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Preface

Over 3000 million hectares of the land area of the earth (over 25%) is grazing land
and another 4000 million hectares of forest and woodland have some grazing
potential. World grasslands support approximately 1500 million cattle equivalents
(cattle, buffalo, sheep, goats and camels) and forages provide over 90% of the feed
energy consumed by these herbivorous animals. The world’s forages therefore indi-
rectly provide a very high proportion of the food for its population. This is
achieved without seriously reducing the quantity of food available for direct human
consumption.

Although forages generally provide nutrients to animals at lower cost than
concentrate feeds, they are inherently variable in nutritive value. This depends on
many factors such as forage species, climate, degree of maturity, etc. In many parts
of the world, forages are conserved by processes such sun curing and ensiling. These
processes can fundamentally change the nutritional characteristics of the original
forage, sometimes in unpredictable ways.

Given the importance and variability of forages, it is vital that methods exist
that can reliably assess their key nutritional attributes including, crucially, their
voluntary intake by animals. In recent years a number of important factors have
come into play that are changing the ways in which forage characterization in the
laboratory is approached. For instance, in some countries characterization of rumi-
nant feeds in general is rapidly moving away from expressions of energy and protein
content to an assessment of the nutrients supplied to the animal both directly and
indirectly as a result of microbial activity in the rumen. In addition, in some places
there is increasingly powerful public pressure to reduce or stop the use of surgically
modified animals in nutritional studies. This may rapidly reduce the use of tech-
niques reliant on rumen fluid and alternatives to these will have to be found. There
has been a tremendous upsurge in the use of near infrared reflectance spectroscopy
for forage characterization in countries where the expensive technology is avail-
able. This emphasizes the need for cheaper but still reliable methods for less well-
equipped regions of the world.
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Preface

In this book the current status of forage evaluation is reviewed and discussed.
An attempt has been made to establish the key aspects of forage evaluation given
the demands of increasing nutritional complexity and the constraints outlined
above. An account is given of the new technologies now available, and considera-
tion given to some of the new nutritional characteristics that may be important in
forages of the 21st century.



Forages and Their Role in Animal
Systems

R.J. WILKINS

Institute of Grassland and Environmental Research, North Wyke,
Okehampton, Devon EX20 25B, UK

This introductory chapter will consider the definition of forage, the types of feed
encompassed within this definition and their characteristics, the extent to which
forages contribute to animal production in different parts of the world and future
prospects.

What are Forages?

The terms forage and its equivalents in French (fourrage), Spanish (foraje) and
Italian (foraggio) are commonly used by both scientists and farmers, but there is no
widely accepted definition and much variation in the breadth of feeds that may be
considered within this term. The definition offered by the authoritative Oxford
English Dictionary of “food for horses and cattle’ does not correspond with either
popular or scientific usage, being too wide in terms of ‘food’ and too narrow in
terms of the animals considered. For the purposes of this chapter, I shall follow the
definition given by the Forage and Grazing Terminology Committee (1991), a
group endorsed by the International Grassland Congress. Forage is defined as
‘edible parts of plants, other than separated grain, that can provide feed for grazing
animals or that can be harvested for feeding’. This broad definition is also used by
Barnes and Baylor (1995) and includes the classes of feed listed in Table 1.1. The
narrower term of ‘forage crop’ is often used to describe crops, generally annual or
biennial, which are grown to be utilized by grazing or harvesting as a whole crop
(e.g. maize, sorghum, kale).

Thus a wide range of feeds are included as ‘forages’, but they generally have
substantial contents of cell walls (root crops are an exception) and are suited to uti-
lization by herbivores with their substantial capability for microbial digestion of
cell-wall constituents. The composition and nutritive value of forages is extremely
variable, both overall and within forage types, as illustrated in Table 1.2. This indi-
cates that different forages can make very different contributions to production

© CAB International 2000. Forage Evaluation in Ruminant
Nutrition (eds D.I. Givens, E. Owen, R.F.E. Axford and H.M. Omed) 1



2 R.J. Wilkins

Table 1.1. Feed types included within the definition of forage.

Herbage Leaves, stems, roots of non-woody species, including sown and
permanent grassland and crops that may be grazed or cut.

Hay and silage
Browse Buds, leaves and twigs of woody species

Straw

Table 1.2. Range in nutrient contents of different classes of forages.

Metabolizable energy Crude protein
(M) kg~' DM) (g kg~' DM)
Temperate grasses, hays and silages 7.0-13.0 60-250
Tropical grasses 5.0-11.0 20-200
Maize silage 10.0-12.0 60-120
Cereal straw 5.0-8.0 20-40
Root crops 11.0-14.0 40-130
Kale and rape 9.0-12.0 140-220

systems, varying from feeds not capable of supporting animal maintenance to those
with digestibility and energy concentrations as high as in cereal grains.

Forage Production

Grassland

Ruminant production systems throughout the world are based on forages, with
grassland feeds being predominant. Food and Agriculture Organization (FAQO,
1996) statistics indicate a total area of grassland of some 3500 X 10° ha, some 72%
of the total agricultural land and 27% of the total land area. Table 1.3 shows large
variation between regions in the proportion of land used for permanent grassland,
ranging from 33% of total agricultural land in Europe to 89% in Oceania.

This wide extent of permanent grassland is a feature largely of the adaptation
and perennial nature of grasses, making grassland either the climax vegetation in
much of the world or a vegetation type that may be established following forest
clearance and maintained with low levels of management input by grazing and, in
some areas, by burning. The current area of permanent grassland is about twice that
of natural climax grasslands. Most permanent grassland is on land with substantial
limits to arable cropping, because of topographic or climatic factors.

Whilst much permanent grassland is extensively managed with low levels of
external inputs, permanent grasslands in Europe and New Zealand may receive
high inputs and maintain high stocking rates (see Wilkins, 1995). Green (1982)
noted that 40% of grassland over 20 years of age in England and Wales had no
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Table 1.3. Permanent grassland in different regions, 1994 (from FAO, 1996).

Permanent grassland

As % As %
10° ha agricultural area  total land area
Africa 884 84 30
North and Central America 362 57 17
South America 495 82 28
Oceania 429 89 51
Asia* 1036 67 34
Europe* 92 33 16
Russian Federation 87 40 5
World Total 3385 70 26

* Excluding Russian Federation.

major impediments to cultivation. Much of this grassland will, however, have been
reseeded at some time, either following cultivation or by oversowing.

Global figures on the area of ‘temporary’ grassland (i.e. sown grassland in an
arable rotation) are not available, but I estimate that such temporary grassland cov-
ers 10% of the total area of arable crops — about 146 X 10° ha. Again, there are
wide variations between different countries, with Fig. 1.1 showing for a range of
European countries that temporary grassland as a percentage of total grassland
ranged from 88% in Finland to 3% in Ireland. The high figure in Finland reflects
both the small extent of moorland and wetland areas in the country (these are
commonly occupied by permanent grassland), widespread production of grass leys
in rotation with cereal crops and poor persistence of grassland over winter. Sown or

100 -
a0 4
B0 4
o) d

20 4

Parmanant gragstand [ %)
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Fig. 1.1. Permanent grassland as a % of total grassland in different European countries
(from R.J. Wilkins, unpublished, updated from Lee, 1988). NL, Netherlands; IRE,
Ireland; UK, United Kingdom; IT, Italy; DK, Denmark; SWE, Sweden; FIN, Finland.
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temporary grassland tends to be managed at a higher level of intensity than perma-
nent grassland, particularly in relation to inputs of fertilizers and other technical
chemicals.

The output of dry matter (DM) from sown grassland in Europe is generally in
the range of 5-12 t DM ha~! year™!, although potential production has been sug-
gested by Leafe (1978) to be some 20 t DM ha~!. Hopkins et al. (1990) demon-
strated that the production potential of permanent grassland in England and Wales
closely approached that of reseeded grassland. Much higher yields may be obtained
from tropical grasses, with figures of over 80 t DM ha~! having been recorded in
sown swards with adequate water and high fertilizer inputs (Snaydon, 1991). High
radiation receipts, linked with the efficient C-4 photosynthetic pathway, con-
tribute to these outputs, which are much higher than those for grain crops, because
of continuous crop cover and a high harvest index.

Coupland (1992) reviewed data on the net primary production of above-
ground biomass from, mainly, natural grassland ecosystems. The range in values was
from 2.4 to 34 t DM ha™!, with the highest values from tropical systems. Applying
a figure of 8 t DM ha~! to the world’s grassland area of ¢. 3600 X 10° ha gives net
primary above-ground production of some 29,800 X 10° t. Coupland (1993), how-
ever, estimated that only 7% of this primary production was consumed by domesticated
herbivores. Jones et al. (1992) drew attention to underestimates in net primary pro-
duction in much earlier research, because of inadequate allowance for turnover of
biomass, and suggested that net primary production may be underestimated by two-
to five-fold. Whilst this is highly relevant to arguments about the grassland contri-
bution to carbon sequestration, this extra turnover of biomass would have little
effect on quantities harvested by domesticated herbivores. Despite the acknowl-
edged high potential of sown tropical grasses, their impact on world agriculture is
relatively small. The resources of water and plant nutrients required to sustain high
yields are not readily available in many areas and, particularly in countries with a
high human population density, the limited resources of land, water and fertilizers
are likely to be directed towards food or cash crops, rather than grassland (and
other forage crops) for animal feeds, despite their high production potential.

In addition to producing DM (and energy), permanent and temporary grass-
land make a major contribution to protein production and supply of mineral ele-
ments. Grasses are extremely effective in taking up soil nitrogen and many
grasslands include legumes capable of biological nitrogen fixation. Annual yields of
crude protein (CP) from grasses and forage legumes are, as for DM, characteristi-
cally higher than those for grain crops.

Other forage crops

A wide range of crops in addition to perennial grasses and legumes can be used as
forage crops. In temperate conditions, the major forage crops are maize, the leafy
brassica crops, such as kale (Brassica oleracea var. acephala) and rape (Brassica napus
var. napus), and root crops, such as fodder beet (Beta vulgaris ssp. wulgaris) and
swedes (B. napus var. naprobrassica). Global statistics are not available, but, with
the exception of maize, there are few situations in which annual or biennial forage
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crops provide the basis for ruminant production systems. When used as main crops,
they are not only in competition with cash crops and food for direct human con-
sumption, but also with low-cost production of DM and nutrients from perennial
grasses and legumes.

