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To Jane, Tom and George

‘What greater stupidity can be imagined than that of calling jewels, silver and gold “pre-
cious”, and earth and soil “base”? People who do this ought to remember that if there were
as great a scarcity of soil as of jewels or precious metals, there would not be a prince who
would not spend a bushel of diamonds and rubies and a cartload of gold just to have enough
earth to plant a jasmine in a little pot, or to sow an orange seed and watch it sprout, grow,
and produce its handsome leaves, its fragrant flowers and fine fruit.’

Dialogue on the Two Chief World Systems: Ptolemaic and Copernican, Galileo
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Preface

Since about the age of ten, I have been fascinated by plants and their use for decoration as
flowers, and for food. Much of my pocket money as a child came from the sale of plants
and flowers and I quickly learned the practical benefits to be gained from controlling soil
fertility in the garden and from good quality potting media in the glasshouse. It was this
interest in plants, together with the misery of the famine in India during my teenage years,
which led me to study soil science at the University of Reading, although my interest
in plants was temporarily put on hold as much of my degree was essentially chemistry.
For my PhD at Nottingham University, I was able to choose a topic that interested me,
and after a false start on the kinetics of phosphate adsorption by soil minerals, I came
across two papers in the library, one by Glyn Bowen and Albert Rovira, and the other by
Howard Taylor and Betty Klepper, which enthused me with the possibility of combining
my interests in plants and soils by studying roots and their interactions with soil. I quickly
found that roots in soil were difficult to study, not least because they cannot be seen, but
the satisfaction of patient discovery was considerable. The early encouragement in this
endeavour by my supervisors David Crawford and Mike McGowan was essential, as was
that of those who eventually became co-workers and colleagues, John Monteith, Paul
Biscoe and Nick Gallagher.

Much of my professional career has been spent at the University of Reading where
I was allowed the freedom by Alan Wild to continue and build my studies on root:soil
interactions. Projects in the UK and overseas followed, and with a succession of PhD
students and postdoctoral research workers I have been able to work on a wide range of
crops and practical problems, all with a basis in the growth and activity of root systems.
When I started my work, the emphasis was on how various soil properties affect the plant
and its ability to take up water and nutrients, but recently the emphasis has changed, as it
has come to be appreciated that plant roots also change the properties of soils and are not
merely passive respondents.

The idea for this book first came in a conversation with my friend Rod Summerfield but
for various reasons, including a career change in Australia, it is only now that I have had
the determination to bring the project to a conclusion. In fact, I think it is a better book as
aresult because I believe that the recent development of techniques and the improved un-
derstanding of root:soil interactions make this a particularly exciting time to try and write
such a book. I have tried to draw together information from diverse elements of the plant
and soil literatures to illustrate how roots interact with soil, both to modify it and to obtain

ix
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from it the resources required for the whole plant to grow. My emphasis has been on whole
plants and root systems, although I have drawn on the growing body of literature at plant
molecular and cellular levels as appropriate

A particular difficulty in the writing has been that roots of relatively few plant spe-
cies have been studied and of these most are cereal crops such as maize and wheat. This
means that the desire to generalize findings as one might in an introductory undergraduate
textbook has had to be tempered with an appreciation of the paucity of information. I hope
that I have been able to convey useful principles while at the same time indicating that
plant species other than those studied might respond differently. A second area of caution
is that many studies in the plant literature have been conducted on young, seedling roots in
solutions or in non-soil media. Extrapolation of such findings to older plants, with roots of
different anatomy, with fungal and bacterial associations, and with gradients of solutes and
gases resulting from past activity, must be undertaken cautiously. Finally, there has been
until recently a tendency to regard all roots on a plant as anatomically similar and function-
ally equivalent; this notion is beginning to be challenged as results indicating particular
arrangements of cell types and functional specialisms appear. Measurements are few at
present, but we may yet find that roots within a root system make particular contributions
to the activities of the whole.

So, this is a personal view of the subject aimed at those who already have a back-
ground knowledge of soils and plants. Besides those I have already mentioned, I should
like to thank Christopher Mott, Bernard Tinker, Dennis Greenland, Peter Cooper, Lester
Simmonds, Ann Hamblin, Neil Turner and Derek Read for sustaining my enthusiasm in
root studies at various points in my career, and to thank Michelle Watt, Glyn Bengough,
Margaret McCully, John Passioura, Rana Munns, Sarah Ellis, Steve Refshauge, Mark
Peoples, Ulrike Mathesius, Sally Smith, Ken Killham, Philippe Hinsinger, Richard
Richards, Greg Rebetzke, Tim George, Manny Delhaize, Wolfgang Spielmeyer and John
Kirkegaard for reading and suggesting improvements to various parts of the manuscript. I
am very grateful to the University of Reading for giving me study leave to undertake this
project, and to the Leverhulme Trust for a Study Abroad Fellowship that enabled me to
spend a very productive period in Canberra, Australia. As ever, CSIRO Division of Plant
Industry, Australia provided a challenging academic environment in which to work (my
thanks to the Chiefs Jim Peacock and Jeremy Burdon) and I am indebted to Carol Murray
and her staff, especially Michelle Hearn, at the Black Mountain Library for helping me
locate reference materials. Finally, my thanks to my personal assistant, Tricia Allen, the
staff of the ITS unit at the University of Reading and Ian Pitkethly at SCRI for help with
the figures, and to Nigel Balmforth and the staff at Blackwell Publishing for seeing the
manuscript through to publication.

Peter J. Gregory
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Chapter 1

Plants, Roots and the Soil

This book focuses on vascular plants and their interactions with soils. It has long been
appreciated that plants influence the properties of soils and that soil type can, in turn, influ-
ence the type of plant that grows. This knowledge of plant/soil interactions has been put to
use by humans in their agriculture and horticulture. For example, Pliny The Elder quotes
Cato as writing ‘The danewort or the wild plum or the bramble, the small-bulb, trefoil,
meadow grass, oak, wild pears and wild apple are indications of a soil fit for corn, as also is
black or ash-coloured earth. All chalk land will scorch the crop unless it is extremely thin
soil, and so will sand unless it is extremely fine; and the same soils answer much better for
plantations on level ground than for those on a slope’ (Rackham, 1950). Similarly, long
before the nitrogen-fixing abilities of rhizobia were documented scientifically, Pliny The
Elder noted that lupin ‘has so little need for manure that it serves instead of manure of the
best quality’, and that ‘the only kinds of soil it positively dislikes are chalky and muddy
soils, and in these it comes to nothing’ (Rackham, 1950).

This close association of soils and plants has led, too, to an ongoing debate as to the
role of plants in soil formation. Joffe (1936) wrote that ‘without plants, no soil can form’
but others such as Jenny (1941, reprinted 1994) demonstrated that vegetation can act as
both a dependent and an independent variable in relation to being a soil-forming factor.
Ecologists find it useful to work with vegetation types and plant associations comprising
many individual plant species; these associations are frequently linked to soil associations,
and in this regard, at this scale, the vegetation is not an independent soil-forming factor.
However, it is also appreciated that within a vegetation type, different plant species may
have effects which lead to local variations in soil properties and where plants do act as a
soil-forming factor. For example, in mixed temperate forests the pH of litter extracts of dif-
ferent species may range from 5.8 to 7.4, leading to different types of humus from the dif-
ferent species and hence different rates of mineral leaching. Similarly itis well documented
that the planting of coniferous trees on several areas in Europe has increased rates of soil
acidification in some areas, and resulted in podsol formation on soils that were previously
earths (Hornung, 1985).

Although the focus of much plant and soil science has been on the return of leaves to
the soil both as a stock of C in the soil and as a substrate for soil organisms, root returns to
soil are larger than shoot returns in several regions. For example, early work by ecologists
such as Weaver in the USA demonstrated that several grasses produced more organic mat-
ter below ground than above ground (Weaver et al., 1935). This interest in carbon inputs to
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2 PLANT ROOTS

soils has been re-ignited with the current debate over sequestration of C by vegetation in
an attempt to mitigate the greenhouse effect induced by rising CO, concentration of the at-
mosphere. For example, observations of deep-rooted grasses introduced into the grasslands
of South America have demonstrated that they can sequester substantial amounts of carbon
(100-500 Mt C a™! at two sites in Colombia) deep in the soil (Fisher et al., 1994). Roots and
their associated flora and fauna are the link between the visible parts of plants and the soil,
and are the organs through which many of the resources necessary for plant growth must
pass. As part of the system that continually cycles nutrients between the plant and the soil,
they are subject to both the environmental control of the plant and the assimilatory control
of the plant as a whole.

This chapter examines the close connection between the root and shoot systems of
vascular plants and what is known about the co-ordination of activities between the two
systems. It also describes some of the main features of the interaction between roots and
soils as a prelude to more detailed examination of changes to soil properties in the vicinity
of roots in later chapters.

1.1 The evolution of roots

Roots and shoots are considered by most botanists to be entirely separate organs, although
some developmental processes are shared, and some inter-conversion can occur (Groff
and Kaplan, 1988). Raven and Edwards (2001) sought to define what constitutes a root
of a vascular plant to distinguish it from a shoot, and concluded that the distinguishing
features were ‘the occurrence of a root cap, a more defined lineage of cells from the apical
cell(s) to tissues in the more mature parts of the roots, the essentially universal occurrence
of an endodermis, a protostele (i.e. a solid cylinder of xylem) sometimes with a pith, and
endogenous origin of lateral roots from roots’ (Table 1.1). These same features are shown
diagrammatically in Fig. 1.1. Others (e.g. Gifford and Foster, 1987) have highlighted the
uniqueness of roots because of their bidirectional meristem that produces both an apical
root cap and subapical root tissues (see section 2.4.1).

The general structure and function of roots and shoots are so different that the two
organs are often conveniently separated for the purposes of research. Functionally, roots
absorb water and nutrients, and anchor the plant, while shoots photosynthesize and tran-
spire, and are the site of sexual reproduction (Groff and Kaplan, 1988). Usually both root
and shoot must occur together for a plant to function and grow, although there are some
exceptions to this generalization. Roots and shoots gradually acquire their distinguishing
features during the differentiation and growth of the embryo sporophyte, but are not usually
recognizable until the apical meristems are differentiated.

The fossil record for the evolution of roots is less helpful than that for shoots, but recog-
nizable root-like structures start to appear in Early Devonian times (410-395 million years
ago). Fossilized remains of many early land plants are fragmentary, and delicate structures
such as root caps may not have been preserved, so that evolutionary sequences are often
difficult to date with certainty. Gensel et al. (2001) use the terms ‘rootlike’ and ‘rooting
structures’ to describe fossil structures which resembled roots and were positioned such
that they may have anchored the plant to a substrate; whether they also functioned as ab-
sorbers of water and nutrients is unknown. Raven and Edwards (2001) suggest that Lower
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Table 1.1 The characteristics of early vascular plants (above and below ground) and those of shoots and roots

of extant plants

Characteristic

Early vascular plants

Shoot of extant plants

Root of extant plants

Primary xylem

Root cap
Endodermis in
organs lacking
secondary
thickening
Origin of
branches

Hairs

Protostele

Absent
Absent (apparently)

Superficial organ

‘Axis hairs’; mycorrhizas
on below-ground parts

Protostele in some
pteridophytes; pith present
in other vascular plants

Absent

Usually absent; present in
many pteridophytes and
some spermatophytes

Branch shoots are of
superficial origin, while
roots originating from
shoots can be endogenous
or exogenous

Varied ‘shoot hairs’
usually present

Non-medullated

protostele (except in some
monocoyledons with central
pith)

Present

Present in almost all cases and
sometimes supplemented by
an exodermis (an endodermis-
like hypodermis)

Branch roots arise
endogenously, while shoots
originating from roots can be
endogenous or exogenous

‘Root hairs’; often
supplemented by mycorrhizas

Adapted from Raven and Edwards, 2001.

b}

Fig. 1.1 Diagrammatic representation of a typical dicotyledon showing the characteristic properties of roots

a) c)

and shoots: (a) longitudinal view, (b) transverse section of a root, and (c) transverse section of a stem. The shoots
bear leaves and daughter shoots that originate exogenously while lateral roots arise far from the root apex and are
endogenous in origin. The arrangement of the cortex (C), phloem (Ph) and xylem (X) is shown. (Redrawn and
reproduced with permission from Groff and Kaplan, The Botanical Review; New York Botanical Garden, 1988.)
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Devonian sporophytes had below-ground parenchymatous structures which performed the
functions of roots (anchorage, nutrient and water uptake), but they did not have root caps
or an endodermis. Traces of dichotomous root-like structures 5-20 mm in diameter, 10-90
cm long, and penetrating into the substratum to nearly 1 m have been found in fossils of the
late Early Devonian (375 million years ago) (Elick et al., 1998), thus allowing the mining
of nutrients from the rocks which supplied the increasing biomass of plants at this time. The
distinguishing features of roots of vascular flowering plants (angiosperms) first appeared
in several plant types such as lycopodia and some bryophytes in Mid Devonian times in
a period of rapid plant diversification (Raven and Edwards, 2001). Brundrett (2002) sug-
gests that as plants colonized the land they would have faced powerful selection pressure
to increase the surface area of their absorptive surfaces in soil to parallel that occurring in
their photosynthetic organs; interception of light and CO, would thereby be in balance with
that of nutrients and water.

A possible evolutionary sequence of shoots and roots is shown in Fig. 1.2 (Brundrett,
2002) in which the evolution of roots emerged as a consequence of the differentiation of
underground stems (rhizomes) into two specialized organs: (i) thicker perennial stems that
form conduits to distribute water and nutrients, serve as stores and support above-ground
structures; and (ii) thinner, longer structures to absorb water and nutrients. Root hairs may
have evolved from the rhizoids of earlier plants to increase the volume of substrate available
for exploitation, with mycorrhizal fungi also co-evolving with roots (Brundrett, 2002). The
available evidence also suggests that while roots evolved first among the lycopsids, they
also evolved on at least one other occasion during the evolution of vascular land plants. The
suggestion that roots may have gradually evolved from shoots is supported by the observed

STEMS THIN STEMS

THICK
STEMS

3

RHIZOMES
THICK

THIN
RHIZOMES

COARSE
STEMS

wooDy
TRUNK

COARSE
ROOTS

[

FINE ROOTS

Fig.1.2 A diagrammatic representation of the possible evolution of stems, rhizomes, leaves and roots from the
thallus of an early bryophyte-like terrestrial plant, using a hypothetical final example with a woody trunk. (Repro-
duced with permission from Brundrett, New Phytologist; New Phytologist Trust, 2002.)
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developmental and genetic similarities of shoot and root cell division and differentiation
in Arabidopsis, although it is also possible that evolutionary convergence of the genetic
mechanism occurred after evolution of the root (Dolan and Scheres, 1998).

1.2 Functional interdependence of roots and shoots

1.2.1 Balanced growth of roots and shoots

The different morphologies, anatomies, physiologies and functions of roots and shoots have
frequently led to their being considered as two separate systems within the entire plant.
Nevertheless, while each system grows and functions as a discrete site for the capture of
specific resources (carbon dioxide, light, water and nutrients), the two systems are coupled
together and their functions have to form an integrated system. Early explorations of this
coupling led to theories based essentially on the size or weight of the two organs. Hellriegel
in 1883 in a ‘basic law of agriculture’ (quoted by van Noordwijk and de Willigen, 1987)
wrote that ‘The total above-ground growth of plants is strongly dependent on the develop-
mental stage of the root. Only when the root can fully develop will the above-ground plant
reach its full potential’. From such writings came the notion that the size of both systems
might be inter-related and the simpler notion that big shoots were associated with big root
systems. Mayaki et al. (1976), for example, sought to determine a relation between rooting
depth and plant height of soyabean as a means of estimating irrigation requirements, and
shortly after dwarfing genes were introduced into cereal crops it was hypothesized that
their root systems might be shallower as a result (e.g. Lupton et al., 1974 for wheat). Such
simple morphological equilibria were demonstrated to be non-existent.

In a set of experiments designed to investigate the equilibrium between root and shoot
growth, Troughton (1960) and Brouwer (1963) observed that characteristic equilibria were
attained depending on the conditions prevailing. Their experiments demonstrated the fol-
lowing:

(1) When root growth is limited by a factor to be absorbed by the root system, then root
growth is relatively favoured; conversely, when the limiting factor has to be absorbed
by the shoot, its growth is relatively favoured.

(2) Disturbance of the ratio of root:shoot brought about by either root removal or defolia-
tion leads to changes in the pattern of growth so that the original ratio is rapidly restored
(Fig 1.3).

(3) Transfer of plants from one environment to another causes changes in the pattern of
assimilate distribution so that a new characteristic root:shoot ratio is established over a
period.

The realization that disturbance led to plant activities that restored root:shoot balance,
and that it was a combination of both growth and the activities of the root and shoot systems
in capturing resources that determined the new equilibrium, led to the concept of a ‘func-
tional equilibrium’ (Brouwer, 1963, 1983). According to this concept, the root and shoot
respond not to the size of each other, but to the effectiveness with which the basic resources
are obtained from the environment by the complementary organ. Photosynthate, then, is
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35
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Fig. 1.3 Recovery to the original leaf:root ratio of common bean plants (F) after removal of the leaves (@) and
the roots (H). No recovery of the ratio was found when the growing parts of the shoot were removed continuously
(A). (Redrawn from Brouwer, 1963.)

partitioned to roots and shoots in inverse proportion to the rates at which they capture re-
sources. Davidson (1969) expressed this as:

root mass X specific root activity (absorption) =
shoot mass x specific shoot activity (photosynthesis) (1.1

The consequence of this statement is that the root:shoot ratio of a plant will vary to com-
pensate for changes in root and shoot activity induced by changes in the edaphic and atmos-
pheric environments. It explains why small root systems may be sufficient for maximum
plant growth when the supply of water and nutrients is optimal (e.g. in horticultural produc-
tion systems) and why managing the soil to produce more roots may be counterproductive
(van Noordwijk and de Willigen, 1987). Most investigation of this hypothesis has focused
on nitrogen uptake and photosynthesis in young, vegetative plants (e.g. Thornley, 1972),
with subsequent refinements to allow for dynamic responses to changes in environments.
Johnson (1985) found that during balanced exponential growth, a relationship analogous to
that proposed by Davidson (1969) applied, but that rates of uptake influenced partitioning
through effects on substrate levels. The consequence was that there was no unique relation-
ship between shoot and root activities (cf. Davidson’s [1969] proposition), although over
restricted ranges of root and shoot specific activities the linear relation implied by equa-
tion 1.1 held. A difficulty with exploring this concept further is that while shoot mass and
photosynthesis can be measured relatively easily, the capture of below-ground resources
and determination of the resource that is most limiting at a particular time poses many
problems. Hunt et al. (1990) drew attention to some of the difficulties which include: (i)
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quantifying the fraction of a nutrient that is available at a particular time; (ii) allowing for
the different nutrient contents of different soil layers; (iii) allowing for the differential rates
of nutrient transport to different roots depending upon extant gradients of concentration;
and (iv) allowing for the different depths and spatial distributions of roots when plants are
grown in communities.

Farrar and Jones (2000) suggested that the functional equilibrium hypothesis is useful for
describing how environmental factors such as light, water, N and P affect the relative growth
of roots and shoots, but showed that it was inadequate for many other situations and that it
lacks a physiological and mechanistic basis. Johnson (1985), too, commented on the lack
of mechanistic understanding of resource and growth partitioning. Farrar and Jones (2000)
proposed that acquisition of carbon by roots is determined by both the availability of, and
need for, assimilate. This leads to the hypothesis that import of assimilates to roots is control-
led by a range of variables in both root and shoot (‘shared control” hypothesis) and that there
is shared control of growth between leaves (the source of C) and roots (the sink for C). The
mechanisms proposed to allow this control were phloem loading, and gene regulation by sug-
ars and other resource compounds. However, while there is evidence for the coarse control of
phloem loading in response to sink demand for carbohydrate, there is no evidence of fine con-
trol (Minchin et al., 2002), and while there is some evidence of gene up- and down-regulation
by sucrose in laboratory conditions, there is little evidence for gene regulation by resources in
field-grown plants. In summary, while there is evidence to support the hypothesis that control
of C flux to roots is shared between the many processes contributing to whole-plant C flux,
no good mechanistic model of this phenomenon currently exists.

1.2.2 Communication between roots and shoots

Normal development of plants depends on the interaction of several external (e.g. light
and gravity) and internal factors, with plant hormones being part of the internal factors
that play a major role in regulating growth. Many hormones are produced in one tissue and
transported to another where they influence the rate and nature of plant development and
growth. For example, indole-3-acetic acid (IAA) is an auxin that is synthesized mainly in
leaf primordia and young leaves, but plays a major part in the growth response of root tips to
gravity (see section 5.2.1). Although IAA has been measured in root tips (typically in con-
centrations of about 150 pg kg™ fresh weight of root, or 5 x 107 M) most evidence suggests
that it is not produced there but transported from the shoot via the vascular system (Torrey,
1976; Raven et al., 1999). It has been shown that decapitated plants produce less auxin and
also have decreased rates of root growth, and that application of auxin to the decapitated
shoot tip restores root growth. Auxins also interact with shoot-produced gibberellins in
regulating expansion of root cells (Dolan and Davies, 2004). Conversely, cytokinins (of
which the most common is zeatin, 6-[4-hydroxy-3-methyl-2-transbutenylamino] purine)
are synthesized primarily in root tips and transported to shoots via the xylem where they
regulate cell division and, in more mature plants, the rate of leaf senescence.

In all, five groups of plant hormones (auxins, cytokinins, abscisic acid, gibberellins
and ethylene) have long been recognized as regulating plant growth, but more recently
other chemical signals have also been identified as important. These signals include the
brassinolides (related to animal steroids) which stimulate cell division and elongation,
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salicylic acid which activates defence responses to plant pathogens, the jasmonates which
act as plant growth regulators, and small peptide molecules such as systemin which activate
chemical defences when wounding occurs (Raven et al., 1999). A practical application of
the role of hormones is the use of auxin to stimulate the initiation of roots from stem cut-
tings. This practice is widely used by horticulturists to ensure the vegetative propagation
of many plants.

There is now strong experimental evidence that root signals to the shoot modulate growth
responses of the shoot. This has been most thoroughly explored in relation to soil water defi-
cits where abscisic acid (ABA) is believed to play a major role (see section 4.2.2), but other
properties of the soil, especially its strength, also play a part. For example, Passioura and
Gardner (1990) investigated the effects of soil drying on leaf expansion of wheat leaves, by
measuring changes in soil water potential, soil strength and phosphorus availability of plants
that were either pressurized to maintain high leaf turgor or unpressurized. Their results dem-
onstrated no significant effects of the pressurization treatment on relative leaf elongation rate
(RLER), and that the plants were sensing both the water status and the strength of the soil but
not the availability of phosphorus. Figure 1.4 shows that RLER decreased as the soil dried
even when plants were grown in loose soil (with penetrometer resistance <1 MPa), and that
RLER of plants in drying, dense soil (penetrometer resistance 2—5.5 MPa) fell below that of
the well-watered controls at a much higher soil water content (0.23 g g!, equivalent to about
100 kPa tension) than in loose soil (0.17 g g™!, equivalent to about 270 kPa tension). These
results suggest that the roots were sensing both the tension and strength of the soil and sent
inhibitory signals to the shoots which reduced leaf expansion as either tension or strength
increased. The precise nature of the signals is still unknown, although auxin and cytokinins
have both been suggested to play a part (Davies and Zhang, 1991).

At the other end of the life cycle, leaf senescence is also affected by plant hormones, with
cytokinins and ABA playing a direct role in the regulation of drought-induced leaf senes-
cence (Yang et al.,2003). Drought enhances ABA levels which increases carbon remobiliza-
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Fig. 1.4 Normalized relative leaf elongation rate as affected by soil water content and soil strength for plants
grown in soil of low (F) or high (@) bulk density. The starred points denote that the elongation rates of wet and dry
treatments differed significantly. (Reproduced with permission from Passioura and Gardner, Australian Journal
of Plant Physiology; CSIRO Publishing, 1990.)
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tion from senescing leaves to grains, and decreases cytokinin levels, which show a positive
correlation with chlorophyll content and rates of photosynthesis. Cytokinins play a major
role in the regulation of source-to-sink transitions with high levels promoting the activity of
sugar transporters and cell division, and low levels inhibiting growth in older leaves. During
drought, old leaves senesce, nutrients are translocated to young leaves, and the plant is able to
withstand the drought until the good times return (Munné-Bosch and Alegre, 2004).

Long-distance signalling has also been shown to regulate the expression of shoot genes
following changes in nutrient supply to roots independently of changes in nutrient de-
livery to the shoot. For example, Takei et al. (2002) showed that cytokinin metabolism
and translocation were modulated by nitrogen availability in maize, suggesting that both
nitrate and cytokinin were signals communicating nitrogen availability from root to shoot.
Dodd (2005) suggests that the criteria for a root-to-shoot signal are that a compound must:
(i) move acropetally in the plant via apoplastic (predominantly the xylem) or symplastic
pathways; and (ii) influence physiological processes in a target organ (such as leaves or
fruit) that is remote from the putative site of synthesis (the root). Most work has focused
on compounds that are xylem-mobile (Table 1.2), but much remains to be explained about
which signalling molecule is important in specific circumstances and how the observed
plant response is brought about. The relatively slow progress in this area is perhaps unsur-
prising when it is appreciated that there are at least four kinds of signal by which stressed
roots influence shoots (Jackson, 1993):

(1) Increase the output from roots of an existing signal compound or generate a new one
(positive message).

(2) Decrease the output from roots of an existing signal compound (negative message).

(3) Reduce demand in the root for hormones or other compounds originating in the shoot
leading to accumulation at source (accumulation message).

(4) Attraction of signalling molecules or assimilates away from the shoot such as occurs
in the infection of roots by Striga hermonthica which increases root demand for as-
similates (debit message).

