 
the derived model. Therefore, models developed based on the mechanism of occur-
ring processes have a much wider application throughout the entire supply chain. 
Moreover, data gathered in different parts of the chain can be pooled and analyzed, 
increasing their applicability and reliability.

IV.  Examples of modeling

Firmness and color are the main attributes of the majority of agricultural commodi-
ties, because they are important to consumers and the trade. Moreover, firmness 
and color can both be measured quite easily. Because both of these attributes have 
been measured for some time, a lot of knowledge has been accumulated. That does 
not mean that other quality attributes (e.g. sugar content, acid content, taste, flavor, 
juiciness) are less important for fruit and vegetables, but merely that there is less 
opportunity to analyze them because of the relatively more difficult measurement 
procedures. The majority of examples in the next sections are predominantly con-
cerned with color and firmness of fruit and vegetables. In all examples, color and 
firmness must be defined, to deal properly with changes in these attributes.

Color is generated by coloring compounds, such as chlorophyll, pheophytine, lyc-
opene and anthocyanins, by reflection or absorption of incident light as observed by 
human senses. Changes in observed color can be caused by any of the three major 
constituents: the senses, the light and the content of coloring compounds. For practi-
cal product research, incident light and senses are kept or considered constant, while 
the coloring compounds are items to be described and modeled. When the target 
area is changed, for example, to consumer research (what are possible differences 
between population segments?), the models developed for product research should 
not be translated or reused without considering the possible effect of changes in 
perception. However, in product research, the main focus is on the chemistry of the 
coloring compounds involved in the product under study.

Most horticultural products are green (chlorophyll) at some stage of development, 
but towards maturity a whole range of colors and coloring compounds develop. 
Chlorophyll content is, or should be, a good reference when considering maturity 
and ripening in any stage of development. The specific coloring compounds that 
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develop on ripening (red tomatoes, yellow bananas, brown nuts) can also be used for 
this purpose, but only in the later (more critical) stages of maturity. The typical red 
coloration (for example, the blush in nectarines, apples) caused by anthocyanins is, 
most of the time, primarily related to the amount of sunlight received during growth 
and is hardly related to that part of quality that is affected in postharvest handling.

Firmness can originate from different sources. Most common sources are pec-
tines, cellulosic structuring material, cell turgor, granules inside cells, shape and size 
of cells (van Dijk and Tijskens, 2000; Tijskens and Luyten, 2004). Firmness is meas-
ured by applying a force to a structure. Again, the observer and the type and circum-
stances of the force applied may affect firmness. Objective firmness is measured by a 
standardized procedure using a machine. Non-standardized human forces and senses 
are used in subjective assessment. Again this is the major difference between product 
research and consumer/sensory research.

The different sources of firmness directly affect the development of models. 
Sometimes, but rarely, only one source of firmness is present in a commodity. In that 
case, modeling of firmness is rather straightforward by focusing on that one process. 
More frequently multiple sources of firmness are present. In those cases, each source 
of firmness can change at its own rate in actual conditions under study, including a no 
change (zero rate). The latter case is the most common effect of multiple sources of 
firmness: firmness does not decay towards zero, but to a fixed end-value. However, one 
has always to be aware of multiple processes acting concurrently on multiple sources 
of firmness, and take these into consideration when building a model on firmness.

A.  Models for storage

Color
Changes related to chlorophyll breakdown and pheophytine production are the most 
common color changes in fruits and vegetables during storage. The most frequent 
behavior of color, especially expressed in the L*a*b* system, shows a sigmoidal pat-
tern that is modeled using a logistic function (see Table 18.5 for notation):
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The logistic equation, of which Equation 18.1 is just a specific case, has been used 
empirically to describe various kinds of sigmoidal behavior. The equation, however, 
can be deduced assuming an autocatalytic reaction:
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(18.2)

This reaction can progress under the influence of an enzyme (Enz) or ethylene. 
Using the application of the fundamental rules of chemical kinetics, including mass 
conservation laws, and the assumption that the two rate constants are the same, the 
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analytical solution results in Equation 18.1. When the two rate constants are differ-
ent, a more elaborated model describes an asymmetrical sigmoidal behavior often 
found in preharvest growth phenomena (Tijskens and van Kooten, 2006):
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In Figure 18.2, an example is shown for both types of behavior. Although the mod-
els cannot be considered fully kinetic models (the mechanisms are not proven, only 
assumed), the meaning of their parameters can be clearly described. Some model 
parameters are concentrations or related to concentrations (Enz, Col), while others 
are reaction rate constants (k). From the rules of chemical kinetics, one can deduce 
that reaction rate constants inherently depend on temperature, according to the fun-
damental rules such as Arrhenius (Equation 18.4) or Eyring, found in textbooks on 
chemical or enzymatic kinetics:
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(18.4)

Heaton and Maragnoni (1996) and van Boekel (1999, 2000) provided extended 
descriptions of the mechanism involved in change of color in horticultural prod-
ucts, in terms of the concentration of different coloring compounds. Schouten et al. 
(2002) applied part of that mechanism to describe the color changes in cucumbers 
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Figure 18.3  Behavior of the symmetrical (black line) and asymmetrical (grey line) sigmoidal function 
according to Equations 18.1 and 18.3, using Colmax  100 and Colmin  0. All parameter values and time 
units are arbitrarily selected.
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(expressed in RGB value from computer imaging), including the sometimes observed 
deepening of the green color in the early part of storage in the dark.

Firmness
Changes in firmness of horticultural products can be caused by a plethora of reac-
tions. For fruit of deciduous trees, the major cause of softening is pectin degrada-
tion. For fruit from shrubs and herbs and for vegetables (like currants, strawberries, 
grapes) the major cause is moisture loss. However, firmness and changes in firmness 
of horticultural products cannot be attributed to a single cause. A possible mecha-
nism is depicted in the following simple reaction:
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where F1, F2 and F3 are possible sources of firmness. The observed firmness is, then, 
related to the total of all items involved. Not all of the sources of firmness have to 
change under the same conditions. For some of them the rate of change is so low that 
no change can be observed in the period of study. The application of the fundamental 
rules of chemical kinetics and the solution of the derived differential equations for 
constant external conditions (such as temperature) yields:
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(18.6)

The three reactions in Equation 18.5 can all obey different relations with temperature. 
Equation 18.6 indicates that at different storage temperatures an apparently completely 
different behavior is observed. Figure 18.4a shows an example for some imaginary 
fruit stored at seven temperature levels (08C to 308C in 58C increments) using param-
eter values from Table 18.3. At low temperatures, only the first reaction actually takes 
place, while at higher temperatures the second reaction also starts to develop, due to the 
higher activation energy (Ea). The third reaction is kept constant (kf,3 is zero). Figure 
18.4a, while maintaining an apparent exponential behavior for each series separately, 
indicates a change in asymptotic end-value with increasing temperatures. This behavior 
is frequently found in measured data, but is rarely taken into account.

All kinds of variations on this central mechanism (Equation 18.5) can occur. In 
horticultural products, almost all reactions are catalyzed by some enzyme (Enz). 
When the enzyme activity is (virtually) constant during storage, the results are simi-
lar to those depicted above. However, batches of different origin may have different 
levels of enzyme activity. Consequently, the apparent rate of change may vary from 
batch to batch, depending on, for example, growing conditions and maturity at har-
vest. This complex mechanism can simply be represented as:
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The result is an equation similar to Equation 18.6, but includes the rate constants 
multiplied by the actual enzyme activity. However, different enzymes could cata-
lyze each reaction. In that case, the situation rapidly becomes very complex. The 
approach to achieve a feasible model however, is highly similar to the mechanism 
shown in Equation 18.7.
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Figure 18.4  Firmness behavior according to Equation 18.6 based on parameter values as shown in Table 
18.3. (a) at different levels of temperature. The model includes different sources of firmness, that start 
changing only at higher temperatures, reflected in the different level of the asymptots as the time increases. 
(b) at different levels of initial enzyme activity, indicating the increasing rate of decay with increasing enzyme 
activity, thereby changing the apparent behaviour of softening (from sigmoidal to exponential).
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When the enzyme activity is not constant during storage but, for example, 
increases, a completely new situation arises. The mechanism of enzyme change will 
have a profound effect on the observed behavior. A possible mechanism is shown in 
Equation 18.8:
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where F is again the firmness (only a single source), k the rate constant, and Enz 
the available enzyme activity. Subscript pre indicates a precursor, f for firmness and 
e for enzyme. Figure 18.4b shows an example for increasing initial levels of Enz 
activity using parameters values shown in Table 18.4. With higher levels of Enz0, 
the enzyme activity at the moment of harvest, the firmness breakdown does resem-
ble the normally found exponential behavior. On the other hand, when the level of 
initial enzyme activity is very low, the behavior resembles the sigmoidal behavior, 
frequently modeled using the logistic curve (Equation 18.1). For example, such 
behavior was found in ripening nectarines (Tijskens et al., 2007).

Another possible situation is when one of the reactions in Equation 18.5 or 18.7 is 
inhibited by controlled atmosphere (CA), and the other is not. CA slows physiological  

Table 18.4  Simulation parameters 
(Equation 18.8 and Figure 18.3b)

Parameter name Value

F0 100

Enzpre,0 1

Enz0 0–0.41

kf 0.1

ke 0.05

Note: Dimensions and values 
selected completely arbitrary.

Table 18.3  Parameter values for Equation 18.6 
used for simulation in Figure 18.3a

Reaction Fx,o kf,x Eax

1 10 0.2   80

2   5 0.01 250

3   2 0     0

Note: Dimensions and values selected completely 
arbitrary.
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Table 18.5  Description of notation and subscripts used in equations legend of symbols

Name Description

Col Color (any type)

decay Unnamed decay product

Ea Activation energy

Enz Enzyme activity

F Firmness

k Reaction rate constant

P Density function

Pr Probability function

Q Quality

qa, qb Lower and upper limit quality class

t Time

T Temperature

Δt Time shift/biological shift factor

μ Mean value

σ Standard deviation or biological variation

Φ Cumulative normal probability function

All dimensions are arbitrary unless indicated

Subscripts Description

col Color

Enz, e Enzyme

f Firmness

fix Invariable part/asymptotic end-value

post Postharvest conditions

max Maximum value

min Minimum value

pre Precursor or preharvest conditions

ref At some reference

0 Initial/at harvest

1 Source 1

2 Source 2

3 Source 3
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aging reactions in many fruits and vegetables by decreasing the product’s respiration. 
Application of CA conditions would then lead to a behavior as depicted in Figure 
18.4, now not as a function of temperature, but of the intensity of the CA condi-
tion. Tijskens modeled the change in firmness behavior of Golden Delicious apples 
in different CA regimes in 1979. The findings were used in a simulation application 
for Elstar apples (Tijskens et al., 1999). Additional details regarding the modeling 
of respiration and its effects on the quality of horticultural products can be found in 
Hertog et al. (1999), Hertog (2001), Schouten et al. (2004b) and the references cited 
therein.

B.  Models for batches

Dealing with general patterns and variation in measured properties or attributes is, 
in its basic premises, the technical goal of modeling. The previous few years have 
seen the emergence of a new type of model: batch models. This type of model 
describes the variation resulting from slightly different conditions during growth for 
all individuals with a common growth history (“batch”). This variation, known as 
biological variation, may be described as the composite of biological properties that 
differentiate individuals in a batch (adapted from Tijskens et al., 2003).

In fruit and vegetables, biological variation is often larger in magnitude than that of 
other sources of variation, such as random and systematic errors related to data gather-
ing (e.g. observational errors, technical variation). Until recently however, biological 
variation has been neglected for various reasons. Tijskens et al. (2003) describe how, 
in practice, variation in properties has been addressed by sorting and grading with 
emphasis on uniform production. However, uniform production methods do not pro-
duce batches with zero biological variation, because small spatial or temporal variation 
in growth conditions cannot be avoided. Hertog et al. (2004) mentioned that if all fruit 
was harvested at the same stage of ripeness, the variation at harvest would be negligi-
ble and would remain negligible throughout the postharvest period. However, this is 
never the case. The problem with sorting and grading is two-fold. First, sorting and 
grading on (external) quality attributes will only sort on the current quality attributes. 
Limiting variation in the quality attribute by mixing batches will mask information 
how the variation will develop later in the supply chain. Secondly, given the availa-
ble commercial technology, sorting and grading is primarily conducted using external 
attributes. Sorting and grading might reduce the variation in other (internal) attributes 
(see Chapter 14), but much less than for the external properties (Tijskens et al., 2003).

This section illustrates different aspects of biological variation and its propagation 
in time, with examples of how these batch models advance the understanding of phys-
iology. Progress is swift and it is likely that this overview will be outdated in a few 
years time, but the practical benefits will become clear in the section on globalization.

Batch models combine quality models that describe the change of properties or 
attributes of individual products over time (see examples in previous sections) with the 
probability theory, which describes the variation of measured properties or attributes 
as a function of time. Biological variation is a mathematical concept that can be  
incorporated into quality models, by assuming that the change in quality behavior 
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is deterministic, and any biological variation is included as a stochastic deviation 
of a single individual around the deterministic part (De Ketelaere et al., 2006). For 
the deterministic part, a whole range of (individual) quality models is available in 
literature.

Incorporating biological age
One approach to obtain information about biological variation is to adapt an indi-
vidual model to allow for the estimation of the biological age for each individual 
fruit or vegetable in a batch. This procedure requires that individuals are measured 
repeatedly over time, using non-destructive measuring techniques. Biological age 
can be defined as the age of the individual relative to an arbitrary reference point 
(see Example 18.1). The individual model is adapted to allow the estimation of the 
biological age for each individual fruit as the time necessary for the change in the 
initial firmness to an arbitrarily chosen reference firmness (ΔtF), and the estimation 
of all other model parameters in common for the whole batch.

Example 18.1 Firmness of tomatoes (adapted from Schouten  
et al., 2007a)

Tomatoes tend to lose firmness according to an exponential function when they 
have reached commercial size, either on the plant or off the plant. Apparently, 
two sources of variation suffice for tomato firmness: a changing property and 
an invariable one (see Equation 18.6). Firmness breakdown occurring over time 
during postharvest can be described according to Equation 18.9:
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(18.9)

with F0 the firmness at harvest (in N), with kf,post (in day1) the reaction rate 
constant for the firmness breakdown after harvest and Ffix the invariable part 
(in N). The firmness at harvest, F0, was assumed to be the result of firmness 
changes during preharvest. Subsequently the postharvest firmness change 
model can then be expressed as a function of the storage time after harvest, 
and the biological age firmness at harvest for constant temperature conditions 
(Equation 18.10).
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(18.10)

with kf,pre (in day1) the reaction rate constant for the firmness change before 
harvest, Fref an arbitrary reference firmness and ∆tF the biological age 
expressed as the time (in days) necessary for the firmness to change from Fref 
to F0. Equation 18.10 expresses the postharvest firmness behavior as a function 
of the preharvest growing conditions with regard to firmness breakdown, the 
firmness at harvest, the storage time after harvest and the biological age firm-
ness at harvest (Figure 18.5a,b).
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There seems to be two (almost identical) methods to incorporate biological  
age. The first method is used by Hertog et al. (2004, 2007b) and Schouten  
et al. (2007a) who showed, by comparing root mean square error plots, that most  
of the variation between tomatoes of the same batch originated from picking at a  
different initial color. The concept that biological age can be applied to the ini-
tial values of a quality attribute or property to develop individual models is shown  
later in this chapter. The second method is to add the biological age (which is actu-
ally the transformed initial condition F0 to the timeframe, using the model under 
study), to the time variable as a stochastic variable called biological time. This  
biological time will have a different value for each individual in a batch. This sec-
ond method has been presented by Tijskens et al. (2003, 2007) and De Ketelaere  
et al. (2006).

Both methods of incorporating biological variance mentioned above can be used to 
obtain information about the biological variation present in a batch. Using non-linear 
mixed effects regression analysis it is possible to estimate the joint model parame-
ters, such as kf,post, kf,pre and Ffix in Example 18.1, and all the values for the biological 
age of the individuals in the batch. The values appear to be distributed according to 
a normal or Gaussian distribution, for example, the color biological age in tomatoes 
(Hertog et al., 2004) and the firmness biological age measured by the chlorophyll- 
related absorption coefficient a of nectarines (Tijskens et al., 2006b; Tijskens  
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et al., 2007). The distribution of biological age can be characterized by the mean 
and the standard deviation. It is clear from Figure 18.6 that this approach is success-
fully describing the large differences present between batches, both in the value of 
the mean and the standard deviation of the biological age distribution.

Biological variation
Another approach to obtaining information about biological variation is to incorpo-
rate the finding that the biological age is apparently normally distributed. This infor-
mation can be obtained in two ways. The first method is preferable when dealing 
with experimental data that have been classified into (quality) categories (relative 
frequency data), while the second approach is useful when no classification is used. 
The first method expresses the batch model as the probability that measurements 
belong to a certain class (qa, qb) of the quality function Q. Assuming that the biologi-
cal age (∆t) is normally distributed will result in the following batch model formula-
tion (Equation 18.11) (Schouten et al., 2004b):
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with  the cumulative standard normal distribution function,  the mean and  the 
standard deviation of the (biological age) distribution. The derivation of the applica-
ble dedicated equation is shown in Example 18.2.
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measured at 670 nm for four batches, differing in season (2003–2005) and cultivars (Ambra and Spring 
Bright) at commercial harvest. Source: Tijskens et al. (2007).
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The second method is based on understanding how one variable is affected by the 
variation in another variable, on which it depends. Let’s assume that a quality func-
tion Q, as a function of biological age, is prone to biological variation. In that case, 
the probability density P(Q(t)) can be expressed according to Equation 18.12, assum-
ing that the biological age is normally distributed with mean  and  the standard 
deviation (Hertog et al., 2004):
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The inference of the applicable dedicated equation is shown in Example 18.3. 
In the case of large amounts of individual fruits or vegetables in a batch, no dif-
ferences between the two methods are expected in terms of batch or model param-
eters. However, when only a limited number of individuals in a batch is available, 
estimations will depend on the chosen class widths (qa, qb). In that latter case, the 
second method will likely result in improved descriptions of the batch variation. 

Example 18.2 Method 1. Firmness batch model for tomatoes 
(from Schouten et al., 2007b)

To create a batch model according to the first method of the firmness behavior 
the inverse of the quality function (Equation 18.10) is needed, and applying 
Equation 18.11 leads to Equation 18.12:
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with  the mean value and  the standard deviation of the development time of 
the mother population.

Figure 18.7 shows, from left to right, the propagation of measured firm-
ness distributions (bars) and simulated probabilities (lines) over time and 
temperature for one batch of breaker tomatoes. It is clear that the frequency 
distributions and simulated probabilities move, starting from the initial distri-
bution at harvest (t  0), towards an asymptote (Ffix) at a speed that increases 
with storage temperature. The closer the mean value of the distributions is to 
Ffix, the more skewed it becomes, finally reducing to a single column/spike.
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Figure 18.7  The propagation of biological variation over time. Measured firmness distributions (bars) and simulated firmness probability distributions (lines) 
from tomatoes from one batch stored at three different temperatures and a class width of 4 (N). Source: Schouten et al. (2007b).
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However, the first method provides results that are easier to interpret, because they 
are expressed as probability values between 0 and 1, instead of probability density 
functions that have no upper limit and can easily exceed 1. Both methods are generic 
in nature, but limited to those quality functions with an inverse (Q1).

Example 18.3 Method 2. Firmness batch model for tomatoes

To create a batch model using the second method of firmness behavior, the 
inverse of the quality function (Equation 18.10) has to be differentiated with 
regard to q. The derivative with regard to q is applied in Equation 18.13 and 
leads to Equation 18.14:
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Figure 18.8 shows an example of the propagation of the probability density 
function assuming the logistic quality function rather than exponential. The distri-
bution changes from the start (t  0) as a symmetrical distribution that becomes 
skewed over time until all tomatoes show only little variation in color (t  20).
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Multiple sources of variation
Schouten et al. (2007a) investigated whether the biological ages based on (individ-
ual) color measurements and (individual) firmness measurements in tomato were 
linked. They found that the mean biological ages between batches from the same 
greenhouse were strongly linked. Apparently, the biological age based on mean 
color and biological age based on mean firmness of tomatoes are synchronized per 
grower, which points at links between the different metabolic pathways that result 
in synchronized quality attributes. This link between the biological age based on 
color and on firmness is also apparent when the chlorophyll related absorption coef-
ficient a was linked to the biological age based on firmness of nectarines (Tijskens 
et al., 2006b; Tijskens et al., 2007). The viewpoint that multiple sources of variation 
may exist was investigated by De Ketelaere (2006) who showed that, within a batch 
of mangoes, next to the biological age based on firmness variation is also present in 
the rate of the logistic firmness breakdown process. This is remarkable, because in 
many deterministic quality models the rate constant of firmness breakdown is con-
sidered to be a reaction rate constant that only varies between cultivars, not within 
batches.