Forage crops must have particular features in order to warrant their inclusion
in production systems. These relate generally to yield, seasonality of yield, usability
or quality, as discussed by Wheeler (1986). Higher yield potential for maize than
grass provides a major motivation for growing maize in many areas of North
America and Europe. Likewise, high annual yields contribute to the use of sorghum
and small-grain cereals (e.g. wheat, barley and oats) as forages. Mitchell (1960)
suggested that in New Zealand the potential production of maize and sorghum was
47 t DM ha™!, compared with 29 t DM ha™! for kale and only 13 t DM ha™! for
continuously grazed perennial ryegrass pastures, with differences in potential arising
from differences in plant canopy characteristics and rooting systems.

Figure 1.2 shows the differences in daily growth rates between perennial rye-
grass and the forage crops kale and fodder radish (Raphanus sativa) grown in south-
ern England. Resource capture in early season is highest for perennial ryegrass, in
mid-season for kale and in the autumn for fodder radish. Fodder radish is a short-
season crop that may be sown after harvest of a grain crop, thus illustrating the
ability of some forage crops (catch crops) to utilize land during only part of the year
within a rotation, providing a contrast to grass in seasonality of feed supply. Winter
forage crops also have a role in many areas, particularly when C-3 winter crops
with potential to grow at low temperatures can complement summer production
based on C-4 grasses or crops. Wheeler (1986) notes that, in the cool temperate
areas of northern New South Wales, native pastures dominated by C-4 grasses have
to be complemented by C-3 pastures or oats if sheep breeding through the winter is

L wisld dke ha 'oday

Sonith

Fig. 1.2. Daily growth rates of contrasting forages grown in southern England (from
Wilkins, 1976).
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Browse

to be successful. Other examples of the impact on system productivity of the inclu-
sion of winter forage crops are given by Dann and Coombe (1987). Oats are com-
monly used for grazing in the Mediterranean region and in temperate areas of
South America and Australia. Berseem (Trifolium alexandrinum) is an important
winter forage in the Mediterranean basin, the Middle East and India (Knight,
1985; El-Nahrawy et al., 1996; Etman et al., 1998). The high nutritive value of
these crops is also relevant, with brassica forages and root crops having organic-
matter digestibility up to 90% (Wheeler, 1986). Maraschin and Jacques (1993) dis-
cussed the use of winter forage crops in southern Brazil. Natural pastures during the
winter period were able to give only 90 kg live-weight gain ha™! year™! from beef
cattle. The annual forages oats, ryegrass and rye grown as pure stands increased out-
put to 320-380 kg ha™!, whilst the provision of special-purpose pastures, based on
clovers and ryegrass, increased animal production to 600 kg ha™!, associated both
with increased stocking rates and improved performance per animal.

When attempts are made to mitigate the effects of seasonality of growth by
deferring the grazing of perennial grasses and legumes through to dry or cold periods,
there are substantial losses both in quality and in biomass (Wilkins, 1976). These
losses may be considerably less with leafy brassica crops and root crops, with their
use facilitating grazing over a long season and avoiding the high costs associated
with grass conservation as hay or silage. Costs of utilization may also be reduced
with maize and other whole-crop cereals grown for silage, because a single cut of
high yield may be taken, with lower machinery costs than with perennial grasses
and legumes, for which several cuts may be required to achieve the same total yield.

The ability to produce silages with high nutritive value is another reason for
the growth of forage crops, particularly maize, which is often of higher digestibility
and intake potential than grass silage. High performance of cows fed mixtures of
grass silage with maize silage or fodder beet was noted by Phipps et al. (1995) and
was associated with particularly high levels of intake of the mixed feeds. Winter-
grown feeds, such as oats and berseem, are generally of much higher quality than
alternatives, such as standing herbage remaining from the previous summer season
of growth, as noted by Maraschin and Jacques (1993).

The consumption of buds, leaves and twigs of woody species, either directly or after
harvesting, is an important part of the annual feed supply to ruminants in
Mediterranean, tropical and subtropical areas, although good statistics on the mag-
nitude of this feed source are lacking. Browse is characteristically important as a
source of feed during dry and winter periods, when either the quantity or quality of
available grass is deficient. Dzowela (1993) notes that there are over 200 browse
species native to continental Africa which have acceptable nutritional characteris-
tics. Tree leaves may have CP contents up to 250 g kg DM™! and, in addition to
their direct contribution to nutrient supply, may increase total DM intake and
increase the digestibility of the basal low-CP diet, as discussed by Atta-Krah
(1993), with beneficial effects on animal survival and productivity. The yield
potential from fodder trees grown alone is high, with Atta-Krah (1993) noting
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forage yields of up to 40 t DM ha™! for Leucaena leucocephala grown in Nigeria with
12-weekly cutting and 0.5 m spacing. More usually, fodder trees are grown at lower
density in grassland. Many fodder trees are legumes, with their associated symbiotic
nitrogen fixation contributing to increased soil fertility. The importance and
utilization of forage tree legumes in tropical agriculture is reviewed by Gutteridge
(1994). The contribution of fodder trees to the total diet may be restricted by high
contents of tannins and other antimetabolites.

Straw and crop residues

Estimates of the production of fibrous by-products from cereals and other crops are
given for 1981 in Table 1.4. It is probable that, with further increases in global crop
production, there has been some increase in by-product availability since that time.
Kossila (1984) calculated that the total output of by-products could, in theory, sup-
ply 84% of the energy and 74% of the CP required by the world’s ruminants. The
overall contribution is much less than this, because of losses in harvesting, process-
ing and storage and use as fuel and as a raw material. Much straw is also returned to
the field, because of poor nutritive value, absence of livestock or shortage of labour.
The substantial availability of crop residues in smallholder systems in the tropics
was also highlighted by Smith (1993), with the common crop residues listed in
Table 1.5. He noted, though, that only a small fraction of the amount available is
used strategically. Cereal stems are normally left on the field for in situ grazing, but
the residues rapidly deteriorate and a large amount is trampled upon and wasted.
Further nutrient imbalances characteristic of such residues are normally not cor-
rected by appropriate supplementation. He stresses the need for appropriate har-
vesting and storage, treatment to improve digestibility and diet supplementation to
improve utilization.

Table 1.4. Quantity of total digestible nutrients (TDN) and crude protein (CP) in by-
products produced in different regions (from Kossila, 1984).

TDN (100 1) CP (10° 1)
Fibrous by-products  Fibrous by-products By;product/
from from livestock
unit of
Other Other 500 kg LW
Cereals crops Cereals  crops (t DM)
Africa 124.9 56.3 11.7 9.4 2.1
North and Central America ~ 447.1 182.7 44.2 27.7 5.5
South America 100.8 99.9 10.0 13.3 1.7
Asia 542.0 261.3 53.4 44.7 3.0
Europe 173.4 86.7 16.3 15.8 2.3
Oceania 17.2 8.7 1.5 1.0 1.0
USSR 103.4 53.0 9.3 10.4 2.2

World 1508.8 748.6 146.5 122.3 2.8
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Table 1.5. Common crop residues in tropical feeding systems (from Smith, 1993).

Primary Field Primary processing

Crop product residue residue
Cereals

Maize Grain Stovers Cob

Rice Grain Stubbles Straw

Sorghum Grain Stovers -

Wheat Grain Straw -
Grain legumes/oil-seeds

Groundnut Oil Haulms Husk

Cowpea Grain Vines Husk

Pulses Beans Vines -
Roots/tubers

Cassava Tubers Tops Peels/rejects

Sweet potato Tubers Tops Peels/rejects
Fruits

Banana/plantain Fruit Tops Peels/rejects

Pseudostems

Coconut Copra - Husk

Cocoa Seeds - Pods
Others

Sugar cane Cane Tops Bagasse

Clearly, crop residues represent an underutilized feed source, although physical
or chemical treatment may be necessary in order for fibrous by-products to make a
major contribution to the energy requirements of productive livestock (Owen and
Jayasuriya, 1989). Greatest reliance on straw occurs generally in areas where the
number of ruminant animals is high in relation to the area of productive grassland
and in which there is substantial production of cereals for human food. Normally,
varieties of cereal will be selected on the basis of efficiency of grain production, but,
in some situations, varieties may be used because of enhanced yield or quality of
straw. The grazing of crop stubbles is discussed by Dann and Coombe (1987).

Contribution of Forages to Animal Systems

In view of the broad definition adopted for forages and their characteristic substan-
tial contents of cell-wall components, it is not surprising that most ruminant sys-
tems are based on forages. Grasses and other forage crops may provide nutrients at
low cost, because of the high yields of DM and energy that can be obtained (associ-
ated, as noted earlier, both with high light interception through the year and a high
harvest index compared with grain crops) and the possibility for in situ utilization
by grazing. Likewise, straw and browse may be available at low cost. Straw is a by-
product from grain production, whilst supply of feed as browse may be associated



Forages and Their Role in Animal Systems 9

with tree growth for other products. Fitzhugh et al. (1978) estimated that forages
provide more than 90% of the feed energy consumed by the herbivorous livestock
of the world. It is unlikely that this figure has changed radically in the last 20 years.
The contribution of grassland feeds in the dairy cow’s ration in the Netherlands,
however, decreased from 90% in 1950 to 70% in 1970 and 50% in the late 1980s,
associated with a favourable price ratio between animal products and concentrates
(Van der Meer and Wedin, 1989). These authors, however, note adverse environ-
mental effects from this intensification in dairy production and suggest a need to
reverse this trend.

The major feeds not included within the definition of forages are grain and
other seed crops and agroindustrial by-products derived from crop harvesting and
processing (e.g. extracted oil-seed meals, bran and molasses, vegetable and fruit
waste). Data from Fitzhugh et al. (1978) stress the limited use of these feed sources,
with grain representing only 7% of the feed energy available in developed regions
and a negligible proportion in developing regions (Table 1.6). Fitzhugh et al.
(1978) and Fitzhugh (1998) draw attention to the discrepancy between the quan-
tity of feed available and that calculated as required by ruminant livestock, with
less than half of the feed resources apparently being utilized. The figures in Table
1.6 thus probably overestimate the quantity of forages and crop residues that are
consumed by livestock.

Why Other Feeds?

Feeds other than forages, and particularly grain crops, are usually used because for-
ages are not capable of sustaining the required levels of animal production, due to
limitations in feeding value. They are widely used in situations in which high prod-
uct prices (e.g. for milk) encourage systems involving high rates of individual
animal production. This will be accentuated if climatic factors lead to relatively

Table 1.6. Feed energy resources available and calculated animal requirements for
1970 (Mcal X 107) (based on Fitzhugh et al., 1978).