In reality, two or more types of signalling are likely to coexist in a stressed plant and
may interact (Jackson, 2002). For example, in flooded tomato plants, oxygen shortage at

Table 1.2 Xylem mobility of the classical plant hormones with plant species indicated for cytokinins

Hormone class ~ Xylem-mobile compounds

Abscisic acid Abscisic acid (ABA), abscisic acid glucose ester (ABA-GE)

Auxin Indole-acetic acid (IAA)
Cytokinins Dihydrozeatin-9-glucoside (DHZ-9G), zeatin riboside (ZR), isopentenyladenine (iP)
— sunflower

ZR, zeatin (Z), iP-type cytokinins — pea
ZR, dihydrozeatin riboside (DHZR), zeatin-O-glucoside (Z-OG), dihydrozeatin-O-
glucoside (DHZ-OG), dihydrozeatin riboside-O-glucoside (DHZR-OG), nucleotides
of Z, dihydrozeatin and DHZ-OG - common bean

Ethylene Aminocyclopropane-1-carboxylic acid

Gibberellins A large number of gibberellins

Adapted from Dodd, 2005.
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the roots promotes cell expansion on the undersides of leaf petioles resulting in down-
ward curvature of the leaf (epinasty). The principal signal responsible for this behaviour
is a positive message caused by the transport of 1-aminocyclopropane-1-carboxylic acid
(ACC) from the root to the leaves in the xylem. In oxygen-deficient roots, the oxidation
of ACC synthesized in the root to ethylene is inhibited, but in the shoot where oxygen is
abundant, the ACC is rapidly converted to ethylene by the enzyme ACC oxidase, whose
activity is also increased in leaves soon after flooding. The signal resulting in increased
ACC oxidase activity is unknown but the ethylene produced induces epinasty. Flooding,
though, also decreases cytokinin and gibberellin concentrations in xylem sap (a possible
negative message), and the large decrease in ABA transported to leaves may sensitize them
to the action of ethylene. There is also some evidence that ABA may build up in leaves as
an accumulation message, although this effect is probably too short-lived to have a major
effect. Future progress in this area will depend on examination of a wider range of putative
signalling compounds and of the interactions between them, and better measurement of
the size and durability of signals in transit coupled with better measures of effectiveness at
target sites (Jackson, 2002).

1.3 Roots and the soil

The growth of root systems in soils is affected by a wide range of soil properties but, in
turn, the properties of soils are modified by roots. There is, then, a plethora of dynamic
reactions occurring at the root surface whose consequences are felt at a range of temporal
and spatial scales. Many classical approaches in soil science, especially in the use of soils
for crop production, have served to minimize this dynamism by dealing with equilibrium
measurements in homogenized soils (e.g. the use of chemical extractants on <2 mm sieved
soil to approximate nutrient availability), but the situation is changing and techniques are
increasingly being developed to explore the interactions of soils and roots. For example,
Young and Crawford (2004) have drawn attention to the important role of microbes in the
dynamic generation of soil structure and stressed the interactions of microbial and physical
processes in soil and the self-organization that occurs in the soil-microbe system. Even
this view of soils, though, is partial, ignoring as it does the overwhelming role of roots as
a source of substrates for microbes and as agents for biological, chemical and physical
changes in soils; roots are an essential component of soil biology.

Concerns for terrestrial biotic diversity are also giving rise to the need for greater un-
derstanding of soil:plant interactions, leading to an integrated biogeodiversity perspective
in efforts to preserve landscapes. For example, agriculture and urbanization in the USA
have resulted in a loss of soil diversity with about 4.5% of the nation’s soils in danger of
substantial loss, or complete extinction (Amundson et al., 2003). In some instances rare
or endangered plants are linked to rare or endangered soils so that arguments for soil and
biodiversity preservation and planning are intimately linked.

1.3.1 The root—soil interface

The interface between the root and the soil is complex and frequently an ill-defined
boundary. Products are released from roots into the soil which change its chemical and
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physical properties, and stimulate the growth of various microorganisms. Concurrently,
the root tissues and associated root products also provide physical shelter for many
microorganisms. This complex environment where root and soil meet is known as the
rhizosphere. When Hiltner (1904) first coined this term, it was employed in the specific
context of the interaction between various bacteria and legume roots in studies that he
undertook on the value of green manures. It was quickly realized, though, that this was
too limited and limiting a use of the word and it is now more widely used to describe the
portion of the soil that forms the complex habitat of plant roots, the composition of which
is altered by root activity. Roots and soil particles are frequently in intimate contact, with
root hairs, mucilage and microbes forming a zone of multiple interactions between the
plant and the soil (Fig. 1.5). Mucilage of both bacterial and plant origins is able to bind
soil particles on drying, and to retain the particles on subsequent rewetting, although the
binding by root mucilage seems to depend on 1,2 diols in component sugars whereas
that by bacterial mucilage is likely to be protein-mediated (Watt et al., 1993). Within the
rhizosphere, some workers (e.g. Lynch, 1990) have sought to distinguish various regions
such as the endorhizosphere (cell layers within the root colonized by microorganisms),
the ectorhizosphere (the area surrounding the root containing root-associated microor-
ganisms), and the rhizoplane (the root surface). However, the boundaries of these regions
are themselves often diffuse and difficult to define.

Foster and Rovira (1976) were among the first to study the spatial relationships be-
tween microbial communities and the root by preparing ultra-thin sections of rhizo-
spheres and examining them with transmission electron microscopy. In wheat, young
roots were only sparsely colonized by microorganisms but by flowering, both the rhizo-
sphere and the outer cortical cells and their cell walls showed considerable development
of microorganisms. The bacteria present in the rhizosphere differed substantially from

Fig.1.5 Theroot:soil interface of crabgrass (Digitaria sanguinalis) growing in the field. Clearly visible are root
hairs in intimate contact with soil particles. (Reproduced with permission from McCully, Physiologia Plantarum;
Blackwell Publishing, 1995.)
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those in the bulk soil in several aspects. Not only were there more bacteria at the rhizo-
plane (120 x 10° ml~' compared with 13 x 10° ml™" at 15-20 pum from the root surface) but
the number of types that could be recognized morphologically was also greater. Foster
(1986) reported that of 11 morphologically distinct types that could be recognized, all
occurred within 5 um of the rhizoplane but only 3 types occurred at 10-20 pm from the
root surface. There were differences in size too. Some 80% of the rhizosphere bacteria
were >0.3 um in diameter compared with only 37% in the bulk soil (Table 1.3). Further-
more, away from the rhizoplane, the bacteria tended to occur in isolated discrete colonies
which, in the outer rhizosphere, were associated with organic debris. The largest colonies
and the largest individuals were associated with cell wall remnants that still contained
carbohydrate. Larger fungi and protozoa are observed less frequently in the rhizosphere
although their total biomass may be as great as that of bacteria (Campbell and Greaves,
1990). Boundaries between rhizosphere and bulk soil are also less meaningful in rela-
tion to fungi, which may easily traverse the root, rhizosphere and, via pores, grow some
distance into the bulk soil.

Root, soil and organisms interact to determine the rhizosphere environment. Because
the amounts and types of microbial substrates are different to those in the bulk soil, there are
different populations of bacteria, actinomycetes, fungi, protozoa, viruses and nematodes
in the rhizosphere. Moreover, because a major function of roots is to acquire water and
nutrients from the soil, the physicochemical properties of the rhizosphere are also different
to the bulk soil. This leads to a wide range of potential habitats for organisms and equally
to a wide range of microbially mediated processes occurring in the rhizosphere. As Lynch
(1990) points out, the association between organisms and roots can be beneficial, harmful
or neutral, but the outcome often depends on the precise conditions in the rhizosphere and
bulk soil so that outcomes are frequently variable. This biologically active zone of soil
means that root—root, root—microbe and root—faunal communications are likely to be con-
tinuous occurrences, although relatively little is known about these communication path-
ways. Walker et al. (2003) suggested that root exudates may act as messengers to convey
a wide range of signals that initiate biological and physical interactions between roots and
organisms including allelopathic root-root communication, and antibacterial compounds
that interfere with bacterial quorum-sensors. Chapters 6 and 7 will explore these issues
more thoroughly.

Table 1.3  Size classes of soil bacteria measured in
transmission electron micrographs of ultra-thin sections of
rhizospheres of several plant species compared to published
values from bulk soil samples; over 900 bacteria in the
rhizosphere were measured

Size range (pm) Rhizosphere (%) Bulk soil (%)

<0.3 20 63
0.31-0.5 49 31
0.51-0.9 25 6
0.91-2 N 0

From Foster, 1986.
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1.3.2 Root-induced soil processes

As stated previously, vegetation is considered in the soils literature as being one of the six
major factors (the others being parent material, relief, climate, time and human interven-
tions) giving rise to different types of soil (Jenny, 1941 reprinted 1994). Many of these
long-term effects are a consequence of the different properties of leaf and shoot compo-
nents rather than roots per se, but over extended periods, roots have a major influence on the
formation of soils. One effect of roots is to physically exploit cracks and fissures in rocks
and, through repeated wetting and drying cycles and chemical modifications to the rhizo-
sphere, to increase the soil volume. Roots growing in rock fissures are often morphologi-
cally adapted, with the outer cortex becoming flattened while the inner water-conducting
tissues remain cylindrical (e.g. Zwieniecki and Newton, 1995). The smallest pore that can
be entered is determined, then, by the size of the conducting tissues, which was about 100
um in the woody shrubs studied by Zwieniecki and Newton. Many plant species obtain
significant quantities of water from underlying rock formations by exploiting such fis-
sures and drawing on reserves of stored water. For example, on the chalklands of southern
England, which store substantial amounts of water, Wellings (1984) demonstrated that
cereal crops were able to deplete water from the chalk/soil and chalk layers amounting
to 71-80% of total profile depletion and 29-40% of seasonal crop water use. Similarly,
Gregory (1989) estimated that upward flux of water to the root zone (i.e. from deeper than
0.9 m) contributed 8% of the shoot dry matter of winter cereals and 22% of that of spring
cereals; over time, soil particles are washed into the cracks and the volume of soil material
is increased.

Chemical weathering of minerals to form soil materials may also be enhanced by the
presence of roots and their associated microflora. For example, root-induced vermiculi-
tization of the mica phlogopite was measured under laboratory conditions by Hinsinger
and Jaillard (1993) (see section 7.2.1 for details), and weathering of vermiculite has also
been demonstrated by cultures of ectomycorrhizal fungi (Paris et al., 1995). A range of
processes may be involved including the release by roots of protons and organic anions,
and the depletion of cations to concentrations low enough to destabilize crystal lattices.
In the laboratory study of potassium release from phlogopite by ryegrass, the equilibrium
concentration of the soil solution below which the mica became unstable was about 80
pumol K 17!, but lower concentrations would be required if the dominant micas were the
more commonly occurring dioctahedral soil minerals muscovite (equilibrium concentra-
tion 2-5 pumol I!) and illite (25 umol ') (Hinsinger and Jaillard, 1993). In contrast in
rape, irreversible transformation of phlogopite to vermiculite was brought about by severe
root-induced acidification of the rhizosphere, leading to acid dissolution of the phlogopite
lattice (Hinsinger et al., 1993). Plant roots, then, may be responsible for specific forms of
weathering that are different to those occurring in the bulk of the soil and may explain why
the clay mineralogy of the rhizosphere is sometimes reported to be different from that of
the bulk soil (April and Keller, 1990).

Locally, in soils that are rich in calcium carbonate, root calcification can occur, lead-
ing to microstructures that contribute significantly to the genesis of some calcareous soils.
In southern France, Jaillard et al. (1991) found that calcified roots were common on sites
where the calcium carbonate content was >25%, the soils were dense or rich in fine par-
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ticles, drainage was slow and soils were wet for a large part of the year. Calcified roots
retained the structure of the original cells of the root cortex while the central conducting
tissue was not preserved and was represented by an empty central channel. Each calcified
cell had a central nucleus composed of an average of two calcite crystals and was coated
with a thin calcareous layer that was poorly crystallized.

The development of water-stable aggregates is an important process in the genesis
of soils because it strongly influences a range of soil characteristics including aeration,
infiltration and erodability. Plant roots play a major role in this process. Their influence
comes about indirectly through the release of carbon compounds which provide a sub-
strate for microbes with all of their effects on structure (Young and Crawford, 2004), and
directly through: (i) wetting and drying phenomena; (ii) the accumulation in some soils
of inorganic chemicals at the root surface that act as cementing agents; (iii) the release of
organic compounds that promote aggregation of particles; and (iv) the role of undecayed,
senescent roots acting like steel rods in reinforced concrete. Tisdall and Oades (1982)
showed that the water-stability of aggregates in many soils was dependent on organic
materials, with roots and fungal hyphae (i.e. growing root systems) important in the
stability of macroaggregates (>250 um diameter). The numbers of stable macroaggre-
gates decreased with organic matter content as roots and hyphae decomposed, and were
related to management practices with increases under pasture and decreases under arable
cropping. In contrast, the stability of microaggregates was determined by the content of
persistent organo-mineral complexes and by more transient polysaccharides, leading to
their relative insensitivity to changes in soil organic matter content caused by different
management practices.

The role of different organic materials released by roots in promoting soil aggregation
was investigated by Traoré ef al. (2000) by mixing a luvisol with maize root mucilage,
glucose, polygalacturonic acid and a ‘model’ soluble exudate comprising a mix of glucose,
amino acids and organic acids, and incubating for 30 days at 25°C. Although the addition
(2 mg C g soil) was larger than the concentration of soluble exudates usually found in
soils, there were substantial effects on soil structure. All additions increased the stability
of water-stable aggregates from 7 days onwards, although the effect of glucose was small
relative to the other amendments. The proportion of water-stable aggregates increased with
time when mucilage and model exudates were added, but decreased in the polygalacturonic
acid treatment. At 30 days, the proportions of stable aggregates were mucilage and model
exudates (equal at about 0.7) > polygalacturonic acid (0.47) > glucose (0.36) > control
(0.18); the associations between mucilage and model exudates and soil were very difficult
to disrupt.

Cycles of soil wetting by rain and drying by soil roots also have a big effect on ag-
gregation. Materechera et al. (1992) found that aggregation in two soils (a luvisol and a
vertisol), initially dried and sieved to 0.5 mm, was influenced by soil type, plant species
and wetting and drying cycles in a controlled experiment over a 5-month period. Denser
and more stable aggregates were formed in the vertisol, but for both soil types wetting and
drying cycles and higher root length increased the proportions of smaller aggregates and
aggregate strength compared with unplanted soil. Root length was in the order ryegrass
> wheat > pea, which was also the order of water-stable aggregates >0.25 mm diameter
(Table 1.4). They concluded that the heterogeneity of water extraction by roots gave rise to
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Table 1.4 Influence of plant species and water regime on the stability of aggregates

Luvisol Vertisol

Continuously ~ Wetting/ Continuously Wetting/
Plant species wet drying Mean wet drying Mean
Control 0.245 0.314 0.280 0.561 0.674 0.617
Pea 0.417 0.495 0.456 0.732 0.876 0.804
Wheat 0.468 0.556 0.512 0.793 0.853 0.823
Ryegrass 0.597 0.644 0.620 0.829 0.909 0.869
Mean 0.432 0.502 0.729 0.822
LSD, p =0.05
Water regime 0.013 0.021
Plant species 0.009 0.015

The results are expressed as the proportion of the >0.25 mm fraction stable to the wet sieving treatment. From
Materechera et al., 1992.

tensile stresses which led to the production of small aggregates; compression also resulted
from water extraction by roots leading to aggregates that were denser and of higher tensile
strength than those in unplanted soils. Czarnes et al. (2000) examined the interaction of
exudates and wetting and drying using two model bacterial exopolysaccharides (dextran
and xanthan) and a root mucilage analogue (polygalacturonic acid) mixed with soil dried
and sieved to 2 mm diameter. Xanthan and polygalacturonic acid increased the tensile
strength of the soil over several wetting and drying cycles, suggesting that they increased
the bond energy between particles. Polygalacturonic acid was the only material to affect
water sorptivity and repellancy of the soil, resulting in slower wetting. Wetting and drying
increased sorptivity and decreased repellancy except for the polygalacturonic acid-treated
soils. Overall, then, polygalacturonic acid appeared to stabilize rhizosphere soil structure
by simultaneously increasing the strength of bonds between particles and decreasing the
wetting rate. Some caution is required in extrapolating these results to field conditions
because polygalacturonic acid does not replicate exactly the behaviour of root mucilage
(see results of Traoré et al., 2000, above), and microbial degradation of polysaccharides
released by roots and microbes may restrict their persistence in soils. Nevertheless, the
interactive nature of exudates and of wetting and drying on the types and properties of
structures produced matches qualitatively with field observations.
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Chapter 2

Roots and the Architecture
of Root Systems

Roots are complex structures that exist in diverse forms and exhibit a wide range of interac-
tions with the media in which they live. They also exhibit a very wide range of associations
with other living organisms with which they have co-evolved. Laboratory and field studies
have revealed a great deal about this complexity, especially during the last 20 years or so
when there have been several national programmes of research around the world focusing
on below-ground processes. The purpose of this chapter is to describe the essential ana-
tomical and morphological features of roots as a background to understanding the diverse
forms of root systems and their functioning which follow in later chapters.

2.1 Nomenclature and types of root

Terrestrial plants produce roots of many types (e.g. aerial roots, storage roots, etc.), but
in this book the focus is on roots that generally either originate from plant tissues located
below ground or which function principally below ground or both. Many names are used to
describe roots, some of which are confusing and inconsistently used. In part this is because
appreciation of the full diversity of root types has emerged only slowly and the terms avail-
able differentiate only gross differences. For example, the word ‘primary’ is used variously
in the literature to describe the first root to appear at germination, the first-formed branches
of roots, and the largest root. The term ‘adventitious root’ is also commonly used elsewhere
but is not used in this book because such roots are the norm in many plants (Groff and Kap-
lan, 1988). In this book, the nomenclature suggested by the International Society for Root
Research (ISRR) has been adopted wherever possible, although because it has been com-
mon practice in the literature to use slightly different nomenclature for monocotyledonous
and dicotyledonous plants, these names have also been employed if they were used by the
original author of the work cited and are not confusing. For example, because the distinc-
tion between seminal (i.e. laid down in the seed) and other root axes is commonplace in
the literature, this book adopts the terms seminal and nodal axes for graminaceous species.
The ISRR nomenclature attempts to provide a uniform terminology based on the part of the
plant from which the root grew rather than relying on knowledge of the tissue from which
the root was initiated.

In most plants, the emergence of a root is the first sign of germination. The first root
axis arises from cells laid down in the seed and for dicotyledonous plants is called the tap
root; this term is also applied to any replacement root that may take over the role of this root
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if the original tap root is damaged. Subsequent root axes may arise from the mesocotyl or
hypocotyl and are called basal roots, with roots arising from shoot tissues above ground
called shoot-borne roots (Fig. 2.1a). In graminaceous plants such as maize, wheat and bar-
ley, the predominant nomenclature has been to refer to the first root and the other root axes
arising from the scutellar node as the seminal axes, with axes arising from the mesocotyl
called nodal axes because they arise from nodes at the bases of leaves; other terms such as
crown, basal or adventitious have also been used for these axes in the literature (Fig. 2.1b).
Although different names have been employed for the axes of monocotyledonous and
dicotyledonous plants, these differences do not persist in naming the subsequent branches.
Lateral roots (first order laterals) arise from the axes, and from these laterals other, second
order, laterals arise. Hackett (1968) proposed an alternative nomenclature for laterals that
is also widely used in the literature in which the first branches were termed primary, with
subsequent branches being secondary and so on. The axis and its associated laterals are
called a root, and all the roots of a plant together form the root system.

In gymnosperms and dicotyledons, the tap root and its associated laterals comprise the
root system, and some workers, particularly in the ecological literature, have referred to such
plants as tap-rooted species. In graminaceous plants, the multiple root axes and their laterals
give the appearance of a more finely distributed or fibrous root system; this latter term is also
used by some workers to distinguish types of root system. Some botanical textbooks state
that the seminal roots of cereals live for only a short time; this despite many field measure-
ments which show this statement is incorrect (Gregory et al., 1978; McCully, 1999).

Some roots or root parts are specialized for a particular function (Plate 2.1). Such spe-
cialisms include the following.

Blasal oot —s /

_“Lateral roots ="

+— First sominal rool

L
Tap root

{a) 1]
Fig. 2.1 Diagrammatic representation of generic (a) dicotyledonous, and (b) monocotyledonous plants with
commonly used root nomenclature. (Redrawn from unpublished work of the International Society for Root Re-
search.)
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Storage roots. Parts of roots of plants such as carrot (Daucus carota), sugar beet (Beta
vulgaris), sweet potato (Ipomoea batatas) and yams (Dioscorea spp.) are specifically
adapted to store products photosynthesized in the shoot. The products are synthesized
above ground and transported to the root in the phloem where they reside until needed to
complete the life cycle. In biennial plants such as carrot and sugar beet, the storage organs
are frequently harvested for human use before the life cycle is complete, but if allowed to
mature, the stored materials are retranslocated to the shoot where they are used to produce
flowers, fruits and seeds. The development of storage roots is similar to that of non-storage
roots except that parenchyma cells predominate in the secondary xylem and phloem of the
storage roots.

Aerial roots. Aerial or shoot-borne roots originate from a range of above-ground struc-
tures. In grasses such as maize, these roots act to prop or brace the stem but when they grow
into the soil they may branch and also function in the absorption of water and nutrients
(McCully, 1999). Many trees also produce prop roots — including the spectacular banyan
tree (Ficus macrophylla) — which gradually invades new ground and ‘takes over’ surround-
ing trees. In plants such as ivy (Hedera helix), the aerial roots cling to objects like walls
and provide support to the climbing stem. There are many adaptations in the aerial roots of
epiphytes which allow the plants to live on, but not parasitize, other plants. In some genera
(e.g. Ansiella, Cyrtopodium and Grammatophyllum) fine aerial roots grow upright to form
a basket which collects humus which is then penetrated by other roots which utilize the
nutrients. In epiphytic orchids, root tip cells contain chloroplasts as, in many cases, do the
cortical cells. These perform photosynthesis and, in the case of leafless orchids of the gen-
era Taeniophyllum and Chiloschista, are the only photosynthetic tissue of the plant (Goh
and Kluge, 1989). A characteristic feature of the aerial roots of orchids is the outer layer
of dead cells forming the velamen (Benzing et al., 1982). Many of the cells are water-ab-
sorbing while others are filled with air and facilitate the exchange of gases with the inner
cortex. The physiological role of the velamen is not known with certainty. In some species
it appears to aid the uptake of water and nutrients while in others it appears to be a structure
for water conservation.

Air roots. In some trees that live in swamps, such as mangroves, parts of the roots de-
velop extensions which grow upward into the air. These air roots or pneumatophores grow
above the surface of the water and allow oxygen to be transported to the inner cortex of the
root system, and CO, to escape from the root interior (Geissler et al., 2002). The primary
structures allowing gas exchange through the pneumatophores are the lenticels, but several
other structures, such as horizontal structures close to the apex, specific to particular spe-
cies have also been identified (Hovenden and Allaway, 1994; Geissler et al., 2002).

Hair roots. These are produced by many heathland plants such as the Ericaceae and
Epacridaceae and are the finest roots known (typically 2070 pm diameter and <10 mm
long). They are characterized by a reduction of vascular and cortical tissues, by the absence
of root hairs, and by the presence, in what would be the root hair zone of other plants, of
swollen epidermal cells occupied by mycorrhizal fungi (Read, 1996). The hairs develop
as first order branches on normal root axes or as second or higher order branches on other
hair roots (Allaway and Ashford, 1996). The hair roots form a dense fibrous root system
and when excavated from soil, the roots have a coating of tightly bound soil particles (a
rhizosheath — see section 2.4.2).
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Proteoid or cluster roots. These specialized roots were first identified in members of
the Proteaceae, but are now known to occur in other species from a diverse range of fami-
lies (Purnell, 1960; Watt and Evans, 1999). Agriculturally important species include white
lupin (Lupinus albus) and yellow lupin (Lupinus cosentinii Guss.). Cluster roots are bottle-
brush-like clusters of hairy rootlets (each rootlet typically 5—10 mm long), and may appear
as ellipsoidal-shaped clusters of roots (like small bunches of bananas) at intervals. There
are many roots in each cluster, and the clusters may be separated by normally branched
regions (Lamont, 2003). The formation of proteoid roots is typically associated with soils
that are low in phosphate and/or iron, although lupins will form them in soils to which P
fertilizers have been applied (Watt and Evans, 2003). Phosphate uptake in soils low in P
is assisted by the exudation of a range of carboxylates with malate, malonate, lactate and
citrate being common (Roelofs et al., 2001) (see section 7.2.2 for more details).

Contractile roots. Contractile roots are widely distributed among monocotyledons and
herbaceous perennial dicotyledons and serve to pull the shoot closer to the ground or, in
bulbs, deeper into the soil. Contraction in many monocotyledonous species occurs when
the inner cells of the cortex (contractile parenchyma) expand radially and contract lon-
gitudinally (Reyneke and van der Schijff, 1974). The consequence of the contraction in
these cells is that the inner vascular tissues and the outer cortical cells become buckled
longitudinally and the root appears wrinkled. This mechanism, though, is not universal in
all species with contractile roots. Similarly, the factors which induce contractile root activ-
ity differ between species. For example, while light and temperature fluctuations appear
important in inducing contractile behaviour in species such as Nothoscordum inodorum,
Narcissus tazetta and Sauromatum guttatum, this is not the case in the ornamental day lily,
Hemerocallis fulva, in which contraction appears to be a basic characteristic (Piitz, 2002).

Farasitic roots. In parasitic associations between higher plants, the connection between
two plants is established via haustoria formation by the parasite (see section 6.3.3). For
example, in Striga species, when the radicle makes contact with a host root, elongation
ceases and the tip of the radicle swells to form a pre-haustorium. Sticky hairs develop on
this structure, which results in parasite—host adhesion. After this, intrusive cells develop
at the root tip, which penetrate the cortex and endodermis of the host root by secreting
enzymes that cause separation of the host cells rather than effecting intra-cell penetration.
Once in the stele, there is a rapid development of links between the parasite and the host
xylem (Parker and Riches, 1993).

2.2 Root structure

The anatomy of roots is complex with very variable structures both between and within
plant species. There are considerable differences among species (especially between an-
giosperms and gymnosperms), among habitats, and along the length of individual roots.
Common examples of differences in structure include death of the epidermis and in some
species the entire cortex, development of aerenchyma in the cortex, development of the
endodermis and exodermis (with their Casparian bands, suberin lamellae, and thickened,
modified walls), and the production of a periderm (Steudle and Peterson, 1998). It is im-
portant to note that most published work on root structure has been conducted with young
plants grown in ‘clean’ environments. Whether such studies are useful in describing how a
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root growing in soil will look or understanding how a root system growing in soil functions
are topics of lively scientific debate (e.g. McCully, 1995, 1999). This section draws mainly
from literature on juvenile plants grown in solutions or sand.