Hertog et al. (2007a) recently proposed an approach to generate batch models 
with two stochastic variables, for two different sources of biological variation. This 
was accomplished by extending the second method discussed above to the situation, 
where the quality function Q depends on two covarying sources of biological varia-
tion. The approach was demonstrated on postharvest stem growth data affected by 
biological variation in the mass of the head and initial length of the central stem of 
Belgian endive applying a bivariate normal distribution.

Application of batch models
Practical applications based on batch models are quickly becoming a reality. For 
instance, the (logistic) batch model describing the variation in the chlorophyll pre-
cursor in cucumbers has been shown to have an upper limit in the cultivar specific 
amount of this precursor (Schouten et al., 2004a). This information could be used 
by cucumber breeders to create genotypes with a specific keeping quality. Another 
application for breeders and participants in the tomato supply chain might be to 
combine batch models for color and firmness with consumer limits, to provide the 
purchase period for consumers that starts when a tomato batch becomes acceptable 
(from unripe to ripe) and ends when the batch becomes unacceptable (from ripe to 
over-ripe) (Schouten et al., 2007b).

C.  Models for growth

The modeling of quality attributes and quality related product properties during 
growth are not well developed. In general, quality attributes important for postharvest 
handling of fruit and vegetables play a minor role in the production phase, except in 
floriculture. Attention is devoted to mass gain, absence of defects and management of 
the plantation. In fact, quality is mainly reduced to selecting an appropriate cultivar. 
Little is known about how postharvest quality actually changes during growth.
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However, the growing conditions in open field are highly variable, due to weather 
and the inability to control rainfall, sunlight or day length. Open field conditions 
make it very hard to pinpoint the active processes, study them in isolation and con-
struct mechanistic models from that knowledge. Preliminary trials (Tijskens and van 
Kooten, 2006) have revealed that progress can be expected from a thorough problem 
decomposition and modeling in a mechanistic way. The empirical temperature sum 
has been used very successfully, and can be connected to summed rate constants of 
occurring reactions (Tijskens and Verdenius, 2000).

D.  Models for globalization

The globalization of the fruit and vegetable supply chain has been occurring for quite 
some time. Globalization offers major advantages, but also considerable disadvan-
tages (Phillips, 2006). However, the need to understand how different regions and 
different seasons across the world affect quality and quality behavior (Tijskens et al., 
2006a; Banks, 2006) has been neglected. Understanding and integration requires a 
fundamental approach that incorporates the relevant behavior of the product, both in 
the preharvest and in the postharvest realm. Quality differences induced by different 
cultivars, growing sites, soil types, climate and weather have to be merged and com-
bined into a single description. Because traditional modeling approaches are unsuit-
able to accommodate this integration of knowledge, we have to turn to modeling 
based on available knowledge of the processes that occur in the produce and initiate 
or cause the phenomena observed: a systems approach.

The concept of biological variation may be linked directly to certification issues. 
Food safety and product quality is increasingly controlled during the produc-
tion process, and in the supply chain, through the development and implementation 
of food safety and quality standards such as EUREPGAP, HACCP, IFS, BRC, or 
GHP. Traceability (see Chapter 12) of batches is a prerequisite for these standards. 
Knowledge of how quality attributes or properties of batches change helps supply 
chain partners understand why sometimes batch behavior differs from expectations 
based only on mean values.

The models elaborated above may seem over-expanded and too complex for the 
intended simple target. An application targeting a global supply chain, however, has 
to account for effects of growing region, management, cultivar and the influence of 
other conditions affecting the behavior of batches from all over the world. In addi-
tion, models for practical applications should include the various preferences and 
likings of different consumers across the world. The latter part is still largely out of 
reach, although some interesting developments are taking place in combining proc-
ess oriented quality change models and models on consumer acceptance with eco-
nomic aspects for the entire supply chain (Schepers et al., 2004, 2005).

A simple example of a model of the effects associated with different growing regions 
and management procedures on the quality and quality behavior in the globalized fruit 
and vegetable supply chain can be found in maturity at harvest. The effects of harvest 
maturity on product behavior can be manifold. In its simplest form harvest maturity 
induces a mere shift in the biological time, without fundamentally altering the behavior 



of the aspect studied (Tijskens et al., 2005b). Based on a simple exponential breakdown 
(Equation 18.10), the system of biological shift factors allows the standardization of 
graphical representations (see, for example, Figures 2 and 3 in Tijskens et al., 2005b).

The principle of biological shift factor (Δt in Equation 18.10) has been applied 
to firmness (Lana et al., 2005) and color (Lana et al., 2006) of fresh whole and cut 
tomatoes, the color of bell peppers (Tijskens et al., 2005b) and Granny Smith apples 
(Tijskens and Verdenius, 2000; Tijskens et al., 2005b). The system of biological 
shift factor has the additional advantage that the values of the biological shift factor 
(encountered until now) are normally distributed. A new and exciting development 
is described in Tijskens et al. (2006b, 2007) indicating that the actual biological shift 
factor of nectarines could be measured directly by time-resolved spectroscopy. In the 
long run the addition of biological variation resulting from products that originate in 
different regions of the world will provide the means to develop models applicable to 
the globalized fruit and vegetable supply chain.

A generic approach to generate a batch model that accounts for dynamic tempera-
ture scenarios, proposed by Hertog et al. (2007b), provides an example of how to link 
biological variation methodology and globalization/certification into practical appli-
cations. The concept is based on the transformation of the actual time to “physiologi-
cal time” or “biological time” that converts the batch model into a version based on 
differential equations. The conversion includes dynamic changes in temperature. The 
dynamic approach is important, because temperature fluctuations in the supply chain 
are the norm. One application area can be telemetric monitoring (using RFID tech-
nology and temperature loggers) in truck/reefer transport to inform chain managers 
about the quality status, based on the current temperature and the effect it is has on 
the propagation of the biological age distribution of each batch.

V.  Conclusions and future developments

A decomposition of a problem into the constituent processes leads to the identifica-
tion of plausible mechanisms occurring in the product. In using these mechanisms 
to build models, all available theoretical knowledge can be used. The application 
of fundamental rules, for example chemical kinetics, allows these mechanisms to 
be expressed in the form of differential equations. These differential equations can 
(sometimes) be solved analytically under constant external conditions. When the 
conditions are not constant, or when the differential equations are too complex to be 
solved, the differential equations can be used to solve the problem in a numeric fash-
ion. The practical and empirical knowledge and product expertise and available data 
are merely used to calibrate the developed models.

This chapter shows not only that problems in horticulture can and may be tackled 
by this system, but it also shows that the method of process oriented modeling opens 
new alleys to include the omnipresent biological variation into the system. To model 
the supply chain and, especially, the global supply chain the addition of the biologi-
cal variation of product batches originating from a large number of growing condi-
tions is of the utmost importance.

V.  Conclusions and future developments  507
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The technical equipment to make this approach more feasible than it is currently 
will be developed further: more powerful computers, more powerful simulation pack-
ages, but especially important more suitable non-destructive measuring techniques to 
measure the same samples repeatedly for a more extended set of attributes.

Moreover, statistical procedures will be developed in the near future to account 
for the biological variation in the analysis of data gathered by destructive methods, 
which are currently by far the most abundant methods.

By applying process oriented models in the statistical analysis of experimental 
data, an increase in estimation reliability from e.g. 70% to 90% and higher, can fre-
quently be obtained. The use of the technique of multi-response-multi-variate sta-
tistical analysis will increase and further improve the understanding of the problem, 
and enhance the physiological basis of the systems approach in modeling.

Key words
Process oriented modeling, quality, product properties, product acceptance, consumer behav-
ior, color, firmness, globalization.
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I.  Introduction

While consumption of fresh produce has been historically highly seasonal, inter-
national trade, with improvements in refrigeration, transport and storage facilities 
allowing even highly perishable products such as raspberries, to be shipped from dis-
tant countries, has led consumers to expect a near complete range of produce to be 
available year-round. In the food industry, the system that moves a steady supply of 
fresh produce is simply called the “cold chain.” The cold chain encompasses all the 
critical steps and processes that foods and other perishable products must undergo in 
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order to maintain their quality. Therefore, logistics plays a central role in ensuring an 
efficient cold chain from the field, through distribution channels, to the home refrig-
erator. In addition to examining these requirements at local levels, the intricacies of 
transcontinental shipment, customs requirements, air and sea freighting and special 
packaging, add complexity to the logistics. Besides, in recent years, precautions to 
combat terrorism have tended to put additional constraints on an already complicated 
system.

A.  The supply chain system

Supply chains are all about linkages. A supply chain is only as strong as its weak-
est link. Whenever a chain breaks, it usually does so at the weakest link. In a sup-
ply chain there are many interfaces (links), such as the ones between customer and 
store, producer and packing house. Problems develop at these interfaces (Katzorke 
and Lee, 1998), and the best way to overcome these problems is to manage the sup-
ply chain efficiently. Major limitations experienced by the cold chain include poor 
temperature management, due to either the lack of, or limitations in, refrigeration, 
handling, storage and relative humidity (RH) control. Temperature management dur-
ing transportation of fresh fruits and vegetables over long distances is critical. Loads 
must be stacked so as to enable proper air circulation, in order to facilitate removal of 
heat from the produce, as well as to dissipate incoming heat from the atmosphere and 
off the road. Stacking of loads must also consider minimizing mechanical damage. 
Transit vehicles must be cooled prior to loading the fresh produce. Delays between 
cooling after harvest and loading into transit vehicles should also be avoided. Proper 
temperature maintenance should be ensured throughout the handling system.

Logistics is the process of planning, implementing and controlling the efficient 
flow and storage of goods, services and related information, from the point of ori-
gin to the point of consumption, to meet customers’ requirements (Luo and Findlay, 
2002). According to Tarnowski (2006), the biggest problem is that some play-
ers cannot see past their own concerns. For example, retailers blame transportation 
companies for not delivering within a specified window of time, the transportation 
companies blame the suppliers for not having enough product, suppliers blame the 
retailers for not properly inspecting deliveries and so on. Apparently, no one wants to 
be accountable. Improved communication and information exchange seems to be the 
way to achieve better cohesion (see Chapters 1, 2, 3, 6 and 7).

Christopher and Lee (2001) acknowledge the inherent complexity of inter- 
organizational supply chain networks, promoting the virtues of visibility and veloc-
ity as key elements to improve the supply chain. Supply chain visibility is the ability 
to see from one end of the pipeline to the other. Visibility implies a clear view of 
upstream and downstream inventories, demand and supply conditions, and produc-
tion and purchasing schedules. The achievement of supply chain visibility is based 
upon close collaboration with customers and suppliers, as well as internal integra-
tion within the business. The second ingredient of supply chain agility is velocity. 
Velocity is defined as distance over time. Hence to increase velocity, time must be 
reduced. Here we are referring to “end-to-end” pipeline time, i.e. the total time it 
takes to move products and materials from one end of the supply chain to the other. 



In addition, how rapidly the supply chain reacts to changes in demand, upwards 
or downwards, which could be described as acceleration, is important. The three 
basic foundations for improved supply chain velocity and acceleration are: stream-
lined processes reduced inbound lead-times and non-value added time reduction 
(Christopher and Lee, 2001).

B.  Important factors to consider

According to Fearne and Hughes (1999) a number of driving forces were evident, to 
varying degrees, for success of the supply chain system in the United Kingdom (UK). 
These included: continuous investment (despite increasingly tight margins), good staff 
(to drive the process of innovation and develop good trading relationships with key 
customers), volume growth (to fund the necessary investment and provide a degree 
of confidence in the future), improvement of measurement and control of costs (in the 
pursuit of further gains in efficiency) and innovation (not just in the product offer, but 
also in the level of service and the way of doing business with key customers).

Recently, there is increasing attention on product traceability (see Chapter 12), 
particularly for produce, to assist with product recalls and bioterrorism. However, 
conventional barcodes for labeling shipped produce are still used extensively.  
It is now globally important that the ability to trace backward and forward  
information about production and postharvest handling operations should be part 
of good agricultural practices (GAPs). In the process, we achieve greater certainty 
regarding quality, delivery options and intervention measures along the entire food 
chain. In addition, there is an opportunity to add value to the food system. Bollen et 
al. (2006) discussed the need for traceability in the fresh produce chain. They con-
tend that a good traceability management system will allow product to be traced to 
any point in the supply chain, in the event that a recall is required or there is an  
issue on quality. Since then, new concepts have been developed to enhance the qual-
ity of the information captured to be even more efficient and relevant to current 
operations.

The development of market-oriented produce supply chains is a major challenge 
for developing countries, and some of the constraints faced by the industry stakehold-
ers are directly linked to the specific characteristics of fresh produce. These prod-
ucts have a high market value compared with grains, and their labor-intensiveness  
makes them suitable for smallholder production. Producing fruits and vegeta-
bles is also considered risky because of the relatively high investment costs, wide 
market price fluctuations and high perishability of the crops, among other factors. 
For example, farmers and traders dealing in organic or superior-quality vegetables 
complain that they cannot obtain an adequate price premium for the extra quality 
produce they supply. At the same time, agro-processing and supermarket buyers  
find it difficult to identify and retain producers willing to adhere to their stringent 
quality assurance schemes. This paradox suggests that it is a problem for supply 
chain stakeholders to work together on quality management and value creation.

Another major barrier to implementing cold chain logistics, especially in a rural 
setting, is the integration of all requirements (Thomson et al., 2001). For example, 
in Asia, the fragmented nature of the “fledgling” Asian vegetable industry is due to 
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primary growing areas being diversely located through the eastern seaboard. Asian 
vegetable growers often have a non-English speaking background and, consequently, 
transfer of technology needs special attention. The infrastructure for optimum 
postharvest handling of crops is not often currently available for use in communi-
ties growing Asian vegetables. The future should see improved vegetable quality  
as a consequence of increased handling awareness, and investment in equipment  
(e.g. cooling).

Minimal processing is one way to add value to fruit and vegetables, and address 
the perishable nature of fresh produce. The perception by consumers of fresh, nutri-
tious, convenient, ready to use products is making these commodities increasingly 
popular. Improvement of postharvest practices to deliver fresh vegetables in optimum 
condition to consumers complements cold chain logistics. The value of whole, fresh 
vegetables often does not justify the use of quicker, but far more expensive, transpor-
tation and distribution systems. The use of “value-adding” activities to create prod-
ucts such as ready-to-use fresh-cut produce or processed produce may circumvent 
the cost issue.

Another example of how to address the lack of a cold chain network is a program 
at the USDA Agricultural Trade Office (ATO) which worked with USDA-FAS’ 
Emerging Markets Office to help developing countries to build and improve their 
cold chain. One activity was to build a cold chain program in China that helps local 
logistics providers improve their capability to handle temperature-sensitive imports. 
The ATO also uses this network of contacts to identify distributors with the capabil-
ity to handle US produce, and link them with Chinese buyers and US exporters. The 
ATO has also taken these efforts inland. For example, ATO has been working with 
local distributors in Chengdu to buy directly from importers in Shanghai, rather than 
through a long chain of sub-distributors. Direct exports of fresh produce to mainland 
China from the US jumped from $5.5 million in 1999 to $80 million by 2005 (Marks 
and Bean, 2006).

II.  Logistics supply

In many countries competition in the produce industry is fierce. In order to be suc-
cessful, one strategy is to compete on quality, not on price. One key factor is to 
maintain cold chain integrity, as many perishable commodities are damaged by even 
slight fluctuations in temperature. Ideally, a warehouse should be fitted with one or 
multiple drive-in chill rooms, equipped with a container hoist, digital scales and 
packaging areas, each chill room able to operate at different temperatures to cater to 
different product requirements.

A.  Protocols for domestic, sea and air freight

Air freight transportation plays an increasingly important role in the global economy. 
Although it accounts for around 2% of all cargo moved worldwide in terms of tonnage, 
it represents over one third of the value of world trade in merchandise (Hubner and 



Sauvé, 2001). Air cargo transport is a key determinant in meeting the demand for 
perishable goods which are highly dependent on accurately timed imports of inputs 
and exports of semi-finished or finished products as part of global sourcing and man-
ufacturing networks. It also often offers the only viable means of freight transport to 
remote, peripheral regions and landlocked countries, particularly in the developing 
world in light of more limited land transport infrastructure.

Air freight transport is broadly divided into air carriers (which carry freight 
between airport points), freight forwarders (which design and market cargo services, 
collect freight and consolidate shipments for carriers, and deliver the goods to con-
signees), and integrated express carriers (which, as one entity, provide the different 
components of door-to-door services). Air carriers can be dedicated freighters or 
combine passenger and cargo operators (by using dedicated cargo aircraft and the 
holds in passenger aircraft to move cargo, or only the latter). All cargo and combined 
cargo each account for around 50% of the total freight market (Hubner and Sauvé, 
2001). Airport facilities and services, from runway operating services to cargo  
handling, storage and warehousing, are also essential for the quality, cost and efficiency 
of services.

According to a classification by the Bureau of Labor Statistics (2006), freight 
trucking can be grouped as motor vehicles, such as trucks and tractor-trailers, to pro-
vide over-the-road transportation of general commodities. This industry segment is 
further subdivided based on distance traveled. Local trucking establishments carry 
goods primarily within a single metropolitan area and its adjacent non-urban areas. 
Long-distance trucking establishments carry goods between distant areas. The work 
of local trucking firms varies with the products transported. Produce truckers usually 
pick up loaded trucks early in the morning and spend the rest of the day delivering 
produce to many different grocery stores. Long-distance trucking comprises estab-
lishments engaged primarily in providing long-distance trucking between distant 
areas, such as between the US and Canada or Mexico.

Some goods are carried cross-country using intermodal transportation to save 
time and money. Intermodal transportation encompasses any combination of trans-
portation by truck, train, plane, or ship. Typically, trucks perform at least one leg of 
the journey. Each of these steps is carefully orchestrated and timed so that produce 
arrives on time, in the best possible quality and condition. Goods can be transported 
at lower cost this way, but they cannot be highly perishable (for example, cherries 
and blueberries) nor have strict delivery schedules. Trucking still dominates the 
transportation of perishable and time-sensitive goods.

B.  Traceability, barcode and labeling

Barcodes are currently used for identification and tracing of packaged produce (see 
also Chapter 12). Producers, carriers and retailers are discovering radio frequency 
identification (RFID), which provides additional benefits to ensure the quality 
and safety of products. It stores and remotely retrieves data using an RFID device 
or tag. This device sends a radio frequency signal that can be recognized by RFID  
readers. A “passive” RFID device can only absorb and use the energy from the reader 
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signal to transmit their response. An “active” RFID device has its own power supply 
to transmit a signal. Although an RFID reader costs 10 times more than a barcode 
reader, an RFID can store much more information than a traditional barcode. This 
allows each tag or device to have a unique code, while current barcodes are limited 
to a single type of code for all instances of a particular product. A complete history 
of each product is available in case of recalls or cold chain management.

A unit-level identification system, HarvestMark, developed by Yottaamark tech-
nologies, has been used for fresh product tracing (Engedi, 2007). It is an advanced 
tagging system that allows fresh produce, such as vegetables and fruits, to be traced 
back to the location where they were picked. With shipping information open to the 
general public, anyone around the globe can trace the origins of a single piece (or 
bulk packages) of fresh produce tagged by HarvestMark via the Internet or a cell 
phone. HarvestMark provides comprehensive data of where the produce came from 
and the intermediate locations the produce traveled through to get to the consumer. 
Another advantage of HarvestMark’s traceability is the versatile ability to locate 
“bad” produce. If a batch of fresh produce arrives with a parasite, for instance, the 
batch itself could be traced to its origin to prevent further harvesting or shipping. The 
secure codes are printed beside the common barcodes of fresh produce that are dis-
tributed. A batch of apples, for instance, will be packaged and scanned with precise 
data of its origin along with any other information released by the apple distributing 
company. Once the apples are in the consumer’s hands, the buyer can visit www. 
harvestmark.com to check the history of a specific batch.

Since January 2005, Wal-Mart has required its top 100 suppliers to apply RFID 
labels to all shipments. Another Wal-Mart division, Sam’s Club, has required that, 
starting 31 January 2008, every full single-item pallet shipped to its distribution 
center or directly to one of its stores must bear an EPC Gen 2 RFID tag. However, 
there is no international standard on RFID code. There is an effort to develop a uni-
form electronic product code that can be read by any system in the world.