Source of feed energy Developed regions Developing regions
Permanent pasture 2.0 2.8
Forage from non-agricultural land 0.3 0.7
Arable land

Forages 1.7 1.4

Crop residues 1.4 1.6

Grain 0.4 0.0
Agroindustrial by-products 0.0 0.1
Total available 5.8 6.6

Total required 2.3 3.5
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high rates of production from grain as opposed to grassland, such as in the Midwest
of the USA or where the feeding value of available forages is low.
Characteristically, the digestibility and intake levels of tropical and subtropical
grasses are lower than those of temperate grasses (Minson, 1990), with the result
that, in order to achieve particular levels of animal performance, higher levels of
supplementary feeds are required with these grasses. This contributes, for instance,
to the substantial development of grain finishing of cattle in parts of northern
Australia. Further factors that may increase the use of non-forage feeds are costs of
transport and storage. Transport costs are particularly relevant when the location of
animal production is remote from that of feed production. Examples are intensive
animal production in Japan, largely dependent on feeds imported into the country,
and town dairies in India. In such situations, transport costs will be much lower for
grains with high bulk density and high nutrient density than for dried forages of
low bulk density, such as straw and hay; fresh forage and silages are perishable and
not suited to long-distance transport. Grains may also be used as a drought reserve
feed for ruminant livestock, because of their high density and stability and, in some
circumstances, the existence of grain reserves for market stabilization and for secu-
rity of human food supplies.

The supply of processed agroindustrial feeds and vegetable wastes will be lim-
ited by the output of the main products and, increasingly, by alternative uses for
these by-products. Molasses may be used for fermentation and alcohol production,
whilst there is increased interest in using vegetable wastes for bioenergy rather than
as a feed. Their role as animal feeds will be determined by their energy and protein
value, the location of production in relation to that of the ruminant populations,
and transport and storage characteristics.

Reliance on Forages

Some of the factors determining the extent of reliance on different classes of for-
ages have already been mentioned. Table 1.7 illustrates the extent to which grass-
land and other feeds contribute to energy supply to ruminants in a number of
European countries. The contribution from grassland ranges from 97% for Ireland
down to 34% for Bulgaria. Countries with extremely high grassland usage are
broadly those with high rainfall, giving high grassland yield potential (see Lee,
1988) and often difficult conditions for arable crop production. In contrast, coun-
tries with low grassland usage have a combination of low grassland yields and large
areas of cereal grains and other arable crops producing an abundant supply of straw
and other by-products. In countries with intermediate grassland usage (e.g. France),
there is often substantial supply of forage from maize. The rapid increase in milk
yields and genetic potential of dairy cows in Western Europe has resulted in a need
for increased nutrient density in the complete diet, with increases in the required
feeding value from forages and increases in the use of grain and concentrate feeds
(Van der Meer and Wedin, 1989).

Animal production in extensive rangeland conditions in America, Africa,
Australia and northern Asia is almost entirely dependent on the native grassland
vegetation, with animals often being exported to other agroclimatic zones for fin-
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Table 1.7. Estimated contribution of grassland, other forages and feeds to ruminant
feed composition in selected European countries (%, on dry basis) (from Lee, 1988).

Other Sugar-beet

Root  Maize annual leaves and Other

Grassland  crops silage* forages  Straw tops feeds
Ireland 97 1 - - 1 - 1
UK 83 2 1 1 - 13
France 71 3 9 2 - - 15
Netherlands 54 - 4 - - - 42
Denmark 47 8 - - 4 2 39
Hungary 45 2 4 - 5 2 42
Bulgaria 34 1 6 - 4 2 53

* The use of maize silage will have increased in most European countries over the last decade.

ishing. Low effective rainfall and non-availability of water for irrigation are the
major factors that restrict more intensive grassland production or arable cropping.
In some areas, however, particularly in South America, low human population
pressure and market opportunities for ruminant products have led to extensive pro-
duction in areas of reasonable climatic potential.

Straw is a particularly important feed resource in areas of Asia and Africa with
high human population pressure, as noted earlier. Little cultivable land is available
for producing specialist forage crops, so that ruminant animals, often required for
draught, are dependent for feed supply on forage from uncultivated land, straw and
other crop by-products.

Future Prospects

Forages will provide the basis for most ruminant production systems for the foresee-
able future. Extensive production from grassland will continue to be a major form
of land use, although management strategies, particularly in North America and
Europe, will have to increasingly consider management not only in the context of
animal production, but also in relation to effects on landscape and resource sustain-
ability.

There is a major challenge for intensive grassland to maintain its place in pro-
duction systems, in view of the progress that is being made in improving yields and
quality from other forages, such as maize, the high quality required in the diet of
high-production animals and the need in some areas to adapt methods of produc-
tion to restrict environmental pollution, as discussed by Van der Meer and Van der
Putten (1995) and Wilkins (1996). However, considerable progress in improving
yield potential and nutritive value is now being made by grass breeding (Camlin,
1997) and approaches to restrict pollution risk are being developed (Wilkins,
1996). In some areas, particularly Europe, there will be pressures to reduce intensity
of production in order to deliver increased landscape and biodiversity benefits from
grassland at the expense of herbage output and quality. The production in both
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temperate and tropical conditions of improved forage legumes (Cameron et al.,
1993; Rhodes and Ortega, 1997) will be of particular importance in relation both
to sustaining plant production with low levels of external inputs and to improving
feeding value. In order to constrain costs of animal production, attention should
continue to be focused on actions to increase the reliance on grazed rather than
conserved forage, as discussed by Wilkins (1995). There are undoubtedly situations,
though, in some tropical and subtropical countries, in which some increase in use
of conserved forages would improve overall production efficiency.

The contribution of specialist forage crops, particularly maize and sorghum, is
likely to increase. The large research effort with maize is likely to lead to further
improvement in yield potential and stress tolerance with this species. There are
opportunities for breeding to enhance the quality of the whole crop or of the straw,
but it is disappointing that varieties with enhanced digestibility, associated with
the brown-midrib gene, have not yet met with wide commercial success.

The major challenge with straw and many other by-products is to develop ways
for increasing feeding value, particularly digestibility and intake potential, in order
to increase animal production in straw-based feeding systems and to increase the
proportion of straw in the diet. The possibilities for improvement by plant breeding
and physical, chemical and microbial processing have been extensively reviewed
(e.g. Sundstgl, 1988; Chesson et al., 1995), but, as yet, the global impact has been
small. I consider that the incorporation within breeding programmes of criteria in
relation to straw quality has high potential for success and should be vigorously
pursued. Variation in relevant nutritive characteristics exists and appropriate tech-
niques are available for use in breeding and evaluation.

The increased use of trees and shrubs for forage as browse has considerable
potential, particularly in tropical and subtropical regions, as shown by the substan-
tial impact of L. leucocephala in northern Australia (Shelton et al., 1991). There is a
need for a more concentrated world effort on trees for forage, including both nutri-
tive and agronomic factors.
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Background

Forages represent a diverse range of feedstuffs that make a significant contribution
to the overall nutritional economy of meat-, wool- and milk-producing ruminants.
However, it is this diversity which presents both opportunities and challenges
when attempting to exploit these feeds in ruminant diets. Within the UK, forages
are derived from a number of distinct sources. Undoubtedly, the principal forage is
grass, which may be consumed in situ (i.e. grazing) or after conservation as silage or
field-cured hay. The area of forage maize grown in the UK has increased consider-
ably over recent years and, depending upon local climatic conditions, will be har-
vested and ensiled at dry matter (DM) contents between 250 and 375 g kg™ fresh
weight. Forage maize is grown principally for its high energy content and high
intake characteristics. In addition, depending upon level of cob formation, starch
content in more mature crops can reach 350 g kg™! DM. Such is the popularity of
maize that serious consideration is being given to the production of maize grain in
more favourable growing areas. However, maize cannot be grown successfully in all
areas of the UK, and whole-crop wheat silage may be considered as an alternative.
According to preference, the wheat crop can be harvested and ensiled at an imma-
ture stage of growth (350 g DM kg~! fresh weight) and offered as a fermented feed.
Alternatively, it can be harvested later (550 g DM kg~! fresh weight), when starch
levels are higher, but, as such crops are unlikely to undergo fermentation after
ensiling, urea is added at harvesting to ensure stability during the storage period
(Sutton, 1997).

Cereal straws, principally barley and wheat, are also a source of forage for rumi-
nants, and can form a significant part of the diet for those animals with more mod-
est performance targets (e.g. suckler cows, beef stores). Treatments with either
sodium hydroxide or gaseous ammonia are used to upgrade straw quality, although
such practices are increasingly questioned on economic grounds. Finally, considera-
tion should be given to the role of legumes. The lucerne area in the UK remains
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low, for, whilst many farmers appreciate its value, difficulties associated with crop
establishment and management, as well as harvesting and storage of the crop, all of
which influence both forage yield and quality, remain major limitations to its wide-
spread use. However, an increasing number of farmers are considering the possibil-
ity of growing lucerne, especially for inclusion in dairy-cow diets. Again, although
the high nutritional value of white clover, especially in grass swards, is recognized,
its poor spring growth and lack of persistency under frequent-cutting regimes tend
to restrict its use to low-output per hectare and alternative farming systems. Red
clover is of relatively minor importance.

From this brief outline of the types of forage available, it follows that the nutri-
tional value of such feeds will vary in terms of their ability to support the mainte-
nance and production requirements of ruminant livestock. This contrasts with
many other primary feed sources, including cereal grains and pulses, where varia-
tion in nutritional value is relatively small. Principal factors affecting forage nutri-
tive value include forage species, as indicated above, as well as prevailing climatic
and management conditions. These include soil type, seasonal variations in the
incidence of sunshine and rainfall, fertilizer treatment and stage of growth at har-
vesting (by animal or machine). For ensiled forages, postharvesting procedures with
respect to field wilting, additive application and ensiling conditions are important.
Equally, for hays, weather condition, length of the curing period and degree of
mechanical handling have a marked influence on the quality of the end material,
while drying temperature is important for artificially dried forages. The intention of
this chapter is to examine the importance of determining the nutritional value of
forages destined for feeding to ruminants, with a comprehensive review of how for-
age nutritive value is currently assessed. Finally, the chapter will provide some
direction as to the way in which forage evaluation should develop, suggesting the
potential contribution of newer technologies whilst drawing attention to possible
pitfalls. To achieve this overall objective, an initial review of the processes of forage
utilization by ruminants will be presented as background to the evaluation of for-
ages as feeds for ruminants, as well as establishing a basis on which current tech-
niques have been developed and future ones may be considered.