2.2.1 Primary structure

In their primary stage of growth, roots show a clear separation between three types of tissue
systems — the epidermis (dermal tissue system), the cortex (ground tissue system) and the
vascular tissues (vascular tissue system). In most roots, the vascular tissues form a central
cylinder, but in some monocotyledons they form a hollow cylinder around a central pith
(Esau, 1977). These three tissue systems form a range of cells visible in transverse and
longitudinal sections (Fig. 2.2).

Dermal tissue. In young roots, the epidermis is a specialized absorbing tissue containing
root hairs which are themselves specialized projections from modified epidermal cells known
as trichoblasts (Bibikova and Gilroy, 2003). Root hair formation is a complex process (see
section 2.3.3) regulated by many genes and is also responsive to a variety of environmental
stimuli. Root hairs markedly extend the absorbing surface of the root but they are often con-
sidered to be short-lived and confined to the zone of maturation. A thin cuticle may develop
on the epidermis, and in some herbaceous species the cell walls thicken, suberin is deposited
in them, and the epidermis remains intact for a long time as a protective tissue.

Ground tissue. In young plants, the cortex usually occupies the largest volume of most
roots and consists mainly of highly vacuolated parenchyma cells with intercellular spaces
between. The innermost cell layer differentiates as an endodermis and one or more layers
at the periphery may differentiate as a hypodermis/exodermis.

Roots that undergo significant amounts of secondary growth (see next section), such
as gymnosperms, often shed their cortex early in life, but in other species, the cortical
cells develop secondary walls that become lignified. The intercellular spaces allow the
movement of gases in the root and under particular conditions may develop into large
lacunae (aerenchyma) in some species (e.g. rice, see section 5.4.3). The cortical cells have
numerous interconnections both via the cell walls and via the plasmodesmata which link
the protoplasm of each cell (Roberts and Oparka, 2003). Substances can move across the
root, then, either via the cell walls (the apoplastic pathway) or via the cell contents (the
symplastic pathway); these pathways are assumed to be important in the internal transport
of water and nutrients (see section 4.2.3). In some species such as grasses, the epidermis
may be shed together with all or part of the cortex as a normal part of the ageing process of
roots or in response to adverse soil conditions (Wenzel and McCully, 1991). For example,
when wheat roots were grown in dry soil, the upper portion of seminal axes had collapsed
epidermal and cortical cells (Brady et al., 1995). On re-wetting, dormant lateral roots grew
rapidly to take up water and N but the seminal axes themselves did not appear capable of
significant N uptake.

In contrast to the rest of the cortex, the endodermis lacks air spaces and the cell walls
contain suberin in a band (the Casparian strip) that extends around the radial and transverse
cell walls, which are perpendicular to the surface of the root. Three stages in the develop-
ment of the endodermis can be discerned. First, radial and transverse endodermal cell walls
are impregnated with lipophilic and aromatic compounds (Casparian strips) which restrict,
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Fig. 2.2 Diagrammatic representation of the early stages of primary development of a root. The region of cell
division extends for some distance behind the apical meristem and may overlap with the regions of cell elonga-
tion and cell differentiation/maturation. (Based on original work by Esau (1941); redrawn and reproduced with
permission from Torrey, American Journal of Botany; Botanical Society of America Inc., 1953.)

but do not altogether stop, apoplastic movement of water and ions (see section 4.2.3). The
second stage occurs especially in species in which the epidermis and cortex are shed and
lateral roots emerge, and is characterized by the deposition of a thin, lipophilic suberin la-
mella to the inner surface of radial and tangential walls of endodermal cells. Finally, there
may be considerably more deposition on the inner tangential and radial cell walls evident as
U-shaped wall thickening (Schreiber et al., 1999). These changes in the endodermis begin
opposite the phloem strands and spread towards the protoxylem. Opposite the protoxylem,
the cells may remain thin-walled with Casparian strips; these are called passage cells (Pe-
terson and Enstone, 1996).
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In many angiosperms, an exodermis differentiates from peripheral cortical cells. In a sur-
vey of >200 angiosperm species, 94% of all plants possessed a hypodermis and about 90% had
a hypodermis with Casparian strips (Perumalla and Peterson, 1990; Peterson and Perumalla,
1990). In a small proportion of plants, the exodermis comprised more than one cell type with
long, suberised cells and short cells in which deposition of suberin was delayed; these short
cells act as passage cells for water and ions (Peterson, 1991). As cells in the epidermis mature,
a hypodermis may differentiate in the outer cortical cells (Plate 2.2). Like the young endo-
dermis, these cell walls are impregnated with lipophilic and aromatic compounds. Moreover,
in response to environmental stresses such as drought, aeration and potentially toxic metals,
Casparian strips and suberin lamellae form in the hypodermis just as occurs in the first stage of
endodermis formation. A hypodermis with Casparian strips is called an exodermis (Perumalla
and Peterson, 1986), and this forms a barrier of variable resistance to the flow of both water and
nutrients across the root (Hose et al., 2001). In summary, Casparian strips are a characteristic
feature of primary endodermal cell walls, whereas they only form in hypodermal cell walls as
areaction to environmental factors (Schreiber ef al., 1999).

Vascular tissue. The vascular cylinder (stele) consists of vascular tissues (xylem and
phloem) and one or more layers of non-vascular tissues, the pericycle, which surrounds the
vascular tissues (Fig. 2.2).

The central vascular cylinder of most dicotyledonous roots consists of a core of
primary xylem from which ridge-like projections of xylem extend towards the pericycle
(Esau, 1977). Between the ridges are strands of primary phloem. If the xylem does not
differentiate in the centre of the root (as happens in many monocotyledons), a pith of
parenchyma or sclerenchyma (parenchyma cells with secondary walls) is present. The
number of xylem ridges varies between species and among roots of the same species (see
McCully, 1999, for a description of xylem development in maize) and this variation is
captured by referring to roots as diarch, triarch, tetrarch, etc., depending on the number
of ridges. The first xylem elements to lose their cell contents and mature (the protoxylem)
are those next to the pericycle, while those closer to the centre are the typically wider
metaxylem elements which mature later and commonly have secondary walls with bor-
dered pits. As with the xylem, the phloem shows a centripetal order of differentiation
with protophloem nearest the pericycle and metaphloem nearer the centre. Companion
cells accompany the metaphloem but are less frequent in the protophloem, although in
grasses each protophloem element is associated with two companion cells giving a con-
sistent, symmetrical pattern in transverse sections. In contrast to the xylem, the phloem
consists of living cells.

The pericycle is composed of parenchyma cells with primary walls but these may
develop secondary walls as the plant ages. Lateral roots arise in the pericycle (see section
2.3.2), and in roots undergoing secondary growth, the pericycle contributes to the vascular
cambium opposite the protoxylem and generally gives rise to the first cork cambium.

Maturation of the xylem so that it can conduct water may take some time and lignifica-
tion is not a good indicator of maturity (McCully, 1995, 1999). For example, St Aubin et
al. (1986) found that the large vessels of actively growing maize root did not mature and
become open for conduction until at least 150 mm, and sometimes >400 mm behind the
root tip. The narrower vessels started to mature about 40—-90 mm from the tip and the very
narrow protoxylem at about 10-20 mm (McCully, 1999). Similar results were summarized
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for other species including barley, banana, soyabean and wheat by McCully (1995), with a
range of 110-1300 mm for the distance from the root tip at which late metaxylem vessels
became open tubes. Immature, living xylem cells are highly vacuolated with a thin layer of
cytoplasm. They do not conduct water but accumulate ions, especially potassium, in high
concentration in the vacuole (McCully, 1994). The point of transition from closed to open
(living to dead) large xylem vessels is important because it affects both water and nutrient
uptake and transport in roots. Detached roots (used in many laboratory studies) tend to dif-
ferentiate their tissues rapidly so that their behaviour may not represent that of more slowly
maturing roots grown in field conditions.

2.2.2 Secondary structure

Secondary growth is characteristic of roots of gymnosperms and of most dicotyledons
but is commonly absent from most monocotyledons. Secondary growth consists of (i) the
formation of secondary vascular tissues dividing and expanding in the radial direction,
and (ii) the formation of periderm, composed of cork tissue (Esau, 1977). Growth within
the secondary vascular system is driven by the cambium, which consists of two morpho-
logically distinct cell types: fusiform initials (greatly elongated in the axis of the root)
and ray initials (which are cuboid) (Chaffey, 2002). Both cell types are thin-walled and
highly vacuolated. The process starts with the initiation of vascular cambium by divisions
of procambial cells that remain undifferentiated between the primary xylem and primary
phloem. Thus, depending on the number of xylem and phloem groups present in the root,
two or more regions of cambial activity are initiated. Soon the pericycle cells opposite the
protoxylem elements also divide and become active as cambium so that cambium quickly
surrounds the core of xylem (Plate 2.3). The vascular cambium opposite the phloem strands
begins to produce secondary xylem toward the inside, so that the strands of primary phloem
are displaced outwards. By the time that the cambium opposite the protoxylem is actively
dividing, the cambium is circular and the primary phloem and xylem have been separated.
By repeated divisions, secondary xylem and secondary phloem are added and files of pa-
renchyma cells within these form rays. As the secondary xylem and phloem increase in
width, so the primary phloem is crushed and disappears.

Periderm (analogous to bark) formation usually follows the initiation of secondary
xylem and phloem formation to become the outer, protective covering of the root. Divisions
of pericycle cells increase the number of layers of pericycle cells. In the outer cell layers,
cork cambium is formed which produces a layer of cork on the outer surface and phello-
derm toward its inner surface; these three tissues constitute the periderm. The remaining
cells of the pericycle may form tissue that resembles a cortex. Lenticels may differentiate
in the periderm to facilitate the passage of gases into and out of the root. With the formation
of the periderm, the endodermis, cortex and epidermis are isolated from the rest of the root,
die, and are sloughed off. A woody root remains.

While the preceding description applies to many roots, secondary growth may also
result in roots with different appearance to that described above. For example, Plate 2.4
shows a young root of Catalpa speciosa in which appreciable secondary growth has oc-
curred. The endodermis has expanded and is intact, and the cortex has outer cells which are
differentiating to form a periderm.
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2.3 Extension and branching

2.3.1 Extension

The extension growth of roots occurs in the apical regions of roots, and it is this extension
of root axes and laterals into new regions of soil that expands the resource base and an-
chorage ability of the plant. Figure 2.3 shows that the zone of elongation is confined to the
apical meristem where cell division occurs, and the region immediately behind this where
predominantly longitudinal cell elongation occurs. Towards the tip of the apical meristem
is a zone referred to as the ‘quiescent centre’ where cell division occurs rapidly during very
early root growth but then becomes infrequent.

The cells in the root meristem are mainly cytoplasmic and have no clearly defined
central vacuole (Barlow, 1987a). The patterns of cell division in this region are precisely
regulated and determine the future characteristic form of the root (Fig. 2.3). Many of the
cells divide in planes that are parallel to the main axis of the root and, in so doing, create
files of cells which subsequently divide transversely to the axis of the root, thereby increas-
ing the number of cells in each file (Barlow, 1987b). Groups of cells (packets) within a cell
file can easily be seen and their ontogeny traced. For example, Barlow (1987b) followed
the morphogenesis in the tap root of maize and by counting the number of cells in packets
determined that the period between each round of cell division was fairly constant except
in cortical and stellar cells around the quiescent centre where there was evidence for a steep
gradient of rates of cell proliferation.

Cell division does not result in extension but rather provides the raw materials for
subsequent cell expansion and so does not, itself, drive growth. In the elongating zone,
outside the meristem, cells increase in length accompanied by a large increase in the size
of the vacuole and an increase in the area of the lateral walls of the cell. Expansion of root
cells requires the co-ordination of many processes including the control of ion (especially
potassium) and water uptake into the vacuole, the production of new wall and membrane
materials, and the increase in size of the cytoskeleton (Dolan and Davies, 2004). Root
elongation occurs, then, as the sum of the individual cell expansions along a file of cells
(i.e. in a single directional axis). During cell expansion, changes in cell wall properties
enable the walls to be strong enough to cope with the internal pressure of the growing cell
but flexible enough to allow growth (Pritchard, 1994). Cell walls can loosen rapidly during
periods of accelerating growth and, conversely, tighten after exposure to stresses such as
low temperature and high soil strength in ways that are still being explored. The cell wall
consists of cellulose microfibrils, hemicellulose and pectin, together with various proteins.
The microfibrils both provide a framework for the assembly of other wall components
and influence the orientation of cell growth through their interaction with microtubules
comprised of polymers of the tubulin protein (Barlow and BaluSka, 2000). Cell expansion
results from internal hydrostatic pressure (turgor) which expands the cell wall (Pritchard,
1994). However, the turgor pressure has no preferential direction so that the preferential
longitudinal expansion which predominates in the zone of elongation is believed to be a
consequence of differential depositions or modifications of cell wall materials mediated by
microtubule-directed processes (Barlow and Baluska, 2000). Microtubules, together with
actin microfilaments, form a cytoskeleton that confers structural order and stability to the
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Fig.2.3 Theroot cap. (a) A diagrammatic representation showing the root and root cap meristems. As cell divi-
sion occurs in the root cap meristem so tiers of cells are displaced towards the periphery of the cap. As each tier is
displaced, previous functions cease and new functions are initiated within the progressively differentiating cells.
(Reproduced with permission from Hawes et al., Journal of Plant Growth Regulation; Springer Science and Busi-
ness Media, 2003.) (b) Micrograph of the root cap of Zea mays showing closed root cap meristem. (¢) Micrograph
of Pisum sativum showing an open root cap meristem. Scale bars: 100um. (Figs b and ¢ reproduced with permis-
sion from Barlow, Journal of Plant Growth Regulation; Springer Science and Business Media, 2003.)

cell interior, and also convey information to the peripheral regions of the cytoplasm where
much cellular growth is controlled.

Van der Weele et al. (2003) used four species of flowering plant to demonstrate that
there were two distinct regions of elongation at the root tip. In the apical, meristematic
region, rates rose gradually with distance from the quiescent centre whereas in the zone
of elongation rates increased rapidly with distance. Relative elongation rates in both
zones were constant in each zone but changed in a step-wise manner from low in the
meristem to values that were typically some three to five times greater in the zone of
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elongation. At the distal end of the elongation zone, relative elongation rate decreased to
zero. These results imply that cell division and cell elongation parameters are regulated
uniformly. Individual roots exhibit a determinate pattern of growth in which there is an
initial period of accelerating elongation soon after emergence, followed by a period of
steady growth, which is in turn followed by a decelerating phase leading to cessation
of elongation (Chapman et al., 2003). The organization of the apical meristem referred
to above (Fig. 2.3) is not constant in all species throughout their life and Chapman et
al. (2003) suggest that determinacy and organization of the apical meristem are linked.
The cells of the apical meristem of roots may be capable of cycling for only a limited
number of times, leading eventually to no new cells being produced and the cessation of
axis elongation. As the root reaches its determinate length, so the apical meristem loses
its organization. For example, the apical organization of five plant species with closed
meristems changed to intermediate open during the deceleration phase (Chapman et al.,
2003). The frequency of plasmodesmatal connections between cells also decreases in
this phase (suggesting reduced intercellular communication) and finally the cells become
vacuolated and lose their meristematic identity.

2.3.2 Branching

Lateral roots (branches) originate in the pericycle, some distance behind the main root
apices in partially or fully differentiated root tissues. Because they arise from deep within
the root, they are described as arising endogenously and must traverse other living tissues
before they emerge from the parent root (McCully, 1975) (Plate 2.5a and b). The detail of
lateral root formation has only been studied in a few species, so much remains uncertain. In
maize, the first indications of lateral formation are changes in the cytoplasm and cell walls
of a few pericycle and stellar parenchyma cells close to a protoxylem pole, together with
changes in endodermal cells tangential to the activated pericycle cells (McCully, 1975).
Derivatives of both the parent pericycle and parent endodermis contribute to the tissues of
the new meristem, although in many cases the derivatives of the endodermis are short-lived.
In some plants the derivatives of the parent stellar parenchyma also contribute. In maize,
the parent endodermis gives rise to the epidermis of the lateral and to the root cap. The new
primordium grows through the root cortex, possibly using mechanical force and/or vari-
ous enzymes to disrupt the cortical cells in its path. The lack of connectivity between the
emerging lateral and the cortex of the parent may create a space into which microorganisms
and pathogens can enter. Initially, the stellar tissues of the lateral and its parent are not con-
nected but later they join as derivatives of the intervening parenchyma cells differentiate
into xylem and phloem. Because laterals are initiated close to protoxylem, linear arrays of
laterals appear along the root; this is especially obvious in many dicotyledons with small
numbers of xylem poles.

Significant advances have been made in understanding the factors controlling lateral root
initiation and emergence using the model plant Arabidopsis thaliana. In Arabidopsis, laterals
are derived from a subset of pericycle cells adjacent to the two xylem poles known as founder
cells. Genetic and physiological evidence suggests that auxin (particularly indole-3-acetic
acid, IAA) is required to facilitate lateral root initiation and development (Casimiro et al.,
2003). For example, using the stm I mutant, Casimiro et al. (2001) demonstrated that trans-



ROOTS AND THE ARCHITECTURE OF ROOT SYSTEMS 29

port of TAA in the root to shoot direction (basipetal transport) was required during the initia-
tion phase while leaf auxin transported to the root (acropetal transport) was required during
the emergence phase. The linkage between lateral root development and auxin derived from
the shoot apex (Reed et al., 1998) may provide a means by which root and shoot response to
environmental stimuli can be co-ordinated. Regulation of acropetal transport may be a mech-
anism by which environmental conditions perceived by the shoot can be communicated to
control root development and growth. Other plant-produced chemicals, too, play a part in the
development of lateral roots. Again in Arabidopsis, the plant hormone abscisic acid (ABA)
inhibited lateral root development at the time at which the lateral root primordium emerged
from the parent root, a response that was mediated by an auxin-independent pathway (De
Smet et al., 2003). Nutrients such as nitrate also have a large effect on lateral root develop-
ment inducing proliferation in zones that are nitrate-rich (see section 5.5.1), and organisms
such as mycorrhizal fungi can also modify branch numbers (e.g. Yano et al., 1996).

Most studies of lateral root development and growth have been performed with either
young plants and/or in growing media other than soil. The most comprehensive account
of soil-grown roots is for maize by McCully and her co-workers, and summarized by Mc-
Cully (1999). In contrast to laboratory-grown roots, the first order laterals of field-grown
plants are short (mode <30 mm), with only about 2% exceeding 100 mm (Varney et al.,
1991; Pages and Pellerin, 1994). Most roots reach their final length in <2.5 days, shortly
before which the root cap is lost and tissues differentiate right to the tip with the surface
cells at the apex often developing root hairs (Varney and McCully, 1991). These determi-
nate roots persist for the life of the crop although they may become shorter if the root dies
back from the end. The number of branches per unit length of axis in the upper part of the
soil profile was also consistent (average 12 per 10 mm) and typical of the values found in
other studies (7-12 per 10 mm) (McCully, 1999). Only about one-third of the first order
laterals themselves branch, and the laterals produced are very short and sparse. Overall, the
laterals constitute up to 30 times the length of the axial roots (Pages and Pellerin, 1994).
Varney et al. (1991) suggest that such short lengths may be a characteristic of maize rather
than other cereals or grasses, yet a re-working by Gregory (1994) of data by Weaver et al.
(1924) for winter wheat also demonstrated short lengths with an estimated mean length
per root member (mainly first order laterals) of 10-23 mm between 10 and 70 days after
planting. In maize, the branches have an epidermis, cortex and narrow stele. Much of the
epidermis remains alive in moist soils, even in old roots, as does the cortex which contains
the two specialized layers, hypodermis and endodermis, both with Casparian strips and
suberized secondary walls (McCully, 1999). The diameter of xylem vessels ranges from
<6 to about 60 um, so that the axial conducting capacity of these branches varies by five
orders of magnitude (Varney et al., 1991).

2.3.3 Root hairs

Behind the zone of elongation is a zone of maturation (Fig. 2.2) in which root hairs are pro-
duced as specialized projections from modified epidermal cells. In many plant species (nearly
all dicots, some monocots, and most ferns), all epidermal cells of the root seem capable of
producing a hair, whereas in others there are cells that have the potential to become root hairs
(trichoblasts), and others seem incapable of this development (atrichoblasts). The latter group
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of plants can also be divided into two. In the first group, root hairs form in the smaller cell
produced in an asymmetrical cell division in the meristem, while in the second group (e.g.
the Brassicaceae), root epidermal cells occur in files composed of either trichoblasts or atri-
choblasts with the trichoblasts overlying the junction of two cortical cells (Gilroy and Jones,
2000; Bibikova and Gilroy, 2003) (Fig. 2.4). Studies with Arabidopsis on Petri dishes show
that after epidermal cell fate has been specified in the meristem, the trichoblast elongates in
the elongation zone and then growth is localized on a side wall as a root hair is initiated.

Initiation and subsequent growth of root hairs is under genetic, hormonal and environmen-
tal control with many regulators acting at several stages of development (see Bibikova and
Gilroy, 2003). Initiation is evident as a bulge begins to form in the cell wall associated with
microtubule rearrangements (Fig. 2.4b). The site of initiation is also precisely regulated so
that in Arabidopsis, for example, root hairs always form at the end of the cell nearest the root
apex (Gilroy and Jones, 2000). After a short transition period following initiation, the tip of
the hair begins to grow. Deposition of new plasma membrane and cell wall material occurs at
the elongating tip leading to a hair-like structure. Regulation of the elongation process appears
closely linked to the gradient of cytoplasmic Ca** concentration within the cell which is much
greater at the tip of the hair. The size of the Ca?* gradient correlates well with the growth rate
of individual root hairs and when hairs reach their final length, the gradient disappears (Gilroy
and Jones, 2000). In this regard, root hairs demonstrate similar behaviour to other plant struc-
tures, as calcium concentration gradients are also important in the growth of other hair-like
structures such as algal rhizoids and pollen tubes, and in the response to Nod factors during the
formation of infection tubes in root hairs by Rhizobium (see section 6.2.1).

The development of root hairs is also greatly influenced by the surrounding environ-
ment. For example, when Arabidopsis was grown in a P-deficient soil, root surface area was
increased sevenfold compared with plants grown under P-sufficient conditions, and root
hairs constituted 91% of the total root surface area (Bates and Lynch, 1996). Availability
of P also affects the rate of growth of root hairs, but there was no stimulation of root hair
growth in Arabidopsis by deficiencies of K, B, Cu, Fe, Mg, Mn, S and Zn in the surrounding
medium (Gilroy and Jones, 2000).

Root hairs can vary in length and frequency along a root but are typically 0.1-1.5 mm
long, 5-20 pum in diameter, and vary from 2 per mm?on roots of some trees to 50-100 per
mm of root length in some grasses and Proteaceae. Usually, the size of the root hair zone
on roots is short because root hairs have a short life of a few days or weeks. For example,
Fusseder (1987) found that the cytoplasmic structure of root hairs in maize grown in sand
started to break down after only 2—-3 days, although the walls can remain intact for some
time after the hair has ceased to function. Nuclear staining with acridine orange suggested
that the average life of the root hairs was 1-3 weeks. Lifespan will, though, be affected by
several environmental factors including soil water status and nutrition.

Root hairs play an important role in root/soil contact through the formation of
rhizosheaths (section 2.4.2) and in the acquisition of water and nutrients. High levels of
H*-ATPase activity have been demonstrated in root hairs together with their involvement
in the uptake of calcium, potassium, nitrate, ammonium, manganese, zinc, chloride and
phosphate (Gilroy and Jones, 2000). Several studies have shown the importance of root
hairs in contributing to differences in P uptake between plant species and genotypes (e.g.
Itoh and Barber, 1983; Gahoonia et al., 1997) (see section 8.1.2), largely because long root
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Fig.2.4 Patterns of root hair development. (a) Three types of root epidermal differentiation occur in plant roots,
trichoblast shown in dark grey and atrichoblast in light grey: type I, any cell can form a root hair; type II, the tri-
choblast is the product of asymmetrical cell division; type III, differentiation produces files of either trichoblasts
or atrichoblasts. (Reproduced with permission from Bibikova and Gilroy, Journal of Plant Growth Regulation;
Springer Science and Business Media, 2003.) (b) Cross-section of a trichoblast during root hair development
showing nuclear movements and changes in the organization of the cytoplasm at each developmental phase.
(Reproduced with permission from Gilroy and Jones, Trends in Plant Science; Elsevier, 2000.)
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hairs of sufficient density can intercept P diffusing towards the root at some distance from
actual root surface. Using a root hairless barley mutant (bald root barley, brb), Gahoonia
and Nielsen (2003) demonstrated the important role that root hairs play in plant nutrition
and plant survival when grown in soil. Wild-type barley with root hairs depleted twice as
much P from the rhizosphere soil as brb, and in low-P soil brb did not survive after 30
days whereas the wild-type continued to grow. In high-P soil both the wild-type and brb
maintained their growth, suggesting that root hairs are less essential under such conditions.
Root hairs also appear to have effective internal mechanisms for the transport of P. Phos-
phate transporter genes of the Phtl family are expressed at high levels in the root hairs of
barley plants grown in P-deficient conditions, consistent with a major role for these genes
and root hairs in the uptake of inorganic P from soil solution (Plate 2.6) (Schiinmann et al.,
2004). It is noteworthy that the phosphate transporter promoter was not present in other
epidermal cells, suggesting that P uptake is primarily via root hairs rather than the whole
of the root surface.

2.4 The root tip

2.4.1 The root cap and border cells

The root cap is an almost universal feature of growing plant roots with known exceptions
among a few aquatic or marshland species, and parasitic plants whose tips develop as
specialized penetrating haustoria (Barlow, 2003). Many species, including a number of
annuals, normally have a cap but lose it as they become older and in tree roots that are sur-
rounded by ectomycorrhiza, the roots become determinate. In older botanical books the cap
is often portrayed as a mucilage-covered, bullet-shaped ram, but it is now appreciated that
the cap is a much more complex and dynamic region. In addition to providing protection
against mechanical damage to the root tip, the root cap is also involved in the simultane-
ous perception of several signals (e.g. pressure, moisture and gravity), and modifies or
‘engineers’ the properties of the surrounding soil. The root cap, then, responds to the soil
environment to: (i) control the direction of movement; (ii) facilitate penetration into soil;
and (iii) determine the microbial environment around the root (Hawes et al., 2003).