Fresh produce traceability guidelines have also been issued by the Produce 
Marketing Association (PMA) in conjunction with Canada to standardize the prac-
tice. The aim of the guidelines is to provide a common approach to tracking and trac-
ing fresh produce by means of an internationally accepted numbering and barcoding  
system – the European Article Numbering-Uniform Code Council (EAN-UCC) sys-
tem. However, the use of common identification and communication standards will 
significantly improve the accuracy and speed of access to information about the pro-
duction and provenance of fresh produce.

C.  Product temperature and moisture monitoring

To achieve full temperature control, one of the most important issues is the integ-
rity of the cold chain. Cold chain logistics may best be defined as the maintenance 
of produce temperature throughout the demand–supply chain from harvest to the  
consumer. Poor cold chain management will have a negative impact on product 
quality, especially delicate, perishable produce such as fresh horticultural products. 
Softening, bruising, unwanted ripening, bacterial growth and texture degradation can 

http://www.harvestmark.com
http://www.harvestmark.com


all lead to spoilage, or even rejection of the consignment. There are five things that 
successful logistics businesses have in common, they:

l	 know the product;
l	 plan the logistics chain;
l	 know their partners;
l	 get the basics right;
l	 know the market.

For example, a simple product like broccoli takes 39 steps along the cold chain – 
with as many as 23 operators and 21 stages involved along the way – to reach its 
consumer. Logistics management has become so crucial that to have the situation 
under control, businesses have to plan the flight and fly the plan.

Murphy (2005) reported that to maintain product integrity, produce must be main-
tained within very close temperature limits under fluctuating temperature environments. 
For example, bagged lettuce has become a staple in most grocery stores. As the product 
distribution network and geographic range expanded, so did its logistical challenges. 
However, this produce must be picked, washed, packaged and shipped within a mat-
ter of days in order to ensure that it arrives at a customer’s location while still fresh. 
Maintaining the proper temperature is critical, as well as ensuring that the bags do 
not get crushed on the way.

The key to success requires that the produce maintains cold and consistent temper-
ature across the entire life of the product. With only a 15- to 21-day shelf life, speed 
of delivery and visibility are key success factors in ensuring how to know precisely 
where the product is at all times, and how long it has been since that product was 
picked. The guiding rule of thumb for getting product out of the warehouse is FIFO 
(first in, first out) and FEFO (first expire, first out) processes.

To ensure produce quality and shelf life, an unbroken cold chain must be main-
tained. Temperature indicators (TIs) indicate whether the product temperature has 
exceeded a set value, whereas, time–temperature indicators (TTIs) measure both 
time and temperature and integrate them into a single visible result (IIR, 2004). They 
indicate the cumulative time–temperature history of the products. They are primarily 
based on three technologies (color change, diffusion and radio frequency) to indicate 
or integrate temperature history. For example, 3M Freeze WatchTM will activate when 
temperatures fall below 4°C, and 3M MonitorMark Time/Temperature Tags will 
integrate exposed integrated time and temperature information. LeBlanc and Stark 
(2001) discussed temperature limits in different parts of the world and various tem-
perature monitoring systems available on the market, and how this time and tempera-
ture information related to food quality.

The moisture content of produce should also be carefully controlled. For example, 
a moisture control liner developed by CSIRO from Australia is a simple bag that fits 
inside a normal carton or box. By keeping humidity high, these liners can reduce 
moisture loss significantly during long-distance transport. Simple wraps could be 
used on pallets of properly cooled fruit that are to be carried at non-ideal tempera-
tures, and double the time the produce temperature remains in the required range. 
The freight transportation network is complex. Yet, at the end of the day, customers 
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will only judge performance by what is delivered to their hands. It is the physical 
transfer of the product in a manner that not only maintains quality and condition, but 
also meets the timeframes required by the customer, that determines the survival of 
the business.

Another crucial configuration is the rules about which products can and cannot 
be packed together on the same pallet, even when they are part of a single order. 
This optimizes loading and scheduling of trucks and ensures the maintenance of the 
highest quality during transportation, since the logistics correctly palletizes the prod-
ucts to meet particular transportation needs. McGregor (1989) developed compat-
ibility and sensitivity tables for fresh produce during transit and storage. Thompson 
and Kader (2004) further simplified the information into three groups, based on their 
temperature and humidity requirements. Tables 19.1 and 19.2, compiled based on the 

Table 19.1  Shelf life and compatibility information of fresh vegetables1

Vegetables Temperature Relative humidity (RH) Ethylene Chilling or 
freezing 
sensitive2

Shelf life 
(days)

0–3°C 5–10°C 13–18°C Less  
than 
75%

85–95% Greater 
than 
95%

Produce Sensitive

Alfalfa sprouts   14–42

Artichoke   10–16

Arugula    5–7

Asparagus    10–21

Basil    5–7

Beans; fava, 
lima

  7–14

Beans; snap, 
green, wax

  c 7–10

Beet   120–150

Belgian endive    10–14

Bitter melon   c 10–14

Bok choy    7–10

Boniato    c 180–270

Broccoli    10–14

Broccoflower    14–21

Brussels sprouts    21–28

Cabbage    90–180

Cactus leaves 
(nopales)

  7–10

Calabaza   c 60–90

Carrot    f 28–180

Cassava   21–28

Cauliflower    f 14–21

Celeriac   180–240

Celery    f 35–49



Table 19.1  Continued

Vegetables Temperature Relative humidity (RH) Ethylene Chilling or 
freezing 
sensitive2

Shelf life 
(days)

0–3°C 5–10°C 13–18°C Less  
than 
75%

85–95% Greater 
than 
95%

Produce Sensitive

Chard   
Chayote    c

Chinese 
cabbage

   60–90

Chinese turnip   120–150

Collard   
Corn; sweet, 
baby

  5–8

Cowpea 
(Southern pea)

 

Cucumber    c 10–14

Cut vegetables   14–21

Daikon    120

Dry onion   f 180–350

Eggplant    c 10–14

Endive-chicory    14–21

Escarole    14–21

Fennel    10–14

Garlic   90–210

Ginger   c 60–90

Green onion    7–10

Herbs (not 
basil)

   5–7

Horseradish   240–350

Jerusalem 
artichoke

  180–350

Jicama   c 60–90

Kailon   
Kale    10–14

Kiwano (horned 
melon)

  c

Kohlrabi   45–60

Leek    60–90

Lettuce    f 14–21

Lettuce, 
Romaine

  14–21

Long bean 
Malanga    c

Mint   
Mushroom   5–7

Mustard greens   

(Continued)
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Table 19.1  Continued

Vegetables Temperature Relative humidity (RH) Ethylene Chilling or 
freezing 
sensitive2

Shelf life 
(days)

0–3°C 5–10°C 13–18°C Less  
than 
75%

85–95% Greater 
than 
95%

Produce Sensitive

Onion   30–180

Okra    c 7–10

Parsley    f 30–60

Parsnip   90–120

Peas    f 7–10

Pepper; bell   c 14–21

Pepper; hot   14–21

Potato   c 56–140

Pumpkin   c 84–160

Quince   60–90

Radicchio   14–21

Radish   f 10–21

Rutabaga   120–180

Rhubarb   14–28

Salsify   90–120

Satsuma   56–84

Scorzonera  
Shallot    180–240

Snow pea   
Spinach    f 10–14

Sprouts   5–10

Squash; Summer, 
(soft rind)

   c 7–14

Squash; Winter, 
(hard rind)

  f 30–180

Sweet pea   
Sweet potato    c 120–210

Swiss chard    7–14

Taro (dasheen)   c 90–120

Tomatillo   c 21

Tomato; green    c 21–28

Tomato; ripe, 
partially ripe

   c 7–14

Turnip   120

Turnip greens    10–14

Waterchestnut   30–60

Watercress    14–21

Winged bean  
Yam    c 180–240

1Information compiled from Ashby (1995), McGregor (1989), Wilson et al. (1999), Boyhan et al. (2004), and Thompson and Kader (2004).
2c for both chilling and freezing sensitive and f for freezing sensitive.



Table 19.2  Shelflife and compatibility information of fresh fruits1

Fruits Temperature Relative humidity (RH) Ethylene Chilling 
sensitive2

Shelf life 
(days)

0–2°C 7–10°C 13–18°C Less than 
75%

85–95% Greater 
than 
95%

Produce Sensitive

Apple    90–350

Apricot    21–28

Atemoya   c 14–21

Avocado; ripe    14–21

Avocado; 
unripe

   28–42

Babaco   28–56

Banana    c 21–35

Barbados 
cherry

  14–21

Blackberry   7–14

Blueberry   10–18

Boysenberry   2–5

Breadfruit    14–21

Cactus pear; 
tuna

  28–56

Caimito   21–35

Calamondin   14–28

Canistel    10–21

Cantaloupe    c 14–21

Carambola   21–35

Casaba 
melon

  21–28

Cashew apple  
Cherimoya    c 14–21

Cherry; sweet   14–28

Coconut   90–150

Cranberry   c 60–120

Crenshaw 
melon

   14–21

Currant   14–21

Custard 
apple

  

Date   240–350

Dewberry  
Durian; ripe   
Elderberry   14–21

Feijoa  
Fig   7–10

Fresh-cut 
fruits

Gooseberry  

(Continued)
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Table 19.2  Continued

Fruits Temperature Relative humidity (RH) Ethylene Chilling 
sensitive2

Shelf life 
(days)

0–2°C 7–10°C 13–18°C Less than 
75%

85–95% Greater 
than 
95%

Produce Sensitive

Granadilla   
Grape   56–180

Grapefruit    28–56

Guava    c 7–21

Honeydew 
melon

   14–21

Jaboticaba  
Jackfruit  
Juan canary 
melon

  

Kiwifruit     90–150

Kumquat  
Lemon    c 120–180

Lime    42–56

Limequat   7–10

Loganberry  
Longan   21–35

Loquat   21–28

Lychee  
Mamey    21–35

Mandarin   c 21–28

Mango; ripe    14–28

Mangosteen    c 35–49

Nectarine  
Olive   c 90–120

Orange   60–90

Papaya    c 14–21

Passion fruit   c 14–35

Peach    14–28

Pear (Asian & 
European)

  60–180

Pepino  
Persian 
melon

  

Persimmon    35–84

Pineapple   c 14–28

Plantain    c 21–35

Plum; ripe    14–28

Plumcot; ripe   
Pomegranate   c

Prune   



Table 19.2  Continued

Fruits Temperature Relative humidity (RH) Ethylene Chilling 
sensitive2

Shelf life 
(days)

0–2°C 7–10°C 13–18°C Less than 
75%

85–95% Greater 
than 
95%

Produce Sensitive

Pummelo   30–60

Quince    60–90

Rambutan   14–21

Raspberry   5–7

Sapodilla    35–56

Sapote    14–21

Soursop    7–10

Strawberry   7–14

Sugar apple   14–21

Tamarillo   c 35–63

Tamarind   42–63

Tangelo   c 21–35

Tangerine   14–28

Ugli fruit  
Watermelon   14–21

1Information compiled from McGregor (1989), Ashby (1995), Wilson et al. (1999), Boyhan et al. (2004), and Thompson and 
Kader (2004).
2c for both chilling and freezing sensitive.

information available in the literature; include storage temperature, humidity, ethyl-
ene and chilling sensitivity, and shelf life for vegetables and fruits, respectively. Both 
tables can be used to show how different produce should be handled during transit 
and storage.

III.  Refrigeration systems and refrigerant types

Nearly all current refrigeration systems use vapor compression technology. However, 
some small seasonal produce operations may use total-loss refrigerants, such as car-
bon dioxide or liquid nitrogen. A detailed review of refrigeration principles and sys-
tems can be found in Hung (1991). However, many new developments in refrigerants 
address environmental concerns. For example, most of domestic refrigerators now 
use R-134a; commercial refrigeration, cold storage and refrigerated transportation 
use R410A, R407C, R507 or HFC-134a as refrigerants. Because of environmen-
tal concerns and advances in technology, there is also renewed interest in inorganic 
compounds, such as ammonia (R717) and CO2 (R744) as refrigerants.

As reported in the literature, lowering the respiration rate of fresh vegetables is 
essential to preserving market quality. The most important technology for lowering 
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respiration rates remains proper cooling of produce within hours of harvest (Jones, 
1996). Proper cooling preserves product quality by:

1.	 inhibiting the growth of decay-producing microorganisms;
2.	 restricting enzymatic and respiratory activity;
3.	 inhibiting water loss; and
4.	 reducing ethylene production (Hardenburg et al., 1986).

In general, harvesting should be done in the early morning hours to minimize field 
heat. Harvested produce should avoid direct exposure to sun, or field-cool before 
transport to packing or transportation facilities. Produce will then be cooled to safe 
storage temperatures. Produce should be shipped to market as soon as possible, and 
practice first-in-first-out (FIFO) rotation. Refrigerated loading and unloading areas 
should be used. Trucks should be cooled before loading, and load pallets should be 
loaded towards the center of the truck. Insulating plastic strips should be used in the 
truck and in the loading dock. Produce should be moved rapidly to the storage area, 
at the appropriate temperature, and displayed at the appropriate temperature range.

A.  Systems for field chilling at processing and packing locations

All fresh horticultural crops are living organisms, even after harvest, and they must 
remain alive and healthy until they are either processed or consumed (Fraser, 1998). 
The energy needed to continue living comes from food reserves in the product itself. 
The process by which these reserves are converted into energy is called respiration. 
Heat energy is released during respiration, but the rate varies depending on the type 
and variety of product, the level of maturity, the amount of injury and the product 
temperature.

Product temperature has the greatest influence on respiratory activity. Rapid, uni-
form cooling, as soon as possible after harvest to remove field heat is critical in low-
ering the respiration rate. This reduces the rate of deterioration, and helps provide 
longer shelf life. Lowering the temperature also reduces the rate of ethylene produc-
tion, moisture loss (wilting) and growth of microorganisms. A rule of thumb is that 
a one-hour delay in cooling reduces a product’s shelf life by one day. The resulting 
economic loss exceeds the increased cost of expedited handling of the produce by 
more frequent deliveries from the field to the cooling facility for initiation of forced-
air cooling. This is not true for all crops, but is especially true for highly perishable 
crops in hot weather.

Many products are field- or shed-packed before being cooled. Wire-bound wood 
or nailed crates or wax-impregnated fiberboard boxes are used for packed products 
that are cooled with water or ice after packing. Cooling of products packed in ship-
ping containers and stacked in unitized pallet loads is especially important to ensure 
air circulation around and through the packaging.

Room cooling means produce is simply placed in a cold storage room and cools 
slowly and non-uniformly, mainly through conduction and natural convective con-
tact with refrigerated air. However, a cold room is normally used to store previously 
cooled produce, and does not have the capacity to remove heat from the uncooled 



produce. Most cold rooms will increase in temperature after each fresh batch of 
warmer produce is added. A compromise is to form a cooling area, by partitioning 
part of the storage using a tarpaulin suspended from the ceiling. This helps reduce 
temperature fluctuations, but should only be considered as a temporary measure.

Forced-air cooling can quickly remove field heat from freshly-picked produce. 
High capacity fans are used to pull refrigerated air through the produce. Rapid and 
uniform cooling is achieved by the forced-convective contact of the high-speed, 
refrigerated air with the warm produce. Pulling air rather than blowing it through 
is preferable, because air flow is more uniform using this method. With proper 
container design and orientation, produce can be rapidly and uniformly cooled in 
baskets, boxes, bins, or bags. Forced-air cooling simply does a better job with refrig-
erated air in cold storage.

Hydrocooling occurs by flowing chilled water over the produce and rapidly remov-
ing heat. It is usually at least ten times faster than forced-air cooling in removing 
heat from produce, but is less energy-efficient. This cooling is not suitable for pro-
duce that is delicate and sensitive to wetting, such as most berries.

Top-icing is simply placing crushed ice over produce in boxes or containers, where 
liquid icing injects a slurry of water and ice into the produce packages. It is an effec-
tive method for dense produce, such as broccoli, that cannot be cooled easily by 
forced-air cooling. Another advantage of icing is the residual effect, which further 
removes heat generated from respiration. In general, 1 kg of ice can cool about 3 kg 
of produce from 30°C to 5°C (Anonymous, 1992).

Vacuum cooling is obtained by placing produce inside a vacuum chamber and 
applying a vacuum, causing water to evaporate from the produce surface, and hence 
lowering the produce temperature. It is an effective cooling method for produce with 
a high surface-to-volume ratio, such as leafy vegetables. To prevent wilting due to 
moisture loss during vacuum cooling, produce can be presprayed with water.

Many factors influence the rate of cooling, such as:

1.	 the density of produce in the container (the less dense the produce pile, the 
faster the cooling);

2.	 the container type, orientation and venting characteristics (if air passes uni-
formly and evenly around the produce, cooling is faster);

3.	 the volume to surface area of the produce (the lower the ratio, the faster the 
cooling, e.g. cherries cool quicker than melons);

4.	 the travel distance of the cooling air (the shorter the distance, the faster the 
cooling of the overall pile);

5.	 the airflow capacity (the higher the airflow, the faster the cooling).

The {7/8} cooling time is a standard industry term that describes the time to remove 
seven-eighths (87.5%) of the temperature difference between the starting produce 
temperature and the temperature of the cooling medium (refrigerated air, in the case 
of forced-air cooling). It is a convenient method of indicating when produce has 
come as close as practical to the temperature of the cooling medium. For example, if a 
32°C peach cooled using 0°C air reaches 4°C in 9 hours, the {7/8} cooling time is  
9 hours. That is, a 28°C temperature drop would occur from a 32°C difference 
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between the produce and the air. The {7/8} cooling time is, theoretically, three times 
as long as the {1/2} cooling time. Therefore, the same peach that took 9 hours to cool 
to 4°C would take only 3 hours to reach 16°C, the temperature at the {1/2} cooling 
time, if everything else remained the same. For practical purposes, one can estimate 
when a product will be {7/8} cool by knowing other cooling times. In general, the  
{7/8} cooling time is 7.5, 4.5, 3, 1.5 times longer than the {1/4}, {3/8}, {1/2}, {3/4} 
cooling times, respectively.

Crops with very high respiration rates (asparagus, broccoli, leaf lettuce, spinach, 
sweet corn, mushrooms) at harvest temperatures must be cooled rapidly and as soon 
as possible (less than 90 minutes) after harvest. Most of these crops are traditionally 
hydrocooled, iced, or vacuum-cooled. However, all of them can be forced-air cooled, 
provided cooling is done quickly with high airflow rates and high RH, to reduce the 
danger of drying out. Crops which have high respiration rates at harvest tempera-
tures (blueberries, raspberries, strawberries, sweet cherries, cauliflower, snap beans, 
head lettuce) should be forced-air cooled as quickly as practicable (less than 3 hours) 
after harvest. Crops with moderate respiration rates at harvest temperatures (apples, 
cabbage, cantaloupes, celery, peaches, plums, peppers and squash) still need to be 
cooled within 4–5 hours to avoid quality loss.

Portable ice plants, hydrocoolers, vacuum coolers, forced-air coolers, and package-
icing machines are available for use in fields. This equipment is useful for remote 
or small-scale operations that cannot justify investment in a fixed-cooling facility. 
Mounted on skids or dollies, the equipment can follow the harvest from field to field, 
and be shared by many growers.

Since many tropical products are sensitive to chilling injury, care must be taken 
not to cool or store the products below the recommended temperature. Often the vis-
ible effects of chilling injury are delayed until the product is offered for retail sale. 
These effects include failure to ripen properly, pitting, decay, watery breakdown 
and discoloration in fruits and vegetables. Flowers and plants lose florets or foliage, 
fail to open, discolor, or wilt. A detailed discussion of the latent damage has been 
described by Hung (1993).

All produce are also sensitive to decay. Cooling equipment and water should be 
sanitized continuously with a hypochlorite solution, to eliminate decay-producing 
organisms. Care must also be taken not to allow produce to warm up after cooling. 
Condensation on produce surfaces should be avoided to prevent the spread of decay.

B.  �Systems for land trucking, air freight and sea  
freight transportation

After cooling, produce must be properly loaded and transported at or near the recom-
mended storage temperature and RH, to maintain quality. The design and condition of 
the transport equipment, such as insulation and air circulation systems, and the loading 
method used, are critical to maintaining produce quality (Ashby, 1995). The mode of 
transportation and the carrier should be chosen carefully.