Nutrient Digestion and Utilization in Ruminants

Nutrient degradation

The principal reason why non-ruminants and preruminants are unable to utilize
significant quantities of forages is that, like other mammals, they do not possess the
enzymes capable of breaking down the complex B-linked polymers that form plant
cell walls. In ruminants, however, the principal site of digestion in regard to forages
is the rumen, where the feed is retained for substantial periods of time and sub-
jected to extensive microbial fermentation under anaerobic conditions (Beever,
1993). Following hydration of the ingested feed, the microbial enzymes break down
the complex dietary polysaccharides, namely, cellulose and hemicellulose, which
are the principal components of the cell walls. The major end-products are the
constitutive sugars, principally glucose derived from cellulose, but both hexoses and
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pentoses, with variable amounts of uronic acids from hemicellulose, reflecting its
more heterogeneous nature. The diet will usually contain other carbohydrates,
including water-soluble carbohydrates, such as fructosans, which are found exten-
sively in grasses, and starch, which occurs principally in cereal grains. Whilst these
fractions could be potentially digested in the small intestine by enzymes of host-
animal origin (Armstrong and Beever, 1969), they too will be subjected to the
action of microbial enzymes whilst resident in the rumen.

However, not all ingested carbohydrate is degraded in the rumen, as both the
rate and extent of polysaccharide breakdown are influenced by composition of the
feed, as well as the nature of the microbial enzymes and accessibility of the dietary
polysaccharides to these enzymes. This can be illustrated with feeds containing sig-
nificant amounts of lignin, indicative of advancing plant maturity. Such forages
have impaired rates of cellulose and hemicellulose degradation, for, whilst composi-
tion of these fractions will be similar to that in less mature forages of the same
species, it is the ingress of lignin into these structures as the plant matures that acts
as a major obstacle to their digestion by microbial enzymes (Chesson, 1988).
Equally, the nature of the starch in the diet, particularly the relative proportions of
amylose and amylopectin, will influence the extent of starch digestion in the
rumen. This is best illustrated by the starches in maize grain (and maize silage),
which are less rapidly degraded than those in other cereals, including wheat and
barley, due to an increased proportion of amylopectin, as well as a more complex
protein : lipid matrix found in the endosperm of maize grains. In contrast, there is
little evidence that the rate of degradation of water-soluble carbohydrate (WSC),
which is primarily associated with cell contents, is influenced by either forage
species or stage of maturity, although levels of WSC in the plant decline as forages
mature (Beever et al., 1972).

Hexose disposal

Following the initial phase of carbohydrate breakdown, the released constitutive
sugars are subjected to one of two metabolic processes, both occurring in the
rumen. It is generally assumed that all released sugars undergo microbial fermenta-
tion, and, indeed, this is an important route of hexose and pentose utilization. The
primary aim of this fermentative pathway is the provision of adenosine triphos-
phate (ATP), essential for the energy demands of the microbes for maintenance
and growth (Issacson et al., 1975). However, the rumen is largely anaerobic and
consequently ATP yield per mole of carbohydrate fermented approximates to
10-12% of that achieved under aerobic conditions. Thus, to meet microbial ATP
demands, a significant proportion of the available hexose and pentose will be fer-
mented. As such, carbohydrate fermentation comprises a significant component of
rumen metabolism (Beever, 1993). It is during this process that significant amounts
of carbon dioxide are released, with part used in the removal of ruminally produced
hydrogen through the synthesis of methane. This process involves methanogenic
bacteria, which proliferate in those environments where excess hydrogen is pro-
duced. However, most microbes have some requirement for preformed hexose to
support the synthesis of microbial biomass, in particular the synthesis of microbial
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protein, but also the synthesis of microbial nucleic acids, lipids and polysaccharides
(Black et al., 1980/81). Whilst part of the microbial protein component is derived
from preformed amino acids, de novo synthesis from ammonia and hexose is often
the preferred route in overall microbial metabolism (Nolan, 1975) and has been
shown to be preferred by amylolytic compared with cellulolytic bacteria. When
carbohydrate availability is high (e.g. increased starch feeding), microbial polysac-
charide synthesis, as an alternative route for hexose disposal, can be quite signifi-
cant. There have been no direct attempts to establish the partition of hexose
disposal between fermentation and direct incorporation. However, as illustrated by
Beever (1993), this can have a significant impact on the net production of fermen-
tation end-products, including the quantity and composition of ruminally derived

volatile fatty acids (VFA).

VFA production and utilization

As indicated, the major event associated with the ruminal fermentation of dietary
derived monosaccharides is the production of VFA, principally acetate, propionate
and butyrate. In most dietary situations, acetic acid is predominant and, with
butyric acid, reflects forage-rich diets, in which cellulolytic bacteria proliferate. In
contrast, amylolytic bacteria dominate on starch-enriched diets, where increased
propionic acid levels are normally observed. This distinction between acetate and
butyrate, on one hand, and propionate, on the other, is important with respect to
the glucose economy of the animal (MacRae and Lobley, 1982). The overall
stoichiometry of carbohydrate utilization by fermentation in the rumen has been
established (Baldwin et al., 1977; Murphy et al., 1982) and was recently sum-
marized by Beever (1993), for three contrasting diet types based on high amounts
of forage, cereal or molasses. These are presented in Table 2.1, where a number of
interesting comparisons are apparent. The most obvious differences relate to the

Table 2.1. The estimated stoichiometric yield of VFA, ATP, carbon dioxide (CO,) and
hydrogen (H,) (mol mol~" hexose) with the resultant levels of methane (CH,)
production, from the ruminal fermentation of three diets based on different
carbohydrate types. Values in parentheses refer to net productions after conversion of
available hydrogen to methane.

Diet types
Products High-fibre High-cereal Molasses-enriched
Acetate 1.34 0.90 0.94
Propionate 0.45 0.70 0.40
Butyrate 0.1 0.20 0.33
CO, 1.53 (0.92) 1.30(0.92) 1.60 (1.06)
H, 2.44 (0.0) 1.50 (0.0) 2.14 (0.0)
CH, (0.61) (0.38) (0.54)

ATP (4.62) (4.38) (4.54)
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amounts of individual VFA produced, with high acetate levels on the high-fibre
diet and relatively high levels of propionate on the high-cereal diet, although
acetate was the predominant acid for all diet types. As a consequence of these
changes, carbon dioxide yield was reduced on the high-cereal diet, with a net trans-
fer of carbohydrate carbon to VFA carbon of over 78%. Corresponding values for
the other two diets were lower (average 74%), representing an increased loss of car-
bon. The importance of these differences is appreciated when it is recognized that,
for average-yielding dairy cows, the amount of carbohydrate fermented in the
rumen may approach 50 mol day~!. Associated with these changes were lower
yields of hydrogen on the high cereal diet, the difference being most pronounced in
comparison with the high-forage diet. The reason for this reduction is related to
the utilization of hydrogen in the production of propionate from pyruvate (the ini-
tial three-carbon molecule derived from glycolysis). Propionate production can
therefore be considered an important sink for the disposal of ruminally derived
hydrogen. As a consequence, methane production, which is largely in stoichiomet-
ric balance with net hydrogen production, was highest on the fibre-rich diet, with
reductions of between 12 and 38% on the molasses-enriched and high-cereal diets,
respectively. However, despite such changes, ATP yield mol™! carbohydrate fer-
mented was not significantly affected by diet type, although the highest values were
associated with acetate-dominant fermentations.

Following absorption, propionate is utilized extensively by hepatic tissues to
support glucose synthesis (Reynolds et al., 1998) and, in most situations, consti-
tutes the primary source of glucose, given that net glucose uptake from the rumi-
nant alimentary tract is generally minimal (Armstrong and Beever, 1969). Indeed,
the gut utilizes significant amounts of arterial glucose and, apart from those few
instances where small-intestinal starch digestion may be quantitatively important,
the gut as a whole is a net utilizer, rather than a net provider, of glucose. In con-
trast, ruminally derived acetate is largely unchanged by hepatic metabolism and
may be augmented by endogenous acetate production in the liver. The posthepatic
supply of acetate to peripheral tissues constitutes a major part of the total energy
available to the animal and may be either oxidized to produce ATP or used as a
substrate in the production of long-chain fatty acids (see following section). While
ruminally derived butyrate is quantitatively metabolized to B-OH-butyrate during
absorption through the rumen epithelium, in posthepatic tissues it has a similar
metabolic fate to that of acetate.

Fatty acid metabolism

Collectively, acetate and B-OH-butyrate make a significant contribution to the
synthesis of fatty acids for deposition as triglycerides in adipose tissue or secretion
in milk. This comprises chain elongation with two-carbon units up to a maximum
of a 16-carbon unit and in part contributes to the preponderance of short- to
medium-chain saturated fatty acids in ruminant products. At the same time, pre-
formed fatty acids, either of direct dietary origin or from mobilized body fat (espe-
cially in the case of dairy cows), can be used for the provision of ATP by oxidative
metabolism or the synthesis of triglycerides. With respect to dietary fatty acids,
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however, one important distinction between ruminants and non-ruminants is the
ruminal hydrogenation of dietary fatty acids. Ingested fats are relatively inert with
respect to rumen metabolism, but, after ruminal hydrolysis, a significant proportion
of the released fatty acids will be hydrogenated, due to the prevailing hydrogen-rich
(i.e. reduced) environment. This constitutes a further route by which a significant
amount of ruminally derived hydrogen may be disposed of, a feature not taken into
account in the estimates of methane production presented in Table 2.1.
Furthermore, as the degree of saturation of fatty acids entering the small intestine
of ruminants usually exceeds that of ingested fatty acids (Outen et al., 1975), the
degree of saturation of the fatty acids found in ruminant products is generally
greater than that found in non-ruminant products. Equally, fatty acids originating
from the diet or from mobilized tissue usually comprise longer carbon-chain lengths
compared with those synthesized de novo from acetate or B-OH-butyrate, with
most, although not all, being accounted for as C-18 isomers.