While elongating roots possess a cap, the degree of continuity between the root meris-
tem and the cap meristem differs (Fig 2.3b and c). In some species, the cells of the cap ap-
pear contiguous with those of the main part of the root (an open meristem, e.g. pea), while
in others there appears to be no continuity and the cap develops separately from the root (a
closed meristem, e.g. maize). A third type of meristem, intermediate open, has also been
proposed with a relatively disorganized centre but with specific initials for the epidermis
and root cap (Chapman et al., 2003). There is a common form of development in root caps
(Barlow, 1975), although the size of the cap may vary within a root system depending on
the order of root and the environment. Caps of terrestrial plants are generally conical in
shape and have a meristem at their proximal end from which new cells are derived. There
is a non-meristematic, central columella zone containing cells which synthesize starch
grains (statocytes) which participate in sensing gravity (Hawes et al., 2003), surrounded
by a lateral zone and an outer layer of mucilage-secreting cells (Fig. 2.3a). The cells of the
root cap are generated in the cap meristem and differentiate progressively through a series
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of morphological changes that are correlated with specialized functions. As differentiation
progresses, the starch grains in the columella cells degrade, and a polysaccharide mucilage
is produced which is exuded to form a water-soluble coating around the cap (McCully and
Boyer, 1997). As cells reach the outside of the cap, enzymes solubilize specific intercon-
nections between cell walls to release single cells or small groups of cells with intact cell
walls. These ‘border cells’ remain in the vicinity of the cap, often embedded in mucilage,
and together fulfil many roles in the biology of the root and its interactions with the soil.
Marked diversity occurs in the rate of border cell production, but it is a highly regulated
process controlled by endogenous and environmental signals. Hawes et al. (2003) provide
values ranging from about 100 in a 24-hour period for Solanaceae, to about 200 in many
cereals, to about 4000 in many legumes, to 8000—11 000 in several Pinaceae.

Barlow (2003) concluded that the release of cap cells is under genetic control, and that
the size of the root cap has probably evolved so that it is large enough to assist the passage of
the root through the soil and to provide sufficient signals for the orientation of root growth
(various tropisms), but not so large that detached border cells can smother the tip and de-
plete it of oxygen. The rate of cell detachment to form border cells may also be influenced
by the rate of root elongation, thereby ensuring that the tip can advance continually through
acoating of border cells and mucilage. Cell division in the cap meristem and cell separation
at the cap periphery are regulated by two genes, psugtl and rcpmel, respectively. When
gene expression is inhibited, then border cell development ceases (Hawes et al., 2000).

The root cap has no boundary cuticle (cf. the epidermis), so that the outer cells are in
direct contact with the soil. Barlow (1984) noted that it seemed that merely being at or near
the surface of the cap was a sufficient condition to initiate enzyme induction, cell separa-
tion and mucilage production. The growth of underlying cells induces a stretch-activated
response that results in mucilage production and cell separation, with the act of cell detach-
ment resulting in new cells being uncovered which themselves are induced to detach, and
so on. The surface of the cap is, then, like a perpetual open wound (Barlow, 2003). Typi-
cally, it takes about 3—10 days (6—7 days being common) under laboratory conditions for
cells to flow from the cap meristem to the outer flanks of the cap (Barlow, 2003). Overall,
the border cell/mucilage capsule links the external soil environment to cells in the cap and,
thence to cells in the root meristem to form an intimate system of communication between
the plant and the soil.

Our understanding of the processes and mechanisms involved in environmental percep-
tion and signal transmission by the root cap are only just beginning. Roots change their direc-
tion and rates of growth in response to a wide range of stimuli (see Chapters 5 and 6) including
gravity, light, water, touch, nutrients, toxic metals and microorganisms. Roots are positively
gravitropic and grow towards nutrients and water. The growth towards water (hydrotropism)
modifies the response to gravity but the mechanisms of these responses and interactions with
other stimuli are yet to be resolved (Takahashi, 1997). Conversely, roots grow away from
toxic metals such as aluminium. For example, Hawes et al. (2000) show that the tap root of
common bean (Phaseolus vulgaris) placed on agar containing no aluminium continued to
grow downward, but when a toxic concentration of aluminium was added to the agar, the root
grew straight into the air opposing the usual positive gravitropic response.

Border cells appear to play a major role in lubricating the passage of the root cap
through the soil (Iijima et al., 2000; see below for more details), and in the response of
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roots to the soil microflora. Hawes er al. (2003) document the biological effects of border
cells on bacteria, fungi (pathogenic and non-pathogenic) and nematodes, and show that
they produce and release an array of specific extracellular chemicals that can attract, repel
and control growth and gene expression in some soil organisms. For example, Fig. 2.5
shows the ability of root border cells of pea to attract and immobilize the root knot nema-
tode Meloidogyne incognita when placed on water agar. This immobilization is reversible
within a few hours or days depending on conditions (Zhao et al., 2000). No such attraction
to root border cells occurred with common bean, and in alfalfa, a range of responses was
obtained depending on cultivar but consistent with the known susceptibility of the cultivar
to nematode damage; the resistant cultivar, Moapa 69, repelled nematodes.

In summary, to quote Hawes et al. (2003), ‘The root cap is a multifunctional, molecular
relay station that not only detects, integrates and transmits information about the environ-
ment to appropriate plant organs, but also functions to specifically modulate properties
of the soil habitat in advance of the growing root. The cap maintains its own independent
developmental patterns in response to the environment while simultaneously directing
movement generated by the root meristem and region of elongation’.

2.4.2 Mucilage

The gel-like mucilage secreted by the cells of the root cap contributes to many interac-
tions between the plant and the soil including root penetration, soil aggregate formation,
microbial dynamics and nutrient cycling (McCully, 1999). As the root extends through the
soil, so mucilage and associated root cap cells are left behind along the root—soil interface

Fig.2.5 Localized chemotactic attraction and induced quiescence of the nematode Meloidogyne incognita by
pea roots. (a) When border cells were removed from the root tip prior to placing the root onto a plate containing
actively motile second-stage juveniles, no accumulation occurred (left) compared with that after 5 minutes for a
root with border cells (right). (b) When the root with border cells was removed, a high concentration of actively
motile nematodes was found associated with clumps of detached border cells. (c) Within 30 minutes, most of the
nematodes within the clumps of border cells appeared as rigid sticks and ceased movement. (Reproduced with
permission from Hawes et al., Trends in Plant Science; Elsevier, 2000.)
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(Plate 2.7). Mucilage mixed with border cells penetrates between soil particles and into
aggregates close to roots, and plays a major role in maintaining root—soil contact. In many
grasses and some dicots, a coherent sheath (a rhizosheath) of soil permeated by mucilage
and root hairs develops around the root (Fig. 2.6) and remains intact on root axes until the
large xylem vessels mature and the epidermis disintegrates (Wenzel et al., 1989). Watt
et al. (1993) showed in a model system that the formation of the sheath requires a cycle
of wetting, when the mucilage expands around soil particles, followed by drying, when
contraction of the mucilage draws the particles together. They suggested that this wetting
and drying cycle occurs by the release of small amounts of water from the root at night
followed by water uptake during the day (Watt et al., 1994; McCully, 1999). Further muci-
lage additions by mucilage-producing bacteria and wetting/drying cycles make the sheath
more cohesive with time. Read et al. (1999) showed that the root cap cells were an integral
part of the gel system. With cells present, the dynamic viscosity was 145 mPa s and maize
mucilage behaved as a weak viscoelastic gel, whereas with the cells removed by filtration,
the dynamic viscosity was lower (5—10 mPa s) and behaviour was that of a viscous liquid.
This elasticity of the mucilage is an important property facilitating the drawing together of
the root and soil particles.

Chemical analyses of mucilage have shown the presence of several polysaccharides
and monosaccharides (Table 2.1), with fucose, arabinose, galactose and glucose being
common after hydrolysis of the polysaccharides (Chaboud and Rougier, 1984; Read and
Gregory, 1997). In contrast to earlier work (e.g. Bacic et al., 1986), Read and Gregory
(1997) found that glucose was the principal component of maize mucilage, and that the
majority of the neutral sugars found in the crude mucilage were present as free monosac-

X s &
Fig.2.6 Cryoscanning electron micrograph of the rhizosheath surrounding a buckwheat (Fagopyrum esculen-
tum) root growing in the field. (I am grateful to Dr M. McCully for this previously unpublished figure.)
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Table 2.1 Neutral monosaccharide analysis of maize (Zea mays) and lupin (Lupinus
angustifolius) mucilages (concentration in mol %), listed in order of increasing gas chro-
matography retention time of the first peak for each sugar

Maize Lupin
Total soluble  Polysaccharide Total soluble  Polysaccharide
sugar fraction sugar fraction
Rhamnose 0 0.7 0 0.8
Fucose 4.0 10.9 36.9 34.7
Xylose 1.3 3.8 1.0 2.6
Arabinose 3.0 12.7 17.5 20.1
Galactose 3.9 8.9 15.5 23.2
Glucose 86.8 62.7 28.6 17.5
Mannose 1.0 0.3 0.5 1.1

From Read and Gregory, 1997.

charides and not bound within polysaccharides. However, high glucose contents were re-
ported in unfractionated rice mucilage (Chaboud and Rougier, 1984). Such materials not
only form a substrate for microorganisms close to the root, but the polysaccharide fraction
with its large molecules which can twist and flex also contributes to the viscoelastic behav-
iour of mucilages described earlier.

While the mucilage per se has almost no capacity to store water in the rhizosphere
(McCully and Boyer, 1997), the chemical and physical properties of mucilage influence
the supply of water to the root. The water potential of root mucilage when fully hydrated
is about —7 to —10 kPa (Guinel and McCully, 1986; Read et al., 1999), and water is rapidly
lost as the soil dries. Read and Gregory (1997) showed that the surface tension of both
maize and lupin mucilages was reduced to about 48 mN m™ at total solute concentrations
>0.7 mg ml™, indicating the presence of powerful surfactants. Fatty acids and lipids (both
surfactants) are common components of plant tissues and mucilage (e.g. Sukhija et al.,
1976) and subsequent analysis of maize, lupin and wheat mucilages showed that most of
the plant-produced lipid present was phosphatidylcholine (Read et al., 2003). Reduced
surface tension will enhance the ability of the mucilage to wet the surrounding soil parti-
cles and may also change the moisture characteristic curve of the soil to reduce the water
content at any particular tension by 10-50% depending on particle size distribution (Read
et al., 2003). Such alterations of physical properties suggest that if the root can maintain
sufficient concentrations of surfactant close to the root, then it may be able to access water
and nutrients from smaller soil pores than would otherwise be accessible to it.

Many functions have been ascribed to mucilage, but one of the most common is that
it acts as a lubricant to ease the passage of the root through the soil. This role has been
questioned (e.g. McCully, 1999), but it now seems likely that it is the presence of root cap
cells within the mucilage that facilitates this role. The resistance to root penetration in a
soil is the sum of the frictional resistance to root penetration plus the pressure required to
form a cavity. Friction can be 80% of the penetration resistance experienced by roots as
they move through soil, so reducing this resistance would be advantageous to plants in their
exploration of soil resources. Bengough and McKenzie (1997) measured the frictional
resistance experienced by metal rods, roots pushed into soil and growing roots, and found



ROOTS AND THE ARCHITECTURE OF ROOT SYSTEMS 37

that the frictional resistance experienced by roots was a small, but not negligible, fraction
of that experienced by metal probes. For example, in soil with a bulk density of 1.3 mgm,
the penetration force was about 330, 200 and 150 mN for a metal probe, pushed root, and
growing root, respectively. They postulated that the friction was probably relieved by the
detachment of root cap cells to form a low-friction lining to the cavity enlarged by the root.
The border cells might act as a cushion between the soil particles and the root, to reduce
local stresses and allow the maintenance of an intact mucilage layer over the root surface
(Hawes et al., 2003). For this concept to work in practice, there need to be sufficient border
cells to cover a substantial proportion of the root cap surface. lijima et al. (2000) found
that the number of root cap cells of maize sloughed into sand increased 12-fold (from 60
to >700 per mm of root extension) as penetrometer resistance increased from 0.29 to 5.2
MPa. This increase in cell production was estimated to cover the whole of the root cap
with detached cells in the compacted sand, compared with about 7% of the surface area of
the cap in loose sand. In this case (see also lijima ez al., 2003), sufficient border cells were
released that this lubricating layer of sloughed cells and mucilage probably decreased the
frictional resistance to root penetration; whether this occurs in species other than maize is
not currently known.

2.5 Architecture of root systems

Root architecture, the spatial configuration of a root system in the soil, is used to describe
distinct aspects of the shape of root systems. Lynch (1995) states that studies of root archi-
tecture do not usually include fine details such as root hairs, but are concerned typically
with an entire root system of an individual plant. From the architecture both the topology
(a description of how individual roots are connected through branching) and the distribu-
tion (the presence of roots in a spatial framework) can be derived, whereas neither topol-
ogy nor distribution can be used to derive architecture. From the brief description of root
branching given in section 2.3.2, it will be clear that root architecture is quite complex and
varies between and within plant species. Drawings of excavated root systems of crops and
other species show the differences in shape between monocotyledons and dicotyledons and
allow some broad generalizations to be made about the depth of rooting and the relative
distribution of roots (Kutschera, 1960) (Fig. 2.7). Nearly all such drawings show that, with
the exception of the tap root which grows almost vertically throughout, most other root
axes grow initially at some angle relative to the vertical but gradually become more verti-
cally orientated. Gravitropic responses combined with responses to light, water and touch
together, perhaps, with the predominance of vertical cracks in deeper soil layers, produce
these patterns.

Root architecture’s importance lies in the fact that many of the resources that plants
need from soil are heterogeneously distributed and/or are subject to local depletion (Rob-
inson, 1994). In such circumstances, in contrast to the shapes shown in Fig. 2.7, the de-
velopment and growth of root systems may become highly asymmetric, and the spatial
arrangement of the root system will substantially determine the ability of a plant to secure
those resources (Lynch, 1995). Such ideas have been investigated in a series of experiments
and models using common bean (Bonser et al., 1996; Ge et al., 2000). While root trajecto-
ries are essentially under genetic control, phosphorus deficiency was found to decrease the
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Fig.2.7 Drawings of excavated root systems: (a) maize, Zea mays; (b) ryegrass, Lolium multiflorum; (c) oilseed
rape, Brassica napus; and (d) sugar beet, Beta vulgaris. (Reproduced with permission from Kutschera, Wurzelat-
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gravitropic sensitivity of both the tap root and the basal roots, resulting in a shallower root
system. It was hypothesized that the shallower root system was a positive adaptive response
to low soil P availability by: first, concentrating roots in the surface soil layers where soil
P availability was highest; and second, reducing spatial competition for P among roots of
the same plant. This hypothesis was tested by modelling root growth and P acquisition by
bean plants with nine contrasting root systems in which basal root angle was varied but
not root length or degree of branching (Fig. 2.8). Shallower root systems acquired more P
per unit carbon cost than deeper root systems and in soils with higher P availability in the
surface layers, shallower root systems acquired more P than deeper root systems because
of less inter-root competition as well as increased root exploration of the upper soil (Ge
et al., 2000). In practice, of course, the plant may have multiple resource constraints to
contend with (e.g. heterogeneously distributed P and soil water) and will try to optimize its
investment in roots. Ho et al. (2004) investigated this optimization with respect to beans
grown under different combinations of water and P availability. They postulated that an
optimizing plant would grow roots deeper into the profile until the marginal benefit exactly
equalled the marginal cost and by modelling found that the basal root angle would be
shallower for localized shallow P, and deeper for localized deep water than that obtained
in the case of uniformly distributed water and P. When P was concentrated in the surface
and water was located deep, the optimal basal root angle depended on the relative rates of
change with depth in the values ascribed to the available resources. While useful in indicat-
ing general principles, it should be remembered that not all of the responses of roots to a
heterogeneous environment (e.g. changes in branching frequency and root hair growth) are
yet captured in such models; this is a substantial challenge.

The branching patterns (topology) of individual roots have implications not only for re-
source capture but also for the construction costs of roots (Fitter et al., 1991). In topological
analysis, the root can be considered as any other mathematical branching tree, with links
that are either exterior (ending in meristems) or interior (i.e. internodes). The links have
geometrical properties, including length, radius, angle and direction of growth, and are
distributed in a defined pattern; as in most branching trees (e.g. the trachea in the lung), the
diameter increases with increasing magnitude of the individual link. Fitter et al. (1991) em-

Fig. 2.8 Geometric simulation modelling of bean root systems that vary in basal root angle but are otherwise
identical in length and branching. The variation illustrated is present among different genotypes of Phaseolus
vulgaris and has been shown to be influenced by soil P availability. The scale on the right is from 0 to 40 cm.
(Reproduced with permission from Ge et al., Plant and Soil; Springer Science and Business Media, 2000.)
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ployed a simulation model to demonstrate that a herringbone topology (where branching is
on the main axis) with long interior and exterior links is associated with high exploration
efficiency, although such a pattern is also characterized by large tissue volumes and hence
high construction costs. Fitter ef al. (1991) predicted that a herringbone topology would be
favourable for slow-growing species in habitats where soil resources are scarce and that nu-
trient-rich soils or those with a nutrient-rich surface layer would encourage the formation
of dichotomous topologies with their associated cheaper construction costs (Fig. 2.9). Such
predictions were only partially borne out by the experimental results of Fitter and Stickland
(1992) in which Trifolium repens L. became more herringbone-like as soil water content in-
creased (contrary to prediction) but Mercurialis perennis L. responded as expected to both
irrigation and N and P additions. Topological considerations alone, though, are unlikely to
be the sole adaptive trait to particular soil environments. For example, Bouma et al. (2001)
found that roots of Chenopodiaceae in a salt marsh changed from herringbone-like at low
elevation to dichotomous at higher elevations but that the Gramineae showed no such rela-
tionship. Moreover, root diameter was not related to link magnitude thereby undermining
the basis of the estimates of construction efficiency proposed by Fitter et al. (1991).

Not only does root topology and root system architecture respond to soil heterogene-
ity, but the form of the root system may, indeed, induce soil heterogeneity. In grassland
and savanna systems, caespitose (i.e. tussock or bunch) and rhizomatous perennial grasses
represent two distinct forms of grass. In rhizomatous grasses, nutrients can accumulate
in the rhizomes but do not accumulate in the soil whereas in the caespitose grasses, both
carbon and nitrogen accumulate in soils directly beneath plants resulting in fine-grained
soil heterogeneity (Derner and Briske, 2001). The ‘islands’ of nutrients appear to accumu-
late beneath caespitose grasses even when they are small, suggesting that they are present
throughout much of the plant’s life. Plant-induced increases in nutrient concentrations do
not form beneath the rhizatomous species and the large nutrient pool beneath such species
in a semi-arid community was largely a consequence of niche separation for microsites
characterized by deeper soils with higher amounts of water and nutrients.

In broad-scale agriculture where single crops are grown with inputs of fertilizers, there
has been little consideration until recently of root architecture, but with the increasing empha-
sis on the more efficient use of water and nutrients in production systems, this is starting to
change. For example, in soils where P availability is low, selecting genotypes with appropriate

NN

(@) (b)
Fig. 2.9 Diagram showing the distinction between (a) herringbone, and (b) dichotomous branching patterns.
(Modified and reproduced with permission from Fitter et al., New Phytologist; New Phytologist Trust, 1991.)
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architecture may increase soil exploration by roots and raise yields (Lynch and Beebe, 1995).
Equally important in other areas is the ability of roots to capture nutrients such as nitrate that
might otherwise leach from the soil profile into water courses. Dunbabin et al. (2003) have
shown the role that root architecture may play in this regard and the importance of quickly
producing a high density of roots in the topsoil on the sandy soils that they studied. In many
parts of the world, though, mixed cropping is important either with crops grown together as
intercrops or with different crops grown in sequence, as is the growing of trees and crops in
agroforestry associations. In such systems, root architecture is important in determining both
the spatial competition and spatial complementarity of root systems (van Noordwijk et al.,
1996). These ideas will be explored more in Chapter 9.
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Chapter 3

Development and Growth
of Root Systems

This chapter concentrates on the growth of root systems under field conditions. The number
of such studies is small compared with those on shoot systems because roots are obscured
by soil and there are considerable labour and other costs involved in exposing and measur-
ing them. No single technique has proved capable of providing all of the information about
roots that is required, so a variety of methods has been used to collect measurements of
particular facets of the system. For example, measurements of root mass at particular times
are frequently obtained by washing roots from soil, whereas measurements of root longev-
ity and turnover are commonly obtained by direct observation of roots growing against
a transparent glass or plastic surface (a minirhizotron). The different methods employed
sometimes make comparisons between studies problematic, but despite these various dif-
ficulties, sufficient studies now exist to make some generalizations possible and for the
production of mathematical models of root system growth and behaviour.

3.1 Measurement of root systems

Soils are optically opaque so that continuous visual observation of growth is impossible,
while disturbance of soil to expose roots substantially changes their environment which
may, in turn, lead to modifications to growth and function. This conundrum is at the heart
of the dilemma of selecting appropriate methods for assessing root growth and activity. The
consequence is a variety of techniques each best suited to a particular purpose. A summary
of methods for examining roots is given in books by Bohm (1979) and Smit et al. (2000a),
but this section will focus on a few of the most commonly used techniques.

3.1.1 Washed soil cores

One of the commonest sets of measurements required by ecologists and agriculturists is
that of the size of the root system, how it is distributed with depth, and how it changes with
time. Because it is rarely possible to extract an intact root system from soil, typically either
intact or disturbed samples of soil are collected and the roots are washed free of soil with
water before the properties of the roots are measured. Because root systems vary spatially
(see Fig. 2.7), a large number of replicate samples, or large individual samples, are nec-
essary to obtain accurate estimates of root parameters. Agronomists and ecologists have
found, by experience, the number and size of samples necessary to specify shoot mass with

45



46 PLANT ROOTS

a certain precision and it is worthwhile reflecting on this experience when sampling roots.
In agronomy, the growth analysis of a crop such as wheat typically requires the collection
of a 1 m length of shoots replicated about five times (i.e. an area of about 1 m?) in order
to provide a mean value of shoot dry matter with a coefficient of variation of 10%; such a
coefficient is normally sufficient to allow determination of statistically significant differ-
ences between treatments at the 5% level of probability. Soil samples for root measure-
ments are typically only 5—-10 cm in diameter (0.008-0.03 m?), so it is not surprising that
coefficients of variation are large if only a small number of small samples is taken. At the
other extreme, taking a 1 m? sample of soil to a rooting depth of, say, 1 m depth is clearly
impracticable both because of the mass involved (about 1.5 tonnes), and the destruction
of the site. From experience, about 15-20 samples of 10 cm diameter are required from a
structured soil to have a 90% chance of detecting significant differences at the 10% level
of probability; significance at 5% often requires many more samples (60-90). These con-
siderations mean that this technique is unlikely to detect small differences between treat-
ments, and that it is unsuitable for estimating root turnover by frequent sampling schemes
(van Noordwijk, 1993). Nevertheless, washed soil samples often give the best quantitative
information about root mass and length so that the method is frequently used as the basis
for calibrating other techniques (Oliveira et al., 2000).

Because roots are not distributed uniformly with respect to distance from the plant,
the position from which a sample is taken is important if results of different treatments
are to be compared. This is especially important for trees where a few large roots may be
sparsely distributed (Livesley ez al., 2000). In row crops a rectangular or square unit cell
can be defined and ideally this shape of sample should be collected; in mixed or sparse
plantings the difficulty of obtaining a representative sample is not as easily resolved. For
practical reasons, circular cores rather than rectangular samples are normally collected but
the exact location of these samples is important because it determines the bias introduced
if results per core are extrapolated to provide results on a unit area basis. For example, van
Noordwijk et al. (1985) showed that a sample comprising two 7 cm diameter cores, one
taken centrally over the row and the other taken mid-way between rows of a winter wheat
crop grown in rows 25 cm apart, could give large overestimates of up to 50% in root dry
mass per m?.

Separating the roots from the soil by washing brings its own difficulties. Various root
washing devices are used ranging from as simple as a bucket, sieve and hosepipe, to as
complex as closed systems using a combination of water pressure and compressed air
(Smucker et al., 1982; Pallant et al., 1993). The main advantage of the enclosed systems is
the standardization of the process thereby overcoming difficulties if different operators do
the washing. Roots separate relatively easily from sandy soils but soil containing appreci-
able quantities of clay must often be pre-treated to disperse it. There is no agreed standard
for the size of sieve mesh to be used when washing roots although it is evident that mesh
size affects the recovery of roots. For example, Amato and Pardo (1994) found that wheat
and faba bean roots washed on a 2 mm mesh sieve were an average of 55% of the mass, but
only 10% of the length, of roots collected on a 0.2 mm mesh sieve. Similarly, Livesley et al.
(1999) found that mesh size had large effects on the recovery of roots of Grevillea robusta
and of maize (Fig. 3.1). Mesh =1 mm recovered about 80% of the total root biomass, but
only 60% of root length, whereas mesh =0.5 mm recovered between 93 and 95% of grevil-
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lea and maize root biomass and between 73 and 98% of root length, depending on sample
location. They concluded that sieves with mesh 20.5 mm were adequate for measurements
of root mass but that mesh of 0.25 mm was required for accurate length measurements.
No universal correction factor for the underestimation of mass or length could be applied
when larger mesh was used because root recovery varied with plant species, soil depth, and
distance from the plant (Fig. 3.1).

—~
o
=
~
=
=

_.
o
T

D o]
o o
L L
D [o] )
o o 8

N
o
L

40

N
o
1

20

Percentage of total Grevillea root length

Percentage of the total maize root length

Z

1 1 1 1
1.0m 45m 1.0m 45m
0-15cm 0-15cm 30-45 cm 30-45 cm

[ZZ1 2.0 mm sieve [ 1.0 mm sieve 0.5 mm sieve Il 0.25 mm sieve

1 1
0-15cm 30-45cm

—~
o
~
—~
(=N
=

100+

—_
o
o

S

80- 80{ [k
60+ / 60 7
404 / 40 /

%

1 1
0-15cm 30-45cm

N\
=
NN

Percentage of the total maize root mass

Percentage of total Grevillea root mas

NN

.

1.(I)m 45m 1.0m 4.1‘3m
0-15cm 0-15cm 30-45 cm 30-45 cm

N\
AN

o

[ZZ1 2.0 mm sieve 1 1.0 mm sieve 0.5 mm sieve I 0.25 mm sieve

Fig.3.1 Recovery of root length and root mass by sieves of different mesh size from cores of washed soil. The
percentage of total root length recovered for (a) Grevillea robusta trees at depths of 0—15 cm and 30—45 cm at
distances of 1.0 m and 4.5 m from the tree row, and for maize (b) at depths of 0—15 cm and 30-45 cm. Figures
(c) and (d) show the corresponding recoveries of root mass. (Reproduced from Livesley et al., Plant and Soil;
Springer Science and Business Media, 1999.)