Mechanical refrigeration systems usually use diesel generated electric power both 
on the road and aboard ocean vessels. Van containers are plugged into electrical 



power at depots and aboard ships. Cryogenic refrigeration using liquid or gaseous 
nitrogen or carbon dioxide is vented into the cargo compartment. Some products, 
such as leafy green vegetables, are not compatible with carbon dioxide refrigeration. 
Dry ice, the solid form of carbon dioxide, can be located in special trays or com-
partments in the cargo area or within individual shipping containers to control the 
temperature. Direct contact with dry ice will also injure fresh products. Wet ice uses 
ice within individual shipping containers or on top of a load of containers, either as a 
supplement to, or instead of, mechanical refrigeration. Many airlines refuse to handle 
shipping containers with wet ice, due to the risk of expensive damage from leaking 
containers. Airlines that do permit wet ice require it to be placed in sealed polyethy-
lene bags inside a leak-proof container with a moisture absorbent pad. Gel refriger-
ant uses frozen containers of chemical eutectic gel to maintain temperature within  
shipping containers. This is the refrigeration system preferred by most airlines. 
During transportation, proper ventilation through fresh air exchange in the refrig-
eration system, or separate venting to protect products from a build-up of carbon 
dioxide or ethylene, is also needed. Modified atmosphere sometime provides added 
benefit to extend shelf life. It is achieved by adding a specific percentage of nitrogen 
or carbon dioxide gas to pallet bags or the cargo compartment of refrigerated trail-
ers or van containers, to reduce product decay, respiration and ripening of certain 
products.

The following transportation equipment is available:

l	 Air cargo containers: for air and highway transport.
l	 Air cargo pallets with netting: for air and highway transport.
l	 Highway trailers: for highway transport only.
l	 Piggyback trailers: for rail, highway and roll-on/roll-off ocean transport.
l	 Van containers: for rail, highway and lift-on/lift-off ocean transport.
l	 General cargo ocean vessels: handling palletized or individual shipping con-

tainers in refrigerated holds of ships.
l	 Rail boxcars: handling palletized or individual shipping containers.

For each transport mode, there is specialized refrigerated equipment to control 
and maintain the temperature. This equipment was designed to maintain tempera-
ture, not to cool the product. The majority of these transport refrigeration units use 
vapor-compression refrigeration with HFC refrigerants (IIR, 2003). Some use total-
loss refrigerants, such as carbon dioxide (dry ice). Road transport units may operate 
either from the vehicle engine or from an independent diesel engine. The refrigera-
tion unit of small- to mid-size trucks can be run directly from the truck engine how-
ever, the refrigeration unit for one mid- to large-truck (12 to 28 feet long) is usually 
run by a separate diesel engine. Trailer compartments can be further divided into sin-
gle compartments (one set temperature) or multiple compartments (with a different 
temperature setting for each compartment). Rail units may operate on electricity sup-
plied from a generator wagon or its own diesel engine. Marine refrigeration is usu-
ally electrically-driven from the ship’s generator. Refrigerated equipment is rare for 
air transportation which commonly uses dry ice. However, some battery-operated sys-
tems are available for air transport (IIR, 2003). Most of the units are also equipped 
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with temperature recording devices, and data can be downloaded or up-linked when 
in transit.

The performance of the refrigerated transportation unit is impacted by structural 
design, such as thermal bridging, refrigeration system location and air distribu-
tion systems, door openings and protection, and fresh air exchange. The perform-
ance of a transport system is highly dependent on the way it is loaded, and sufficient 
space must be allowed between items (pallets or cartons) for chilled air to circulate. 
However, excessive space should be avoided to prevent short-circuiting.

Refrigerated trailers and van containers are recommended for most high volume 
produce with transit and storage lives of one week or more. After transit, there must 
be enough shelf life remaining for marketing. Carriers utilizing trailers and contain-
ers can offer a door-to-door service. This reduces handling, exposure, damage and 
theft of the products.

Many products are shipped in non-refrigerated air containers or on air cargo pal-
lets. This requires close coordination at the origin and destination airports, to protect 
the products when flights are delayed. Cold storage facilities at airports are needed to 
ensure product quality. Refrigerated air containers are available, and should be used 
when possible.

C.  Systems for produce at grocery stores and display cases

Fresh produce received at the grocery store should be kept in storage rooms or display 
cases at the same optimal temperature and humidity condition as at storage warehouses 
and during transportation. Care should also be taken to prevent mechanical damage 
during handling, with proper rotation (FIFO). Kader and Thompson (2001) suggested 
maintaining quality and preventing chilling injury by providing three storage rooms at 
different temperature settings (0°C to 2°C, 7° to 10°C and 13° to 18°C), with humid-
ity at 85% to 95%. These storage rooms should have good air circulation and fresh air 
exchange, to maintain proper temperatures and prevent ethylene build-up.

Produce stored at refrigerated temperatures should be displayed in refrigerated 
cases. However, produce which does not lose moisture quickly, e.g. apples, can be 
displayed at ambient store temperature. Refrigerated display cases should be properly 
maintained, with an easy-to-read, accurate thermometer to prevent quality deteriora-
tion due to insufficient or ineffective cooling of the surface area of the produce. To 
protect produce from excessive moisture loss, automatic sprayers have been installed 
in many display cases. A list of produce which will benefit from misting while on 
display can be found in Kader and Thompson (2001). However, many supermar-
kets report significant shrinkage of produce displayed at the front portion of their 
display cases which is beyond the reach of the refrigerated air and spray. Produce 
loss due to wilting and drying caused by heat from the grocery store is estimated at 
approximately $1.00 per foot of display case per day. To combat this problem, open 
refrigerated display cases are often shielded with covers made of woven aluminum 
or some other kind of night covers. Special lighting (e.g. Promolux lighting) for  
produce display cases is also available which produces true color visual appeal, and 
less heat and radiation, hence prolonging produce shelf life.



D.  Home refrigerators

Refrigeration is now part of our way of life. It would be inconceivable for it to be 
any other way. It has even become an essential ingredient and a sine qua non in 
improving our quality of life. Domestic refrigerators vary in size, are usually set at 
4°C to 5°C, require 60 to 140 watts of electrical power and contain 40 to 180 grams 
of refrigerant. Most produce should be stored in sealed crisper drawers. In general, 
vegetables require higher humidity, while fruits prefer lower humidity conditions. 
However, produce that ripens after harvest should not be stored in a refrigerator. For 
example, tomatoes will lose flavor and aroma when stored at refrigerated tempera-
tures. Tropical fruits like bananas and mangos should never be refrigerated.

Some high-end refrigerators have multiple temperature zones/drawers with humid-
ity controls. Some refrigerator manufacturers have planned to incorporate RFID 
technology to track items in refrigerators, which can also be set to check whether 
any item is stored at an inappropriate temperature or condition.

E.  The cooling chain summary

Cool chain management is essential for preserving the harvested quality of fresh 
produce. Effective cool chain management begins on the farm and ends in the refrig-
erator at home. Brief overviews of fruit and vegetable storage and transport systems 
can be found in the Encyclopedia of Agricultural, Food, and Biological Engineering 
(Hellevang, 2003; Hellickson, 2003; Tao, 2003). In general, any effort to reduce the 
breaks in the cool chain will have a positive effect on optimizing the shelf life and 
quality of fresh produce. Temperature management is one of the most important fac-
tors affecting the quality of fresh produce. There is an optimum storage tempera-
ture for all products. This implies a number of steps where refrigeration is essential,  
such as:

1.	 harvest while it is cool in the field;
2.	 transport to the packing house where they are regularly cooled. Most storage 

rooms do not have the refrigeration capacity for rapid cooling, and cooling 
should be done by a separate operation using special equipment;

3.	 transport in refrigerated vehicles;
4.	 hold in a cold environment during storage and packing;
5.	 keep produce on display in a shop or a supermarket under cool conditions;
6.	 keep at the appropriate temperature by the consumer at home.

IV.  Storage and packaging

Throughout the cold chain, produce will need to be stored or held for short periods 
of time. The optimal storage environment to protect quality, such as temperature and 
humidity, is different for each item. However, it may not be practical to maintain every 
item separately, and recommendations on the compatibility of different fruits and  
vegetables have been reported (Boyhan et al., 2004; Thompson and Kader, 2004).
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Many products of tropical or subtropical origins are sensitive to low tempera-
tures, while produce with high respiration rates and moisture loss are sensitive to 
low humidity. If stored under lower than recommended temperatures, this produce 
will suffer chilling or freezing injury, which often only becomes apparent after the 
products warm up. Several types of insulating pallet covers are available to protect 
chilling-sensitive commodities when transported with non-chilling-sensitive com-
modities at temperatures below their threshold chilling temperatures. Dehydration is 
another important issue; too much moisture loss will result in wilting and shriveling. 
Some products can be waxed, film-wrapped, package-iced, or top-iced or maintaining 
desirable humidity will prevent damage.

Ethylene is a chemical produced by many plants which has a physiological func-
tion such as hormone regulating growth and stimulating ripening. During trans-
port or storage, fruits and vegetables that produce a large volume of ethylene will 
cause premature ripening of produce sensitive to ethylene. Ethylene absorbing pads  
with potassium permanganate or frequent exchange with outside fresh air to reduce 
ethylene concentration can be used to control ethylene.

Mixing several produce items into one load is common however, selection of com-
patible products with regard to temperature, humidity, ethylene production, sensitiv-
ity to ethylene and odor production and absorption should be considered. Tables 19.1 
and 19.2 listed compatibility information for vegetables and fruits, respectively.

The primary function of food packaging is to protect the food from external 
hazards. Similarly, the package itself should not affect the food in any way. Some 
common shipping containers by commodity can be found in Boyette et al. (1996). 
Different packaging materials have different barrier properties to protect the food 
from ingress of gas, light and water vapor that will potentially result in deterioration 
of color, oxidation of lipids and unsaturated fats, and a general loss of sensory quali-
ties. Such barrier properties also protect against the loss of moisture from produce to 
the external environment, thereby eliminating dehydration and weight loss. In addi-
tion to protection, a barrier encloses the product and provides a means of handling 
(e.g. shipping containers) or provides nutritional and required labeling information 
(e.g. consumer packaging). Packaging must also be able to withstand handling dur-
ing loading and unloading, compression from the overhead weight of other contain-
ers, impact and vibration during transportation and high humidity during cooling, 
transit, and storage.

Many different types of packaging materials have been used for produce and are 
summarized in USDA Agriculture Handbook 668 (McGregor, 1989). They are:

l	 wood bins, crates (wire-bound, nailed), baskets, trays, lugs, pallets;
l	 paper bags, sleeves, wraps, liners, pads, excelsior and labels;
l	 plastic bins, boxes, trays, bags (mesh, solid), containers, sleeves, film wraps, 

liners, dividers and slip sheets;
l	 foam boxes, trays, lugs, sleeves, liners, dividers and pads;
l	 different types of construction materials are used in the design of fresh produce 

packages. They include: fiberboard, wood, wraps, plastic films, paper and poly-
styrene foam liners.



Fresh produce is exempt from the FDA nutrition labeling requirement. However, the 
FDA has a voluntary nutrition labeling program through the use of shelf labels, signs 
and posters. Labeling of consumer packages is mandatory under FDA regulations, 
and requires the name of product, net weight, and name and address of the manufac-
turer, packer or distributor; processed items must list all ingredients. The current US 
Farm Security and Rural Investment Act of 2002 requires country of origin infor-
mation for fresh produce. However, the implementation of this regulation has been 
delayed until 30 September 2008.

V.  Developing trends

In June 2002, the US Congress passed a new Public Health Security and Bioterrorism 
Preparedness and Response act which required all food facilities (i.e. domestic and 
foreign) doing business or shipping food to the US to register with the FDA (FDA, 
2002). The FDA also requires a prior notice on shipments coming to the US before 
it arrives. This law also requires persons who manufacture, process, pack, trans-
port, distribute, receive, hold, or import food to establish and maintain records to 
enable tracing of the product. To help tracing the product, a global trade item number 
(GTIN) is a globally-recognized protocol for assigning item numbers. It is used in 
at least 26 different industries in about 100 countries. The code, which forms part of 
the data that can be held on RFID tags, can provide an accurate, efficient and cheap 
means of controlling the flow of product and data using an all-numeric 14-digit  
identification system. GTIN is not a single number to be used by companies, but a 
standard protocol which, if followed correctly, allows suppliers to identify and buyers 
to track products. Once companies store GTIN numbers on their systems automatic 
data capture, such as scanning for RFID or barcodes, will reveal all the information the 
14-digit code represents. In a recent case study, the Produce Marketing Association 
(PMA) evaluated the use of GTIN along the supply chain to improve logistics. The 
PMA recommends that the fruit and vegetables sector adopt the use of GTIN as a 
means of automating traceability and to cut costs.

Following threats of terrorism globally, another trend is using “Tamper–Evident” 
packaging. The United Fresh Fruit & Vegetable Association (FFVA) however, has 
expressed some reservations on such a recommendation. The FFVA contends that  
as an industry that markets highly perishable and living, breathing products, tamper-
evident packaging would not be feasible for the vast majority of produce available 
in the marketplace. Tamper-evident packaging would also dramatically alter how 
consumers select produce, which remains a sensory experience of touch and smell. 
The fresh fruit and vegetable industry, and the retail supermarket industry, have 
found that bulk fresh produce displays are still the best way for consumers to make 
their purchasing decisions. Since produce is highly perishable, the produce industry 
also believes most fresh produce is likely to exit from the food distribution pipe-
line before public health authorities even learn of an outbreak and start a trace back 
investigation. The produce industry believes the emphasis should be on prevention, 
rather than tracking records after the fact.

V.  Developing trends  533
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On packaging and labeling, most of the produce is still packed in cartons or bulk 
packages. Labeling which contains the name and address of the food marketer is 
required and allows investigators to identify the source of the product, and then look 
into the general agricultural and handling practices of the grower–shipper to further 
enhance prevention, should systemic problems be identified. One new technology 
to address annoying labels on individual produce such as apples is using laser light 
to label individual fruit. Traditional labels/stickers on individual fruit either fall off  
easily from the produce during distribution, or are too difficult to remove by the con-
sumer before consumption. The Natural Light Labeling system developed by Duran 
Wayland uses a concentrated beam of light to remove the pigment from the outer 
layer of skin and reveal a contrasting color underneath. It can etch logos, PLU’s 
country of origin, lot and batch numbers, and virtually any information a producer 
wants to put on. This technology has been submitted to the FDA for approval.

Today, many produce items are also being offered in convenience packaging, 
such as salads in a bag or pre-cut small vegetables. Cut fruits are also being offered 
in plastic cups or other molded packaging. For these products, the packaging is 
intended for the consumer’s convenience and is uniquely designed to meet the quality 
control needs of the fruit or vegetable it contains. The design of current packaging 
materials for fresh fruits and vegetables allows for proper cooling, ventilation and 
product integrity, but cannot be considered tamper-evident packaging. The unique 
shape, size and form in which fresh produce comes does not lend itself to tamper-
evident packaging. More importantly, fresh produce is a living product with various 
respiration rates that would require various types of packaging materials. Confining 
the respiratory gases within the package can have a very negative impact upon pro-
duce quality and product safety. Available packaging technology does not afford any 
enhancements that the product does not currently have in its natural form.

Another trend is toward third party certification with internationally recognized 
programs like organic, non-GMO, fair-trade, ISO 14 000 for environmental, GAPs 
and GMPs, HACCP, ISO 22 000 for food safety, and ISO 9000 for food quality and 
management. GAPs is a program that informs growers and farm workers about the 
microbial risks associated with fresh produce and assists them to control these risks.

Key areas of the GAPs program are prior land use, adjacent land use, water qual-
ity and use practice, soil fertility management, wildlife, pest and vermin control, 
worker hygiene and sanitary practices, and harvesting and cooling practices. GMPs 
are the part of the quality assurance program that ensures that foods are consistently 
produced and controlled in such a way that meets the quality standards appropriate 
to their intended use, as required by the FDA. It is concerned with both production 
and quality control. These programs can help ensure quality and safety of produce, 
and speed up transportation and inspection through the cold chain. Refrigeration is 
one critical component to ensure produce quality and safety, and meets the require-
ments of many certification programs mentioned above. A similar effort in the US 
by the USDA Agricultural Marketing Service on their “Good Agricultural Practices 
and Good Handling Practices Audit” and the “Plant Systems Audit” programs help 
improve the inspection processes of fruits and vegetables at packing houses and 
processing plants.



Another program called Safe Quality Food (SQF) is a management program that 
incorporates GAPs, GMPs, HACCP, Codex requirements and local food safety regu-
lations. It is a fully-integrated food safety and quality management protocol designed 
specifically for the food industry. It includes a safety standard, training and inde-
pendent auditing and certification that enables a supplier to verify food has been pro-
duced, processed, prepared and handled in accordance with global standards. It is 
administered by the SQF Institute, a division of the Food Marketing Institute (FMI). 
Over 4000 companies operating in the Asia–Pacific, Middle East, US, Europe and 
South American regions have implemented SQF. It is a HACCP-based third-party 
audited food safety and quality program implemented by suppliers. The SQF 1000 
is for use by primary producers, such as for fresh produce. It enables a primary  
producer to demonstrate that they can supply food that is safe and meets the quality 
specified by a customer.

Increasingly, webcams are installed in refrigeration rooms, allowing clients to 
watch the produce being loaded and packaged in the cold room via the Internet. An 
automated shipment tracking system is another innovative service.

The Danish Environmental Protection Agency (Bertelsen and Christensen, 2003) 
published a report on the use of natural refrigerants in supermarkets. The report focused 
on the energy consumption and installation costs of using propane and CO2 in super-
markets. Most of the published reports were using CO2 as a secondary refrigerant. 
Earlier studies documented the excellent thermo-physical and thermo-dynamic prop-
erties of CO2 and propane or CO2 and other artificial refrigerant cascade systems. 
Since CO2 is a naturally existing substance in the atmosphere, its long-term influ-
ences on the environment have been well-investigated, with no unforeseen threats to 
the environment. Another report by Sawalha (2005) indicated over 100 installations 
of CO2 systems in Scandinavian countries. Technical drawbacks of natural refrig-
erant systems are that several of the natural refrigerants cannot be used directly in  
the supermarket, due to their undesirable properties as regards flammability and  
toxicity. For this reason, indirect systems need to be designed where these refrigerants 
exchange heat with a secondary refrigerant (brine), which is then pumped from the 
engine room to the refrigerated and freezer display cases. Measurements and anal-
yses made so far of this type of refrigeration system for supermarkets have proved  
however, that the “price” of replacing unwanted gases will be an increase in energy 
consumption of 5–10%.

Most of the discussion in this chapter was focused on the postharvest cold 
chain. However, postharvest technologists can only maintain quality, not improve 
it. Preharvest factors can also influence produce quality during and after harvest 
(Hewett, 2006), and should be considered for the overall system.
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I.  Introduction

The modern era of informatics and high-technology communications has allowed 
many growers, shippers and retailers to learn and implement practices and technolo-
gies that have had success elsewhere in the world. There have been many examples 
where technological protocols were “copied on the local level,” and the results were 
similar to those previously experienced. However, we are also continually reminded 
that what is done at one site cannot be transmitted directly to another, even when 
similar cultivars are grown. The interesting point, and the good news for those work-
ing to improve postharvest quality of produce, is that a successful plan of production 
and handling to maintain quality may only need simple adjustments to produce good 
standards in other operations. It is paramount to stress the importance of environ-
mental factors occurring during the hours before and immediately after harvest, par-
ticularly when those factors involve extreme conditions prevalent in places such as 
low deserts and rainy tropics.

Research has shown the direct effects of environmental conditions during the hours 
before harvest on postharvest quality (Herppich et al., 2001; Fonseca, 2006). A sin-
gle stress event can produce major physical changes in the physiology and anatomy 
of the plant upon recovery. For example, trichomes were formed in feverfew plants 
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after recovering from a wilting event (Fonseca et al., 2005), and grafted watermelon 
produced adventitious roots and aerenchyma to adapt to a single flooding (Yetisir  
et al., 2006). Environmental factors encountered during handling of produce that can 
affect final quality include extremely low or high temperatures, rain and extremely 
low relative humidity (RH). It is possible that in the future, with more urban areas 
coexisting with production fields and orchards, other factors may become more 
important, such as environments with high emissions of CO2, as well as atmosphere 
with low pressure and high ethylene content.

II.  Postharvest handling in the tropics

Postharvest losses encountered in tropical areas with a high incidence of rainfall are 
likely the highest in the world. Losses in developing countries along the tropical belt 
are estimated to be about 50% (FAO, 1989). Typical losses of underutilized fruits, 
such as Safou in central Africa, range from 40 to 50% (Silou et al., 2007). In Costa 
Rica, mango losses due to anthracnose in the central distribution market may range 
from 14% in the dry season to 84% during the rainy season (Arauz et al., 1994).