Protein metabolism

One other major metabolic activity in the rumen relates to the utilization of
dietary protein to support the synthesis of microbial protein. This has been the sub-
ject of considerable research effort, where a series of well-defined studies, con-
ducted principally with sheep, established the quantitative contribution of
microbial and undegraded dietary protein to small-intestinal protein supply (Smith
and McAllan, 1970; Beever et al., 1974). Following ingestion, dietary protein is
subjected to degradation by microbial proteases, the principle end-products being
amino acids, together with ammonia, which arises from deamination of the result-
ing amino acids or the catabolism of non-protein nitrogen (e.g. urea) derived from
dietary or endogenous (i.e. saliva) sources. The extent to which dietary protein is
degraded in the rumen has been the subject of much debate and, whilst reliable
measurements of this process still need to be established, it is accepted that degra-
dation rate is a function of protein structure. With fresh forages, ribulose-1,5-
biphosphate carboxylase (Rubisco or fraction 1 protein) is the principal protein
and several studies have shown that this protein is highly susceptible to the action
of microbial proteases (Mangan, 1982), resulting in a relatively short half-life for
the protein and rapid accumulation of ammonia in rumen fluid. Furthermore, at
high levels of feed intake, outflow rate from the rumen increases, resulting in an
increased proportion of dietary protein surviving intact to the intestines, despite
having the potential to be digested in the rumen.

Microbial protein synthesis is dependent upon the availability of a continuous
supply of precursors, principally ammonia and amino acids, but the process is
energy-consuming and a supply of ATP, provided principally from the fermentation
of dietary carbohydrates, is essential. This led to the concept of synchrony of nutri-
ent release in order to ensure maximum rumen microbial protein synthetic rates, as
well as optimal utilization of degraded nutrients. However, whilst the theory is well
founded, definitive experimentation in support of the hypothesis is still required
(Sinclair et al., 1993; Witt et al., 1997). Ultimately, microbial biomass passes to the
small intestines, either attached to undegraded feed particles or free-floating within
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the fluid phase of the digesta. During transit through the small intestine, host
enzymes promote significant digestion of the proteins to peptides and amino acids.
In turn, these will be absorbed across the intestinal wall, the ultimate contribution
directly from peptides being considered to be minimal. As with glucose, gut tissue
utilizes significant amounts of individual amino acids, probably from arterial supply,
and thus net portal appearance of amino acids is unlikely to equate with small-
intestinal loss of amino acids (MacRae and Beever, 1997; Wray-Cahen et al., 1997).

Prediction of Animal Performance

Against this background of nutrient digestion and assimilation, in which dietary
nutrients can be substantially modified, due to events principally within the rumen,
prediction of animal performance remains relatively complex. Indeed, this task has
become increasingly difficult, as the demands placed upon systems have become
more prescriptive. When the importance of forage evaluation was first recognized
at the turn of the century, the issues were large and apparent. It was relatively easy
to establish the superior nutritive value of, for example, grass hays compared with
cereal straws and, in the well-quoted studies of Armsby, Kellner and others, estab-
lishment of the nutritional advantages of barley grain compared with a range of dif-
ferent forages was quite straightforward. This situation prevailed until the middle of
this century, when some of the more subtle differences between forages were appre-
ciated. This led to considerable research effort focusing on three issues: namely,
those influencing forage intake, digestibility and utilization. In this respect, a sub-
stantial research effort was directed towards consideration of forage digestibility.
The resultant data were used effectively in the estimation of animal performance,
through prediction of forage intake and the efficiency with which digested nutri-
ents were utilized for maintenance and production. However, it became apparent
that measurements of feed or forage digestibility were not sufficient to enable pre-
diction of animal performance with an acceptable degree of precision. This led to
in-depth examination of the processes of digestion, with specific focus on events
occurring within the rumen. The outcome of this research has been highly reward-
ing in relation to protein metabolism, where it is now possible to provide more bal-
anced diets to meet the ‘protein’ requirements of both rumen microbes and the
animal. However, there has been no parallel comprehensive evaluation of the
dietary carbohydrate fraction, although, with most diets, this will contribute to
over 60% of total absorbed nutrients. Equally, only limited attention has been
given to an evaluation of dietary lipids, even though these may constitute between
10 and 15% of the total absorbed energy on diets designed for high-producing
animals. In partial mitigation, the Cornell net carbohydrate and protein system
(CNCPS), as proposed by Sniffen et al. (1992), offered some improvement with
respect to an appreciation of the importance of difference carbohydrate sources.
However, the focus provided by the CNCPS is largely related to consideration of
the digestive aspects of different carbohydrate and protein sources and how these
influence overall supply of metabolizable energy and protein to the animal. To date,
no feed evaluation systems that describe the individual end-products of digestion,
other than total amino acids, as included in the plethora of metabolizable protein
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systems have been developed. This is despite it being well established that the com-
position of the non-protein part of the total absorbed-energy fraction can have a
significant effect on overall efficiency of nutrient utilization by the animal and, in
particular, product composition. Such models have only been proposed for research
purposes (Baldwin et al., 1977, 1987a; Black et al., 1980/81; France et al., 1982),
and, to date, none have been modified for on-farm use.

Whilst progress with respect to protein evaluation, as encompassed in the UK
metabolizable protein (MP) scheme and other similar systems, has been consider-
able, with respect to the prediction of energy utilization, many of the systems pro-
posed over 20 years ago are still in use. The UK metabolizable energy (ME) system,
as first outlined by Blaxter (1962), has been extremely valuable in terms of predic-
tion of gross animal events, and the energy unit of this system (M] ME kg™! diet
DM) has been widely adopted within the livestock industry. Many of these data
were derived from energy calorimetry studies involving sheep or, in limited
instances, beef or dairy cattle, with most of the latter data being derived from US or
Dutch studies. Rationalization of such data led to a system of energy evaluation
which, at the time of its development, could be supported on conceptual grounds,
with many of the proposed relationships being defendable on the basis of best sta-
tistical fit of the data. However, acceptance of linearity of response for all functions
of energy utilization, at both above- and below-maintenance levels of feeding, has
been increasingly questioned as difficult to justify on biological grounds. Equally,
some of the distinctions drawn in relation to the efficiency of utilization of ME for
different forages, appear to have been based rather more on data availability than
on biological grounds, the differences between long and ground and pelleted for-
ages and between spring and autumn forage being cases in point.

At the same time, similar systems were proposed by other countries in Europe,
Australia and the USA, often with net energy as the preferred energy unit.
However, as systems of animal production become more sophisticated, with greater
emphasis on end-product quality to meet the demands of the consumer, such sys-
tems have been shown to be lacking in several respects, and it is likely that these
will need to be replaced. Indeed, there is already debate as to how such systems
should be refined, given the aim of improving the predictability of animal response
whilst avoiding unnecessary complication. However, there is no consensus on how
alternative systems of feed evaluation should be constructed and, given that most
national funding agencies seem to be no longer interested, all future initiatives are
likely to come from those actively working in the field. One obvious area of
improvement would be systems that predict animal response to deliberate perturba-
tions in nutrient input. Such an approach would be of critical importance in
attempting to optimize product output per unit of feed input. Development of this
approach would, of necessity, lead to the abandonment of models of feed evalua-
tion based on estimation of the nutrient requirements of the animal and subse-
quent formulation of a diet to meet such needs. However, in this scenario, the
required inputs would be largely unchanged from those currently in use, as it would
be the model, rather than the inputs, that would be most affected. Such moves
towards the development of nutrient response models are highly supportable, but
there is a growing opinion that suitable progress towards reliable prediction of
animal performance will only be achieved through recognition of the importance
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of individual nutrients. Undoubtedly, ME has been a useful nutritional component,
but lack of any qualitative description of ME is now a significant limitation. The
absence of such information could allow the less informed nutritionist to conclude
that wheat and wheat straw would provide similar levels of production (both
amount and type) when supplied in equal amounts of ME to the animal. This issue
was discussed in a recent Technical Committee on Responses to Nutrients
(TCORN) publication (AFRC, 1998), when a number of options to provide a
staged development of alternative models were advanced.

Consequently, all aspects of feed evaluation designed to predict animal perfor-
mance are at an interesting stage of development. On the one hand, there is suffi-
cient information to indicate that current methodologies are inadequate and
refinements are required. On the other, however, uncertainty exists with respect to
the degree to which systems of feedstuff evaluation will need to change. This ranges
from those who advocate minor revisions to existing frameworks to others calling
for more radical initiatives, to include recognition of the importance of individual
nutrients, as occurs in most non-ruminant feeding systems.

Forage Evaluation: Current Practice

All systems of feedstuff evaluation aim to provide information regarding the capac-
ity of individual feeds to meet the nutritional demands of the animal and, as such,
represent some degree of compromise with reality. Undoubtedly, the most precise
way to establish the nutritional value of any feedstuff would be to feed it to appro-
priate animal classes and to observe the level of animal production achieved, but
such an approach is neither practical nor justifiable on cost grounds. However, in
any system of feed evaluation, it is important to recognize that the ultimate arbitra-
tor of nutritional value will always be the animal, and consideration of this should,
at all times, outweigh expediency of laboratory operation in the refinement of cur-
rent methodologies.

Digestibility and dietary carbohydrates

An excellent example of a systematic approach to the establishment of a feed eval-
uation system was the development of the first routine in vitro system by Tilley and
Terry (1963). Recognizing the importance of diet digestibility as an index of nutri-
tional value, these workers established a comprehensive in vivo database of forage
digestibilities, from which suitable predictive procedures could be developed. To
achieve this, a programme of work was undertaken to provide a wide range of for-
ages (both grasses and legumes), which were systematically fed to mature sheep at
maintenance levels of feeding to obtain measurements of whole-tract digestibility.
Subsequently, these feeds were subjected to an in vitro technique, comprised of two
stages to simulate ruminal and postruminal digestion, and a series of equations to
predict whole-tract digestibility for different diets were proposed. Subsequently,
workers in other countries extended this approach to develop suitable prediction
equations for tropical forages, and collectively this work formed the basis on which
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many feedstuffs were evaluated for feeding to ruminant livestock, in both temper-
ate and tropical climates.

Establishment of the technique led to the development of the concept of for-
age D, or DOMD, value, defined as the content of digestible organic matter in for-
age DM, and studies by Givens et al. (1989, 1990, 1992) and Moss and Givens
(1990) led to a series of equations to predict DOMD (%) as indicated below:

Fresh grass DOMD = 12.0 + 0.857 IVD
High-temperature-dried grass DOMD = 27.3 + 0.998 IVD
Grass hays DOMD = 17.2 + 0.710 IVD
Grass silage DOMD = 10.0 + 0.870 IVD

where IVD (in vitro digestibility) is the DOMD estimate obtained by the method of
Tilley and Terry (1963).