48 PLANT ROOTS

In addition to the failure to recover roots from the soil, root mass can also be lost during
washing and storage. Root respiration may result in 5—-10% loss of weight in the 24 hours
after sampling unless samples are kept cool (4°C), and washing of wheat roots grown in
solution culture resulted in 20—40% loss of dry weight depending on the method of stor-
age and washing (van Noordwijk and Floris, 1979). Similarly, losses from sugar beet roots
grown in nutrient solution were about 30%, with most of the loss from cell contents rather
than cell wall material (Grzebisz et al., 1989). Such studies suggest that there is a fraction of
the dry matter that is lost readily (e.g. water-soluble sugars) while the remainder is stable. It
is difficult to apply these results to soil-grown roots because such root tissues may be more
or less resistant to leakage. Stronger roots might result in less leakage during washing, but
the presence of microbes on the root surface might result in greater loss during storage. The
practical response to these findings is to isolate roots from the soil as soon as possible after
harvesting using the least water possible and to avoid storage in water. In reality it is almost
impossible to avoid some period of root exposure to water since the outcome of washing
is usually a mixture of live roots and other organic material whose separation is expedited
by the presence of water.

Distinguishing live from dead roots can be difficult and, again, no universal standard
is applied. The criteria are typically based on colour (separating white or pale brown roots
from darker materials) and physical appearance (e.g. branched, able to bend, some elastic-
ity). Some workers have attempted to use stains to separate live and dead roots but such
attempts have been frustrated because old but living roots may stain only poorly while some
types of dead organic materials stain readily. Physical separation techniques based on dif-
ferences in density between live and dead materials have also had limited success because
the differences in density are ill-defined. These problems mean that separation is usually a
laborious job of hand labour in picking out debris by forceps from a sample that has been
spread out in a shallow dish of water. These difficulties can be reduced in crop studies by
siting them on land that has been fallowed in the previous season to reduce the quantity of
dead roots, but for many studies this is impractical.

Root mass of live roots is normally determined after drying for 48 h at 80°C. Root length
used to be measured manually either directly with a ruler or indirectly using a line-intercept
technique (Newman, 1966; Tennant, 1975). For example, if roots are spread randomly on a
sheet of graph paper with 1 cm grid lines and the number of intersects (N) with the grid lines
is counted, then the length of roots (in cm) is equal to 0.786N. Such estimates are prone to
human and other systematic errors (Bland and Mesarch, 1990). Recently, though, image
analysis systems have become available for this measurement and also for simultaneous
measurement of root diameter and, in some systems, angles of branching (Richner et al.,
2000). Scanned images can now be stored on compact discs for analysis with a variety of
software types. In the edge discrimination method (Pan and Bolton, 1991), root length is
calculated from the perimeter length of roots described by the number, orientation and
length of the pixels describing the edge of the object. As with the earlier manual methods of
length estimation, this technique assumes that roots are oriented randomly. Random place-
ment of roots on a dish is —in practice — difficult to achieve with human operators, so Kaspar
and Ewing (1997) developed an edge chord algorithm which traces chords along the object
edge and is insensitive to object orientation. Their ROOTEDGE software has been widely
used by root researchers. The other major difficulty of length estimation, root overlap, was
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tackled by Kimura et al. (1999) who developed the public domain NIH Image software to
produce a thinned image (skeleton), and demonstrated good agreement between manual
and image analysis measurements even when samples were overlapping.

3.1.2 Rhizotrons and minirhizotrons

Because of the destructive and time-consuming nature of washed soil methods, many re-
searchers have attempted to use windows of glass or transparent plastics inserted into soils
to observe roots. When installed carefully, such methods allow the dynamics of individual
root growth and decay to be recorded, processes that are difficult to record in any other
way. In a few instances, below-ground laboratories (rhizotrons) have been built (e.g. the
facilities for measuring fruit tree roots at East Malling, UK [Rogers, 1939]; and that for
measuring crop roots at Wageningen, The Netherlands [van de Geijn et al., 1994]), and
have provided long-term studies of a range of plants and treatments. For example, Smit
and Groenwold (2005) used horizontal glass tubes to study differences between crops in
the rates of downward movement of the rooting front and of root proliferation in a humic
sandy soil. They found that the downward velocity of the root front was linearly related to
thermal time (the summation over time of temperature above a specified base; see section
5.1.1) although there were substantial differences between species (Table 3.1). Roots of
crops such as cereals and fodder radish grew downwards almost four times more rapidly
than crops such as leeks and common velvet grass.

Rhizotrons, though, are expensive to construct and site-specific, so many research-
ers have preferred the relative cheapness and versatility offered by minirhizotrons (glass,
transparent plastic, or flexible, pressurized tubes). Such systems, when combined with
video cameras, allow characteristics such as growth rate, root orientation, branching, diam-
eter, longevity, the presence of root hairs and infection with mycorrhizas or nematodes to be

Table 3.1 Estimated rates of downward movement of the root-
ing front (mm day™") for different crops measured in the Rhizolab at
Wageningen, The Netherlands

Crop Rate at 15°C Rate at 20°C
Beetroot 24 31
Brussels sprouts 22 29
Common velvet grass 11 14
Faba bean 21 28
Fodder radish 38 51
Leek 10 14
Lucerne 19 25
Maize 15 20
Potato 15 20
Ryegrass 15 19
Spinach 29 38
Spring wheat 41 54
White lupin 24 31
Winter rye 26 35
Winter wheat 28 38

From Smit and Groenwold, 2005.
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quantified (Taylor, 1987; Majdi and Nylund, 1996; Liedgens and Richner, 2001). A crucial
factor in the use of the minirhizotron method is proper contact with the surrounding soil
so that the glass/soil interface represents growth in the bulk soil rather than a zone of root
proliferation or inhibition. In soils with hard layers, introduction of a tube may introduce
a channel that promotes deeper rooting than would normally occur (Vos and Groenwold,
1987). If installed too tightly, smearing of soil against the tube prevents viewing of roots,
while imperfect contact means that roots may proliferate preferentially in voids or track
along the surface of the tube. Condensation on the surface of the tube and a tendency for
roots to produce large numbers of long root hairs are frequent symptoms of poor tube/soil
contact.

Observation of the roots with mirrors, cameras or video cameras has led to various at-
tempts to estimate the rooting distribution in the surrounding soil. The basic issue is that
of converting a measure in two dimensions to one in three dimensions. Root length on the
minirhizotron surface (cm root cm™ tube surface) can be estimated by counting the number
of intersections on a grid inscribed on the tube (Tennant, 1975), and converted to a root
length per unit volume of soil (L, cm root cm™ soil) by assuming a certain depth of view.
Heeraman and Juma (1993) assumed a depth of view of 2 or 3 mm, although this appears
an arbitrary choice. The number of roots at the minirhizotron surface (N ) has also been
converted to bulk soil root length using factors derived from theoretical models:

L =c.N, 3.1
where c ranges from 1 to 3.8 depending upon assumptions in the model (Upchurch and
Ritchie, 1983; Merrill and Upchurch, 1994). Bland and Dugas (1988) found that ¢ = 2
provided the best estimate of L for cotton, and Smit et al. (1994) found the same result for
arange of crops when minirhizotron counts were calibrated with washed soil cores. How-
ever, Bland and Dugas (1988) found no stable value of ¢ for sorghum, and that ¢ also varied
with time for crops such as potatoes. Buckland et al. (1993) suggested that bias in estimat-
ing the number of roots at the minirhizotron surface could be minimized by counting only
the first and last points of contact for each root. This method agreed well with washed cores
for wild cherry roots, but not for roots of pasture species.

In short, there is no easy way of converting observations at the minirhizotron surface
to bulk soil estimates of root length. Moreover, the distribution of root length estimated
with minirhizotrons rarely replicates that obtained from washed soil cores. In general,
less root length is found in the upper soil layers with minirhizotrons, while that in deeper
layers is overestimated. For example, Heeraman and Juma (1993) found that L in the
upper 10 cm was considerably underestimated by minirhizotrons in barley and faba bean,
and considerably overestimated below 30 cm in faba bean (Fig. 3.2). Similar results of
underestimation in surface layers and overestimation in deeper layers were found by
Gregory (1979) for a wheat crop, and by Hansson and Andrén (1987) for crops of barley,
lucerne and meadow fescue. Kage et al. (2000) also found underestimation in the surface
layers beneath crops of cauliflower, although there was an acceptable correlation between
minirhizotron and washed soil core results for the subsoil. Many reasons for underestima-
tion in surface layers have been suggested including: (i) light effects; (ii) tracking encour-
aging deeper roots; (iii) surface rooting being more horizontal than vertical, resulting in
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and washed soil core (open) techniques. (Redrawn and reproduced with permission from Heeraman and Juma,
Plant and Soil; Springer Science and Business Media, 1993.)

different probabilities of roots intercepting the minirhizotron surface at different depths;
(iv) temperature effects; and (v) disruption of soil structure and soil hydraulic properties.
In summary, minirhizotrons are not as good as destructive methods such as washed soil
cores for quantifying root length and mass especially in the upper soil (Heeraman and
Juma, 1993; Smit et al., 2000b).

Where minirhizotrons really come into their own, though, is in allowing repeated meas-
urements at the same spot. This has allowed estimation of the periods of growth and death,
and longevity of roots either as cohorts or in terms of cumulative curves of new and dead
roots. Hendrick and Pregitzer (1992) introduced the idea of examining groups of roots (co-
horts), defined as all individual roots appearing at about the same time, to give a population
analysis of root longevity. For example, Hooker et al. (1995) observed poplar roots with a
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minirhizotron and found that within a cohort of non-mycorrhizal roots 10% survived only
14 days and a further 40% only 42 days. Other studies of root longevity using minirhizo-
trons are referred to in section 3.5.

3.1.3 Other techniques

Besides the measurement of root mass and length, root distribution with depth in the soil
profile, and the longevity and turnover of roots, other features of root systems are also
worthy of measurement. Radioisotopes (e.g. **P) injected into soil at specific depths and
distances from plants have allowed rooting depth and lateral spread of roots to be measured
without the need for soil sampling. The presence of isotope in the shoot means that roots are
present and active at the site of injection (Bassett ez al., 1970). Alternatively, radioisotopes
can be incorporated into the plant and autoradiography used to study the distribution of
roots in soil (Fusseder, 1983) or the spatial relationships between the root systems of neigh-
bouring plants (Litav and Harper, 1967). Such techniques are not used as widely as they
were because of health and safety issues, and because non-uniform distribution of label
can make interpretation of results difficult. For example, when grass (Bouteloua gracilis)
and shrub (Gutierrezia sarothrae) plants were labelled with “C and *Rb, Milchunas et
al. (1992) found that '“C activity was concentrated near the soil surface, and *Rb activity
was highly variable and randomly distributed so that neither technique produced the same
estimate of root distribution as excavation on nail boards.

Digging a trench and observing the number of cut root ends (the trench-profile tech-
nique) can also provide a good measure of the spatial distribution of roots and is much
quicker than washed soil cores (requiring about 20% of the time according to Vepraskas
and Hoyt, 1988). The data can be displayed as dot maps, and careful washing of a thin, but
known, layer of soil from the profile face may also allow estimation of root length in situ
(Bohm, 1976). While destructive of a site, this technique can also be useful in observing
interactions of root systems of different species (Gregory and Reddy, 1982), and for relat-
ing the position of roots to structural features in soils such as large pores, cracks and ped
faces (Logsdon and Allmaras, 1991).

Non-invasive techniques such as X-ray micro-tomography for imaging roots grow-
ing in soils are under development, but limited to small plants growing in sieved soil in
small containers (Heeraman et al., 1997; Gregory et al., 2003). Nevertheless, resolution
of 50-100 um is now readily achievable and developments in tube and detector design
should allow imaging of larger samples and, in time, the analysis of field-grown roots in
structured soils.

3.2 Root system development

Plants normally pass through a predictable sequence of stages between germination and
maturity. While the rate of progress through this sequence and the duration of the vari-
ous stages are affected by the environment, the order of the stages is largely genetically
determined and only altered by extremes of environment. Several perennial plants have
identifiable juvenile and adult stages and in many annual crop plants, there are distinctive
developmental stages of the shoot (e.g. appearance of individual leaves, tillering, emer-



DEVELOPMENT AND GROWTH OF ROOT SYSTEMS 53

gence of the reproductive structure) which have been codified to aid decisions about man-
agement of the crop (see Lancashire ez al. [1991] for arange of temperate crops). Similarly,
roots develop in an orderly manner, although much less is known about this and quantita-
tive description is poor compared to schemes for shoots.

Root system development starts with the emergence of a root axis (the tap root) that
later branches to form first order laterals, which in turn branch to form second order later-
als and so on. Branching commences towards the base of an axis or lateral and proceeds
towards the tip, whereas extension occurs only close to the tip. Topologically, the structure
is that of a mathematical tree and never a network with loops (see section 2.5).

Several attempts have been made to relate root development to shoot development
thereby avoiding the work involved in isolating root systems from soil. Klepper et al.
(1984) developed a systematic identification scheme for root axes of wheat and then related
their appearance and branching to the appearance of leaves and tillers. In wheat, seminal
root axes appear first with subsequent axes appearing in pairs from nodes; more than one
pair may appear from higher nodes located above ground. The scheme of Klepper et al.
(1984) also specified the orientation of the root axes with respect to the midrib of the leaf
present at the node. Figure 3.3 summarizes the integrated development of leaves and root
axes for the main stem and tillers. For example, a main stem with 5 leaves could be expected
to have a coleoptile tiller with 3 leaves, tiller 1 with 2.5 leaves, tiller 2 with 1.5 leaves and
tiller 3 just visible. A pair of axes at node 3 would just be visible, all the seminal axes and
a pair of coleoptile axes would have first order laterals, and the tap root and first pair of
seminal axes would have young second order laterals. This scheme indicates the maximum
number of root axes that will develop, although some genotypes of wheat may produce up
to seven seminal axes. Such connectivity between shoot and root development allows the
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prediction of the number of root axes from shoot characters. Klepper et al. (1984) found
that the number of nodal axes (y) on any culm was linearly related to the number of leaves
(x) on the same culm by y = 1.95x — 3.06. Similarly, Gregory (1983) found a linear rela-
tion between the number of root axes and the number of leaves of pearl millet (Pennisetum
typhoides S. & H.), a plant with a single culm, of y = 1.42x — 2.26.

In practice, genotype, crop management and the soil environment all affect the actual
presence of tillers, axes and branches. For example, the coleoptile tiller is usually missing
in wheat that is shallow-sown so that the number of root axes is correspondingly reduced.
Similarly, drying of the upper soil has long been known to inhibit the appearance of nodal
axes (Locke and Allen, 1924), and nutrient supply also has a big effect on the degree of
branching (Forde and Lorenzo, 2001). Seed size can also have a large effect on the number
of root axes that develop and on the rate of early growth. For example, Richards and Pas-
sioura (1981) found that the number of seminal axes of wheat cv. Kalyansona increased
from 3.3 to 5.1 per plant as seed weight increased from 19 to 56 mg. Maximum xylem ves-
sel diameter similarly increased from 62 to 75 pm, and the proportion of seminal axes with
multiple metaxylem vessels from 0.15 to 0.54 over the same range of seed weight. Seed
weight also affects the vigour of early shoot growth (Richards and Lukacs, 2002), and can
be expected to have similar effects on early root growth.

3.3 Size and distribution of root systems

3.3.1 Mass and length

A worldwide database of measurements of root profiles showed that the average root mass
ranged from about 0.2 kg m~ for croplands to about 5 kg m=for forests and sclerophyllous
shrubs and trees (Jackson ez al., 1996). Root mass in forest ecosystems ranged from 2 to 5
kg m~ while that in croplands, deserts, tundra and grasslands was <1.5 kg m™ (Table 3.2).

Table 3.2 Total root biomass, total fine root biomass (<2 mm diameter) and live fine root area index for 11
terrestrial biomes

Total root Total fine root Live fine root

Biome biomass (kg m2) biomass (kg m2) area index
Boreal forest 2.9 0.60 4.6
Cropland 0.15

Desert 1.2,0.4 0.27 5.5
Sclerophyllous shrubs and trees 4.8 0.52 11.6
Temperate coniferous forest 4.4 0.82 11.0
Temperate deciduous forest 4.2 0.78 9.8
Temperate grassland 1.4 1.51 79.1
Tropical deciduous forest 41 0.57 6.3
Tropical evergreen forest 4.9 0.57 7.4
Tropical grassland/savanna 1.4 0.99 42.5
Tundra 1.2 0.96 5.2

The two values for desert root biomass are for cold and warm deserts. The apparently greater fine root biomass
than total root biomass of the temperate grassland is a consequence of two different data sets being employed
and the fact that most grassland roots are fine. (Data from Jackson et al., 1996, 1997.)
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In croplands and temperate grasslands, most of the roots are fine roots (<2 mm diameter),
but in many biomes coarse roots make up by far the majority of the root biomass. It is the
fine roots that are of particular interest because they constitute the primary pathway for
water and nutrient uptake. Jackson et al. (1997) used selected profiles from the database
referred to previously together with information from about 100 other studies to estimate
fine root biomass and surface area. Their estimates of fine root biomass ranged from 0.27
kg m~Zin deserts to 1.5 kg m™ in temperate grasslands, with most values lying between 0.5
and 1.0 kg m™(Table 3.2). Fine root biomass was converted to live root biomass and thence
to surface area using parameters such as root diameter and specific root length to give a root
area index (m? m~2) comparable with the concept of leaf area index used in shoot studies.
Root area index of live fine roots was highest in grasslands (about 80 in temperate regions
and 43 in tropical regions) and <12 for all other biomes (Table 3.2). These estimates suggest
that root area index is at least comparable to leaf area index in all biomes, and greater than
leaf area index in most biomes. In grasslands, root area index is about an order of magnitude
greater than leaf area index.

Dry mass accumulation by root systems typically follows the sigmoidal pattern com-
monly observed with shoots, although the phases of growth in the root and shoot may not
coincide exactly. Figure 3.4 shows changes in root mass with time for some annual crops.
In annual crops, flowering (anthesis) appears to be a particularly important developmental
stage after which assimilates are required to fill the growing grain leaving little for roots. In
almost all studies with cereals, the mass of the root system has not been found to increase
after flowering and in some studies a substantial decrease has been observed during grain-
filling depending on soil conditions (for example, see Mengel and Barber, 1974). Most
legumes are much less determinate than cereals, with flowering and grain-filling occurring
over a more prolonged period so that the demand for assimilates by the grain increases
gradually. In consequence the root mass of many legumes continues to increase during
flowering and early grain-filling (e.g. Sivakumar et al., 1977 for soyabean; Gregory and
Eastham, 1996 for narrow-leaf lupin), although the degree of determinacy may influence
this pattern (Mayaki et al., 1976).

In grass swards, the pattern of root growth is complex and depends on the species and
the grazing regime. Flowering of perennial ryegrass typically results in a decreased rate of
initiation of new roots and increased senescence and decay of older roots, and reduces root
growth relative to that of the shoot (Troughton, 1957). In controlled conditions, defoliation
reduced the mass and length of the root system and root diameter of the grasses Lolium
perenne and Festuca ovina, although the size of effects depended on N supply (Dawson
et al., 2003). Deinum (1985) postulated that a wide range of effects of grazing on root
mass could be expected depending upon the frequency and severity of the defoliation with
respect to tillering behaviour of the shoot. Severe defoliation usually reduces root mass be-
cause reserve carbohydrates are used to restore shoot growth, but if the defoliation regime
is less intense and promotes tillering then associated new root axes may sustain the root
mass. Similarly, cutting of the tap-rooted perennial forage legume crop, lucerne, produced
an initial decrease in fine root mass followed by a recovery towards the end of the harvest
cycle (Luo et al. 1995).

A sigmoidal pattern of growth is also evident for root length, although the patterns for
mass and length may not always coincide. For example, Ford et al. (2002) measured live root
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mass and length of six cultivars of winter wheat on a sandy loam overlying sand at anthesis
and 4 weeks later, and found that while root mass did not increase in this period, there was
an increase in root length. The mean root length in the upper 0.3 m of the profile increased
significantly from 3.70 to 5.34 cm cm™ and that between 0.3 and 0.8 m increased from 0.96
to 1.27 cm cm™ although this was not statistically significant. These results suggest that dur-
ing grain-filling, proliferation of fine roots occurred while some of the thicker mature roots
died. This, in turn, highlights a major deficiency in most estimates of root length and mass,
namely that the technique most commonly used to obtain such data (soil coring followed
by extraction of the roots by washing with water) gives a measure only of net growth (i.e.
the balance between new roots produced and older roots that have died). There have been
fewer studies of oilseed crop roots but, as with many cereal crops, root length of oilseed rape
declined substantially in the 2 months after flowering (Barraclough, 1989).

Table 3.3 summarizes information from several experiments to show the maximum
values of root mass and length recorded for crop species. The results were obtained from
washed soil cores so, for the reason stated above, these values should be regarded as the
maximum values of live roots recovered rather than true measures of total root mass pro-
duction for the growing season. Despite this reservation, it is clear that cereals typically
have heavier and longer root systems than legumes and other crops. Generally legumes
have about one-half the root mass of cereals and about one-fifth the root length, although

Table 3.3 Maximum root dry mass and length of some common crops

Dry mass Length

Crop Soil Country (gm3) (km m?)  Author
Barley Typic Natrixeralf ~Australia 98 5.3 Gregory et al. (1992)
Cauliflower Loess loam Germany 12.7 Kage et al. (2000)
Chickpea Palexerollic Syria 45 4.5 Brown et al. (1989)
Chromoxerert
Faba bean Chromoxerertic ~ Syria 98 2.9 Manschadi ez al. (1998)
Rhodoxeralf
Groundnut Udic Argiustoll USA 103 121 Ketring and Reid (1993)
Maize Typic Argiaquoll  USA 160 151 Mengel and Barber
(1974)
Pear] millet Udic Rhodulsalf  India 63 4.2 Gregory and Squire
(1979)
Pigeonpea Udic Rhodulsalf  India 145 1.9 Devi et al. (1996)
Potato Typic Haplorthod USA 25.5 8.7 Opena and Porter (1999)
Potato Polder soil The Netherlands 77 7.1 Vos and Groenwold
(1986)
Rape Flinty loam UK 163 28.3 Barraclough (1989)
Rice (lowland) Maahas clay The Philippines 86 20.7 Thangaraj et al. (1990)
loam
Sorghum Well-drained red  Australia 100 26.5 Myers (1980)
earth
Soyabean Typic Udorthent  USA 58 5.5 Sivakumar ez al. (1977)
Subterranean  Entisol Australia 109 17.5 Pearson and Jacobs
clover (1985)
Sugar beet Sandy clay loam UK 76 9.7 Brown and Biscoe (1985)
Wheat Vertic Argiudoll ~ Argentina 350 18.4 Savin et al. (1994)

Winter wheat  Sandy loam UK 105 23.5 Gregory et al. (1978)
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Table 3.4 Comparison of maximum root mass and length of different crop species at the same site

Root mass Root length

Soil Site Crop (g m32) (km m2) Author
Deep sand Wongan Lupin 2.4 Hamblin and Tennant (1987)
Hills, Western Pea 3.0
Australia Wheat 12.3
Barley 14.0
Deep sand Merredin, Lupin 1.2 Hamblin and Tennant (1987)
Western Pea 1.8
Australia Wheat 7.7
Barley 5.3
Vertisol Jindiress, Syria Chickpea 45 4.5 Brown et al. (1989)
Barley 83 13.3 Brown et al. (1987)
Sand over East Beverley, Lupin 166 1.33 Gregory and Eastham (1996)
clay Western 145 1.97
Australia (three 148 6.63
seasons) Wheat 107 4.84
95 3.45
86 10.42

this is not always so (see Table 3.4 for an example of lupin root mass exceeding wheat
root mass on the same site). Although specific root length (the mass per unit length) varies
considerably and is situation-dependent, typical values are 10 m g! for trees, 50-200 m g
for dicotyledonous crops, 200 m g™! for cereals and 400 m g! for fine-rooted grasses (van
Noordwijk and Brouwer, 1991).

Conclusions from the results presented in Table 3.3 must be made cautiously because the
studies involved differences in soils, climates and management practices as well as in crops.
There have been few comparative studies of species grown under similar conditions and
even fewer in which a species has been grown on the same site over several seasons. Table
3.4 summarizes results of some studies in which different crops were grown at the same lo-
cation. As with Table 3.3 it confirms the general impression that the temperate cereals have
longer root systems than legumes. For example, Hamblin and Hamblin (1985) found that the
ranking of total root length was pasture legumes (subterranean clover and medics) > wheat
> lupins and peas. Dry mass of cereal roots may, on occasion, be less than that of the legume
(e.g. Gregory and Eastham, 1996) depending on the growing conditions and the effect that
these have on both the size of the root system and the specific root length.

Inter-seasonal variation of root growth at a site has only been measured in a handful
of studies. Welbank et al. (1974) compared the growth of spring barley roots over a 4-year
period on a sandy silt loam soil in the UK. Their results showed little inter-seasonal dif-
ference in the maximum dry mass of roots recorded (95 g m~ in the first year and 80 g m~
subsequently) although there were differences in the rates of early growth from year to
year. In contrast, Barraclough and Leigh (1984) working on two contrasting soil types in
the UK found that winter wheat crops in one year produced considerably more root dry
mass (154 g m~) than in the other (113 g m), although there was no significant difference
in root length (25.5 km m2). While inter-seasonal variation in climate is commonly low in
the maritime, temperate UK, conditions elsewhere may vary substantially. Table 3.5 shows
the year to year variation in root and shoot growth at anthesis of barley crops grown in the
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Table 3.5 Seasonal growth of shoots and roots of barley crops (cv Beecher) grown on a Typic
Calciorthid (clay loam) at Breda, northern Syria; the standard error of the mean is shown in

brackets
Shoot dry mass Root dry mass Root:total

Season Rain (mm) (g m?) (g m2) mass
1981/82 322 462 (29.6) 107 (10.6) 0.19
1982/83 272 342 (19.0) 58.5(3.1) 0.15
1983/84 204 159 (11.7) 35.2 (4.9) 0.18
1984/85 264 393 (11.8) 57.4 (3.6) 0.13
1985/86 218 149 (54.1) 50.8 (1.8) 0.25
1986/87 228 399 (32.6) 61.4 (4.0) 0.13

From Gregory et al., 1997.