Rainfall, evaporation, minimum and maximum temperature during the three days 
before harvest is significantly correlated to sensitivity of Hawaiian-grown papaya to 
quarantine heat treatments (Paull, 1995). Interestingly, there was no significant rela-
tionship between solar radiation and mean temperature. The author concluded that 
fruit that were exposed on the day of harvest, or during the three days before harvest, 
to minimum temperatures higher than 22.4°C showed improved tolerance to quaran-
tine heat treatments. This induced-tolerance to postharvest heat treatments has been 
associated with heat shock proteins (Key et al., 1985; Paull and Chen, 1990).

High RH and temperatures around 30°C can enhance wound healing of citrus 
fruits (Stange et al., 1993; Kinay et al., 2005). This is a major reason for the recom-
mendation that degreening treatments occur in high RH and controlled temperatures 
(Kinay et al., 2005). This beneficial effect is associated with a fast wound healing 
rate, triggered by the formation of lignin and the induction of antifungal compounds, 
such as scoparone and scopoletin (Stange et al., 1993). The proliferation and/or 
penetration in the fruit by pathogens, such as Penicillium digitatum, P. italicum and 
Geotrichum candidum is reduced when curing is induced under high RH and tem-
peratures around 30°C (Plaza et al., 2003). High temperatures during postharvest 
storage are commonly associated with high transpiration rates and subsequent deg-
radation of quality traits. However, in the case of herbs such as marjoram even tem-
peratures as high as 30°C do not affect oil accumulation, but rather can stimulate 
synthesis (Bottcher et al., 1999).

Temperatures and light intensity in tropical areas fluctuate less than in hot, dry 
or temperate climates. Although it is not completely clear how the low daily tem-
perature fluctuation impacts the postharvest quality of fruit (Woolf and Ferguson, 
2000), some studies suggest that shelf life of vegetative tissue may be significantly 
impacted by the time of day of harvest. In tropical countries, the production of shoot-
tip cutting for export to temperate countries is a major industry. It has been found 



that late harvests (e.g. after 4 pm) improve storage quality and subsequent rooting 
response, an effect that was attributed to higher endogenous carbohydrate status 
(Rapaka et al., 2007). On the other hand, vegetative tissue is particularly sensitive to 
storage temperature during the hours after harvest, which may be dependent on the 
time of the day or harvest if cooling facilities are not available. Chlorophyll degra-
dation significantly increases in leafy vegetables, such as Valeriana lettuce (Ferrante 
and Maggiore, 2007) and fresh-cut rocket and spinach (Ferrante et al., 2004), when 
storage temperature increases by only 6°C.

Diurnal changes in metabolism may explain the prolonged shelf life obtained with 
harvest during the late hours of the day. Xyloglucan endotransglusylase-hydrolase, 
a cell wall modifying protein, is more active during the late hours of the day, sug-
gesting a role in preventing cell degradation during postharvest (Rose et al., 2002). 
Moreover, leaf–water relations are also known to fluctuate during the day. For exam-
ple, stomata opening occurs in response to light and temperature which affects CO2 
uptake productivity and assimilation of carbon productions (Taylor and Davies, 
1985). The “turgor” hypothesis is another factor that can partially explain the impor-
tance of weather conditions at harvest. It is agreed by many that prolonged shelf life 
may augment with increased turgor, which may be also improved with postharvest 
calcium treatments (Clarkson et al., 2005; Rico et al., 2007). Rapid cooling at sun-
set inhibits the export of sugars from the leaves (Koroleva et al., 2002) to the fruit, 
which results in increased osmotic and turgor pressure.

Extreme rainy conditions can have direct implications on plant disease and food 
safety. Clinical pathogens that invade fruit and vegetables generally benefit from high 
RH encountered in the field and during postharvest storage, with some exceptions, 
such as the case of E. coli O157:H7 (Stine et al., 2005). Another exception is the 
Hepatitis A virus, which is quite stable in the environment (Sobsey, 1991), with the 
longest survival having been reported at low RH (Bidawid et al., 2000; Sattar et al., 
2000). In contrast, high RH has been found to afford Salmonella longer survival on the 
surface of tomato plants (Rathinasabapathi, 2004). Because of the potential risk with 
added moisture in tissue at harvest (Fonseca, 2006), it is probably wise to schedule  
harvest for periods when the rain stops and there has been enough time to dry water 
from the surface of the tissue to be harvested.

Additional concerns exist in the tropics when extreme weather conditions pre-
vail, because efficiency of postharvest operations may decline faster as field workers  
in charge of harvest, selection or classification may be more at risk of dehydration 
(Nag et al., 2007).

III.  Postharvest handling in the desert

The deserts, which may be present from sea level to 3500 meters, are places where 
large quantities of produce are grown (Houston, 2006). In all deserts, to different 
degrees, cold nights and/or high temperatures during the day prevail during certain 
times of the year. Such conditions may be even more extreme than usual during times 

III.  Postharvest handling in the desert  541



542  Postharvest Handling under Extreme Weather Conditions

which may coincide with the harvest of edible tissue. Production of plant crops in the 
desert often includes high sunlight intensity, low RH and high temperatures, depend-
ing on the season in which the crop is planted, which in some cases is inadequate to 
support even microbial life (McKay et al., 2003).

Low relative humidity is of particular concern, since fresh-harvested commodities 
tend to lose weight rapidly at low RH. Changes in water status alter the general con-
ditions of the product with economic losses being due to both decreased quality and 
product weight (Kays, 1999). Most fruits and vegetables become unmarketable with 
a loss of 5% to 10% of their initial weight (Robinson et al., 1975). The rate of water 
loss and subsequent weight are clearly dependent on factors such as temperature and 
RH. The water status of the product at harvest, in addition to extreme environmental 
conditions during postharvest, may affect quality.

Water activity, the differential between vapor pressure of water in food and vapor 
pressure in pure water, affects the water loss rate of a fresh commodity. Higher water 
activity (or less negative water potential) implies higher amount of water that could 
be easily released to the environment in the form of water vapor pressure (Labuza, 
1980). Lettuce with extremely high water activity showed lower shelf life, particu-
larly if accompanied by extremely low RH during postharvest handling (Fonseca, 
2006). The loss of membrane integrity associated with desiccations, leads to loss 
of cellular compartmentation, which consequently allows polyphenol oxidase and 
polyphenol substrates to mix in the damaged cells, resulting in tissue browning 
(Vamos-Vigyazo, 1981). Color retention and quality of beans was found to be higher 
when the product had lower moisture content. While initial moisture content of near 
14% yielded shelf life of lower than 10 days, initial moisture content of near 11% 
produced shelf life of above 100 days (Karathanos et al., 2006).

Quality of crops and tree fruits harvested in late spring or early fall may often be 
challenged by high temperatures in the desert. Satsuma mandarins subjected to 30°C 
for 3–5 days after harvest increased the soluble solids content/titrateable acidity 
ratio by essentially lowering the acidity levels (Burdon et al., 2007). Malic and citric 
acid continued to decrease during storage at 10°C after storage at 30°C. In the same 
study, mandarins that were exposed to 65% RH produced a weight loss of 8.5%, 
while fruits that were exposed to the same temperature but at 95% RH had less than 
4% weight loss. The short exposure to high temperature in postharvest also increased 
the quality by reducing puffiness. These results show the potential benefit of  
keeping fruits at room temperatures in deserts. However, the common low RH  
associated with these places raises concerns because it may cause premature 
shriveling. Good results have been obtained by keeping mist on patios where har-
vested products are temporarily stored before entering the packinghouse (Fonseca 
and Cinco, 2006). Reduction of pitting in cherries by more than 25% was obtained 
by using reflective tarps at harvest and during postharvest handling (Schick and 
Toivonen, 2002).

Herbs in particular suffer great weight loss when conditions at harvest include  
high temperatures. The rate of transpiration in herbs is commonly 100% higher 
than that of vegetable species showing intensive respiration (Ryall and Lipton, 1983). 
Freshly harvested Saint-John’s Wort shows a Q10 of 2.60 over the range 10–20°C 



and 1.93 over the range 20–30°C (Bottcher et al., 2003). However, for herbs that 
are dried, the rapid loss of water did not commonly affect the key active compounds 
(Bottcher et al., 2003; Fonseca et al., 2006).

The quality of asparagus spears clearly varies depending on the weather conditions 
prevalent during the growth cycle (Bhowmik et al., 2002), but postharvest conditions 
may be more critical in influencing final quality. In a greenhouse study, the variabil-
ity in the monthly temperature during the growth of asparagus did not consistently 
show an affect on breaking force, regardless of the subsequent storage conditions. 
However, a clear relationship was found between the temperature during postharvest 
storage and the breaking force of shear asparagus spears (Bhowmik et al., 2003). 
High temperatures at harvest time can affect level of decay during postharvest as 
observed in France with Star Ruby grapefruit (Pailly et al., 2004). Clearly, crops 
such as broccoli, beans, peas and asparagus harvested at an over-mature stage will 
be prone to excessive accumulation of fiber content, a factor that will become more 
pronounced if weather conditions include high temperatures (Sams, 1999).

Extremely high temperatures at harvest impact hormonal levels in the mar-
keted, edible portion of agricultural perishables. Abscisic acid (ABA) is known to  
fluctuate during the day. ABA seems to peak before the maximum light intensity or 
prior to the onset of the maximum daily temperatures (Correia et al., 1997; Fonseca 
et al., 2005). This could be explained by the high rate of photo-oxidation during late 
morning and afternoon hours, which exceeds that rate of synthesis of ABA (Simkin 
et al., 2003). It has been shown that higher ABA levels at harvest result in a shorter 
vase-life of cut roses (Garello et al., 1995). The accumulation of ABA is tissue- 
specific, as light sources have caused changes in ABA levels in rose petals, but not in 
their leaves (Garello et al., 1995).

Desert crops are particularly exposed to conditions that pose at least a mild stress. 
Water stress is one of the most common stresses that plants encounter due to excess 
of transpiration during certain periods of plant growth. Changes in water availabil-
ity during late phases of growth are so dramatic that a single stress event can trig-
ger alterations to the anatomy of a leaf. Formation of trichomes was observed in  
feverfew upon recovery from a single wilting event (Fonseca et al., 2005). If plants 
are under severe stress at the moment of harvest, due to extreme weather condi-
tions or abuse through agricultural practices, the result on the postharvest quality is  
commonly negative. For example, french fries made from potatoes grown under 
stress have shown undesirable texture (Iritani, 1981). However, in some cases, mild 
water stress at harvest under desert conditions has resulted in clear benefits for the 
quality of intact and fresh-cut produce such as lettuce (Fonseca, 2006).

Moisture is such a critical factor that a modified atmosphere packaging line in a 
carton, described as Moisture Control Technology, reduced chilling injury by 42%, 
albedo breakdown by 54% and reduced moisture loss by 83% in navel oranges 
shipped overseas. This technology, which kept moisture levels above 98%, did not 
cause mold growth or abnormalities in the fruit skin (Henriod, 2006), even though 
high humidity environments are often conducive to pathogen growth (Artés et al., 
1995). The effect of high relative humidity storage in reducing the expression of 
chilling injury has also been reported in a number of chill-sensitive crops, including  
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cactus fruits (Schirra et al., 1997), cucumber (Wang and Qi, 1997) and mango (Pesis  
et al., 2000). Low relative humidity at harvest or during storage also caused increased 
degradation of key nutritional compounds such as vitamin C (Nunes et al., 1998). 
When a mist was induced during the hours prior to harvest, the low temperature 
breakdown of kiwifruit occurring during postharvest storage was reduced or elimi-
nated, depending on the maturity of the fruit at harvest. This was associated with higher 
accumulation of chilling time before harvest (Sfakiotakis et al., 2005).

Some studies suggest that the time of the year at which harvest takes place may 
be critical in the shelf life of crops. Increase of dry and fatty matter, polyphenol and 
antioxidant composition in cauliflower was obtained in a year when plants were sub-
jected to stress conditions (Lo Scalzo et al., 2007). In the same study it was suggested 
that early harvested product was more suitable for storage due to the higher ration of 
unsaturated as compared to saturated fatty acids. Regardless of the location of apple 
fruits in the canopy of the tree, time of the year affected the concentration of ripening-
associated pigments. For example, in a November harvest content of lutein in apples 
was lower and violaxanthin higher than in a June harvest (Solovchenko et al., 2006).

Another factor to consider when handling fruits and vegetables in desert condi-
tions is light. Light intensity during postharvest storage is an issue that has been 
overlooked for a long time; however, it could have a significant effect on final qual-
ity, particularly when excess intensity reaches the product. It is now known that 
harvested product may respond to light in ways that can dramatically affect quality. 
Solanine content in potatoes exposed to sunlight was increased as high as eight times 
that found in potatoes stored in the dark (Haddadin et al., 2001). The concentration 
of solanine obtained with varieties grown in the desert and exposed to sunlight dur-
ing harvest reached levels of 150 and 90 mg/100 g, far above what has been found 
in other markets (van Gelder, 1984). Levels of solanine above 20 mg/100 g of fresh 
tuber are considered toxic (Pihak and Sporns, 1992). Using materials to prevent light 
from reaching the product has been suggested. The use of reflective tarpaulins for 
covering bins containing recently-harvested cherries reduced the incidence of pitting 
in cherries by nearly 20% (Schick and Toivonen, 2002). In the case of cherries, water 
loss is faster in the stems (Seske, 1996), and the use of reflective tarpaulins for only 
four hours also increased moisture levels by over 15% (Shick and Toivonen, 2002).

IV.  �Effect of drastic changes occurring  
during postharvest handling

Adaptation of fruit and vegetables to extreme postharvest handling conditions  
(see also Chapter 19) may be affected by previous conditions occurring during pre-
harvest or during early stages of handling and storage. The effect can be beneficial 
or detrimental. Cucumbers developed no symptoms of chilling injury during post-
harvest handling when preharvest temperatures in the greenhouse were 5°C higher, 
i.e. fruits grown at 27°C developed symptoms, cucumber grown at 32°C did not 
show any symptoms. Temperature sensitivity and ethylene production was reduced in  



the fruits from plants grown at the higher temperature. However, weight loss was  
significantly higher in cucumber grown at the higher temperature (Kang et al., 2002). 
In another study with cucumber, fruit stored at 36–40°C for 24 hours before refrig-
eration storage significantly reduced subsequent respiration and the appearance of 
pitting (Hirose, 1985).

Factors occurring before harvest affect the quality of produce. In particular,  
postharvest responses of fruit and vegetables to chilling stress are often greatly influ-
enced by preharvest field temperature (Wang, 1982). These factors may be associ-
ated with biological agents, physiological mechanisms, mechanical damage, cultural  
practices, genetic variation or environmental factors (Kays, 1999). In fact, there are 
few postharvest disorders of fruits and vegetables that are not affected by preharvest 
factors (Ferguson et al., 1999). Chilling injury of tomatoes (Lurie et al., 1993; Sabehat 
et al., 1996) and avocados (Woolf et al., 1995) can be reduced by heat treatments 
applied immediately before storage. Moreover, exposure to high temperatures during 
the hours close to harvest may induce tolerance to low temperatures in postharvest 
storage (Ferguson et al., 1999). Treatment with air temperature at 36–40°C reduced 
chilling injury of Hass avocado fruit (Woolf et al., 1995; Florissen et al., 1996).

For high quality avocado the temperature and exposure to sunlight during prehar-
vest is critical. For example, skin tissue on the side of the fruit exposed to the sun 
exhibited less chill injury and heat damage (Woolf et al., 1995). Tolerance of posthar-
vest heat treatment is affected by air temperatures experienced in the field three days 
before harvest (Paull, 1995). Retention of nutrients may also be improved with higher 
preharvest temperature (Lee and Kader, 2000). Breakdown of vitamin C during post-
harvest storage was reduced when cucumber was grown at higher temperatures (Kang 
et al., 2002). However, very little information is available on assessing the importance 
of the temperature at which fruit is harvested on tolerance to postharvest heat treat-
ment and subsequent storage. Changes in heat shock protein (hsp) gene expression 
and specific protein bands have reflected the diurnal temperature cycle (Woolf et al., 
1999). In apple fruit, hsp gene expression followed a diurnal temperature cycle, with 
maximum levels 1–2 hours after the highest temperature of the day (Ferguson et al., 
1998), suggesting that time of the day and conditions at harvest, particularly those 
associated with extreme conditions, will affect postharvest heat treatment and toler-
ance to low temperatures.

Fruit grown in the shady inner areas of the canopy have a greater incidence of 
chilling injury than fruit grown in the outer areas of the canopy. This finding indi-
cates more efficient preharvest practices to allow higher light penetration would be 
beneficial (Crisosto et al., 1997). Practices which could be used may include pruning 
and leaf removal (Forlani et al., 2002).

Extremely high temperatures in destination markets during summer months may 
require adjustments in earlier steps in the postharvest chain to reduce deterioration 
of quality. Produce in transoceanic shipments often suffers from abrupt changes in 
temperature when arriving at the destination port (Figure 20.1). Cassava root for 
export markets stored at 15°C kept for a longer time than that stored at 10°C when  
the product was shipped during the summer season to the end market (Fonseca and 
Saborío, 2001). This was likely due to a higher transpiration rate and subsequent 
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condensation of water between the skin and paraffin wax in the product stored at 
lower temperatures, due to a drastic change with the extremely high ambient tem-
perature on the patios of the brokers. The opposite was observed during the winter 
season. That is, low storage temperatures during transportation extended the shelf 
life of cassava root.

In some cases, shifts in RH have been the main problem associated with qual-
ity defects. When Navel oranges were transferred from low RH (45%) to high RH 
(95%), fruits developed rind staining. The symptoms developed more rapidly when 
fruit was exposed to low temperatures for prolonged periods. Interestingly, in this 
study, fruits that were transferred from 30°C to 20°C or 12°C had the same amount 
of water loss as those transferred from low to high relative humidity and showed no 
symptom of rind staining (Alferez et al., 2003).

The development of rind staining when transferring fruits from low RH to 
high RH is likely due to the fact that flavedo cells recover water activity more  
quickly than inner albedo cells, which eventually causes depressed flavedo and 
collapsing in the adjacent albedo (Agusti et al., 2001). This symptom can be fol-
lowed by the peculiar staining and browning of the flavedo observed after sev-
eral days, probably due to oxidation (Lafuente and Sala, 2002). The development 
of peel pitting occurred in white grapefruit when the fruit was transferred from 
30% to 90% RH. The opposite, i.e. transferring from high to low RH, did not  
produce pitting (Alferez and Burns, 2003). In parallel with browning of the flavedo, 
oil glands became deformed and began to collapse, also causing pitting. Weight loss 
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Figure 20.1  Record of temperature inside a commercial container with pineapples shipped during summer time. 
Note the abrupt temperature change the day the product arrived at a port in Europe.



increased when fruits were washed before storage, due to removal or redistribution 
of the natural fruit wax coating (Alferez and Burns, 2003).

The activities of antioxidant enzymes, such as catalase and ascorbate peroxidase, 
decreased under high RH (85–90%), whereas superoxide reductase increased and 
glutathione reductase decreased at low RH (55–60%), an indication of their possible 
role in lowering rind staining in Navelina oranges (Sala and Lafuente, 2004). These 
observations have important implications for the desert citrus industry, as harvest-
ing may be done during extremely low RH, and the fruit may dehydrate before being 
stored in coolers, which are expected to be at high RH.

Extreme weather conditions trigger responses in plants that involve activity of 
enzymes and growth regulators. The protective function of enzymes against dif-
ferent stress conditions in plants has been reported (Jiang and Zhang, 2001; Rubio  
et al., 2002). The involvement of plant hormones in the stress-induced antioxidant sys-
tem has also been reported (Ben-Amor et al., 1999; Jiang and Zhang, 2001; Michaeli  
et al., 2001; Arora et al., 2002). Ethylene applied exogenously to oranges resulted in 
better retention of glutathione reductase and reduced the incidence of rind staining. 
This suggests that glutathione reductase is involved in ethylene-induced rind staining 
tolerance (Sala and Lafuente, 2004).

The speed at which the product loses weight may change the threshold at which 
dehydration symptoms, such as shriveling and pitting, appear. With zucchini and 
cucumber, low RH at harvest without transference to a high RH induced peel pitting 
in just a few hours. Generally, pitting started to develop when weight loss reached 
a level of 4.5% and 4.7%, but symptoms were delayed when the loss of water 
was slow during postharvest (Fonseca and Cinco, 2006). The threshold at which  
aerobic respiration shifts to anaerobic respiration may also be affected in specific 
cases. The anaerobic compensation point may change with the age of the product 
(Boersig et al., 1988), which may be accelerated under high temperatures or high 
levels of ethylene.