Estimates of D value have also been widely used in systems of grassland man-
agement to optimize the use of grazed grass or the stage of harvesting of grass for
ensiling. This concept was also adopted by plant breeders as a screening procedure
to examine the nutritional value of new forage cultivars. Equally, DOMD values
derived from IVD estimates have been used to predict forage ME contents. A value
of 0.15 has been adopted to convert DOMD to ME (i.e. ME (M] kg=! DM) = 0.15
DOMD%) for fresh and dried grass and hay, and a higher coefficient of 0.16 for
high-protein legumes and fermented feeds (see Beever et al., 1999), whilst esti-
mates of forage IVD have also been used to predict forage intake — yet another
example of the utility of this index of nutritive value.

With the passage of time, possible alternatives to the in vitro system as pro-
posed by Tilley and Terry (1963) have been suggested. As the Tilley and Terry pro-
cedure may contain pepsin-insoluble material and microbial residues, Goering and
Van Soest (1970) introduced a final washing procedure, using a neutral detergent
solution, and termed their end-point estimate the predicted true digestibility. In
another development, Jones and Hayward (1975) replaced rumen fluid as the
source of microbial enzymes for the ruminal phase of digestion with commercial
enzymes. This approach was to be commended, as it offered the possibility of reduc-
ing methodological variation attributable to the source of rumen liquor, permitting
improved standardization of the method, whilst eliminating the need for surgically
modified animals as rumen-fluid donors. However, there are a number of drawbacks
to this technique. First, there were doubts as to whether the use of only two
enzymes with specific activities was sufficient to provide an accurate measure of
digestion, in comparison with the highly complex array of enzymes present in the
rumen ecosystem. Secondly, there was a lack of standardization between different
batches of commercial enzymes, and consequently the technique has had limited
usage. Another modification has been the use of fresh faeces as an alternative
microbial inoculum to rumen liquor (El Shaer et al., 1987). Evaluation established
that this approach could be used to determine forage digestibility. However, while
feedstuffs were ranked in a similar order, as the extent of digestion was generally
less than that observed with rumen liquor, alternative calibration formulae were
required. It is likely that long-term application of this method will be limited to
laboratories where fresh rumen liquor cannot be obtained, a position that prevails
in many developing countries.
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With the recognition that forage fibre composition was a major determinant of
forage quality, with the potential to predict intake and nutritive value, attention
turned to developing laboratory methods for forage fibre analysis. Until the mid-
1960s, fibre content of feeds, including forages, had been determined largely
according to the Weende system of feedstuff evaluation, but there was increasing
concern as to the value of crude fibre levels determined by this methodology. By
sequential use of neutral- and acid-detergent solutions, the method of Van Soest
and Wine (1967) provided, for the first time, a relatively inexpensive and routine
method for determining different fibre fractions, namely neutral-detergent fibre
(NDF), comprising cellulose, hemicellulose and lignin, and acid-detergent fibre
(ADF), comprising cellulose and lignin. A further step involving acetyl bromide
was developed to determine lignin content in the ADF fraction. This latter detail
has not been widely adopted for routine feedstuff analysis, as it is recognized, on the
basis of its relative complexity, that there are no ideal methods for routine analysis
of lignin. However, other fibre fractions, especially ADF or modified ADF
(MADEF), have been used extensively in equations designed to predict forage
digestibility, as proposed by Givens et al. (1989, 1990, 1992) and Moss and Givens
(1990), as illustrated below (as g kg™! DM):

Fresh grass DOMD = 967 — 0.950 MADF
High-temperature-dried grass DOMD = 1012 - 1.243 MADF
Grass hays DOMD = 1023 - 1.222 MADF
Grass silage DOMD = 996 - 1.04 MADF

The detergent fibre system does, however, have some limitations. Van Soest
and Wine (1967) recognized that feeds which have been subjected to heat treat-
ment may contain significant amounts of heat-damaged protein, which, based on
its low solubility in detergent solutions, could be a significant contaminant in the
isolated ADF fraction. This artefact was particularly evident with distillery by-
products and, under such circumstances, it is important to take account of this if
realistic estimates of ADF content are to be achieved. However, this potential
problem has been turned to advantage, whereby the detergent method has been
used to determine acid-detergent-insoluble nitrogen contents (ADIN) of feeds.
This provides an estimate of the small-intestinal availability of ruminally unde-
graded dietary protein, an important component in several of the metabolizable
protein systems. A further limitation is the estimation of NDF content in starch-
rich feeds. During extension of the methodology from forages to use with other
feeds, it was apparent that, under some circumstances, estimated NDF contents
were too high and this raised the possibility of starch contamination. The extent of
this will depend upon the amount and type of starch present in the original feed-
stuff, as those starches relatively resistant to chemical or microbial digestion will be
more resistant to extraction by detergent solution. Consequently, a pretreatment
with commercial amylases to digest the starch was developed, thus facilitating its
subsequent removal by the detergent solution. In most forages, such procedures are
not required, but, with maize and whole-crop silages, which contain significant
amounts of starch, pretreatment of the sample is recommended if reliable estimates
of NDF content are to be obtained.

In relation to a more specific evaluation of dietary carbohydrate fractions, one



26

D.E. Beever and F.L. Mould

area where uncertainty still remains is the estimation of starch content. With maize
or whole-crop wheat silages, the determination of total starch content is essential if
appropriate supplements that optimize total starch availability to the animal are to
be developed. In the late 1960s, there was considerable effort towards the develop-
ment of improved methods for determination of total starch content in different
feeds. Based on a critical examination of available methods, MacRae and
Armstrong (1968) concluded that many were not sufficiently specific and were thus
subject to interference from moieties of non-starch origin. This resulted in an enzy-
matic method being developed by MacRae and Armstrong (1968), using a com-
mercial amyloglucosidase to release the glucose units of starch, followed by
determination of the released glucose, using a glucose-specific methodology (glu-
cose oxidase). This methodology became the basis on which several laboratories
conducted research to determine the digestion characteristics of different starch-
containing feeds in ruminants (MacRae and Armstrong, 1969; Beever et al., 1970),
the only potential problem appearing to be some inconsistency in the commercially
available amyloglucosidases. It is thus surprising that, over 25 years later, no stan-
dard methodology for starch analysis is available in the UK, and the position is
remarkably similar in many other countries. Indeed, some laboratories appear to
have reverted to techniques that were identified by MacRae and Armstrong as
being both unsuitable and unreliable, whilst others have decided not to offer starch
determination as a routine analysis. In a recent study, reported by Beever et al.
(1996), nine laboratories in Europe (including the UK) and the USA were
requested to determine the nutrient composition of two contrasting maize silages,
including total starch content. Analysis of the resultant data indicated consider-
able variability, as illustrated in Table 2.2. Further investigation revealed the use of
several different techniques, some relying on near-infrared reflectance spectroscopy

Table 2.2. Chemical composition of two maize silages harvested at different stages of
maturity and analysed by up to nine different laboratories (units, g kg™ oven-dry
matter unless stated; means + Sem; superscript denotes number of laboratories
reporting).

Low DM High DM
Dry matter (g kg™ fresh wt)® Mean 276 + 8.6 335+9.3
Range 264-290 323-348
Starch 8 Mean 228 +35.6 261 £42.4
Range 165-272 194-311
Crude protein ? Mean 101 £18.3 101 £7.5
Range 57.0-119 84.0-108
ERDP 3 Mean 61.3 +18.02 68.0 + 4.16
Range 27.0-88.0 60.0-74.0
DUP? Mean 23.0+2.00 21.0£4.00
Range 21.0-25.0 17.0-25.0
ME (M) kg™! DM) © Mean 11.2 £0.55 11.5+0.60
Range 10.5-12.1 10.7-12.3

sem, standard error of the mean.
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(NIRS) rather than the more conventional chemical/enzymatic approach involv-
ing starch extraction and estimation. One US laboratory did not offer starch analy-
sis, on the basis that they were dissatisfied with all of the available methods.
Further, in relation to the evaluation of the carbohydrate fraction of forages, it is
recognized that some forages may contain appreciable levels of WSC. Under most
circumstances, this fraction is extensively and rapidly digested in the rumen, and
consequently most analyses are restricted to determination of total WSC content,
with no attempt to provide an analysis of the constitutive sugars. Suitable methods
for the extraction of WSC exist, although, in estimation of the yield of reducing
sugars, it is advisable to select an appropriate sugar standard (e.g. fructose/glucose),
whilst ensuring that chemical moieties that could have a significant effect on the
final colorimetric reaction are accounted for. When a more detailed analysis of the
individual components of the WSC fraction is required, possibly in forage breeding
programmes, suitable methods based on gas- or high-pressure liquid chromatogra-
phy do exist, but these could never be contemplated for routine use.

Protein fractionation

For a significant part of this century, the accepted method for determining forage
protein content was by estimation of total nitrogen content, using Kjeldahl
methodology. However, this approach did not distinguish between nitrogen of pro-
tein and non-protein origin, and thus the resultant fraction was termed ‘crude pro-
tein’. Attempts to rationalize this into digestible crude protein (DCP) or available
protein (AP) were popular for some time, but reversion to crude protein was
inevitable when users became dissatisfied with DCP or AP as indices of protein
value. With increasing knowledge of dietary protein metabolism, especially in the
rumen, Miller (1973) suggested development of a protein-rationing scheme, mir-
roring an earlier proposal by Burroughs et al. (1967) in the USA. Four years after
Miller’s proposals, the first version of the UK MP system was released, and a revi-
sion subsequently accorded some peer recognition (ARC, 1980). Since then a
number of further revisions have been published (AFRC, 1984, 1993) and, despite
several concerns, the concept of MP is now included in all UK feeding systems.
The main feature of the MP system is the recognition that the nature of the
dietary protein will influence both the extent and efficiency of its utilization by
rumen microbes. This will then determine the composition of the protein supply to
the intestines and therefore the use of dietary protein by the host animal. Thus, the
concepts of ruminally degradable and ruminally undegradable protein (RDP and
UDP) were established, subsequently refined to effective rumen-degradable protein
(ERDP) and digestible undegraded protein (DUP). To support such concepts, it
was necessary to develop suitable methodologies to permit quantitative evaluation
of the different fractions, and subsequently the in sacco technique, as proposed by
Mehrez and @rskov (1978), was recommended. Since then, this methodology has
been used extensively to characterize a wide range of feedstuffs for ruminants. The
method relies on the incubation of small amounts of test feed retained in artificial-
fibre bags within the rumen of experimental animals consuming a feed similar to
that being examined. Removal of feed samples at different time intervals and
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analysis of the residues for total nitrogen content allow the pattern of nitrogen (N)
degradation over time to be described. A number of different mathematical models
have been developed to analyse these data (@rskov and McDonald, 1979;
McDonald, 1981; France et al., 1993). In summary, three values for the degradation
characteristics of the feed can be obtained, namely the rapidly degradable fraction
(or a fraction), which may be significant in fermented feeds, such as grass silage, the
slowly degradable fraction (b fraction), which will be digested over time, and the
rate of degradation of this fraction (¢ value). Summation of the a and b fractions
provides a measure of total dietary RDP content, whilst protein unaccounted for by
these two fractions, 1—(a + b), is a measure of dietary UDP content. The quantity
of fraction b protein degraded is determined by the time spent in the rumen with
the feed exposed to microbial fermentation, itself a function of level of feeding and
outflow rate. It follows that, at high rates of passage, a significant amount of the b
fraction is likely to escape rumen degradation. The term ERDP therefore defines
the quantity of N available for capture and utilization by the rumen microorgan-
isms for growth and synthesis.