Mediterranean climate of northern Syria. All crops were given moderate amounts of N and
P fertilizers so that seasonal rainfall was the principal variable between years. Over the 6
years of the study, root and shoot masses differed between seasons by a factor of about three
but root mass as a proportion of total plant mass differed less between seasons. The season
with most rain had the heaviest root system and that with least rain, the lightest. The within-
season pattern of rainfall had an influence on both growth and partitioning, so that there
was no clear relation between total seasonal rainfall and the root:total mass ratio. A similar
inter-seasonal comparison of the landrace barley, Arabic abiad, also undertaken at Breda in
northern Syria, found that root mass differed between seasons (Gregory, 1994a). Root mass
ranged from 42.5 to 90.6 g m™ and root length from 3.2 to 13.9 km m in the 5-year study.
Root length and root mass at flowering were closely related so that the specific root length
(mean 174 m g™') was similar despite the large seasonal differences in rainfall.

3.3.2 Depth of rooting

Genetic and environmental factors both influence the depth of rooting. The depth to which
roots are able to grow has many implications for the hydrological balance and biogeo-
chemical cycling of ecosystems. Canadell ef al. (1996) summarized 290 observations of
maximum rooting depth of 253 woody and herbaceous species from the major terrestrial
biomes. They found that maximum rooting depth varied from 0.3 m for some tundra spe-
cies to 68 m for Boscia albitrunca in the central Kalahari. Twenty-two species had roots
that extended to 10 m or more but 194 species had roots that were at least 2 m deep. Table
3.6 shows the average maximum rooting depth for each biome, which ranged from 0.5 +
0.1 m for tundra to 15.0 = 5.4 m for tropical grassland/savanna. The results showed that
deep root habits are quite common in woody and herbaceous species across most terrestrial
biomes. Leaving aside the cropped areas, and grouping the species across biomes, the aver-
age maximum rooting depth was 7.0 = 1.2 m for trees, 5.1 = 0.8 m for shrubs, and 2.6 + 0.1
m for herbaceous plants. These results emphasize the extent of root systems and that roots
are not confined to the surface layer of soil.

The maximum depth of rooting on deep soils is genetically determined and differs
between species grown under identical conditions. For example, Hamblin and Hamblin
(1985) grew lupin (Lupinus spp.), pea and wheat on three deep sands (entisols) at differ-
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Table 3.6 Average maximum depth of rooting and empirical
distribution coefficient () for terrestrial biomes

Depth of

Biome rooting (m) B

Tundra 0.5=0.1 0.914
Boreal forest 2.0+0.3 0.943
Cropland 2.1+0.2 0.961
Temperate grassland 2.6+0.2 0.943
Temperate deciduous forest 2902 0.966
Tropical deciduous forest 3.7+0.5 0.961
Temperate coniferous forest 39+04 0.976
Sclerophyllous shrubs and trees 52=+0.8 0.964
Tropical evergreen forest 7.3x2.8 0.962
Desert 9.5+2.4 0.975
Tropical grassland/savanna 15.0+5.4 0.972

Data from Canadell et al. (1996) and Jackson et al. (1996).

ent sites in Western Australia and found that the maximum rooting depth was significantly
different (p<0.001) between genotypes and species, but not between sites. Rooting depth
averaged 1.9 m for lupins, 0.65 m for peas, and 1.13 m for wheats. Similarly, Greenwood
et al. (1982) grew a range of vegetables on a sandy loam at Wellesbourne, UK and found
that while onion and lettuce roots were confined to the upper 0.65 m, pea rooted to 0.75 m,
broadbean to 0.85 m, and turnip, parsnip and cauliflower to >0.85 m. Minirhizotron studies
of eight crops grown at different sites (soil predominantly a silt loam) over three seasons in
North Dakota, USA showed considerable differences in rooting depth and total root length
(Merrill et al., 2002). Average maximum rooting depth was 1.6 m in safflower, 1.45 m in
sunflower, 1.3 min spring wheat, about 1.15 m in crambe (Crambe abyssinica) and canola
(Brassica rapa), and 1.0 m in common bean, soyabean and pea.

In practice, environmental conditions may also play an important role in determining
rooting depth either because of limited soil depth or hostile soil conditions. For example, on
adeep vertisol at Jindiress, northern Syria, the depths of rooting and of water extraction of
barley and chickpea crops was similar at 1.2 m (Gregory and Brown, 1989). In such regions
of the Mediterranean, the depth of rooting is frequently determined by the depth of re-wet-
ting by rainfall and varies with both site and season. Similarly, narrow-leaf lupin (Lupinus
angustifolius) and wheat planted on a duplex (sand over clay) soil in Western Australia both
rooted to 0.8 m because of physical impediments to growth in both the sand and clay layers,
and because of the limited depth of wetting by rain (Dracup et al., 1992).

Figure 3.5 gives some examples of the change of rooting depth with time for some
annual crops. Downward rates of root extension are typically 1040 mm day~' during the
phase of rapid downward extension depending on the crop and growing conditions. Gre-
gory et al. (1978) found that the rate of downward growth of a winter wheat crop grown in
the UK averaged 6 mm day~' during the winter and 18 mm day~! between early April and
early June when temperatures were much warmer. In Kansas, the rooting depth of early
summer-sown crops of sorghum and sunflower advanced at 25 and 41 mm day!, respec-
tively (Stone et al., 2001). Borg and Grimes (1986) analysed data from 48 crop species in
135 field studies. They found that in all cases, the increase in rooting depth with time fol-
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Fig. 3.5 Change in rooting depth with time for soyabean (@, Mayaki et al., 1976), sunflower (M, data for two
crops grown in consecutive seasons — Jaafar et al., 1993) and winter wheat (A, Gregory et al., 1978).

lowed a sigmoidal pattern, although the final depth achieved, as well as the time required
to achieve it, depended on the crop species and environmental conditions. They found that
the actual rooting depth (RD) at a particular time could be estimated from:

RD=RD__[0.5+0.5 sin (3.03 t — 1.47)] (3.2)

where RD__is the maximum rooting depth and t is the relative time elapsed between sow-
ing and maturity. In practice, while the length of cropping cycle is usually easy to estimate,
selecting RD_requires some local knowledge.

3.3.3 Distribution of roots

Roots are not distributed evenly throughout the soil profile (see Fig. 2.7), and their distribu-
tion is important in determining the availability of water and nutrients to plants. To comple-
ment the global depth of rooting study referred to in section 3.3.2, Jackson et al. (1996)
compiled a database of 250 root studies (mainly of root mass but some of root length) and
fitted a simple asymptotic function to each to describe the distribution of roots with depth.
The function defines the cumulative proportion of roots (Y) between the surface and depth
(d, expressed in cm) as:

Y=1-p¢ (3.3)

where B is a dimensionless coefficient that is determined empirically. The higher the
value of B, the greater the proportion of roots deeper in the soil profile. Table 3.6 shows
the values of 3 obtained for the 11 terrestrial biomes examined. Tundra, boreal forest
and temperate grasslands had the shallowest rooting profiles with 80—90% of root mass
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in the upper 0.3 m of the profile. The least pronounced profiles were in the deserts and
temperate coniferous forests where only 50% of root mass was in the upper 0.3 m.
Grouping the plant species across biomes also produced interesting differences. Grass-
es (B =0.952) had 44% of their root mass in the upper 0.1 m of soil whereas shrubs (
=0.978) had only 21% in that zone. Tropical and temperate trees (§ = 0.970) had 26%
of their root mass in the upper 0.1 m and 60% in the top 0.3 m. The global average dis-
tribution of root mass for all biomes and vegetation types was 30% in the upper 0.1 m,
50% in the upper 0.2 m, and 75% in the upper 0.4 m. Root mass in the upper 0.3 m of the
soil profile was calculated from these rooting profiles and combined with a land-cover
database to give a global map of the percentage root mass in the upper 0.3 m (Plate 3.1).
The map shows that shallow root systems are predominant at high latitudes (associated
with permafrost and waterlogging), and the locations of shallow-rooted grasslands and
more deeply rooted woody ecosystems (including deserts, tropical savannas, and tem-
perate coniferous forests).

Schenk and Jackson (2002) extended this analysis to a database of 475 rooting profiles
from 209 locations and used a logistic curve to extrapolate the depth of rooting in those
datasets in which roots clearly extended beyond the depth of sampling. The depth including
95% of all roots increased as latitude decreased from 80° to 30° but in the tropics there was
no clear pattern of variation. In more than 90% of the rooting profiles, at least 50% of the
mass (or length) was in the upper 0.3 m of soil (mean 0.18 m) and 95% was within the upper
2 m. Deep rooting depths were associated with water-limited environments. Using general
linear models they found that annual potential evaporation and precipitation together ac-
counted for the largest proportion of the variance in rooting depth globally (12% for the
depth of 50% of roots and 16% for the depth containing 95% of roots). While differences in
soil type had only a small effect on the depth containing 50% of roots (they accounted for
only 5% of the global variance) they were a major contributor to variance in 95% rooting
depth (17% of the global variance). Overall, the extrapolated depth containing 95% of all
roots was deeper in sandy soils than in clay or loam soils for five of the six vegetation types
in which such comparisons were possible (Table 3.7). The depth containing 95% of all
roots was also deeper in ecosystems with shallow organic horizons compared with deeper
organic horizons. The reasons for soil type appearing to be relatively unimportant in deter-
mining the depth containing 50% of the roots are probably because this depth is generally

Table 3.7 The extrapolated depths (m) containing 95% of root mass/length for six
global vegetation types in soils of different texture

Vegetation type Sand Loam or clay

Boreal forest 0.80(0.21, 0.20) 12 0.51(0.13,0.12) 13
Cool temperate forest 1.21(0.20,0.19) 24 0.99 (0.10, 0.08) 42
Semi-desert 1.64(0.53,0.49) 8 0.95(0.24,0.22) 13
Desert 1.66 (0.63,0.55) 6 0.90 (0.25,0.23) 11
Dry tropical savanna 1.52(0.38,0.36) 13 1.29 (0.31,0.29) 14
Tropical evergreen forest 0.54 (0.13,0.13) 13 1.01 (0.10, 0.07) 46

Values in brackets are the + and — 95% confidence intervals for the means and the num-
bers in bold are the numbers of samples. From Schenk and Jackson, 2002.
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within the nutrient-rich topsoil and therefore comparatively unaffected by properties of the
subsoil, coupled with the fact that sampling schemes are not usually fine enough to discern
subtle differences in the upper 0.3 m of soil.

The amount of root length in layers within the soil profile is normally expressed in
terms of a root length per unit volume of soil (L, often with units of cm root cm™ soil),
sometimes referred to as a root length density. Typical values of L in the upper 0.1 m of
soil are about 20 cm cm™ in grasses, 5-10 cm cm™ in temperate cereal crops, and 1-2
cm cmin other crops. In the crop literature, it has frequently been found that roots are
distributed in the soil such that their length and mass decrease exponentially with depth.
Gerwitz and Page (1974) first proposed this model after reviewing literature on vegetable
crops, cereals and grasses, and it has been widely adopted since (e.g. Robertson e al.,
1993; Zhuang et al.,2001). Their relation (Y = 1 —exp [-a.d]) is analogous to the analysis
of Jackson et al. (1996) where exp (o) = B, and means that a plot of Ln L with depth
should give a straight line with gradient exp (—o). Figure 3.6 shows that the distribution
of roots of some crops (cauliflower and winter wheat) is well described by such a relation.
In other crops (e.g. rape and sugar beet), while this relation can be found in the surface
layers, there is a tendency for values of L in deeper soil layers to be almost constant.
Whether this is strictly a property of the crop or aresult of an interaction between the crop
and soil properties remains to be established. Typically exp (—o.) changes rapidly during
the early part of the growing season as the crop is establishing, but is fairly stable during
the main phase of growth (see King et al., 2003 for an example with winter wheat). This
suggests that during the major period of growth, the relative extension of roots proceeds
at a similar rate at all depths. Such relations mean that for some crops grown on deep,
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Fig. 3.6 Distribution of root length with depth in the soil profile for maturing crops of cauliflower (®, Kage
et al., 2000), oilseed rape (M, Barraclough, 1989), winter wheat (A, Gregory et al., 1978), and sugar beet (O,
Brown and Biscoe, 1985). Linear regressions have been drawn for the distributions of cauliflower and winter
wheat roots.
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uniform soils, generalized functions of root distribution are possible (e.g. winter wheat
—Zuo et al., 2004), but for other plant species the paucity of data available does not yet
allow robust generalization.

3.4 Root:shoot allocation of dry matter

The proportion of total plant dry matter allocated to roots differs substantially between
different groups of plants and ecosystems. Jackson et al. (1996) found that mature crops
had the lowest proportion of total dry matter in roots (averaging around 0.1) and that forest
ecosystems also had only moderate proportions of total dry matter below ground (typically
0.2-0.35). Conversely plants in cold deserts, temperate grasslands and tundra frequently
had more dry mass below ground than in the shoot so that root mass was typically 0.75—
0.87 of total plant mass.

In annual plants, the allocation of dry matter to roots changes during their life cycle
and with growing conditions. Typically, relatively more assimilates are channelled to roots
during early growth but, as development proceeds, the growing reproductive structures
come to dominate and the amount of assimilate translocated to roots decreases. This change
in allocation has been observed in many crops (e.g. winter wheat — Gregory et al., 1978;
Barraclough, 1984; sugar beet — Brown and Biscoe, 1985; lupin — Gregory and Eastham,
1996) and is particularly pronounced in cereal crops as the stem elongates and the ear
develops. Several studies have shown that the proportion of carbon translocated to roots
decreases with time (Keith et al., 1986; Gregory and Atwell, 1991; Swinnen et al., 1995) as
the ear grows and this is reflected in root mass. Barraclough (1984) found that the relation
between root and shoot mass for several crops of winter wheat grown in the UK showed a
distinct change in early spring at a shoot mass of 115 g m™. During the winter the relative
rates of root and shoot growth were similar so that the slope of the allometric relationship
(a plot of log root weight vs log shoot weight) was close to one, but from the time of N fer-
tilizer application to anthesis it was about 0.33. The ratio of root:total plant mass decreased
from about 0.3-0.5 over winter to about 0.10 at anthesis, and this has been found in many
similar studies.

In general, a shortage of resources in the root environment causes a shift of as-
similates in favour of the root system relative to the shoot and vice versa (Brouwer,
1983) (see section 1.2.1). This is clearly seen, for example, in the response of cereals
to applications of N fertilizer where there was a sharp decline in root:total plant mass
immediately following N fertilizer application (Barraclough, 1984). In drier conditions,
too, fertilizer applications can have similar effects whereby shoot growth is increased
substantially but root growth is less affected so that root:total mass ratio is decreased.
For example, in barley crops in northern Syria, applications of P and N fertilizers de-
creased root:total mass at the start of stem elongation from about 0.35 without fertilizer
to about 0.25 at two sites, although ratios were similar at anthesis (Brown et al., 1987).
At some locations there are multiple constraints to crop growth and interventions pro-
duce a range of root:total mass ratios. Hamblin et al. (1990) grew wheat in two seasons
of different rainfall at a site in Western Australia subjected to a range of N fertilizer
and tillage treatments. As conditions became harsher, root:total plant mass at anthesis
increased from 0.1 to 0.6.
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3.5 Root longevity and turnover

The root:total plant mass ratios described in section 3.4 are only a partial account of the
investment made by plants in their root systems, because as well as assimilates for growth,
assimilates are also required to maintain and renew the system. More details of carbon
fluxes are given in section 7.1, but even considering just biomass, the investment in root
production is considerable. Caldwell (1987) showed that more than half of the annual total
biomass production of five ecosystems dominated by perennial species was below ground
and that root:total plant mass ratio was not well correlated with root:total production. For
example, in a deciduous forest dominated by Liriodendron tulipifera the root:total mass
ratio was 0.1 and the root:total annual production ratio was 0.62, while the corresponding
values for arctic tundra were 0.85 and 0.58. These different ratios reflect differences in root
longevity, rates of root renewal and rates of metabolic activity.

The median lifespan of roots is highly variable, ranging from a few weeks in some
plants (e.g. strawberry and annual crops like sorghum and groundnut) to many months
(e.g. sugar maple) in others (Eissenstat and Yanai, 1997). Eissenstat and Yanai (1997)
and Eissenstat ef al. (2000) suggest that roots, like leaves, possess suites of inter-related
traits that relate to their longevity. In fruit trees, apple roots, which are relatively small
in diameter, and have low tissue density and little lignification of the exodermis, have
substantially shorter longevity than the roots of citrus which have the opposite char-
acteristics (Fig. 3.7). In grasses, thicker roots and high tissue density have also been
associated with increased longevity. For example, a study of four grass species in The
Netherlands found that the species from N-rich habitats (L. perenne) had significantly
finer roots and shorter longevity than species from N-poor habitats. The range was 14
weeks for L. perenne roots to 58 weeks for Nardus stricta (van der Krift and Berendse,
2002). In nutrient-poor environments thicker roots with a longer lifespan may increase
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Fig. 3.7 Root survivorship of apple (O) and citrus (@) roots determined using minirhizotrons. Apple root
longevity was determined on Red Chief Delicious on EMLA26 rootstock in Pennsylvania, USA for a cohort ap-
pearing in June, and citrus was for Red grapefruit on Sour orange rootstock in Florida, USA for a cohort appearing

in April. Each curve comprises data from six trees with two minirhizotrons per tree. (Reproduced with permission
from Eissenstat et al., New Phytologist; New Phytologist Trust, 2000.)
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the residence time of nutrients in the plant, and provide an important means of nutrient
conservation (Eissenstat and Yanai, 1997).

Vogt and Bloomfield (1996) demonstrated that many factors contribute to the longevity
of tree roots. It is affected by tree species, habit (deciduous or evergreen), and by structural
and functional root classes in addition to environmental conditions. Perennial, coarse roots
supporting a tree may be as old as the tree, whereas fine roots have high turnover rates. The
limited data available suggest that fine root longevity of deciduous trees (<1 year) is shorter
than that of evergreen species (<1 to 12 years). Longevity also varies within a species de-
pending on growing conditions and the interaction with fungal symbionts and pathogens.
Majdi and Persson (1995) found that nutrient applications to Norway spruce (Picea abies
(L.)) significantly affected both net productivity of roots and the amount of root death. Ap-
plication of ammonium sulphate increased the production of fine, white roots relative to
the control but these had high mortality (60% compared with 30% in the control), whereas
application of nitrogen-free fertilizer decreased production and mortality (8%). Tree roots
without mycorrhizas often have a life limited to a few weeks whereas mycorrhizal roots
may live for many years (Vogt and Bloomfield, 1996). Mycorrhizal colonization can de-
crease rates of root mortality through diverse effects such as improved nutrition, enhanced
tolerance to drying soil, and reduced deleterious effects of pathogens and herbivory (Eis-
senstat et al., 2000). Such benefits are by no means universal (for example, Hooker et al.
[1995] found that arbuscular mycorrhizal infection reduced the longevity of poplar roots),
and the interactions between roots, mycorrhizal fungi, non-mycorrhizal fungi and the soil
biota are complex.

Gill and Jackson (2000) examined the influence of climate on rates of root turnover
at a global scale using data from 190 studies. Root turnover was calculated as annual
below-ground production divided by the maximum below-ground standing crop so that if
all of the roots produced by a plant in a year were to die at the end of the growing season
then the turnover would be 1.0 yr'. Although there was high variability in estimates of
root turnover, there was a strong positive exponential relationship between turnover and
mean annual temperature for shrublands, grasslands and all fine roots from all vegetation
types combined, with a weaker relationship for forest fine roots. There was no significant
relationship between turnover and any climate variable for coarse forest roots or for wet-
lands, and with temperature included in the regression model, there was no relationship
with precipitation. Possible explanations for the association of greater turnover with
higher temperatures include: first, the exponential increase of maintenance respiration
with temperature; second, higher rates of nutrient mineralization with temperature; and
third, increased pathogen and herbivore activity in warmer and freeze-free soils (Gill and
Jackson, 2000). Turnover increased from boreal zones to the tropics, possibly reflecting
the influence of seasonality and implying that if tropical systems are to maintain the
same below-ground biomass as temperate or boreal systems then their below-ground
productivity must be higher. In high latitudes, the average turnover for grasses, shrubs
and fine tree roots combined was 13% of maximum root standing crop annually, rising
to 40% in temperate zones and to 73% in tropical zones. The relative order of turnover
between plant functional types was maintained within latitudinal zones with grasslands =
fine tree roots = wetlands > shrublands > tree whole root system (Table 3.8). The turnover
rate of tree roots decreased as root diameter increased. Turnover decreased from 1.2 yr!
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Table 3.8 Rates of root turnover (yr') for different vegetation types
in different latitudinal zones

Vegetation type High latitude Temperate  Tropical
Trees: whole system 0.08 0.10 0.08
Trees: fine roots 0.40 0.64 0.77
Grasslands 0.27 0.52 0.90
Shrublands 0.13 0.26 0.63
Wetlands 0.46 0.58 0.69

From Gill and Jackson, 2000.

in roots 0—1 mm diameter, to 0.8 yr™' in roots 0—2 mm diameter, to 0.52 yr~! in roots 0-3
and 0-5 mm diameter, to 0.1 yr~' in roots 0—10 mm in diameter. Assuming that fine roots
(inadequately and variously defined in the forestry literature) turn over once per year,
they would represent about one-third of global annual net primary productivity (Jackson
etal., 1997).

While such analyses are useful at a global scale, they are not necessarily useful predic-
tors of inter-annual variability at individual sites. For example, Gill and Jackson (2000)
found that variation in mean annual temperature did not explain the variation in inter-sea-
sonal rates of turnover of shortgrass steppe at a long-term site in northeastern Colorado,
USA but there was a strong positive relationship between turnover and the ratio of growing
season precipitation:maximum mean monthly temperature. The ability of some species to
respond to inter-annual variability may affect turnover at a single site and might be buffered
by species-specific allocation patterns.

Root growth and root mortality occur throughout the year but the net balance is high-
ly seasonal in perennial plants, with a burst of production in the spring and considerable
mortality in the autumn. In temperate forests, the pattern corresponds approximately with
duration of the canopy but the correspondence is inexact. It is not known whether the en-
vironmental cues that promote root and canopy growth in the spring, and root and canopy
senescence in the autumn are related (Pregitzer et al., 2000). Hendrick and Pregitzer (1993)
used minirhizotrons to follow the fate of contemporaneous cohorts of fine roots (<1.5 mm
diameter) over two seasons in two temperate sugar maple (Acer saccharum Marsh.) forests.
They found consistent differences in lifespan between the two forests with the warmer site
having roots of shorter lifespan (as in the global study of Gill and Jackson, 2000) but growth
and mortality were more continuous than leaf growth and senescence, which were highly
determinate. A flush of root production in the spring occurred at all depths while the soils
were still cool, suggesting that temperature alone may not be the sole factor inducing growth
and that factors such as bud growth and the production of growth regulators may also play a
role (Hendrick and Pregitzer, 1996). Seasonal patterns of root mortality differed from those
of production such that it was distributed almost evenly through the year near the soil sur-
face. Drying of surface layers during the summer did not result in increased root mortality.

Temporal patterns of root growth and mortality are also evident in perennial and an-
nual crops. The general pattern of root system growth reported in section 3.3.1 represents
a balance of new root growth and root senescence. Mean lifespan of annual crop roots has
been reported in a range of studies including winter wheat (>125 days; Gibbs and Reid,
1992), groundnut (24-31 days; Krauss and Deacon, 1994) and sugar beet (60—130 days;



68 PLANT ROOTS

van Noordwijk et al., 1994) but is affected by environmental conditions. For example,
Huck et al. (1987) found that rates of appearance and death of soyabean roots were mark-
edly affected by the availability of soil water as influenced by rain events and irrigation.
The number of roots decreased after each rain event, increased during dry periods, and then
declined again after another rainfall. Periodicity of fine root mass was also found in alfalfa
by Luo et al. (1995) in association with shoot harvesting; mass declined after cutting then
increased again towards the end of the period of shoot re-growth.

In pastures, the lifespan of roots may be relatively short. For example, 73% of white
clover roots failed to survive for 21 days at a site at 440 m altitude in the Apennine Moun-
tains of Italy compared with only 29% at a site at 120 m altitude near Aberdeen, UK
(Watson et al., 2000). Similarly, about 84% of Italian ryegrass roots failed to survive for
more than 21 days in Italy compared with 38% in the UK. The reasons for these differences
are difficult to unravel but may, in part, reflect differences in temperature at the two sites
with lower temperatures enhancing longevity. In controlled conditions, Forbes et al. (1997)
found that root longevity of the same cultivar of Italian ryegrass decreased as temperature
increased. About 67% of roots survived for >35 days at 15°C compared with 42% at 21°C,
and 16% at 27°C.

Much still remains to be learnt about the factors determining root longevity and mortal-
ity. The strategies of fine root production may differ between annual and perennial plants,
and just as plants have different ways of deploying above-ground resources (e.g. decidu-
ous vs evergreen) so they may differ below ground. Annual plants have a limited period
in which they can grow and maintain all of the roots necessary to ensure reproduction but
perennial plants have a much wider range of options open to them. In part the strategy may
come down to a trade-off between the costs of maintaining a root against that of allowing
it to die and then producing a new root. For example, to grow 1 g of root dry mass requires
the respiration of 2 g CH,O and maintenance respiration of 0.03 g C day™'. In unfavourable
conditions, then, maintaining 1 g of root for 66 days would cost as much as one cycle of
root death followed by re-growth (van Noordwijk et al., 1998).

3.6 Modelling of root systems

Many root simulation models have been developed for annual crop plants embracing a wide
range of approaches. A basic difference in approach exists between those models that use
architectural information to simulate the growth of individual roots within the root system,
and those that do not. For ease of presentation, it is convenient to categorize the latter group
of models under the headings of: (i) rooting depth models; (ii) root distribution models; (iii)
root depth and distribution models that interact with the soil; and (iv) root depth and dis-
tribution models that interact with shoot growth and soil conditions. Rarely are the models
employed merely to express the size and shape of the root system but rather to determine
the surface available for the acquisition of water and nutrients from the soil. These aspects
of root functioning will be dealt with in more detail in Chapter 4.