The time of the day of harvest may critically affect the shelf life of horticultural 
crops. The shelf life of sweet basil increased by almost 100% when harvest was done 
late in the day compared to harvest done in the morning (Lange and Cameron, 1994), 
a reaction that could be due partially to changes in carbohydrate composition (King 
et al., 1988). Accumulation of carbohydrates increases during the day as a product 
of photosynthesis (Geiger and Servaites, 1994). Increased accumulation of carbohy-
drates reduces CO2 sensitivity in lettuce (Forney and Austin, 1988; Varoquaux et al., 
1996) and chilling sensitivity in tomato seedlings (King et al., 1988).

Improved shelf life due to increased extensible cell walls has been correlated to 
harvesting product during the late hours of the day. The same was found with leafy 
greens subjected to mechanical stress (Clarkson et al., 2003). Time of day of harvest 
has also been shown to affect the shelf life of commodities, particularly leafy greens 
(Forney and Austin, 1988; Moccia et al., 1998). Shelf life was extended by as much 
as six days in arugula and two days in lollo rosso and red chard, when the harvest 
was done at the end of the day (Clarkson et al., 2005).

The time of the month or the time of the day of harvest has been associated with 
produce quality. Pectin of albedo from grapefruits harvested in January in North 
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America showed more potency than that harvested in any other month during the 
season (November through January), and was associated with a high concentration 
of rhamnose (Liu et al., 2002).

A.  Other important extreme environmental conditions

Freezing temperatures normally cause the rejection of the product however, in some 
cases the product can still be harvested, but care needs to be taken. The extent of the 
damage is a function of minimum temperature, the rate of drop in temperature, the 
duration of exposure and the susceptibility of the product (Kays, 1999). With leafy 
crops, freezing results in a limp, wilted product, especially if harvesting occurs when 
crops still have ice on the surface of their leaves. To avoid this, lettuce growers cover 
fields the night before harvest, a practice that also allows field work during the early 
hours of the day (Figure 20.2).

Freezing injury can occur during the hours before and after harvest. Frost occurs 
through the sublimation of water vapor on objects that are below 0°C. Kays (1999), 
based on information provided by Reiger (1989), suggested the terms radiative and 
advective freezing, as these can be caused by different conditions and the symptoms 
may or may not be the same. In radiative freezing, thermal energy moves from the 
air to the vegetation, soil and other objects, whereas in advective freezing the flow 
of thermal energy is in the opposite direction (Reiger, 1989). For most fruits and 
vegetables, freezing occurs one to several degrees below the freezing point of water, 
due to the presence of solutes within the aqueous medium of the cells (Kays, 1999). 
Extremely high or low temperatures directly affect the firmness of a number of apple 
varieties (Johnston et al., 2001).

Figure 20.2  Desert lettuce growers cover fields that will be harvested after a cold night when an 
accumulation of ice on the surface of the plants is forecast.



The combination of stress factors in real conditions is an area that has just begun 
to be examined by researchers. Stresses may affect plant metabolism in a different 
manner when applied individually however, it is not entirely clear how they affect 
plant metabolism when occurring simultaneously. It is now known that exposure to 
elevated carbon dioxide reduces the deleterious effects of water stress by increasing 
drought avoidance and drought tolerance mechanisms (Wall et al., 2006). Transcripts 
expressed during drought and heat shock when the stress was posed separately were 
different from transcripts expressed when plants underwent both stresses at the same 
time (Rizhsky et al., 2002). The effect of combined stress factors appears to involve 
a specific protein (WRKY domain), which is enhanced by plants when subjected to 
drought and heat shock or drought and cold stress (Pnueli et al., 2002).

Plant injury due to exposure to pollutants has been increasing during the last  
decades. Ions of heavy metals, such as Ag, Dd, Cd, Se, Co, Mg, Mn, Ni and Zn, may 
be introduced to the plant through soil amendments, runoff, or contaminated irriga-
tion water (Kays, 1999). The impact of high accumulation of contaminants on the 
nutrition and safety of produce is clear. However, how visual quality and shelf life is 
affected by short exposure to metal and other chemical contaminants before harvest 
is not as clear. Plums grown under increased ozone levels soften more rapidly dur-
ing postharvest storage than plums in ambient air or in an atmosphere with reduced 
ozone, which was attributed to differences in the thickness of the wax deposition 
and cuticle during storage (Crisosto et al., 1993). In this area of metals and poten-
tial toxic compounds, selenium (Se) is a singular case. Despite potential risk if high 
levels are present, in most cases exposure to high levels of Se affects plant growth, 
but at low concentrations it may delay senescence (Xue et al., 2001) and potentially 
increase shelf life. An important suggested effect of Se may be the amelioration  
of shock produced by high incidence of UV-B as it occurs in the summer and in 
tropical regions (Shanker, 2006).

Plants may adjust well to high CO2 concentration in the future (Davis et al., 2002), 
and this is likely to occur in proximity to urban areas. In sites where produce is han-
dled with high risk of pollutant contamination, it is likely that high production of 
ethylene occurs (Grant and Menzies, 1983), which evidently will affect ripening 
in high-ethylene producers and will affect coloration in highly sensitive products 
(Saltveit, 1999).

Production at high elevations may carry some intrinsic problems. High altitude 
environments are characterized by increased solar radiation, rapid temperature 
changes and lower partial pressures of gases, including reduction of the 90% oxy-
gen saturation commonly seen in altitudes below 2500 meters (Streb et al., 1998). 
Alternate respiration is common in plants growing at high elevations (Kumar et al., 
2007), which may be connected to the smaller size of plants grown at high elevations 
(Purohit, 2003). However, whether this has any implication in postharvest is unclear. 
It is possible that increased organic acids play an important role in adaptation to 
high altitudes (Kumar et al., 2007) which may also have an affect on postharvest  
quality. Often, agricultural operations at high altitudes occur under greenhouse  
conditions and movement of product is commonly indoors where oxygen levels may 
vary. Hypoxic acclimation to extreme low oxygen atmosphere during postharvest 
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storage is a successful practice for increasing tolerance to ultra-low oxygen levels 
(El-Mir et al., 2001). However, very little has been studied on the effect of acclimation 
at higher oxygen concentrations (e.g. 15%).

Quality and quantity of light during postharvest handling of produce may have a 
significant effect on the final quality. The effect of high light intensity is predomi-
nantly thermal in nature, but light bleaching of chlorophyll can occur (Kays, 1999). 
Chlorophyll degradation was more pronounced in broccoli plantlets stored for 
six weeks under red or blue light than that in white light or in darkness. However, 
enhanced soluble sugar and survival rate after the acclimatization stage was obtained 
with all light treatments (Kubota et al., 1997). Several reports have shown the direct 
impact of using films that change the infrared–red light ratio (Wilson et al., 1998). 
Light intensity may also reduce the growth of fungal microorganisms, such as 
Botrytis cinerea and Monillia fructigena, in strawberries (Marquenie et al., 2003).  
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It is clear that some crops and varieties are impacted by day length during the growth 
of the plant, as in the case of some varieties of onions (Boyhan et al., 2005).

V.  Final remarks

Even when following strict quality control programs, harvested products could still 
be subjected to stress-producing conditions during handling and storage. The stress 
can be a result of a single environmental factor, or the outcome of a combination of 
factors encountered throughout different stages of production and handling. Extreme 
weather conditions may cause severe losses to growers, especially when operations 
fail to manage quality in other steps, or when conditions are part of multiple fail-
ures. If environmental conditions at harvest and during postharvest handling differ, 
the result may range from severely-affected products to maximum-quality products 
(Figure 20.3). Although it is not possible to eliminate losses due to environmental 
conditions, the extent of these losses can be reduced through a better understand-
ing of the nature of the problem and by being proactive with implementing potential 
solutions. Extreme weather conditions differ in nature and affect different commodi-
ties in various ways. However, based on studies described in this chapter, some gen-
eral conclusions can be drawn (Table 20.1). Research has shown that single extreme 
weather factors can be highly detrimental to the final quality of the marketed com-
modity. It is also clear that the potential negative impact may be ameliorated when 
the product is previously exposed to determined conditions.

(Continued)

Table 20.1  Extreme environmental conditions encountered during different postharvest steps and 
factors that influence the impact of those conditions on quality of the final product

Extreme environmental 
conditions

Potential negative impact Factor that may enhance or 
reduce the impact

Extremely low relative humidity 
at harvest

Rapid water loss and early 
development of dehydration 
symptoms.

Water activity/potential at 
harvest affects the weight loss. 
Product with extremely high 
water activity shows symptoms 
of dehydration more quickly.

Extremely high relative 	
 humidity at harvest

Excess moisture on surface of 
product can result eventually in 
large loss of water and oxidation 
of tissue. It can also produce 
condensation of water vapor 
in packages, affording ideal 
conditions for proliferation of 
pathogens.

Depending on the product, a 
time dedicated to release excess 
water may aid in prolonging 
shelf life.

Extremely low temperature at 
harvest/early day hours

Freezing damage. Early day hours 
produce higher incidence of leaf 
abscission of vegetative cuttings.

Materials used to cover crops 
or equipment to elevate the air 
temperature are currently used 
commercially.
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Table 20.1  Continued

Extreme environmental 
conditions

Potential negative impact Factor that may enhance or 
reduce the impact

Extremely high temperature/
sunlight intensity at harvest/	
late day hours

Accumulation of undesired 
compounds in certain crops such 
as potatoes. Reduced production 
of ethylene and subsequent loss 	
of leaves during transition.

Use of transpirants and rapid 
movement of product from 
field to refrigeration conditions 
is used to ameliorate potential 
negative effects.

Extremely low temperature 	
during postharvest handling

Chilling injury Temperature during the 
growth of the plant can 
affect sensitivity. Plants 
grown in higher temperatures 
better tolerate the chilling 
temperatures. Postharvest heat 
treatments may aid in reducing 
sensitivity as well.

Extremely high temperature 
during postharvest handling

Occurrence of proliferation of 	
plant pathogens. Microorganisms 
in general will be afforded better 
conditions to grow.

Risk is reduced if a good pre-
harvest program to control 
diseases is in place, and relative 
humidity previous to harvest 
was not high.

Extremely high temperature at 
destination port

Abrupt raise in respiration and 
transpiration of the product. 
Condensation of water in product 
packages and spaces between 
wax and cuticles. Potential for 
microorganisms growth.

Higher temperature and 
transpiration during transition 
may reduce problems by 
reducing condensation. 
Packages, films and coatings 
with sufficient permeability for 
gas diffusion is an option.

(Source: References listed in this chapter)
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I.  Introduction

The quality of horticultural products can be defined using a number of descriptors, 
and measured by several parameters related, in general, to physico-chemical proper-
ties and aimed at providing specific information on external or internal traits of the 
produce. For fruit in particular, besides shape, size and the absence of defects (mainly 
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due to diseases and disorders), and without considering socioeconomic issues, the 
purchase decision is often dictated by external parameters such as color and, at least 
for some commodities, aroma (Kays and Paull, 2004). A further quality evaluation 
occurs during or following consumption, when properties such as flavor and texture 
are considered. In addition, there is today a growing emphasis on nutritional value 
and safety for human health (see Chapters 3 and 5). Most of these quality attributes 
are the result of biochemical and structural modifications determined by a combina-
tion of gene expression, protein synthesis and metabolite concentration dynamically 
regulated by different factors, including development and environment. In fruit, the 
transition from the immature to the mature stage is a crucial step involving the acqui-
sition of edible traits and organoleptic quality. The changes occurring during fruit 
ripening represent a wide spectrum of different biochemical processes (Seymour  
et al., 1993), and since the advent of molecular biology it has become clear that rip-
ening is a highly complex, genetically-controlled developmental phase (Seymour 
and Manning, 2002). Ripening is strongly influenced by environmental factors that 
are also of paramount importance after harvest from the mother plant. Throughout 
the postharvest chain (from grower to consumer) environmental parameters affect 
metabolism, and consequently, the shelf life and taste life of ripening fruit, as well as 
of other horticultural fresh produce represented by immature fruit, leaves, inflores-
cences, stems, tubers and roots.

The main goal of postharvest biologists is precisely that of elucidating the relation-
ship existing between storage conditions and components of metabolism. Given that 
most postharvest phenotypes are genetic traits associated with one or more genes, 
understanding the genetic determinants that confer quality traits in fruit and other 
commodities is crucial for the development of new postharvest technologies. For 
years, researchers have studied one gene at a time, in isolation from the wider context 
of other genes. A number of investigations have been done on specific structural and 
regulatory genes involved in quality-related metabolic pathways in different horticul-
tural produce. As the molecular mechanisms of phenotypes and the biological basis 
of quality are complex, new methods of analyzing genes and their products en masse 
offers a wider view of biological events and allows study of the network through 
which genes, proteins and metabolites are related and communicate. The recent devel-
opment of high-throughput techniques and new biotechnological approaches cover-
ing a broad field of disciplines (chemistry, physics, biology, physiology, computer 
science, robotics) has also opened up the genomics era in plant research. Genomics 
aims to study the organisms’ genome and understand its structure and function. It is 
traditionally divided into two basic areas, structural genomics and functional genom-
ics (also called the post-genomics era) (Hoquette, 2005). While the former has the 
goal of describing the physical nature of genomes, the latter is related to the expres-
sion of genes and their functional characterization, and allows the detection of genes 
that are turned on or off at any given time depending on endogenous (e.g. develop-
ment) or exogenous (e.g. environment) factors (Eggen, 2003). Several technologies 
have emerged and are now available for measuring transcript abundance in parallel 
fashion, and for describing expression profiling in a particular sample (cell or tissue). 
An analysis of the transcriptome is a representation of all of the genes expressed, and 



this approach is known as transcriptomics. Besides RNA, targets of functional genom-
ics studies are also proteins (proteomics) and metabolites (metabolomics). Functional 
genomics analyses are highly complementary in determining gene functioning: if 
transcriptional profiling describes gene expression patterns and gene regulatory net-
works, proteomics provides qualitative and quantitative information about proteins, 
and metabolomics is aimed at profiling the range of metabolites present in a sample 
at a given time, or under certain conditions (Roessner et al., 2001; Rossignol, 2001). 
This multidisciplinary approach is a prerequisite for the development of systems biol-
ogy (Gutierrez et al., 2005), and involves a great change in our understanding of the 
molecular mechanisms of phenotypes, including the complex interplay of genetic and 
environmental factors (Collins et al., 2003). As the pproductivity and quality attributes 
of horticultural produce are determined by a dynamic combination of gene transcrip-
tion, protein function and metabolite concentration that is temporally and spatially 
regulated during development and by the environment (Dandekar, 2003), coordinated 
approaches of transcriptomics, proteomics and metabolomics are essential for eluci-
dating their molecular basis, as well as the complex interplaying mechanisms operat-
ing during postharvest and affecting both storage and flavor life.

A major challenge in modern horticultural science is to characterize the network 
of genes (and their products) controlling development and modulating quality before 
and after harvest. In tomato, the model species for perishable fruit studies, discov-
eries in the last few years have begun to shed light on the molecular basis of the 
ripening syndrome and its developmental control (Giovannoni, 2004). Most of the 
recommended postharvest environmental conditions represent a stress, resulting 
in physical and/or chemical changes in the cells of the produce. The importance 
of stress management during the postharvest period necessitates an understanding 
of how plant and plant parts respond to stress in terms of metabolic changes, start-
ing with modulation of gene expression. In these contexts, genomics approaches 
and tools, such as high-throughput DNA-based technologies and mRNA(cDNA) 
sequencing, expressed sequence tags (EST) databases, microarray platforms and 
expression profiling, proteomics and metabolomics technologies are offering a com-
pletely new spectrum of possibilities, not only to dissect complex gene networks, but 
also as a support tool for decisions concerning applications, treatments or destina-
tions for specific batches.

Transcriptional control of developmental programs, in entire organs, single cells 
or in response to environmental stimuli, has been widely studied using modern 
expression profiling techniques in Arabidopsis, the first plant to be fully sequenced 
at a whole genome level (Arabidopsis Genome Initiative, 2000) and the first spe-
cies where microarray has been used to measure gene expression (Schena et al., 
1995). Besides the model species Arabidopsis, microarray platforms and crop spe-
cies-specific gene expression databases have also been developed for horticultural 
species (e.g. Solanaceae Gene Expression Database), and an increase in these and 
other genomics tools and information is expected following the genome sequencing 
of grapevine, the first fruit crop to be fully sequenced (The French–Italian Public 
Consortium for Grapevine Genome Characterization, 2007) and other horticultural 
crops that are currently the subjects of sequencing projects. Given that the use of 
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cross-species hybridization to DNA microarray, in which the target RNA and micro-
array probe are from different species, has increased in the past few years (Bar-Or  
et al., 2007), more basic information will also become available for those species 
that lack a representative microarray platform and other genomics tools.

II.  Analysis of the transcriptome

Among different “omics” techniques, transcriptional profiling approaches are more 
commonly used, as they are readily affordable for many laboratories (Brady et al., 
2006). Large-scale transcripts analysis is the first step, together with transcript locali-
zation, to dissect complex processes such as those characterizing the developmental 
stage transition and the postharvest life of horticultural produce.

Transcripts profiling is based on two strategies. In the first, sequence tags from a 
given RNA sample are generated. In the second strategy, cDNA populations corre-
sponding to transcripts present in a specific organ, development phase, or induced by 
different stimuli are hybridized with a large number of targets immobilized on vari-
ous substrates (e.g. different microarray types).

Considering the first strategy, the most straightforward and unbiased way to ana-
lyze a transcriptome is the sequencing of cDNA libraries and quantitative analysis 
of the resulting ESTs (Bush and Lohmann, 2007). ESTs of 200–900 nucleotides, 
15-nucleotide tags used in serial analysis of gene expression (SAGE), and 17–20 
nucleotide tags produced by massively parallel signature sequencing (MSSP) are the 
results of different applied techniques. Differences, advantages and troubleshooting 
for these techniques are fully discussed by Meyers et al. (2004). There are few exam-
ples of SAGE and MSSP applied to investigate transcriptome changes in horticultural 
crops (http://www.ncbi.nlm.nih.gov/projects/geo/), while ESTs are largely produced 
from many of these plants (http://www.ncbi.nlm.nih.gov/dbEST/dbEST_summary.
html). In silico EST analyses have been used extensively to study fruit development 
and ripening and, to a lesser extent, the postharvest behavior and responses to dif-
ferent storage conditions. In silico expression analysis is based on comparisons of 
tag frequencies in different libraries corresponding to an exact digital representation 
of the copy number of a transcript in the examined tissue. Large EST collections 
have been produced from many cDNA libraries of different tissues of several fruit 
species, including apple, grapevine, melon and tomato, where specific analyses of 
the sequence pool have been performed in relation to fruit development, and genes 
likely to be involved in the ripening process have been identified. Pioneering work 
on EST analysis in relation to fruit ripening has been done by Fei et al. (2004) in 
tomato, where a digital expression analysis protocol has been developed. A compar-
ative analysis of tomato sequences with grape EST data resulted in the identifica-
tion of common transcription factors associated with ripening of both fruit species. 
In apple, following the acquisition of extensive EST data, the biochemical pathway 
involved in biosynthesis of precursors for volatile esters has been analyzed at gene 
expression level, and a subset of genes that may participate in generating flavor and 

http://www.ncbi.nlm.nih.gov/projects/geo
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aroma components in mature fruit identified (Park et al., 2006), as well as the pres-
ence of health-associated compounds (Newcomb et al., 2006). Analysis and annota-
tion of 146 075 ESTs from different Vitis species have been performed by da Silva 
et al. (2005). Considering in particular Vitis vinifera, a number of ESTs and uni-
genes with putative functions in berry development have been identified in Cabernet 
Sauvignon and Muscat Hamburg varieties. Gene ontology (GO) classification indi-
cates that GO categories corresponding to transport and cell organization biogenesis, 
which are associated with metabolite movement and cell wall structural changes dur-
ing berry ripening, are highly represented in berry tissues (Peng et al., 2007). Terol 
et al. (2007) assembled more than 54 000 ESTs from five Citrus cultivars and pro-
duced a unigene set of about 13 000 putative different transcripts involved in the 
most important metabolic pathways known to affect fruit quality. An EST database 
(MELONGEN) for melon functional genomics from eight normalized cDNA librar-
ies of different tissues of melon has been produced by Gonzales-Ibeas et al. (2007), 
and a number of genes potentially controlling disease resistance and fruit quality 
traits have been identified. In two Prunus species, peach (ESTree Consortium, 2005) 
and apricot (Grimplet et al., 2005), ESTs have been isolated exclusively from cDNA 
libraries of pericarp tissues, thus providing more specific information on genomics 
aspects of stone fruit development and ripening.