At the same time, it is recognized that the utilization of ERDP by the rumen
microbes is influenced by energy availability within the rumen and, in this regard,
ruminally digested organic matter (OM) was first proposed as a suitable measure.
However, it was subsequently accepted that this was not a sufficiently adequate
index of energy supply, and the alternative concept of fermentable ME (FME) was
established. Defined as total dietary ME content, less the energy of dietary fermen-
tation products, fats and oils (given that neither contribute significantly to energy
supply for microbial metabolism), FME represented a conceptual improvement on
previous schemes. However, it suffers from a major weakness, namely that, to date,
no values of FME have been obtained from in vivo feeding systems. Thus, in a situa-
tion where the prediction of ME content may be questionable, the application of
relationships between FME and predicted ME, as proposed by Chamberlain et al.
(1993) and others, which were not based on validated estimates, only serves to add
confusion and uncertainty to the ultimate prediction of microbial protein synthe-
sis. Evidence of the potential magnitude of this problem can be obtained from
Table 2.2, where further data regarding the two maize silages referred to earlier are
presented. Whilst no estimates of FME content were obtained, variations in the
estimates of crude protein, ERDP, DUP and ME contents were so large that, if
applied to current feeding systems, they would lead to differences in the estimates
of MP supply of sufficient magnitude as to make the whole scheme unworkable.

Thus, whilst scientific understanding of the metabolism of dietary proteins by
ruminants has advanced considerably over the last two decades, there is still con-
cern regarding the reliability of estimates of MP. More importantly, none of the
major components of the scheme, namely the amounts of microbial and unde-
graded feed protein digested in the intestines, have been systematically validated
against in vivo data. The absence of this validation clearly makes it difficult to
accept or refute the many estimates of MP supply that are currently being reported.
In this regard, a major revision to the value used to represent the efficiency of
utilization of MP for milk synthesis was recently suggested by Mansbridge et al.
(1999). Previous studies had suggested that the estimates of MP supply to support a
desired level of milk production were too low, and this led to the suggestion that
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the efficiency value of 0.68, as adopted by the Agricultural and Food Research
Council (AFRC, 1993) was too high. In a carefully designed lactation study,
Mansbridge et al. (1999) varied both protein supply and milk output, and analysis
of the data provided an efficiency of protein utilization of 0.625, leading to their
conclusion that this lower value should be accepted in all subsequent versions of
the UK system. However, whilst Mansbridge et al. (1999) tested the system as it is
currently being used, they did not provide any validation of their estimates of MP
supply. Thus, it is not possible from this study to conclude that the efficiency value
is wrong, when the error could equally reside in the computed MP inputs.

Furthermore, it is recognized that the in sacco technique (Drskov et al., 1980)
has a number of potential weaknesses. It is difficult to standardize the technique,
despite repeated attempts (Madsen and Hvelplund, 1994), this being particularly
relevant in relation to the washing of feed residues to remove microbial contamina-
tion, whilst there remains concern over the choice of the most appropriate diet for
the experimental animals. The technique relies on the use of surgically modified
animals and, when the costs and other implications of surgical preparation and ani-
mal maintenance are taken into account, the method is relatively expensive and
not conducive to routine use. There is also growing concern regarding the possible
introduction of animal effects when using mature sheep to determine the digestion
kinetics of protein metabolism of feeds for high-yielding dairy cows. Finally, whilst
not particularly relevant to the evaluation of feed proteins, the in sacco technique
has been extended to consider the rumen degradability of other nutrients, includ-
ing starch and NDE, but often with quite variable and sometimes conflicting results.
In this context, de Visser (1993) provided a very convincing data set relating to the
degradation characteristics of the starch component of different maize silages,
which suggested the presence of increased amounts of ruminally protected starch as
the forage crop matured. In contrast, in vivo studies from this laboratory undertaken
with lactating dairy cows to examine a range of different maturities of maize silage
at harvest failed to establish the existence of large amounts of starch entering the
small intestine of cattle. In this respect, the use of ‘book values’ for estimates of the
rate of passage of digesta from the rumen in the estimation of the partition of diges-
tion of ruminally degradable nutrients between ruminal and postruminal digestion
may be worthy of reconsideration.

In vitro gas production methodologies

As indicated, rumen fermentation is associated with the evolution of gas, princi-
pally carbon dioxide and methane, with occasional amounts of hydrogen, whilst
recently the occurrence of dimethyl sulphide has been reported. On the assumption
that the quantity of gas released when feedstuffs are incubated in wvitro with rumen
fluid is closely related to digestibility, and therefore the energy value of the feed to
ruminants, Menke et al. (1979) proposed a simplified system, based on gas produc-
tion, to evaluate feedstuffs. In their system, fermentations were conducted in gas-
syringes to allow the gas evolved to be retained and measured manually. The
approach developed by Wilkins (1974) used a pressure transducer to measure accu-
mulated head-space gases resulting from microbial fermentation. This technique
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was subsequently exploited by Theodorou et al.(1993), who recognized the potential
of the methodology to provide estimates of the rate and extent of feedstuff degrada-
tion. The technique has now been adopted by a number of laboratories throughout
the world, as it undoubtedly offers considerable potential in relation to the
throughput of samples, while reducing the reliance on surgically modified animals.

The earlier data were presented simply as cumulative gas-production curves,
and this led to difficulties in data interpretation, with many of the more subtle
changes between feeds tending to be either masked or lost when mathematical
models were fitted. Subsequently, Mould et al. (1999) reconsidered this part of the
technique in a series of studies designed to examine the effect of a feed additive on
the rate and extent of rumen fermentation. Using appropriate corrections (nega-
tive controls), they derived profiles for the rate of gas production resembling gas
chromatography curves. By using this approach, it became possible not only to
‘ingerprint’ a feed into its main carbohydrate components but also to provide an
estimate of the extent of degradation of each of these components. This greatly
increases the value of the technique when attempting to identify small differences
between feedstuffs. A further simplification of the methodology was the abandon-
ment of measuring gas volume directly (syringe) for measurement of changes in gas
pressure (Mauricio et al., 1999). This, together with a direct data entry system,
which reduced operator-associated errors and greatly increased the capacity of the
system, has provided a simplified technique for routine use, capable of screening
large numbers of substrates.

However, concerns remain over the degree of interpretation being placed upon
the data provided by such methodology. There have been few attempts to validate
the results with in vivo data; indeed, it would be almost impossible to do so. Thus,
such data are only comparative, ideal for screening purposes, from which more
comprehensive research, possibly involving animals, may be required, before defi-
nite recommendations can be made. Gas produced during the ruminal fermenta-
tion of feeds represents only a small component of total nutrient flux in a rumen
ecosystem. Consequently, changes in gas yield per mole of carbohydrate fermented
(see Table 2.1), as well as the partition of degraded carbohydrate between fermen-
tation and microbial incorporation, can have a significant bearing on total gas
yield. As Menke et al. (1979) concluded, although a high correlation was found
between cumulative gas production and OM digestibility, a feedstuff with a low rate
of gas production may have a higher in vivo digestibility than that suggested from
gas production data. Thus, in vitro gas production values alone provide little direct
information, apart from estimating rate of fermentation. These therefore need to be
examined together with simultaneously derived estimates of both rate and extent of
degradation to permit estimates of fermentation efficiency to be obtained. It is a
matter of concern, therefore, to note that the level to which the technique is now
being developed is well beyond its realistic capabilities. Proposed as a first approxi-
mation to measurement of in vivo ruminal events, it is being overcomplicated by
attempts to measure parameters such as protein degradation, ammonia evolution,
microbial protein synthesis and the survival of feed protein (Cone and Van Gelder,
1999). Thus, a powerful but, as yet, not fully validated technique is being used to
develop further data sets which have not been, and are unlikely ever to be, validated:
a very different position from that adopted by Tilley and Terry (1963), as discussed
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earlier. This is a very questionable basis on which to advance the science of feed
evaluation, adding unnecessary complication when the first, and highly laudable,
intent was to overcome the complexities of the cow. If current efforts continue, the
cow will need to be reconsidered as a seemingly simple experimental tool on which
to evaluate feedstuffs for milk production.

Near-infrared reflectance spectroscopy

Since its development, much has been reported about the potential benefits of this
technology, particularly for laboratories involved in routine feedstuff analysis,
where rapid, comprehensive and relatively inexpensive analyses are claimed (Offer
et al., 1998). NIRS is a physical method, which depends on the measurement of
light absorption by the surface of a sample using wavelengths in the infrared region
of the spectrum (1100-2500 nm). The absorption spectrum produced depends on
the chemical bonds within the constituents of the feed sample and it is therefore
possible to identify specific regions of the spectrum associated with different chemi-
cal entities, such as protein, fibre, starch, etc. To achieve satisfactory estimates of
the nutrient content of feeds, however, it is first necessary to calibrate the apparatus
against standard reference samples that have been analysed by more routine ‘wet
chemistry’ methodologies. Several workers reported satisfactory estimates for com-
ponents such as crude protein, and Barber et al. (1990) provided useful predictions
of in vivo OM digestibility for grass silage, compared with more conventional
approaches involving in vitro techniques or wet chemistry (for more details, see
Beever et al., 1999). These studies were subsequently extended by Givens et al.
(1997) for a wider range of forage types. However, the problem appears to be
related to the way in which the technique has been exploited beyond its capabili-
ties, similarly to the gas technique discussed earlier. Prediction of rumen protein
degradability by NIRS is never likely to be a simple process, given that most feeds
contain several different types of protein, all of which are likely to have different
degradation profiles. Furthermore, to use this technique in conjunction with in
sacco measurements of protein degradability, which have never been validated
against in vivo observations, is an enormous step of confidence and an approach
that should be adopted with caution. A similar situation prevails in relation to the
determination of FME contents by NIRS, a procedure used by several laboratories,
for which no validation with in vivo estimates has been attempted. Consequently,
whilst NIRS has much to offer, it should be used only where there is established
confidence in the data, and its use to predict in vivo events from a questionable set
of in vitro data is only likely to bring disrepute to a potentially useful technique.