The simplest root models start from the assumption that the roots in each layer of soil
take up the same amount of water and/or nutrients irrespective of the exact quantity of root
present. Consequently they simulate only the advancing rooting front or the depth of the
deepest root. The empirical observations and resulting model of Borg and Grimes (1986)
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were described in section 3.3.3, but several models of crop growth have incorporated a sim-
ilar approach. For example, Chapman et al. (1993) calculated transpiration of sunflower
as functions of the rate of downward progress of the rooting/water extraction front and the
rate of water extraction from each later within the rooting front. As the rooting/extraction
front reaches each layer, water is removed at a rate that decreases exponentially with time
(see section 4.2.3). In effect, the rate at which water content decreases in the layer is the
product of L and the hydraulic conductivity of the soil.

The utility of the above approach is often limited because roots may penetrate to great
depths down cracks or worm holes without affecting resource acquisition appreciably and
because of other research demonstrating the relations that exist between, for example, the
amount of root and nutrient uptake (see section 4.3.4). Gerwitz and Page (1974) were the
first to produce an empirical description of root distribution within the rooted zone and to
show that root length decreased exponentially with soil depth for crops sown at normal
densities. They also showed that it was possible to describe root growth and distribution in
amanner analogous to the movement of solutes by diffusion. Page and Gerwitz (1974) ob-
served that roots grow from zones in which they are present in high concentration to zones
of lower concentration, and that individual roots might be regarded as growing in random
directions as aresult of repeated branching. The concentration of roots in the zone of higher
concentration will, then, determine the rate of growth into the zone of lower concentration
— a diffusion-like process. They showed that the consequence of the diffusion process was
to produce a root system in homogeneous soil in which length decreased exponentially
with depth. This approach has been refined more recently by de Willigen ez al. (2002) to
incorporate a first order sink term accounting for root decay, and different diffusion coef-
ficients in the vertical and horizontal directions to allow for some soil heterogeneity. For a
crop sown in a row perpendicular to the x direction with distance between rows of 2L and
an infinite z downward direction:

0<x<L 9L, = D@L, + D &L, + kL,
0<z< ot x> 0z? (3.4)

where L_is the root length per unit volume of soil, t is time, k is the decay constant, and
D_and D, are the diffusion coefficients in the x and z direction, respectively. Figure 3.8
shows the simulated growth of a maize root system in time for a crop sown at a row spac-
ing of 80 cm. The model uses an L of 0.1 cm cm™ as the measure of root presence, and
assumes the same value of diffusion coefficients in the vertical and horizontal directions.
The isolines are elliptical at first but the horizontal gradient diminishes gradually to give
almost straight lines. For the situation where dry matter enters through the complete
surface (i.e. in a typical crop), a steady-state eventually occurs where L decreases ex-
ponentially with depth.

Many crop growth models simulate the exploration of the soil by the root system using
two separate processes: first, downward growth of an abstract vertical axis; and second,
proliferation of roots in specified soil layers throughout the depth achieved (e.g. Jones et
al., 1991). Models of the CERES family simulate root growth based on five relationships:
(1) new root length is produced each day in proportion to the amount of shoot biomass pro-
duced that day; (ii) the root front descends at a rate determined by temperature; (iii) in the
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Fig.3.8 Modelled isolines giving the position of a root length of 0.1 cm cm for a maize crop at different times.
The model assumes a constant input of root length and that the diffusion coefficients in the vertical and horizontal
directions are the same. (Reproduced with permission from de Willigen et al., Plant and Soil; Springer Science
and Business Media, 2002.)

absence of soil limitations, the daily increase in root length is partitioned among soil layers
in the root zone exponentially with depth; (iv) root proliferation in a soil layer is restricted
by a multiplicative stress factor which acts as a proxy for soil strength and decreases lin-
early from 1.0 at 25% of extractable water to O when all extractable water is depleted; and
(v) a fixed proportion of existing root length (say 0.5%) is lost due to senescence each day.
Robertson et al. (1993) used this approach to simulate root growth of sorghum on drying
soils in the sub-humid subtropics of Australia. Root distribution was well simulated but
seasonal total root length was generally substantially underestimated for several reasons
including the uncertainty of the conversion factor for daily shoot biomass increment to root
length, and uncertainties in root length measurements used in the data sets. The model was
limited to simulating root growth until early grain-filling because there is little quantitative
information available about factors influencing root growth thereafter. A similar approach
was used by Devi et al. (1996) to simulate the growth of a pigeonpea root system in central
India, and by Manschadi ez al. (1998) to simulate the growth of faba bean root systems in
northern Syria. In pigeonpea, difficulties were encountered in getting simulated dry mass
and length in layers to agree because the thick tap root contributes much to the mass in a
layer but little to the overall length of the system.

The framework proposed by Jones et al. (1991) can also be modified to allow for the
effects of other soil restrictions on growth by incorporating a wider ranging ‘root stress
factor’ as part four of the framework outlined above. Stress factors for aluminium toxicity,
calcium deficiency, aeration status and so on can be specified and then the minimum factor
(i.e. most severe limitation) used in the simulation. Increasingly, too, models have become
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better at allowing for shoot/root interactions and the functional equilibrium that exists. For
example, Asseng et al. (1997) included calculation of the daily available carbon for root
growth according to a dynamic shoot:root ratio that changed with the developmental stage
of the crop, and distributed the carbon supply over soil layers according to a ‘top down
principle’. This principle favours root growth in the upper soil layer, but under unfavour-
able soil conditions in that layer the carbon is given to the next deeper layer and so on. The
result is an exponentially declining distribution of root length with depth in a model that
is responsive to soil water, soil nitrogen, soil compaction, aeration and the history of root
distribution. Simulating correctly the downward penetration, distribution of root length,
total root length and root mass and the interaction with the shoot offers many challenges
and much research still remains to be done (Savin et al., 1994; Asseng et al., 1997).

The preceding models make no attempt to describe the morphology and architecture of
the root system. Early simulations of root architecture applied simple algebra to the devel-
opmental pattern of roots to give the numbers and lengths of root members with time in two
dimensions. Rose’s (1983) algebraic model took advantage of the fact that the extension and
branching of young cereal roots grown in homogeneous media proceed at uniform rates so
that each class of lateral could be characterized by a constant rate of extension and a con-
stant branching density. These ideas, combined with those arising from the root development
studies of Klepper et al. (1984) (see section 3.2), allowed Porter et al. (1986) to simulate the
root distribution for crops of wheat based on cumulative thermal time. Because the model
describes a system in which axes and branches are initiated at all potential sites (see section
3.2), it overestimated root length compared with that measured in field studies.

Diggle (1988) added to this approach by including geometric information about the
axes and branches, and the characteristics governing the direction of root growth to produce

A B c/ 0o
Fig. 3.9 Different root architectures generated by changing input functions to the ROOTMAP model: (A) a
simple herringbone root system (a single axis and first order laterals only); (B) a tap-rooted architecture similar
to Lupinus pilosus (a vertical axis with three orders of lateral branching); (C) a root system with multiple root
axes (similar to the seminal axes of wheat) with first order laterals; and (D) a dichotomous root system in which
there is no dominant axis and each branching order has the same probability of branching. (I am grateful to Dr V.
Dunbabin for this previously unpublished figure.)
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a three-dimensional simulation of growth. Essentially, the model (ROOTMAP) tracks the
movement of root tips through the soil and the routes which these tips follow is the model’s
representation of the root system. The model does not allow for interaction with neighbour-
ing plants and is therefore a description of an individual plant. Figure 3.9 shows examples
of the different types of root architecture that can be generated by altering inputs in the
model. Variations in the number of root axes, the geotropism index (degree of downward
growth in response to gravity), deflection index (propensity to deviate from the current
direction of growth), orders of root branching, and density of root branching are major
determinants of the resulting root architecture. When coupled with information about the
distribution of nitrate in the soil profile, the model was able to assess the optimum root
architecture for minimizing nitrate leaching (Dunbabin et al., 2003).

Tsegaye etal. (1995) compared the output of a modified ROOTMAP model with meas-
urements of the number of pea roots striking the wall of a container under conditions
where the mechanical resistance was maintained constant throughout the experiment, and
where the soil was allowed to dry and mechanical resistance to increase with time. Under
changing conditions, the predictions agreed well with the experimental observations but
the predictions under constant conditions considerably overestimated the rate at which
new contacts were made with the container walls. The difference between observation and
prediction was probably a consequence of the dominance of second order branches during
the later part of the experiment and the effect of the container wall on their development.
In contrast, a similar comparison of a three-dimensional architectural model of the maize
root system (Pages et al., 1989) with observed maps from the field gave good agreement
overall (Pellerin and Pages, 1996). Both the numbers of cross-sections of root axes and
their spatial distribution were correctly predicted as was the number of cross-sections of
lateral roots. Lateral roots were, though, more clustered around the axes on simulated maps
than on observed maps.

Spatial heterogeneity of root processes and soil heterogeneity is increasingly being built
into such architectural models. Lynch et al. (1997) allowed explicitly for the heterogeneity
of physiological processes in the root system and adopted a kinematic approach to root axes
that allowed the distinction between changes occurring as a function of growth from those
occurring independently of growth such as changes in cell physiology as they mature. Al-
though the soil was considered as a uniform medium, the approach allowed the visualiza-
tion of root systems in one-, two- and three-dimensional space. Clausnitzer and Hopmans
(1994) constructed a finite element model to simulate three-dimensional root architecture
and the interaction between root growth and soil water movement that emphasized the
effects of soil strength on root growth. Such models have been extended to include the
influence of nutrient deficiency and toxicity of ions on root growth and allow the dynamic
simulation of root growth and water and solute transport in three dimensions (Somma et al.,
1998). However, such models require quite large amounts of information from experiments
to provide the models with the correct parameter values and functional relationships; at the
present time computational capacity is often ahead of the experimental capacity to provide
such information. Nevertheless, the power of such approaches is increasingly evident. For
example, the Root Typ model of Pages et al. (2004) takes into account, with the same level
of detail, many processes involved in root architectural development, generalizes the con-
cept of root type, and includes the effects of several soil properties on root development,
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Fig.3.10 Comparison of the observed root system of Rumex crispus drawn by Kutschera (1960) on the left, with
a simulation by the Root Typ model of Pages er al. (2004) on the right. (Reproduced with permission from Pages
et al., Plant and Soil; Springer Science and Business Media, 2004.)

to provide visualizations of root systems grown under specific circumstances. The model
includes details of root appearance, axial and radial growth, branching, formation of mul-
tiple root tips (reiteration), change of state (e.g. transition of a lateral root to become a tap
root), and decay and abscission. Figure 3.10 compares measured and simulated images of
curled dock (Rumex crispus) in which the simulation has allowed a varying soil parameter
to operate at different depths such as may occur, for example, if dry soil conditions are
experienced in the upper layers of the profile. In the drawing made by Kutschera (1960), it
is clear that the plant has a deep root system with large differences in the length of lateral
roots at different depths; these differences are reproduced well by the model.

References

Amato, M. and Pardo, A. (1994) Root length and biomass losses during sample preparation with different screen
mesh sizes. Plant and Soil 161, 299-303.



74 PLANT ROOTS

Asseng, S., Richter, C. and Wessolek, G. (1997) Modelling root growth of wheat as the linkage between crop and
soil. Plant and Soil 190, 267-277.

Barraclough, P.B. (1984) The growth and activity of winter wheat roots in the field: root growth of high-yielding
crops in relation to shoot growth. Journal of Agricultural Science, Cambridge 103, 439-442.

Barraclough, P.B. (1989) Root growth, macro-nutrient uptake dynamics and soil fertility requirements of a high-
yielding winter oilseed rape crop. Plant and Soil 119, 59-70.

Barraclough, P.B. and Leigh, R.A. (1984) The growth and activity of winter wheat roots in the field: the effect of
sowing date and soil type on root growth of high-yielding crops. Journal of Agricultural Science, Cambridge
103, 59-74.

Bassett, D.M., Stockton, J.R. and Dickens, W.L. (1970) Root growth of cotton as measured by P* uptake. Agron-
omy Journal 62, 200-203.

Bland, W.L. and Dugas, W.A. (1988) Root length density from minirhizotron observations. Agronomy Journal
80, 271-275.

Bland, W.L. and Mesarch, M.A. (1990) Counting error in the line-intercept method of measuring root length.
Plant and Soil 125, 155-157.

Bohm, W. (1976) In situ estimation of root length at natural soil profiles. Journal of Agricultural Science, Cam-
bridge 87,365-368.

Bohm, W. (1979) Methods of Studying Root Systems. Ecological Studies: Analysis and Synthesis, Vol. 33. Spring-
er, Berlin.

Borg, H. and Grimes, D.W. (1986) Depth development of roots with time: an empirical description. Transactions
of the American Society of Agricultural Engineers 29, 194-197.

Brouwer, R. (1983) Functional equilibrium: sense or nonsense? Netherlands Journal of Agricultural Science 31,
335-348.

Brown, K.F. and Biscoe, P.V. (1985) Fibrous root growth and water use of sugar beet. Journal of Agricultural
Science, Cambridge 105, 679-691.

Brown, S.C., Keatinge, J.D.H., Gregory, PJ. and Cooper, P.J.M. (1987) Effects of fertilizer, variety and loca-
tion on barley production under rainfed conditions in northern Syria. 1. Root and shoot growth. Field Crops
Research 16, 53—-66.

Brown, S.C., Gregory, P.J., Cooper, P.J.M. and Keating, J.D.H. (1989) Root and shoot growth and water use of
chickpea (Cicer arietinum) grown in dryland conditions: effects of sowing date and genotype. Journal of
Agricultural Science, Cambridge 113, 41-49.

Buckland, S.T., Campbell, C.D., Mackie-Dawson, L.A., Horgan, G.W. and Duff, E.I. (1993) A method for count-
ing roots observed in minirhizotrons and their theoretical conversion to root length density. Plant and Soil
153, 1-9.

Caldwell, M.M. (1987) Competition between root systems in natural communities. In: Root Development and Func-
tion (eds P.J. Gregory, J.V. Lake and D.A. Rose), pp. 167-185. Cambridge University Press, Cambridge, UK.

Canadell, J., Jackson, R.B., Ehleringer, J.R., Mooney, H.A., Sala, O.E. and Schulze, E.D. (1996) Maximum root-
ing depth of vegetation types at the global scale. Oecologia 108, 583-595.

Chapman, S.C., Hammer, G.L. and Meinke, H. (1993) A sunflower simulation model: I. Model development.
Agronomy Journal 85, 725-735.

Clausnitzer, V. and Hopmans, J.W. (1994) Simultaneous modeling of transient three-dimensional root growth and
soil water flow. Plant and Soil 164, 299-314.

Dawson, L.A., Thornton, B., Pratt, S.M. and Paterson, E. (2003) Morphological and topological responses of roots
to defoliation and nitrogen supply in Lolium perenne and Festuca ovina. New Phytologist 161, 811-818.

de Willigen, P., Heinen, M., Mollier, A. and van Noordwijk, M. (2002) Two-dimensional growth of a root system
modelled as a diffusion process. I. Analytical solutions. Plant and Soil 240, 225-234.

Deinum, B. (1985) Root mass of grass swards in different grazing systems. Netherlands Journal of Agricultural
Science 33, 377-384.

Devi, G., Ito, O., Matsunaga, R., Tobita, S., Rao, T.P., Vidyalakshmi, N. and Lee, K.K. (1996) Simulating root
system development of short-duration pigeonpea. Experimental Agriculture 32, 67-78.

Diggle, A.J. (1988). ROOTMAP — a model in three-dimensional coordinates of the growth and structure of fibrous
root systems. Plant and Soil 105, 169—178.

Dracup, M., Belford, R.K. and Gregory, P.J. (1992) Constraints to root growth of wheat and lupin crops in duplex
soils. Australian Journal of Experimental Agriculture 32, 947-961.

Dunbabin, V., Diggle, A. and Rengel, Z. (2003) Is there an optimal root architecture for nitrate capture in leaching
environments? Plant, Cell and Environment 26, 835-844.



DEVELOPMENT AND GROWTH OF ROOT SYSTEMS 75

Eissenstat, D.M. and Yanai, R.D. (1997) The ecology of root lifespan. Advances in Ecological Research 27, 1-60.

Eissenstat, D.M., Wells, C.E., Yanai, R.D. and Whitbeck, J.L. (2000) Building roots in a changing environment:
implications for root longevity. New Phytologist 147, 33—42.

Forbes, P.J., Black, K.E. and Hooker, J.E. (1997) Temperature-induced alteration to root longevity in Lolium
perenne. Plant and Soil 190, 87-90.

Ford, K.E., Gregory, PJ., Gooding, M.J. and Pepler, S. (2002) Root length density variation in modern winter wheat
cultivars. In: European Society for Agronomy VII ESA Congress, 15-18 July 2002 (eds F.J. Villalobos and L. Testi),
pp- 361-362. Cordoba, Spain.

Forde, B. and Lorenzo, H. (2001) The nutritional control of root development. Plant and Soil 232, 51-68.

Fusseder, A. (1983) A method for measuring length, spatial distribution and distances of living roots in situ. Plant
and Soil 73, 441-445.

Gerwitz, A. and Page, E.R. (1974) An empirical mathematical model to describe plant root systems. Journal of
Applied Ecology 11, 773-782.

Gibbs, R.J. and Reid, J.B. (1992) Comparison between net and gross root production by winter wheat and by
perennial ryegrass. New Zealand Journal of Crop and Horticultural Science 20, 483-487.

Gill, R.A. and Jackson, R.B. (2000) Global patterns of root turnover for terrestrial ecosystems. New Phytologist
147, 13-31.

Greenwood, D.J., Gerwitz, A., Stone, D.A. and Barnes, A. (1982) Root development of vegetable crops. Plant
and Soil 68, 75-96.

Gregory, P.J. (1979) A periscope method for observing root growth and distribution in field soil. Journal of Ex-
perimental Botany 30,204-214.

Gregory, P.J. (1983) Response to temperature in a stand of pearl millet (Pennisetum typhoides S. & H.). I11. Root
development. Journal of Experimental Botany 34, 744-756.

Gregory, P.J. (1994a) Resource capture by root networks. In: Resource Capture by Crops, Proceedings of the
52nd Easter School (eds J.L. Monteith, R.K. Scott and M.H. Unsworth), pp. 77-97. Nottingham University
Press, Nottingham, UK.

Gregory, P.J. (1994b) Root growth and activity. In: Physiology and Determination of Crop Yield (eds K.J. Boote,
J.M. Bennett, T.R. Sinclair and G.M. Paulsen), pp. 65-93. ASA, CSSA, SSSA, Madison, USA.

Gregory, P.J. and Atwell, B.J. (1991) The fate of carbon in pulse-labelled crops of barley and wheat. Plant and
Soil 136,205-213.

Gregory, PJ. and Brown, S.C. (1989) Root growth, water use and yield of crops in dry environments: what char-
acteristics are desirable? Aspects of Applied Biology 22,235-243.

Gregory, P.J. and Eastham, J. (1996) Growth of shoots and roots, and interception of radiation by wheat and lupin
crops on a shallow, duplex soil in response to time of sowing. Australian Journal of Agricultural Research
47,427-447.

Gregory, P.J. and Reddy, M.S. (1982) Root growth in an intercrop of pearl millet/groundnut. Field Crops Research
5,241-252.

Gregory, P.J. and Squire, G.R. (1979) Irrigation effects on roots and shoots of pearl millet (Pennisetum typhoides).
Experimental Agriculture 15, 161-168.

Gregory, P.J., McGowan, M., Biscoe, P.V. and Hunter, B. (1978) Water relations of winter wheat. 1. Growth of the
root system. Journal of Agricultural Science, Cambridge 91,91-102.

Gregory, P.J., Tennant, D. and Belford, R.K. (1992) Root and shoot growth, and water and light use efficiency
of barley and wheat crops grown on a shallow duplex soil in a mediterranean-type environment. Australian
Journal of Agricultural Research 43, 555-573.

Gregory, PJ., Palta, J.A. and Batts, G.R. (1997) Root systems and root:mass ratio — carbon allocation under cur-
rent and projected atmospheric conditions in arable crops. Plant and Soil 187,221-228.

Gregory, P.J., Hutchison, D.J., Read, D.B., Jenneson, P.M., Gilboy, W.B. and Morton, E J. (2003) Non-invasive
imaging of roots with high resolution X-ray micro-tomography. Plant and Soil 255, 351-359.

Grzebisz, W., Floris, J. and van Noordwijk, M. (1989) Loss of dry matter and cell contents from fibrous roots of
sugar beet due to sampling, storage and washing. Plant and Soil 113, 53-57.

Hamblin, A.P. and Hamblin, J. (1985) Root characteristics of some temperate legume species and varieties on
deep, free-draining Entisols. Australian Journal of Agricultural Research 36, 63-72.

Hamblin, A.P. and Tennant, D. (1987) Root length density and water uptake in cereals and grain legumes: how
well are they correlated? Australian Journal of Agricultural Research 38, 513-527.

Hamblin, A., Tennant, D. and Perry, M.W. (1990) The cost of stress: dry matter partitioning changes with seasonal
supply of water and nitrogen to dryland wheat. Plant and Soil 122, 47-58.



76 PLANT ROOTS

Hansson, A.D. and Andrén, O. (1987) Root dynamics in barley, lucerne and meadow fescue investigated with a
minirhizotron technique. Plant and Soil 103, 33-38.

Heeraman, D.A. and Juma, N.G. (1993) A comparison of minirhizotron, core and monolith methods for quan-
tifying barley (Hordeum vulgare L.) and fababean (Vicia faba L.) root distribution. Plant and Soil 148,
29-41.

Heeraman, D.A., Hopmans, J.W. and Clausnitzer, V. (1997) Three dimensional imaging of plant roots in situ with
X-ray computed tomography. Plant and Soil 189, 167-179.

Hendrick, R.L. and Pregitzer, K.S. (1992) The demography of fine roots in a northern hardwood forest. Ecology
73,1094-1104.

Hendrick, R.L. and Pregitzer, K.S. (1993) Patterns of fine root mortality in two sugar maple forests. Nature 361,
59-61.

Hendrick, R.L. and Pregitzer, K.S. (1996) Temporal and depth-related patterns of fine root dynamics in northern
hardwood forests. Journal of Ecology 84, 167-176.

Hooker, J.E., Black, K.E., Perry, R.L. and Atkinson, D. (1995) Arbuscular mycorrhizal fungi induced alteration
to root longevity of poplar. Plant and Soil 172, 327-329.

Huck, M.G., Hoogenboom, G. and Peterson, C.M. (1987) Soybean root senescence under drought stress. In:
Minirhizotron Observation Tubes: Methods and Applications for Measuring Rhizosphere Dynamics (ed.
H.M. Taylor), pp. 109-121. American Society of Agronomy Special Publication No. 50, Madison, USA.

Jaafar, M.N., Stone, L.R. and Goodrum, D.E. (1993) Rooting depth and dry matter development of sunflower.
Agronomy Journal 85, 281-286.

Jackson, R.B., Canadell, J., Ehleringer, J.R., Mooney, H.A., Sala, O.E. and Schulze, E.D. (1996) A global analysis
of root distributions for terrestrial biomes. Oecologia 108, 389—411.

Jackson, R.B., Mooney, H.A. and Schulze, E.-D. (1997) A global budget for fine root biomass, surface area, and
nutrient contents. Proceeding of the National Academy of Sciences, USA 94, 7362-7366.

Jones, C.A., Bland, W.L., Ritchie, J.T. and Williams, J.R. (1991) Simulation of root growth. In: Modeling Plant and
Soil Systems (eds J. Hanks and J.T. Ritchie), pp. 91-123. American Society of Agronomy, Madison, USA.
Kage, H., Kochler, M. and Stiitzel, H. (2000) Root growth of cauliflower (Brassica oleracea L. botrytis) under

unstressed conditions: measurement and modelling. Plant and Soil 223, 131-145.

Kaspar, T.C. and Ewing, R.P. (1997) ROOTEDGE: Software for measuring root length from desktop scanner
images. Agronomy Journal 89, 932-940.

Keith, H., Oades, J.M. and Martin, J.K. (1986) Input of carbon to soil from wheat plants. Soil Biology and Bio-
chemistry 18, 445-449.

Ketring, D.L. and Reid, J.L. (1993) Growth of peanut roots under field conditions. Agronomy Journal 85, 80—
85.

Kimura, K., Kikuchi, S. and Yamasaki, S. (1999) Accurate root length measurement by image analysis. Plant
and Soil 216, 117-127.

King, J., Gay, A., Sylvester-Bradley, R., Bingham, I., Foulkes, J., Gregory, P.J. and Robinson, D. (2003) Model-
ling cereal root systems for water and nitrogen capture: towards an economic optimum. Annals of Botany 91,
383-390.

Klepper, B., Belford, R.K. and Rickman, R.-W. (1984) Root and shoot development in winter wheat. Agronomy
Journal 76, 117-122.

Krauss, U. and Deacon, J.W. (1994) Root turnover of groundnut (Arachis hypogaea L.) in soil tubes. Plant and
So0il 166, 259-270.

Kutschera, L. (1960) Wurzelatlas mitteleuropdischer Ackerunkrduter und Kulturpflanzen. DLG-Verlags-GMBH,
Frankfurt, Germany.

Lancashire, P.D., Bleiholder, H., van den Boom, T., Langeliiddeke, P., Stauss, R., Weber, E. and Witzenberger,
A. (1991) A uniform decimal code for growth stages of crops and weeds. Annals of Applied Biology 119,
561-601.

Liedgens, M. and Richner, W. (2001) Minirhizotron observations of the spatial distribution of the maize root
system. Agronomy Journal 93, 1097-1104.

Litav, M. and Harper, J.L. (1967) A method for studying spatial relationships between the root systems of two
neighbouring plants. Plant and Soil 26, 389-392.

Livesley, S.J., Stacey, C.L., Gregory, P.J. and Buresh, R.J. (1999) Sieve size effects on root length and biomass
measurements of maize (Zea mays) and Grevillea robusta. Plant and Soil 207, 183-193.

Livesley, S.J., Gregory, P.J. and Buresh, R.J. (2000) Competition in tree row agroforestry systems. 1. Distribution
and dynamics of fine root length and biomass. Plant and Soil 227, 149-161.



DEVELOPMENT AND GROWTH OF ROOT SYSTEMS 77

Locke, L.F. and Allen, J.A. (1924) Development of wheat plants from seminal roots. Journal of the American
Society of Agronomy 16, 261-268.

Logsdon, S.D. and Allmaras, R.R. (1991) Maize and soybean root clustering as indicated by root mapping. Plant
and Soil 131, 169-176.

Luo, Y., Meyerhoff, P.A. and Loomis, R.S. (1995) Seasonal patterns and vertical distributions of fine roots of
alfalfa (Medicago sativa L.). Field Crops Research 40, 119-127.