Specifically considering postharvest aspects, an EST project on nectarines is cur-
rently in progress with the aim of studying genetic factors responsible for chilling 
injuries during cold storage (http://www.genomavegetal.cl). Within the framework 
of this project, an open source data management system, named JUICE, has been 
developed by Latorre et al. (2006) to organize and analyze the large amount of data 
generated in this and other EST projects.

Traditionally, ESTs have been obtained by Sanger-sequencing, but the associated 
costs have severely limited this approach. Two new high-throughput sequencing tech-
niques, 454 and Solexa™, have recently overcome this limitation. In fact, in spite of 
low read lengths (about 30–40 bases for Solexa™ and tags of 80–120 base for 454) 
the high-throughput, 1 gigabase per run for Solexa™ and 25 megabases per run for 
454, ideally suits expression-profiling purposes (Bentley, 2006). Short tags are suf-
ficient to identify a transcript unambiguously, and so problems arising from assem-
bling short tags into larger contigs can be ignored. Given these technical advantages, 
an increasing number of EST databases of horticultural crops will be produced in the 
near future. The availability of complete genome sequences permits the direct com-
parison of tags to genomic sequence and further extends the utility of the data.

A second strategy for transcript profiling is a hybridization-based technology where 
cDNA populations corresponding to transcripts present in a specific organ, a develop-
ment phase or induced by different stimuli, are hybridized with a large number of tar-
gets immobilized on various substrates (microarray platforms). With this technique the 
expression of thousands of genes is simultaneously analyzed at a reasonable cost. The 
expression level of any gene represented on the array can be deduced from the fluores-
cence intensity of the corresponding probe, which is recorded by laser scanning. This 
represents a primary caveat of the array method, because a validation of gene expres-
sion is mandatory. Microarray platforms have been extensively reviewed by Rensink 

http://www.genomavegetal.cl
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and Buell (2005) and are summarized in Box 21.1. For fruit crops, microarray plat-
forms developed are mainly home-brewed, permitting robust, reproducible results to be 
obtained and to focus solely on the biology of interest. cDNA-based arrays, developed 
in the early days of global transcriptome analysis, have been replaced by those oligo-
based arrays that have increased laboratory-to-laboratory reproducibility (Busch and 
Lohmann, 2007). Following the pioneering work of Aharoni et al. (2000) who, using a 
cDNA microarray, identified a novel alcohol acyltransferase (SAAT) gene responsible 
for flavor biogenesis in ripening strawberry, some other cDNA-based arrays have been 
produced and used for transcript profiling during fruit ripening. Alba et al. (2005), using 
TOM1 microarray, identified 869 genes that are differentially expressed in developing 
tomato pericarp, 37% of these genes are altered in their expression into Nr (never-
ripe) mutants in which sensitivity to ethylene is reduced and ripening is inhibited. The 
crucial role of ethylene in modulating gene expression has been also observed in pear 
fruit by Fonseca et al. (2004), who detected main changes in expression profiles cor-
responding to the cessation of growth at maturity and entry into the climacteric phase. 
Forment et al. (2005) developed a cDNA microarray with 6875 putative unigenes from 
a large citrus EST collection that has been used to study expression changes during rip-
ening of Citrus clementina, thus highlighting key physiological processes such as those 

Box 21.1  Basic definitions in microarray technology (modified 
from Rensink and Buell, 2005)

Probe: gene-specific DNA spotted on the array that will hybridize with the 
target.

Target: total RNA or mRNA is isolated and converted to single-strand 
cDNA. Target labeling is performed by direct incorporation of a fluorescent 
dye or by coupling the dyes to a modified nucleotide.

Array platforms

On-slide synthesized arrays: probes are synthesized on the array surface 
using DNA synthesis chemistry. The activation for oligonucleotide elonga-
tion is achieved using a mask (Affymetrix) or maskless (Nimblegen) method. 
Alternatively, the reagents are delivered to each spot using ink-jet technology 
(Agilent) or, more recently, chemical reagents are generated by means of an 
electrochemical reaction controlled by an array of individually addressable 
microelectrodes located on the chip (Combimatrix).

Spotted cDNA arrays: clones from a cDNA library are amplified by 
polymerase chain-reaction (PCR) using generic primers for the vector. PCR 
products are purified and spotted on glass slides using a robotic arrayer.

Spotted long oligonucleotide arrays: oligonucleotides ranging from 
50 to 70 bases are synthesized for a unique region of the genes of interest. 
Oligonucleotides are spotted on glass slides using a robotic arrayer.
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concerning citrate utilization (Cercos et al., 2006). Oligo-based microarrays have been 
produced for grape (3175 Oligos, Terrier et al., 2005), peach (4806 oligos, Trainotti  
et al., 2006) and apple (15 720 oligos, Schaffer et al., 2007). For the grape platform,  
50-mer oligos have been selected in the 3’ non-coding region (UTR), thus allowing 
differential expression profiles of isogenes to be distinguished. This approach dem-
onstrated that five isogenes of xyloglucan endotransglycosylase (XET) belong to 
four clusters characterized by different expression profiles. Berry softening has been 
confirmed as the earliest sign in ripening induction, thus determining that expres-
sion timing of XET isogenes, as well as that of other genes encoding cell wall hydro-
lases, is an essential step to dissect the signal network regulating this important event. 
µPEACH 1.0 is a 70-mer oligo-microarray developed starting from EST sequences 
mainly obtained from cDNA libraries of ripening peach fruits. This tool has been 
used to investigate molecular events occurring at the transition from preclimacteric to 
early climacteric stage (Trainotti et al., 2006). More than 260 genes resulted induced, 
while about 100 appeared down-regulated. A coordinated increase of transcripts cor-
responding to genes involved in carotenoid biosynthesis characterizes the transition 
from immature to mature stage. Among the differentially transcribed genes, some are 
involved in ethylene biosynthesis, perception and signal transduction, some are impli-
cated in cell wall metabolism, and 19 targets encoding regulators of gene expression 
are present. In particular, six members of the Aux/IAA family are highly up-regulated 
when ripening proceeds. Using the same microarray on mature peaches treated with 
exogenous ethylene and auxin, Trainotti et al. (2007) pointed out the importance of 
the cross-talk between these two hormones at ripening onset in peach fruit. The role 
of ethylene in aroma production of apples has been assessed using a (55-mer) oligo-
microarray with samples of untransformed and ACC oxidase antisense Royal Gala fruit 
(Schaffer et al., 2007). This approach allowed the expression profile of a repertoire of 
179 candidate genes to be described that might be involved in the production of aroma 
compounds. Among these only 17 were typically affected by ethylene, suggesting that 
only certain points of the aroma biosynthesis pathways are regulated by the hormone. 
Often the first step, and in all pathways the last steps, contained enzymes that were 
ethylene-regulated. This analysis suggests that the initial and final enzymatic steps with 
the biosynthetic pathways are important transcriptional regulation points for aroma 
production in apple. In climacteric fruit, one of the keys for delaying ripening and 
maintaining quality after harvest is to inhibit or reduce ethylene biosynthesis and/or 
perception. Altered levels of ethylene biosynthesis may be induced by treatments with 
other hormones, as observed in several ripening fruit species using Jasmonates (JA) 
(Fan et al., 1998a,b; Kondo et al., 2007). The effects of JA treatments in preclimacteric 
peaches were analyzed by using µPEACH 1.0 (Ziosi et al., 2008). The ripening delay 
induced by JA was accompanied by a down-regulation of ACC oxidase and cell-wall 
related genes, and an up-regulation of several stress- and defense-related genes.

1-Methylcyclopropene (1-MCP) is an inhibitor of ethylene action that, at very 
low concentration, is effective in prolonging storage life of several climacteric fruit 
(Sisler and Serek, 1997). Its effects vary in relation to species, cv and application 
time (Watkins, 2006), for instance bananas and apples are more sensitive to 1-MCP 
than fruits belonging to Prunus species such as peach and nectarine, where the  
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ethylene inhibitor maintains its effects for only a few hours after the end of the 
incubation period, when a quick recovery of ripening parameters occurs (Tonutti et 
al., 2007). Dal Cin et al. (2006) compared the responses of peaches and apples to  
1-MCP at physiological and molecular level, and concluded that the different behav-
ior of the two species to the ethylene action inhibitor might be related to differences 
in terms of ethylene receptor ratio, expression and/or turn-over. Large-scale analyses 
of transcripts have been performed on 1-MCP treated nectarines using PEACH 1.0 
(Ziliotto et al., 2008). The results clearly show that the presence of 1-MCP mark-
edly changes transcript profile considering that only 9 genes (instead of 90, in con-
trol samples) showed, in comparison to fruit at harvest, significant changes at the 
end of the 24-hour incubation period, and 102 targets were differently affected when 
comparing fruit maintained for 24 hours in air and in 1-MCP-enriched atmosphere. 
A number of these differentially expressed targets correspond to genes with a role in 
hormone (ethylene, but also auxin and ABA) metabolism and regulating transcrip-
tion. The fast recovery of ripening parameters (softening, in particular) observed 48 
hours after the end of the incubation period is the result of a change in the expres-
sion of about 50% of the 102 targets, including genes involved in ethylene percep-
tion (ETR2) and transcription regulation (EIL1-like) (Ziliotto et al., 2008).

Only a few studies have been published on large-scale analysis of transcriptome in 
relation to different environmental storage conditions. In a cross-species hybridization 
experiment, the cDNA microarray TOM1 was used by Ponce-Valadez et al. (2005) to 
study the effect of high CO2 concentration on the evolution of volatile substances (etha-
nol, acetaldehyde and ethyl acetate) and gene expression during storage of two straw-
berry cultivars, based on the observation that tomato fruits stored in a CO2 atmosphere 
change their transcriptome (Rothan et al., 1997). This study indicated that the tran-
scriptional changes in the two cultivars differ by the genes involved, only 5 out of 232 
being common, and by the amplitude of the responses. Due to the correlation of gene 
responses and fruit characteristics after storage (e.g. the higher transcription observed 
for gene-encoding cell wall enzymes in the cultivars undergoing softening), a number 
of genes putatively involved in conferring different CO2 sensitivity to strawberry fruits 
have been identified for functional analysis. Low temperature is the key factor for suc-
cessful postharvest management of horticultural produce (see Chapters 10 and 19), 
but the appearance of cold-related physiological disorders is often a major constraint 
in prolonged cold storage. Fruit of many species may undergo chilling injuries (CI), 
showing symptoms such as pitting, discoloration, necrotic areas, woolly and dry flesh. 
Customized microarrays are now being developed to investigate the molecular mecha-
nism responsible for this behavior. Pons et al. (2005), using a subset of the Spanish citrus 
EST repertoire (Gonzalez-Candelas et al., 2005), printed a cDNA microarray to high-
light changes in gene expression associated to CI of Fortune mandarin. They discovered 
that a group of fruit-specific genes is activated in response to cold and different storage 
pretreatments, thus allowing this gene set to be used as a molecular tool for identifying 
the best storage practices, and helping in the selection of new cold-resistant cultivars.

The same approach has been used to investigate the molecular mechanism underly-
ing tolerance to CI in peach (Granell et al., 2007). For this goal a cDNA microarray, 
named CHILLPEACHTM, has been developed by selecting targets from a database 
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(ChillpeachDB) containing 8144 cDNA sequences obtained from the mesocarp of 
sensitive and tolerant peaches.

Postharvest loss of quality is related to processes in which ripening-related genes 
show significant alteration in their expression. These genes can be used as mark-
ers and thus, provide a support to mathematical models designed to predict quality 
changes in agro-products. Within this context, two interesting examples are transcrip-
tome analysis in apples showing mealiness symptoms (van Wordragen et al., 2003) 
and cassava roots exhibiting rapid postharvest physiological deterioration (PPD) 
(Reilly et al., 2007). In both cases, genes differentially expressed have been identified 
and associated to specific cellular processes (reactive oxygen species turnover, cell 
wall repair, programmed cell death, ion, water or metabolite transport, signal trans-
duction or perception, stress response, metabolism and biosynthesis, and activation of 
protein synthesis) activated during postharvest. A nylon macroarray containing 847 
non-redundant ESTs from a ripe peach fruit cDNA library has been developed by 
Gonzáles-Agüero et al. (2008). Gene expression changes in peach fruit ripened for 
7 days at 21°C (juicy fruit) were compared with those stored for 15 days at 4°C and 
then ripened for 7 days at 21°C (woolly fruit). A total of 106 genes were found to be 
differentially expressed between juicy and woolly fruit. Data analysis indicated that 
the activity of most of these genes ( 90%) was repressed in the woolly fruit. Besides 
confirming the importance of cell wall genes, this transcriptomic study highlighted 
that changes in endomembrane trafficking might also play a role in the appearance of 
this postharvest physiological disorder in peaches and nectarines.

III.  Other “omics” technologies

A.  Proteomics

Genome-scale studies based on DNA-chips represent an appropriate strategy, particu-
larly as a first step, given the cost:benefit ratio. However, reliance on this technique as 
the sole tool for profiling gene expression has a number of limitations. Probably the 
most important of these is that changes in mRNA levels do not always correspond to 
changes in translation of cognate proteins (Gygi et al., 1999; Ideker et al., 2001). To 
study quantitative and qualitative characteristics of global protein expression, includ-
ing polypeptide synthesis, degradation, post-translational modification, compartmen-
talization and interactions with other cell components, proteomics, or the study of 
the protein complement of the genome, promises to span the gap between genomic 
DNA sequence and biological state (Rose and Saladié, 2005). To reach this goal new 
or improved techniques have been developed for high-resolution protein separation  
(e.g. bidimensional gel electrophoresis, 2-DE) and rapid, automated protein identi-
fication (e.g. a mass spectrometry platform called matrix-assisted laser desorption/
ionization time-of-flight, MALDI-TOF). These techniques applied in plant and, in par-
ticular, fruit-ripening studies have been reviewed in detail by Rose et al. (2004). Two 
strategies are mainly used. The first is comparable to the EST approach, because it is 
based on protein profiling in order to separate, sequence and catalog as many proteins 
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as possible; the second can be termed comparative proteomics, where the aim is to  
characterize differences between different protein populations. This approach is anal-
ogous to comparative DNA microarray profiling. In both cases the goal of proteomics 
analysis, meant as the identification of proteins, is largely dependent on the availabil-
ity of an appropriate DNA sequence dataset (Heazlewood and Millar, 2003). Tomato 
and grapevine are undoubtedly the crop species in which the most advanced func-
tional genomics infrastructures and proteomics tools for studying fruit ripening and 
quality traits have been applied. In tomato, by using 2-DE, a comparative analysis of 
the fruit pericarp proteome allowed 1791 well-resolved spots to be selected showing 
differential accumulation during cell division, cell expansion and fruit-ripening stages 
(Faurobert et al., 2007). Ninety spots have been identified and most of these, show-
ing an increasing accumulation at ripening, are related to carbohydrate metabolism 
or oxidative processes. A comparison between protein accumulation and expression 
profile of corresponding mRNA, done on ripe tomatoes using cDNA TOM1 micro-
array (Alba et al., 2005), highlighted the presence of some discrepancies between 
transcriptomics and proteomics data. Indeed, 40% of the 90 identified varying spots 
corresponded to sequences present on TOM1 that had been classified as unchanged. 
These differences are the result of post-transcriptional and translational processes 
that modulate the quantity, temporal expression and localization of proteins.

In support of this, recent results have shown that, even though a strong relationship 
was observed between ripening-associated transcripts and specific metabolite groups 
(organic acids and sugar phosphates), post-translational mechanisms dominate meta-
bolic regulation during tomato fruit development (Carrari and Fernie, 2006). Similar 
results have been reported for grape, where a proteome analysis on whole berries 
revealed that all proteins detected showed some change in the accumulation pattern, 
while only a fraction of genes (ranging between 13% and 25%) displayed an altered 
expression level (Giribaldi et al., 2007). These data suggest that translational and 
post-translational processes add a higher degree of complexity to the dynamic pat-
terns of gene expression. An example of this behavior is the protein accumulation of 
ACC synthase (ACS), the rate-limiting enzyme of ethylene biosynthesis. Expression 
of ACS does not change during grape berry development (Chervin et al., 2004; Pilati 
et al., 2007), but the protein concentration peaks at véraison, when a slight increase 
in ethylene production occurs together with changes in transcription of other genes 
related to ethylene biosynthesis, perception and action (Deluc et al., 2007). Working 
on specific fruit tissues appears to be crucial for functional genomics studies, given 
that marked differences have been detected in protein profiling when different tis-
sues of ripening grape berry, such as mesocarp and epicarp, are compared. When the 
proteome analysis was performed on ripe berry skin (Deyteux et al., 2007), proteins 
related to biotic and abiotic stresses, together with those involved in anthocyanin 
synthesis, appeared to be highly represented in the over-expressed set, unlike the 
mesocarp proteome where predominant proteins were related to energy metabolism, 
in particular sugar metabolism and transport (Sarry et al., 2004).

These differences have also been confirmed at transcriptional level by profiling 
the gene repertoire represented on the Vitis vinifera GeneChip (Affymetrix® Inc.) 
in skin, mesocarp and seed (Grimplet et al., 2007). However, even when samples 
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corresponding to a specific fruit tissue are analyzed, complex molecular aspects and 
process interplays are evident. The increase of a -1–3 glucanase protein, observed 
at ripening in grape berry skin (Deyteux et al., 2007), is accompanied by the  
up-regulation of the corresponding gene (Grimplet et al., 2007), but no changes were 
observed in the activity (Robinson et al., 1997). These observations suggest that 
this protein, together with other pathogenesis-related (PR) proteins, may be a form 
of protective mechanism induced during ripening so that the grapes have a pool of 
defensive enzymes present to respond rapidly in case of a pathogen attack.

Many PRs accumulating in ripe fruit are potential allergens and their danger can 
be evaluated by a proteomic approach termed “allergenomics.” With allergenomics, 
it is possible to detect and catalog as allergens those proteins, separated by 2-DE, 
that are specifically interacting with a patient immunoglobulin E, and also to ana-
lyze the quantitative and qualitative change in the antigens. This strategy has been 
used to identify a new isoform of Pru av 1, the major cherry allergen (Reuter et al., 
2005), and can be usefully extended to other species belonging to the Rosaceae fam-
ily where proteome analysis revealed an accumulation of potential allergens during 
fruit ripening (Abdi et al., 2002; Guarino et al., 2007).

Proteomics techniques can be addressed to study processes strictly related to fruit 
quality. Within this context, the analysis of citrus proteome performed by Katz et al. 
(2007) is a good example. This approach established that, in mature juice-sac cells, the 
decline in acidity is a consequence of the use of citric acid for the synthesis of amino 
acid and sugar. This process, together with the increase in an invertase and sugar trans-
porters, is part of a mechanism that maintains juice-sac cell sugar homeostasis. In 
tomato fruit, cytosolic NAD-dependent malate dehydrogenase (cMDH) and mitochon-
drial malate dehydrogenase (mMDH) isoforms are the main enzymes involved in malic 
acid concentration regulation (Miller et al., 1998). Quantitative evaluation of spot den-
sities related to intact cMDH and mMDH indicated a down-regulation in the transition 
from green to breaker stage in the commercial elite ecotype Ailsa Craig (AC). An oppo-
site trend was observed in the local ecotype San Marzano (SM). The specific mainte-
nance of these enzymes in SM has been related to the peculiar sweet and non-acid taste 
of this local ecotype (Rocco et al., 2006). These data open another interesting field of 
application for proteomic studies: identification of possible candidates for segregate 
analysis. A comparison of the mesocarp proteome in six different grapevine cultivars 
highlighted that most detected proteins were common, but some (an enolase, a vacuolar 
invertase and alcohol dehydrogenase) are differentially expressed (Sarry et al., 2004).

B.  Metabolomics

A better understanding of the correlation between genes and the functional pheno-
type of an organism is the true goal of all functional genomics strategies, and metab-
olomics has emerged as a methodology that makes an important contribution to the 
understanding of complex molecular interaction in biological systems (Hall et al., 
2002; Bino et al., 2004). As transcriptomics and proteomics aim to study the products 
of gene transcription and translation, the goal of metabolomics is that of quantifying 
and identifying all metabolites present within the cell under a given set of conditions 
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(Withfield et al., 2004) using different approaches, such as metabolite target analysis, 
metabolite profiling and metabolomic fingerprinting (Fiehn, 2002). Metabolites in 
plants function in many resistance and stress responses and contribute to color, taste 
and aroma. It has been estimated that plants contain from 100 000 to 200 000 different 
chemical compounds, most the result of secondary metabolism (Pichersky et al., 2000; 
Dellapenna, 2001), and this makes the plant metabolome quite complex. Thanks to the 
development of high-throughput analyses, based on improvements in mass spectrome-
try (MS) methods and in computer hardware and software capable of interpreting large 
datasets (Last et al., 2007), the identification and quantification of these small mole-
cules is becoming much easier. Besides gas (GC) or liquid (LC) chromatography cou-
pled with MS (Villas-Boas et al., 2005; Glinksi and Weckwerth, 2006), another method 
used for fingerprinting and profiling metabolites in plants is nuclear magnetic reso-
nance (NMR) spectroscopy (Krishnan et al., 2005; Ratcliffe and Shachar-Hill, 2005). 
The identification and quantification of a high number of metabolites in many differ-
ent samples makes it possible to study dynamic changes in the metabolic networks, 
and their control by environmental and genetic factors (Weckwerth, 2003). Since high-
throughput methods to perform metabolite profiling or fingerprinting have only been 
developed within the last decade, there are still very few metabolomics applications in 
plant biology and horticultural produce in particular and, in general, are aimed at the 
phenotypic description of one species or genetic variants (cultivars) of a species.