Future Developments in Forage Evaluation

Undoubtedly, feedstuff evaluation is an established component of livestock feeding
in the UK, along with most developed countries. It is only through access to reli-
able information regarding feed quality that rational decisions relating to the feed-
ing of ruminant livestock can be made. This is particularly true with respect to
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forages, for reasons discussed earlier. However, for the full potential of feedstuff
analysis to be realized, several important issues need to be addressed. Some of these
will be discussed in this section, along with possible recommendations, accepting
that feedstuff evaluation is an evolving science, in which further revisions will be
dependent upon the way in which systems of meat and milk production from rumi-
nants develop. In this chapter, as well as in other reviews (e.g. Beever and Cottrill,
1993), concern over the adequacy of present feed rationing schemes, which gener-
ate much of the current interest in feed evaluation, has been expressed. Possibly
the most crucial issue is the need to consider models that represent animal
response, rather than simply meeting animal requirements. Before addressing
longer-term aspects, however, it is pertinent to consider how various options may
be developed to improve current systems.

Immediate requirements

All feedstuff analysis has a cost, which is always borne by the farmer, even if indi-
rectly through the services of a feed or advisory company. Thus, livestock producers
are entitled to question the value of their investment in feedstuff analysis in terms
of enhancing the profitability of their business. This would be difficult to test objec-
tively and the best that can be expected is a general perception that their invest-
ment is financially rewarding to their business. To achieve this, however, they need
to be satisfied with both the analyses they receive and the interpretations placed
upon them. Reorganization within the UK Ministry of Agriculture, Fisheries and
Food (MAFF) in the late 1980s and privatization of the Agricultural Development
and Advisory Service (ADAS) caused considerable fragmentation of the industry
in relation to feedstuff analysis and nutritional consultancy. Many more laborato-
ries are now offering such services, backed by an ever-increasing number of consul-
tancy organizations and private consultants. But do all laboratories provide
information the farmer wants and that can be used with confidence? Equally, do all
laboratories report their data in a format that is easy to comprehend? Undoubtedly,
many do, but in too many instances interpretation of the data can be difficult. For
estimates of ME content, possibly the most important parameter with respect to
forages, several laboratories report more than one value, depending upon the
methodology used. An informed consultant may be able to reconcile such issues,
but a difference of more than 1 MJ kg™! DM, such as illustrated in Table 2.2, will
be difficult for many farmers to ignore, irrespective of which value they believe.
Equally, many laboratories report data which are of little or no interest to farmers.
It is likely that farmers are already aware of those silages of inferior quality before
they receive the silage analysis, which puts in question whether all of the data
relating to the volatile components have to be reported, when lactate and acetate
levels would probably suffice. The most obvious reason why such data are provided
is because they were produced in the laboratory and thus the laboratory felt obliged
to report it. All laboratories must be encouraged to be more discriminating in the
data they report, as well as paying attention to the presentation of the data.

But there are deeper issues, relating to the plethora of different techniques
being used to derive the analytical data. Some of these concerns have already been
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expressed, the position regarding starch analysis being an excellent example.
Currently, there is no agreement over the most appropriate methods to use for all
analyses and, whilst most laboratories seek to acquire ‘good laboratory practice’
status, this does not necessarily guarantee that the data they generate is accurate.
Some laboratories have resorted to techniques that were questioned many years
ago, whilst others have increased their reliance on indirect methods, such as NIRS.
The validity of data produced using NIRS for chemical entities such as crude pro-
tein, starch, etc. will never be better than the databases used to establish the cali-
bration curves. There have been many instances where these have been shown to
be inadequate, use of grass-silage-derived relationships to evaluate the energy com-
ponent of whole-crop wheat or maize silages or even fresh grass being suitable
examples. But it is the almost uncontrolled use of NIRS to estimate biologically
important components, such as ERDP, DUP and FME, which is of greatest concern,
with highly questionable databases of in vitro-derived information being used with
scant regard to the lack of any validation with in vivo events. Reference has already
been made in Table 2.2 to variation in the estimates of ME content provided by
those laboratories involved in the study. Despite this, there was total agreement
between laboratories that the later-harvested crop had a higher ME value. This
gives little reassurance, however, when in vivo determination of the ME contents of
the two feeds fed to dairy cows in respiration calorimeters found a higher ME con-
tent for the earlier-cut crop. An immediate explanation was the higher gross energy
(GE) content of this feed, indicative of an increased extent of fermentation occur-
ring during ensiling of the wetter and more immature crop (Table 2.3). Thereafter,
no differences were observed between the two feeds with respect to the partition of
GE to faecal, methane or urine energy. Thus, for feeds that have undergone

Table 2.3. Comparison of in vivo and laboratory-derived estimates of the metaboliz-
able energy content of two maize silages harvested at different stages of maturity
(units, MJ kg~ oven-dry matter unless stated).

Silage maturity

Low DM High DM
Laboratory estimates* 11.2 11.5
In vivo'
Maize
GE content 18.9 17.6
ME content 10.9 10.1
Total mixed ration
DE/ GE (k) MJ71) 680 676
DE content 12.9 12.2
ME / GE (k) M)~ 579 576
ME / DE (k) M)~ 850 851

* Mean of six reporting laboratories.
* Not corrected for level of feeding effects.
DE, digestible energy.
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different degrees of fermentation, some measurement of GE content to take
account of different levels of volatile components may be necessary, if more reliable
estimates of ME content are to be obtained.

In summary, the often heard remark that the analytical data were ‘unbeliev-
able’ is not acceptable and urgent rationalization is needed to provide agreement
on appropriate methods, resisting those which have not been validated against in
vivo observations. However, this can only be achieved through coordination at
national level. Additionally, with the level of concern over some of the analyses
being provided, it should become a requirement of all laboratories to provide a brief
résumé of the methods used, be it NIRS or wet chemistry. This may be of little
immediate value to the farmer, but it would provide an important audit trail for the
consultant regarding possibly aberrant data. Equally, all laboratories should report
only on those parameters where they have sufficient confidence in the methodology,
whilst positive encouragement should be given to their committed involvement in
schemes designed to examine interlaboratory comparisons. Such procedures are
already in place with respect to the analysis of milk constituents, which has major
implications with respect to both milk price and quota management. Given that
the financial implications of feedstuff evaluation are at least as great, the lack of
appropriate standardization is unacceptable.

Longer-term needs

Whilst initiatives similar to those outlined above will provide better support for
current systems of feed rationing for ruminants, there is a growing opinion that
more radical changes in models of ration formulation are required. This is particu-
larly evident from the current interest being shown in the UK for both the French
PDI system and CNCPS. This should not be construed to suggest that such models
have been adequately validated or that they necessarily perform better than UK
equivalents; rather, they contain certain elements and representations considered
to be superior to those in current UK systems of energy and protein rationing. It is
not the intention of this chapter to review the strengths and weaknesses of such
systems, as others have attempted this elsewhere. The more challenging task is to
decide which type of system should be developed. Certain opinion suggests that
serious revision of current systems would be adequate, but adoption of this
approach would be difficult if one of the agreed challenges was a model of animal
response rather than animal requirement. To meet this objective, a new model of
energy and protein rationing is required, with an implicit representation of individ-
ual nutrients to provide the important characterization of ME and, to a lesser
extent, MP that is not evident in present systems. Equally, any new system will
require more comprehensive representations of postabsorptive energy and protein
metabolism. While these are partially recognized in the rumen element of the cur-
rent MP system, there is no evidence of nutrient interactions at the tissue level.
Such approaches can be found in the models of rumen and whole-animal metabo-
lism proposed by Baldwin and colleagues, the most notable efforts being those of
Baldwin et al. (19874, b, c). These models were quite successful in predicting over-
all nutrient utilization and lactational performance in dairy cows, but were criticized
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in relation to the required dietary characteristics, which were too comprehensive
when compared with those expected from routine feedstuff evaluation. However, in
the development of these models, there were no attempts to consider if some of the
inputs could be ignored, or at least aggregated, without serious loss of resolution in
the models. Thus, it is difficult to provide a definitive list of required feed charac-
teristics, but, in the light of present knowledge, it is possible to suggest some of the
most likely candidates.

For those nutrients that the animal ultimately uses for maintenance and pro-
duction costs, the simplest nutritional representation would be rumen VFA (both
lipogenic and gluconeogenic), long-chain fatty acids, glucose and amino acids.
Considering these in turn, partition of rumen VFA into lipogenic and gluco-
neogenic substrates is an obvious necessity, given their contrasting metabolic fates,
with further distinction of lipogenic VFA into acetate and butyrate, if only to pro-
vide compatibility with in vivo data. There is no justification for representing other
VFA, such as isobutyrate and valerate, as these are never found in significant
amounts in any diets. Propionate is the sole gluconeogenic VFA and, given the
crucial role that glucose plays in the overall nutrient economy of the animal, this
will need to be represented in all models of nutrient digestion and postabsorptive
metabolism. However, as VFA do not occur naturally in most feeds, only with fer-
mented feeds, such as grass silage, will it be necessary to take account of these,
acetic acid being the only one of nutritional importance. This will be referred to
later in relation to silage analysis.

Long-chain fatty acids, on the other hand, occur in most feedstuffs and, whilst
levels are generally low, especially in forages, they may account for up to 15% total
ME supply in rations designed for high-producing animals. When augmented with
fatty acids from mobilized body tissue in early-lactation cows or underfed animals,
free fatty acids become important to the animal’s overall energy metabolism. In
addition, there are those situations where incomplete fatty acid metabolism can
induce nutritional disorders, such as fatty liver syndrome and ketosis. There is also
considerable interest, on the grounds of human health, in modifying the fatty acid
composition of ruminant products, specifically to increase mono-unsaturated fatty
acid levels and the ratio of w-3:w-6 fatty acids. In this respect, both grazed and
ensiled grass have been sugge