Starting from the early studies on potato tuber by Roessner et al. (2000, 2001), who 
simultaneously detected 150 compounds using GC/MS, Tolstikov and Fiehn (2002) 
and Tolstikov et al. (2003) applied LC/MS to metabolome profiling of Cucurbita 
maxima. Aharoni et al. (2002), using high resolution Fourier transform mass spec-
trometry (FTMS), reported the presence of almost 6000 different masses in straw-
berry fruit, and assigned a putative empirical chemical formula to about half of them:  
differences in both primary and secondary metabolites resulted as being present 
in different strawberry tissues. Most of the metabolomics studies on fruit have been 
conducted on tomato. Tikunov et al. (2005) used a comparative multivariate analysis 
based on the profiles of all volatiles produced by fully-ripe red fruit belonging to 94 
contrasting tomato genotypes. The analysis, based on solid phase microextraction GC-
MS, revealed a total of 322 different compounds in the entire genotype set and pointed 
out that these compounds can be grouped in clusters according to the common bio-
chemical precursor or metabolic pathway: Phe derivatives (phenolic and phenylpropa-
noid volatiles), Leu and Ile derivatives, lipid derivatives and isprenoid derivatives. This 
work provides new information on the heterogeneity in biochemical composition and 
metabolite content within tomato varieties. To explore the genetic basis of tomato fruit 
biochemistry, Schauer et al. (2006) used a high-throughput GC/MS metabolite profil-
ing approach in parallel with whole-plant phenotype characterization. Many metabolic 
QTLs that affect numerous compounds in a metabolic pathway have been defined and 
a total of 899 single-metabolite QTLs identified. Metabolic changes have been detected 
in tomato flesh and seeds in relation to crucial changes in fruit growth and develop-
ment using both untargeted and targeted metabolic profiling (Mounet et al., 2007). The 
compositional changes have been related to physiological processes occurring in each 
tissue, in particular high metabolic changes have been observed in flesh tissue during 
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the transition from cell division to cell expansion, and in relation to the onset of ripen-
ing. A map of the different metabolite concentrations at different stages of development 
for both seeds and flesh has been established. The potential of metabolomics has been 
exploited to evaluate the effects of transgenesis in tomato (Roessner et al., 2003; Long 
et al., 2006; Fraser et al., 2007), different approaches to engineer the tomato flavonoid 
biosynthetic pathway resulted in expected and unexpected metabolic effects revealed 
through targeted and untargeted metabolite profiling (Bovy et al., 2007).

Given that refrigeration is the basis of postharvest technology, an interesting study 
is that done on Arabidopsis to characterize the freezing tolerance response, and to 
understand the function of transcription factors (CRT/DRE-binding factor, CBF) 
involved in the cold response regulatory pathway (Cook et al., 2004). Extensive cold-
induced changes in the metabolome and the concentration of about 400 metabolites 
resulted as being significantly influenced by the CBF-mediated cold response path-
way. Up to now, only a limited number of metabolic profiling studies have been 
conducted in relation to storage conditions and the postharvest evolution of quality 
parameters in horticultural produce. GC/MS analysis of volatile metabolites has been 
used to discriminate postharvest diseases (Vikram et al., 2006). Carrots inoculated 
with Erwinia carotovora subs. carotovora produced higher amounts of volatile com-
pounds than those induced by other pathogens and seven compounds appeared to be 
disease-specific. Disease-discriminatory volatile metabolites have also been detected 
in onion bulbs and apples (Vikram et al., 2004, 2005) inoculated with postharvest 
pathogens. In potato, several volatile metabolites resulted as unique following inocu-
lation with Erwinia spp., and were not detected in fungus-inoculated or control tubers 
(Lui et al., 2005). The discriminant analysis models developed appear to have a prom-
ising potential for early detection of postharvest diseases in horticultural produce.

The maturation of metabolomics as the next cornerstone of functional genomics 
depends on the establishment of databases (Summer et al., 2003; Bino et al., 2004). 
A metabolite database (MoToDB) dedicated to LC/MS-based metabolomics of 
tomato fruit has been developed by Moco et al. (2006). This database (http://applied-
bioinformatics.wur.nl) contains all information (retention time, calculated accurate 
masses, PDA spectra, MS/MS fragments) on metabolites detected in ripe tomato 
fruit using LC/MS. This tool appears to be of great help in studying the dynamics of 
metabolome, to elucidate mutants and gene function based on differential metabolic 
profiles, and to decipher the biological relevance of each metabolite.

IV.  �Towards genomics networks and global 
profiling analysis in horticultural produce

The expansion of genomics resources and the rational organization of databases will 
facilitate a systems approach and a wider use of bioinformatics platforms in impor-
tant horticultural crops other than model species. The Solanaceae Genomics Network 
(SGN; http://sgn.cornell.edu) is an example of a database rapidly developing into a 
comprehensive resource for comparative biology between members of this family 
and other closely related plants (Mueller et al., 2005). A preliminary comparative 

http://applied bioinformatics.wur.nl
http://applied bioinformatics.wur.nl
http://sgn.cornell.edu
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approach has been carried out with tomato, pepper and eggplant fruit. The use of 
tomato microarrays allowed groups of candidate expressed sequence tags, which are 
useful as orthologous markers, to be identified, as well as genes implicated in fruit 
ripening of these heterologous species (Moore et al., 2005). Following the comple-
tion of the tomato sequencing project and the implementation of the SGN database, 
a dramatic increase in biological data concerning quality aspects of these and other 
Solanaceae species, such as potato, is expected in the near future.

Most of the research carried out so far using profiling technologies in horticultural 
produce have concentrated on the use of genomics tools in isolation. However, the 
metabolic complexity characterizing these products suggests that, in the future, inte-
grated analysis will be necessary to study and understand metabolic activity during 
development and in relation to different storage conditions. Integration of genom-
ics datasets resulting from the application of transcript and protein abundance, 
metabolite accumulation and metabolic flux analysis, will be crucial to unravel the 
mechanisms that link genotypes to phenotypes and are responsible for quality traits 
(Sweetlove and Fernie, 2005). Within this context, and as a preliminary step in this 
direction, Alba et al. (2005) combining genotype, transcript and targeted metabolite 
analyses have elucidated the ethylene-regulated transcriptome of tomato fruit and the 
role of the gaseous hormone in carotenoid accumulation in ripening fruit. This inte-
grated approach indicates that pigmentation during tomato ripening is the result of a 
complex regulation system dependent on ethylene and the Nr receptor, a dramatic 
increase in carotenoid metabolic flux, and the temporal change of the expression of 
specific structural genes involved in the carotenoid biosynthetic pathway. Temporal 
changes of 92 metabolites (sugars, sugar alcohol, organic acids, amino acids, vita-
mins, pigments) in parallel with transcript level have been evaluated throughout 
tomato fruit development (Carrari et al., 2006). Combination of metabolite and 
transcriptomic data revealed that transcript abundance is less strictly coordinated by 
functional group than metabolite abundance, and this suggests that post-translational 
mechanisms dominate metabolic regulation. Nevertheless, there were some corre-
lations between specific transcripts and metabolites, and several novel associations 
were identified that could provide potential targets for manipulation of fruit compo-
sitional traits. A strong relationship between ripening-associated transcripts and spe-
cific metabolite groups, such as TCA-cycle organic acids and sugar phosphates, was 
observed.

These examples make it clear that our understanding of plant metabolic networks 
will rely upon integrative (targeted and non-targeted) analyses. The continued techni-
cal improvement of post-genomic approaches that allow high-throughput cataloging 
in an abundance of transcripts, proteins and metabolites, suggests that important 
advancements will also be made in the future in the field of horticultural produce.
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I.  Postharvest handling

Consumers, producers, and marketers are key players in the fresh produce supply 
chain. Banks (Chapter 1) noted that expectations of each group focused on creation 
and appreciation of value. The systems approach was singled out because it links 
causes and effects: fresh produce handling and its quality. Consumers prefer quality, 
although as noted in several chapters (see Chapters 2, 3, 4, 8, 9, 11 and 18), the notion 
of quality is fluid and interpreted in many different ways. Therefore, efforts in posthar-
vest handling are focused on value creation, including the protection, maintenance or 
enhancement of attributes, for which buyers are willing to pay (see Chapters 6, 10, 
14, 19 and 20). Suppliers interpret consumer wants and innovate to meet consumer 
expectations. Innovation provides only a temporary competitive edge and it becomes 
a conventional practice once its use spreads. Growers and marketers reach for other 
means to gain competitive advantage, and adopt technology that is licensed or pat-
ented. Banks (Chapter 1) illustrated the “managed scarcity” with examples of pat-
ented pineapple or kiwifruit varieties. Licensing has also become a popular way to 
limit the supply of apples, e.g. Pink LadyTM, while in the near future, more patented 
or licensed varieties of fruits and vegetables will be commercialized. Managed scar-
city prevents price collapse, as noted by Banks. It also supports another consumer 
trend, namely the demand for a wider assortment of produce (see also Chapter 5). 
Earlier studies have shown that consumers who like produce will substitute another 
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kind of produce for the one they wanted to buy, but that was unavailable, or did not 
match quality expectations or price.

The systems approach proposed in the original version of this book (Prussia and 
Shewfelt, 1993) advocates the awareness of the existence of other links in the supply 
chain. According to the systems approach concept, participants implicitly recognize 
the time sequence of the physical product movement and ownership transfer, and the 
associated transfer of risk of quality defects. The nature of quality defects, many of 
which affect the appearance and the internal quality of the produce, often require a 
passage of time before it can be visually detected during inspection (see also Chapters 
8, 14, and 15). The time separation of cause and effect of quality defect opens 
the opportunity for underperformance at some links in the chain, because of the  
double pay-off; it may save costs in implementing specific postharvest services, 
while fetching potentially higher price by beating competitors in a given point in 
time. Any quality loss occurs later in the supply chain, and turns into a monetary 
loss for the firm which owns the produce at that particular stage. To recover the loss 
requires expense and allocation of time and management resources to trace the cause 
of quality deterioration, and the establishment of the timing of events that led to 
quality loss. A company may choose never to pursue this option, but would rather 
change suppliers.

The timing of quality deterioration has no immediate consequences if it remains 
undetected until the actual act of eating. A consumer will seldom exercise the right 
to demand that the produce be exchanged or the money returned. Rather, if the 
produce is often of poor quality, the low quality will induce a change in consumer 
preferences. For example, a decline in stone fruit consumption, especially peaches, 
is attributed to inconsistent quality (Byrne, 2005). Therefore, the economic con-
sequences of narrow and short-term focus of the various links in the supply chain 
become visible only after an extended period of time, and become confounded 
by other factors. Suppliers are unable to separate the effects of poor quality from  
other factors, such as the relative improvement in produce selection, the entry of new 
varieties, etc.; with the exception of very short supply chains (see Chapter 11).

The systems approach is capable of reducing the incidence of quality loss discovery at 
a link upstream from where the quality loss was induced by poor handling. However, 
its implementation requires a shared goal across all supply links to supply the high-
est eating quality fresh produce. While the systems approach prescribes what ought 
to be done, it lacks ability to enforce the procedure. The systems approach provides 
a framework which is sufficiently flexible to depict the interaction among various 
stages in the supply chain (see also Chapter 6), infer the cause–effect relationships, 
and visualize innovation. It is static, but can become dynamic by sequential por-
trayal of the interactions. The enforcement of the interactions depicted by a systems 
approach is left to the market. The interaction of supply and demand determines 
the preferred produce quality by signaling the price paid for each bundle of qual-
ity attributes. Should the market fail to perform its function, consumers may shift 
their preferences to alternatives. But if the conditions are right a regulator, such as 
a government inspection service, may step in to enforce quality standards (see also 
Chapter 9). The systems approach is replaced by regulations which shift the attention 



away from understanding the interaction of links in the supply chain to the super-
vised application of standards.

II.  The need for speed

Fresh produce, a living organism, is susceptible to deterioration (see also Chapters 
2, 13 and 16). Deterioration occurs over time at a variable rate, e.g. leafy vegetables 
deteriorate faster than citrus fruit. The increased variety of fresh produce available 
to consumers is the result of incremental advances in transportation, cooling, pack-
aging, storing, disease prevention and product development (see also Chapter 10), 
among others. The advances occurred in response to demand for solutions articulated 
by the industry, motivated by potential profits (see also Chapters 6, 16 and 21).

Traceability awakening
It is often the case that events external to the system (i.e. the fresh produce supply sys-
tem) induce an internal change. The change in itself is too cumbersome, perceived as 
too disruptive and simply inconvenient to be initiated from within. The idea of trace-
ability of a fresh produce shipment was forced on the industry by the consequences 
of the distribution, sales and consumption of produce contaminated with food-borne 
pathogens (see also Chapter 12). The immediate costs of these incidents resulted from 
the recall of suspected contaminated batches of produce. In some cases, the persons 
who became sick or their families sued the suppliers or distributors for damages, 
while the media reports led to a risk-averse reaction on the part of many consumers,  
who chose not to buy the type of produce linked to the outbreak. The shift in demand 
hurt sales of the affected produce for weeks or months at a time. The most vivid 
example of such outbreak was the distribution of fresh baby spinach contaminated 
with E. coli (CDCP, 2006).

Recurring fresh produce contamination increases the perception of risk associated 
with the intentional contamination of produce. Detection of intentional or uninten-
tional produce contamination requires an immediate action on the part of the indus-
try. The traditional fresh produce supply chain involves multiple handling points 
and numerous ownership transfers spread over time and space (see also Chapter 7). 
Pallets of fresh produce are often broken and reassembled in response to distribu-
tor needs. Such practices may conceal identification of the origin of produce, and  
prevent timely removal of the remaining portion of the shipment from the supply 
chain. Traceability can now become an enforcement mechanism facilitating the 
application of a true systems approach. To trace every box down the supply chain 
and tie the quality defects to a specific handling practice and location requires that 
there be a common language (see Chapter 1). The common language reflects the 
shared values and the desire for the creation of value in the marketplace. In this  
context, the trust and reputation that enable marketing of fresh produce become of 
formidable importance (see Chapter 1). The systems approach is sustainable because 
of the reciprocity depicted in the virtuous cycle and the traceability serves as a  
verification mechanism.

II.  The need for speed  585
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III.  �The systems approach forces  
interdisciplinary approach

Interdisciplinary efforts in production, harvest and protection of quality produce 
occur in response to the need to ensure the revenue flow to all participating sup-
ply chain links. Various links in the fresh produce supply system perform different 
functions, leading naturally to a fragmentation of the supply chain. Increasingly, 
researchers turn their attention to production conditions (see Chapter 20) and genetic 
makeup (see Chapters 16 and 21) to prevent or reduce quality deterioration (see also 
Chapter 13) or enhance desired attributes in fresh produce. Moreover, industry or 
international standards (see Chapter 9) establish new criteria for quality accounting 
for measures of taste or texture (see also Chapter 4). A new set of standards involves 
production techniques, such as organics, creating a major dichotomy in the type of 
fresh produce handled within the same supply chain. The fragmented supply chain 
offers opportunities for multiple transactions. The rapid sequence of ownership trans-
fer is possible through the use of industry-accepted grading schemes.

Progress in the supply of quality fresh produce will be determined by interdisci-
plinary efforts. Sometimes, it will result from discoveries in one discipline, but wide 
application and commercialization will be necessary when other disciplines par-
ticipate in the process. The source of scientific disciplinary discoveries are, gener-
ally, research universities. Applications are driven by the industry, which measures 
research results in monetary terms. The interdisciplinary nature of progress and the 
disciplinary nature of the discovery process must interact to ensure efficiency of 
knowledge transfer and applications.

Interdisciplinary teams are easily formed in the industry because of their task ori-
entation, and often the sequential requirement of skills and expertise from various 
fields to commercialize a product. In academia, the recognition of interdisciplinary 
cooperation needs to be aware of the disciplinary character of the promotion and 
reward system. Disciplinary boundaries, stiffened by budgetary allocations, encour-
age treating other scientists as competitors and support the narrow approach to valu-
ation of progress in discovery. Some universities apply rather simple techniques to 
overcome the single disciplinary orientation (Tadmor and Tidor, 2005; Coppola et 
al., 2007). The efforts seem to focus on communication enhancement, exchange 
of ideas, learning from what others have done and the results of their research. An 
interdisciplinary approach tends to be more risky than a narrow disciplinary view for 
the individual researcher, but more rewarding to the system in terms of real-world 
solutions.

IV.  The future: science versus emotions

The fresh produce sector has been a target of consumer activism. The new forms 
of consumer activism include the concepts of “fair trade,” “food miles” (see also 



Chapter 7) or pitch organic produce against that produced using conventional production 
techniques, among others. The arguments for issues promoted by various so-called 
consumer advocacy groups appear quite persuasive, and are driven by their emo-
tional appeal. The ideas are popularized before any rigorous scientific verification 
has been applied, and often are used for the purpose of shifting demand to an emerg-
ing niche market. The scientific assessment of such concepts is often inconclu-
sive or actually contradicts the notion being promoted. For example, in the case of  
“fair trade” labeling, a large number of suppliers using this label are from Mexico, 
a relatively well-off country, and very few are from a country like Ethiopia, which 
could benefit to a relatively large extent (Eyre, 2008).

Consumer activism, more emotional than rational, becomes a sociological phe-
nomenon in societies that lead in scientific discovery. This dichotomy is explained by 
some as a form of protest against the feelings of alienation and lack of influence on 
the societal developments (Jacoby, 2008). Retailers, some of whom adopt the attitudes 
promoted by consumer groups, induce a change in the supply chain. They differentiate 
supply sources and create new subsystems within the produce industry. The economic 
efficiency of subsystems may be suboptimal, because a new niche market generates 
relatively less information, so dissemination and access to such information becomes 
costly or limited, and the price discovery mechanism is prone to under-perform in a 
market where the number of transactions is small. The sustainability of niche markets 
driven by consumer activism will depend on consumer attitudes, conditioned by their 
willingness to pay for fresh produce with a particular credence attribute.

The future of the produce market will be determined by the ability to supply fresh 
produce with clearly identifiable attributes to a specific consumer segment. Segments 
may form on the basis of individually acquired taste preference (see Chapter 4) rather 
than the sociodemographic profile. Individual differences also arise from increasing 
evidence of genetic predisposition to develop certain types of diseases or chronic 
conditions, which may require optimized diets including fresh fruits and vegeta-
bles containing functional and bioactive substances (see also Chapter 5), to prevent 
disease. Besides the medical function of fresh produce, knowledge about its proper-
ties is important and can be part of the semiotic function of food. The selection of 
health-benefiting fruits and vegetables, eaten during or off the growing season, signals 
aspects related to consumer self-portrayal or self-realization. Companies increasingly  
communicate social, ethical and environmental responsibility; see for example  
www.fabrikderzukunft.at or www.trigos.at.

Consumer behavior may be highly changeable in the foreseeable future, and it 
will affect the fresh fruit and vegetable market. The rational decision-making proc-
ess constrained by available income will be challenged by perceived easily verifiable 
fresh produce, as well as credence attributes. To deliver traditional and new prod-
ucts under these highly volatile conditions is a real challenge to postharvest handling 
and the whole supply chain. The concept of systems approach may be used with 
increased frequency, because the effective supply response in a timely fashion will 
favor cooperation rather than competition. Otherwise the supply chain will fail to 
create and deliver value to its customers. These developments, and the possible shift 
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of demand favoring increased fruit and vegetable consumption, will induce structural 
changes ultimately benefiting consumers.
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Tis: temperature indicators
TPC: total plate count
TQM: total quality management
TSS: total soluble solids
TTIs: time–temperature indicators
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a large number of plant defense-related genes
WTO: World Trade Organization
WTP: willingness-to-pay
X-ray CT: X-ray computed tomography
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