Lynch, J.P, Nielsen, K.L., Davis, R.D. and Jablokov, A.G. (1997) SimRoot: Modelling and visualization of root
systems. Plant and Soil 188, 139-151.

Majdi, H. and Nylund, J.E. (1996) Does liquid fertilization affect fine root dynamics and life span of mycorrhizal
short roots? Plant and Soil 185, 305-309.

Majdi, H. and Persson, H. (1995) A study on fine-root dynamics in response to nutrient applications in a Norway
spruce stand using the minirhizotron technique. Zeitschrift fur Pflanzenernahrung und Bodenkunde 158,
429-433.

Manschadi, A.M., Sauerborn, J., Stutzel, H., Gobel, W. and Saxena, M.C. (1998) Simulation of faba bean (Vicia
faba L.) growth and development under Mediterranean conditions: model adaptation and evaluation. Euro-
pean Journal of Agronomy 9, 273-293.

Mayaki, W.C., Teare, I.D. and Stone, L.R. (1976) Top and root growth of irrigated and nonirrigated soybeans.
Crop Science 16, 92-94.

Mengel, D.B. and Barber, S.A. (1974) Development and distribution of the corn root system under field condi-
tions. Agronomy Journal 66, 341-344.

Merrill, S.D. and Upchurch, D.R. (1994) Converting root numbers observed at minirhizotrons to equivalent root
length density. Soil Science Society of America Journal 58, 1061-1067.

Merrill, S.D., Tanaka, D.L. and Hanson, J.D. (2002) Root length growth of eight crop species in Haplustoll soils.
Soil Science Society of America Journal 66, 913-923.

Milchunas, D.G., Lee, C.A., Lauenroth, W.K. and Coffin, D.P. (1992) A comparison of '“C, #Rb and total excava-
tion for determination of root distributions of individual plants. Plant and Soil 144, 125-132.

Myers, R.J.K. (1980) The root system of a grain sorghum crop. Field Crops Research 3, 53—64.

Newman, E.I. (1966) A method of estimating the total root length of root in a sample. Journal of Applied Ecology
3, 139-145.

Oliveira, M. do R.G., van Noordwijk, M., Gaze, S.R., Brouwer, G., Bona, S., Mosca, G. and Hairiah, K. (2000)
Auger sampling, ingrowth cores and pinboard methods. In: Root Methods: A Handbook (eds A.L. Smit, A.G.
Bengough, C. Engels, M. van Noordwijk, S. Pellerin and S.C.van de Geijn), pp. 175-210. Springer, Berlin.

Opena, G.B. and Porter, G.A. (1999) Soil management and supplemental irrigation effects on potato: II. Root
growth. Agronomy Journal 91, 426-431.

Page, E.R. and Gerwitz, A. (1974) Mathematical models, based on diffusion equations, to describe root systems
of isolated plants, row crops, and swards. Plant and Soil 41, 243-254.

Pages, L., Jordan, M.O. and Picard, D. (1989) A simulation model of the three-dimensional architecture of the
maize root system. Plant and Soil 119, 147-154.

Pages, L., Vercambre, G., Drouet, J.-L., Lecompte, F., Collet, C. and Le Bot, J. (2004) Root Typ: a generic model
to depict and analyse the root system architecture. Plant and Soil 258, 103-119.

Pallant, E., Holmgren, R.A., Schuler, G.E., McCracken, K.L. and Drbal, B. (1993) Using a fine root extraction
device to quantify small diameter corn roots (=0.025 mm) in field soils. Plant and Soil 153, 273-279.

Pan, W.L. and Bolton, R.P. (1991) Root quantification by edge discrimination using a desktop scanner. Agronomy
Journal 83, 1047-1052.

Pearson, C.J. and Jacobs, B.C. (1985) Root distribution in space and time in Trifolium subterraneum. Australian
Journal of Agricultural Research 36, 601-614.

Pellerin, S. and Pages, L. (1996) Evaluation in field conditions of a three-dimensional architectural model of
the maize root system: comparison of simulated and observed horizontal root maps. Plant and Soil 178,
101-112.

Porter, J.R., Klepper, B. and Belford, R.K. (1986) A model (WHTROOT) which synchronizes root growth and
development with shoot development for winter wheat. Plant and Soil 92, 133-145.

Pregitzer, K.S., King, J.S., Burton, A.J. and Brown, S.E. (2000) Responses of tree fine roots to temperature. New
Phytologist 147, 105-115.

Richards, R.A. and Lukacs, Z. (2002) Seedling vigour in wheat — sources of variation for genetic and agronomic
improvement. Australian Journal of Agricultural Research 53, 41-50.



78 PLANT ROOTS

Richards, R.A. and Passioura, J.B. (1981) Seminal root morphology and water use of wheat. I. Environmental
effects. Crop Science 21, 249-252.

Richner, W., Liedgens, M., Biirgi, H., Soldati, A. and Stamp, P. (2000) Root image analysis and interpretation. In:
Root Methods: A Handbook (eds A.L. Smit, A.G. Bengough, C. Engels, M. van Noordwijk, S. Pellerin, and
S.C.van de Geijn), pp. 175-210. Springer, Berlin.

Robertson, M.J., Fukai, S., Hammer, G.L. and Ludlow, M.M. (1993) Modelling root growth of grain sorghum
using the CERES approach. Field Crops Research 33, 113-130.

Rogers, W.S. (1939) Root studies VIII. Apple root growth in relation to rootstock, soil, seasonal and climatic fac-
tors. Journal of Pomology and Horticultural Science 17, 99-138.

Rose, D.A. (1983) The description of the growth of root systems. Plant and Soil 75, 405—415.

Savin, R., Hall, A.J. and Satorre, E.H. (1994) Testing the root growth subroutine of the CERES-Wheat model for
two cultivars of different cycle length. Field Crops Research 38, 125-133.

Schenk, H.J. and Jackson, R.B. (2002) The global biogeography of roots. Ecological Monographs 72, 311-328.

Sivakumar, M.V.K., Taylor, H.M. and Shaw, R.H. (1977) Top and root relations of field-grown soybeans. Agron-
omy Journal 69, 470—473.

Smit, A.L. and Groenwold, J. (2005) Root characteristics of selected field crops: data from the Wageningen
Rhizolab (1990-2002). Plant and Soil 272, 365-384.

Smit, A.L., Groenwold, J. and Vos, J. (1994) The Wageningen Rhizolab — a facility to study soil-root-shoot-atmos-
phere interactions in crops. II. Methods of root observations. Plant and Soil 161, 289-298.

Smit, A.L., Bengough, A.G., Engels, C., van Noordwijk, M., Pellerin, S. and van de Geijn, S.C. (2000a) Root
Methods: A Handbook. Springer, Berlin.

Smit, A.L., George, E. and Groenwold, J. (2000b) Root observations and measurements at (transparent) interfaces
with soil. In: Root Methods: A Handbook (ed. A.L. Smit, A.G. Bengough, C. Engels, M. van Noordwijk, S.
Pellerin, S.C. and van de Geijn), pp. 235-271. Springer, Berlin.

Smucker, A.J.M., McBurney, S.L. and Srivastava, A.K. (1982) Quantitative separation of roots from compacted
soil profiles by the hydropneumatic elutriation system. Agronomy Journal 74, 500-503.

Somma, F., Hopmans, J.W. and Clausnitzer, V. (1998) Transient three-dimensional modeling of soil water and
solute transport with simultaneous root growth, root water and nutrient uptake. Plant and Soil 202, 281—
293.

Stone, L.R., Goodrum, D.E., Jaafar, M.N. and Khan, A.H. (2001) Rooting front and water depletion depths in
grain sorghum and sunflower. Agronomy Journal 93, 1105-1110.

Swinnen, J., van Veen, J.A. and Merckx, R. (1995) Carbon fluxes in the rhizosphere of winter wheat and spring
barley with conventional vs integrated farming. Soil Biology and Biochemistry 27, 811-820.

Taylor, H.M. (1987) Minirhizotron Observation Tubes: Methods and Applications for Measuring Rhizosphere
Dynamics. ASA Special Publication 50. ASA, CSSA, and SSSA, Madison, WI, USA.

Tennant, D. (1975) A test of a modified line intersect method of estimating root length. Journal of Ecology 63,
995-1001.

Thangaraj, M., O’Toole, J.C. and De Datta, S.K. (1990) Root response to water stress in rainfed lowland rice.
Experimental Agriculture 26, 287-296.

Troughton, A. (1957) The underground organs of herbage grasses. Commonwealth Bureau of Pastures and Field
Crops. Bulletin No. 44, p. 163.

Tsegaye, T., Mullins, C.E. and Diggle, A.J. (1995) Modelling pea (Pisum sativum) root growth in drying soil. A
comparison between observations and model predictions. New Phytologist 131, 179-189.

Upchurch, D.R. and Ritchie, J.T. (1983) Root observations using a video recording system in minirhizotrons.
Agronomy Journal 75, 1009-1015.

van de Geijn, S.C., Vos, J., Groenwold, J., Goudriaan, J. and Leffelaar, P.A. (1994) The Wageningen Rhizolab
— a facility to study soil-root-shoot-atmosphere interactions in crops. I. Description of main functions. Plant
and Soil 161, 275-287.

van der Krift, T.A.J. and Berendse, F. (2002) Root life spans of four grass species from habitats differing in nutri-
ent availability. Functional Ecology 16, 198-203.

van Noordwijk, M. (1993) Roots: length, biomass, production and mortality. Methods for root research. In:
Tropical Soil Biology and Fertility, A Handbook (eds J.M. Anderson and J.S.I. Ingram), pp. 132-144. CAB
International, Wallingford, UK.

van Noordwijk, M. and Brouwer, G. (1991) Review of quantitative root length data in agriculture. In: Plant
Roots and Their Environment (eds H. Persson and B.L. McMichael), pp. 515-525. Elsevier, Amsterdam, The
Netherlands.



DEVELOPMENT AND GROWTH OF ROOT SYSTEMS 79

van Noordwijk, M. and Floris, J. (1979) Loss of dry weight during washing and storage of root samples. Plant
and Soil 53,239-243.

van Noordwijk, M., Floris, J. and de Jager, A. (1985) Sampling schemes for estimating root density distribution
in cropped fields. Netherlands Journal of Agricultural Science 33, 241-262.

van Noordwijk, M., Brouwer, G., Koning, H., Meijboom, F.W. and Grzebisz, W. (1994) Production and decay
of structural root material of winter wheat and sugar beet in conventional and integrated cropping systems.
Agriculture, Ecosystems and Environment 51, 99-113.

van Noordwijk, M., Martikainen, P., Bottner, P., Cueva, E., Rouland, C. and Dhillion, S.S. (1998) Global change
and root function. Global Change Biology 4, 759-772.

Vepraskas, M.J. and Hoyt, G.D. (1988) Comparison of the trench-profile and core methods for evaluating root
distributions in tillage studies. Agronomy Journal 80, 166-172.

Vogt, K.A. and Bloomfield, J. (1996) Tree root turnover and senescence. In: Plant Roots: The Hidden Half (eds Y.
Waisel, A. Eshel and U. Kafkafi), 2nd edn, pp. 287-306. Marcel Dekker Inc., New York.

Vos, J. and Groenwold, J. (1986) Root growth of potato crops on a marine-clay soil. Plant and Soil 94, 17-33.

Vos, J. and Groenwold, J. (1987) The relation between root growth along observation tubes and in bulk soil.
In: Minirhizotron Observation Tubes: Methods and Applications for Measuring Rhizosphere Dynamics (ed.
H.M. Taylor), pp. 39—49. ASA Special Publication 50. ASA, CSSA, and SSSA, Madison, WI, USA.

Watson, C.A., Ross, J.M., Bagnaresi, U., Minotta, G.F., Roffi, F., Atkinson, D., Black, K.E. and Hooker, J.E.
(2000) Environment-induced modifications to root longevity in Lolium perenne and Trifolium repens. Annals
of Botany 85, 397-401.

Welbank, PJ., Gibb, M.J., Taylor, PJ. and Williams, E.D. (1974) Root growth of cereal crops. In: Report for
Rothamsted Experimental Station for 1973, Part 2, pp. 26—-66. Rothamsted Experimental Station, Harpenden,
UK.

Zhuang, J., Yu, G.R. and Nakayama, K. (2001) Scaling of root length density of maize in the field profile. Plant
and Soil 235, 135-142.

Zuo, Q.,Jie,F.,Zhang, R. and Meng, L. (2004) A generalized function of wheat’s root length density distributions.
Vadose Zone Journal 3,271-277.



Plant Roots: Growth, Activity and Interaction with Soils
Peter J. Gregory
Copyright © 2006 Peter Gregory

Chapter 4

The Functioning Root System

The root system has to serve several functions simultaneously. It has to provide a stable
platform for the shoot so that the photosynthetic organs can intercept sunlight, and also
has to provide a network that can exploit the water and nutrient resources of the soil. As we
shall see, the availability and movement in the soil of resources varies depending on the
particular resource being considered, so that in contrast to the shoot which is essentially
harvesting only two resources, light and carbon dioxide, the roots and root system have
evolved to cope with a more challenging environment. The anatomy of roots described in
Chapter 2 coupled with the patterns of growth described in Chapter 3 form the basis of the
multi-functional system that is the subject of this chapter.

The successful functioning of root systems has ecological significance in terms of the
competitive advantage of individual species in mixed communities but is also economi-
cally important in the plant-based industries of agriculture, horticulture and forestry.
Much of what we know about root functioning has been learned from a small range of
plants that are important in these industries. This, coupled with the fact that most physi-
ological studies with roots have been conducted with seedling roots grown in solutions,
means that while the general principles of how a root functions have become clearer, the
exact activity of any particular element of a root within a system growing in soil is still
largely unknown.

4.1 Root anchorage

Anchorage is firmly recognized as a major function of the root system, but our quantitative
understanding of this function is slight compared to those of water and nutrient absorp-
tion. There are many reasons for this, not least the underlying complexity of the topic, but
also included are three additional factors contributing to some common misconceptions
highlighted by Ennos (2000). First, the early work of Pfeffer (partially described in section
5.3.1) examined the force required to pull roots out of soil and led to the misconception
that roots are under load when in tension. As we shall see, pulling single roots from soil is
not a good indicator of the performance of a root system. Second, the use in experiments
of young root radicles coated with root hairs encouraged the view that root hairs were al-
ways important elements of anchorage. Finally, because single roots could withstand large
pulling forces (10kPa without root hairs and about five times greater with root hairs), the
impression was created that sufficient anchorage could be gained by root systems as a by-
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product of their function as absorbers; this despite many observations of plants toppling
over. It is now realized, though, that the need for anchorage has influenced the overall size
and shape of root systems.

Many terms are used to indicate the consequences to plants of the failure of the anchor-
age function of roots including uprooting, windthrow and treefall (Schaetzl et al., 1989).
In this chapter, the terminology of Ennos (2000) will be used. Uprooting will be used to
indicate the upward pulling of roots as, for example, occurs during the grazing of grass by
cattle or the pulling up of weeds by a gardener. Overturning will be used to indicate the
permanent failure of plants to remain upright as, for example, occurs with some trees dur-
ing strong winds (windthrow) and with some crop plants often with a combination of strong
winds and heavy rain (lodging).

4.1.1 Uprooting

The simplest form of anchorage failure to consider is that arising from an axial, uproot-
ing, force. The failure behaviour of roots and soils is very different (Ennos, 1990). Un-
strengthened roots in tension behave elastically with a typical Young’s modulus of about
10* kPa, and stretch by about 10% before breaking at a stress of about 10° kPa. Soils, in
contrast, have high initial cohesiveness, but fail at low stresses (typically 1-100 kPa for
damp loams). They do not ‘break’ but continue to resist shear because of the friction and
cohesion between particles. This difference in elasticity and shear strength between root
and soil means that when an axial pulling force is first applied, the top of the root stretches
and the root moves relative to the soil. Shear stress is concentrated initially around the top
of the root, and the root/soil bond (or the soil around the root) fails first in this region before
moving downwards as the uprooting force is increased. After failure at the top of the root,
friction within the soil or between the root and the soil will continue to resist uprooting.
The greater the axial force applied, the greater the area of soil that will fail, and the deeper
in the soil will the root be stretched. The force required to cause displacement will, then,
rise rapidly at first but then more slowly as uprooting proceeds (Fig. 4.1a). Catastrophic
failure of the root occurs in one of two ways (Ennos, 1990): (i) if the failure front reaches
the bottom of the root, the root will be pulled from the soil; or (ii) if the axial force applied
exceeds the strength of the root then it will break rather than be pulled out. In practice, un-
strengthened roots more than a few millimetres long usually break before they are pulled
out of soil. For example, Ennos (1990) found that leek radicles could withstand a force of
only 0.3 N and that they broke if longer than about 30 mm in soil with shear strength of 3.8
x 10° N m™ (Fig. 4.1b).

The force required to pull a root from a soil (F) is dependent on the area of contact
between the root and the soil, and the shear strength of the soil:

F=nDLo @.1)

where D is the root diameter, L is the root length, and G is the shear strength of the soil. The
resistance to being pulled out is, then, greatest for long, thick roots in strong soil. Roots,
though, may not be able to withstand this force (their breaking strength is proportional to
their cross-sectional area) and may break before lower parts of the root are stretched. The
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Fig.4.1 Force/displacement curves for roots: (a) the predicted shape of the force/displacement curve for a long
(dashed line) and short (solid line) root. The former breaks, while the latter produces force until it is pulled out
of the ground (displacement = L); (b) force/displacement curves for a 41 mm long leek root which broke (dashed
line) and for a 34 mm long leek root which pulled out (solid line); and (c) force/displacement curve for the up-
rooting of a 7-day-old wheat plant. (a and b reproduced with permission from Ennos, Annals of Botany; Oxford
University Press, 1990; ¢ reproduced with permission from Ennos, Journal of Experimental Botany; Oxford
University Press, 1991.)
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consequences of this are that for soil of a given strength, short roots will pull out while long
roots will break, and that weaker soil will provide less force per unit length so the length at
which the roots break will be longer.

Many plants, of course have more than one root but the principles of root uprooting
are essentially similar. Figure 4.1c shows that the force/displacement curves for three un-
branched seminal axes of 7-day-old wheat seedlings were similar in shape to those for the
single root radicle of leek (Ennos, 1991a). However, the inner axes (axes 1, 2 and 3) with
their predominantly vertical growth responded differently to the outer roots (axes 4 and 5)
which grew at an angle of about 60° from the vertical. The inner roots broke at a displace-
ment of about 5 mm, some 20—100 mm from their base, whereas the outer roots were pulled
from the soil and only rarely broke. The measured extraction force of both the inner and
outer roots was less than the force that should be resisted as calculated using equation 4.1
(Table 4.1), and the five roots of the plant’s root system combined to resist almost as much
force as the sum of the individual roots.

These uprooting tests lead to two important conclusions: (i) a plant cannot improve its
anchorage just by increasing its root length or strengthening the bond between root and
soil; and (ii) anchorage will be improved by strengthening the base of the root (e.g. by
lignification and/or secondary thickening (Ennos, 2000). This strengthening of roots has
been demonstrated in many plant species, but there is a cost to the plant in terms of carbon.
Such costs can be minimized by:

(1) Strengthening only the basal areas — most roots are strengthened progressively towards
their base (e.g. the strength of the three inner roots [axes 1, 2 and 3] of 21-day-old wheat
plants increased linearly with distance from about 1 N at 140 mm from the base to about
3 N at the base) (Ennos, 1991a).

(2) Coating the top of the root with root hairs —root hairs are important in the establishment
of seedlings (see Ennos [1989] for an account of sunflower radicles and root hairs) but
in more mature roots they become less important because they die and new hairs are
located close to the root tip remote from parts of the root that are likely to be subject
to uprooting forces. However, the production of shoot-borne roots by grasses which
then enter the soil and produce a profusion of root hairs and a strong rhizosheath is an
example of a role for root hairs in the anchorage of an older plant.

(3) Root branching — the production of a fibrous root system rather than a single tap root is
advantageous because many narrow roots have a larger surface area than a single root

Table 4.1 Comparison of the measured extraction force (in Newtons, N) to uproot roots
of young wheat seedlings with the force that should be resisted (N) calculated using equa-

tion 5.1

Inner three seminal axes Outer two seminal axes
Plant age (days) Calculated Measured Calculated Measured
7 1.06 0.84 0.50 0.29
21 2.08 1.39 0.82 0.63

From Ennos, 1991a.
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of equivalent cross-sectional area and will transfer tension more readily to the soil.
However, if there are too many roots, the soil will tend to fail as a ‘root ball’.

4.1.2 Overturning

Most plants are rarely subjected to a vertical, uprooting force. Far more common is the ap-
plication of a horizontal force by the wind (ultimately resulting in overturning), which is
transmitted to the root system by the stem causing rotation in the soil. The anchorage systems
of self-supporting plants must, then, be able to transmit rotational torque to the soil rather
than transmit simple upward forces. This means that the fibrous root systems that are so good
at preventing uprooting are much less good at preventing overturning because each root will
simply bend at its base. Resistance to rotation requires at least one rigid element at the base of
the stem to act as a lever; this can be provided by a tap root, or plate root systems, or by leaves
growing at the base of the stem in a rosette, or by having several stems which grow horizon-
tally along the ground before growing upwards (Ennos and Fitter, 1992). The importance of
providing for anchorage can be seen in the comparative morphologies and investments in tap
roots made by procumbent or climbing, rosette or multi-stemmed, and free-standing plants.
Ennos and Fitter (1992) hypothesized that low, creeping and climbing plants would have fi-
brous root systems, as would rosette and multi-stalked plants. Single-stemmed, free-standing
plants, though, would have a tap root or plate-root system with a greater proportion of their dry
mass invested in their anchorage roots. This was, indeed, found to be the case in a field survey
of 6 species of Brassicaceae, in a glasshouse study of 12 species of annual dicotyledons, and
a field experiment of 17 different plant species. In all studies the lignified xylem of the tap
root and the lignified stele of fibrous roots (the anchorage roots) were distinguished from the
remaining non-lignified absorption roots. Results from the glasshouse study showed that the
proportion of plant dry weight invested in anchorage roots increased from procumbent or
climbing (1-4%) to rosette or multi-stemmed (3—7%) to free-standing (8—12%) plants, and
that only free-standing plants invested significantly in a tap root (Fig. 4.2).

In addition to the tap-rooted systems of anchorage of free-standing plants, two other
forms of root are important in resisting the horizontal forces that result in overturning. The
shoot-borne upper roots (nodal/crown) of many grasses have already been referred to, and
in many trees a thickened root base, or root plate, forms. Figure 4.3 summarizes the modes
of failure due to horizontal forces found in three common types of root system. Each type
will be considered in turn:

Tap root — a central tap root is a characteristic of most small dicotyledons. In many
trees, the tap root dominates anchorage considerations when the tree is young, but its
importance decreases as that of the near surface lateral roots increases (Coutts and Nicoll,
1991). There are two main components to the anchorage of such systems: (i) the resistance
of the soil to compression on the leeward side; and (ii) the bending resistance of the tap
root (Goodman et al., 2001). The tap root acts like a foundation pile so that as the plant is
overturned, the tap root is bent and rotates about a point at some distance below the soil
surface. Engineering theory predicts that the maximum resistance (R__ ) to lateral loading
of a vertical pile is given by:

R =4506DL? 4.2)

max
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Fig.4.2 Percentages of total dry mass invested in anchorage root (shaded area = tap root, open area = fibrous root) in
12 species of annuals of differing shoot form grown in a glasshouse: (a) procumbent or climbing; (b) rosette or multi-
stemmed,; (c) free-standing. Error bars show + 1 SD of total anchorage investment, and the number of plants is given
after each species name. (Reproduced with permission from Ennos and Fitter, Functional Ecology; Blackwell,1991.)

where D and L are the diameter and length of the rigid rod and 6 is the shear strength of the
soil. The result is that the shoot moves to leeward, and the plant part below the centre of move-
ment moves to windward. Soil properties influence the exact mode of failure. If the soil is wet,
then it will compress easily allowing rotation deep underground and the permanent leaning
over of the plant, whereas if it is dry, the tap root or stem may fail (Ennos, 2000). In experi-
ments with rape (Brassica napus) plants with pods and green seeds, Goodman et al. (2001)
found that lateral roots originated below the centre of rotation of the root system (about 30
mm below the soil surface) and that the maximum anchorage moment was 2.9 + 0.36 N m.
On their sandy loam, tests at field capacity (shear strength about 46 kPa) showed that the soil
resistance to compression accounted for about 60% of the anchorage moment and the tap
root bending moment about 40%. In their soil, the anchorage moment and the stem bending
moment at failure were similar, suggesting a similar resistance to root and stem lodging.
Plates — Trees commonly develop a plate root system (Coutts, 1983) consisting of large
diameter roots which radiate almost horizontally from the base of the trunk before taper-
ing and branching. These thick, horizontal roots may, in turn, develop ‘sinker’ roots which
grow vertically downwards. In such systems, the resistance of the soil to downward move-
ment of the roots is high because of their large area and the high resistance to compression
of the soil. There are four main components to the anchorage of such systems: (i) the resist-
ance of the soil; (ii) the resistance of the leeward hinge to bending; (iii) the resistance of the
windward roots, especially the sinkers, to uprooting; and (iv) the mass of the root—soil plate
(Coutts, 1986; Ennos, 2000). The leeward side of the root—soil plate acts as a cantilevered
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Fig.4.3 Failure modes due to horizontal forces in three types of root systems. In widely spreading root systems with
sinker roots (e.g. many trees and some herbaceous dicots), the system rotates up around a leeward hinge (A). In nar-
rower systems (e.g. cereals and other monocots), rotation occurs about a windward hinge (B). Overturning of simple
tap root systems occurs as the tap root is bent and rotates about a point directly beneath the stem at some distance below
the soil surface (C). (Reproduced with permission from Ennos, Advances in Botanical Research; Elsevier, 2000.)

beam, and as force is applied on the windward side so upward movement of the root—soil
plate on that side occurs accompanied by sequential breakage of roots and failure of soil.
Eventually the tree overturns with a characteristically elliptical shaped root—soil plate at-
tached; damage to leeside roots occurs nearer to the stem base than that to windward and
largely at branching points (Coutts, 1983). In experiments with Sitka spruce on a peaty gley
soil, Coutts (1986) found that the relative importance of the factors influencing anchorage
changed with time. With a small horizontal force, the soil resistance was dominant, but
with a large force components of anchorage were in the order roots > mass of plate > hinge
resistance > soil resistance. The study highlighted the importance of laterally growing roots
on the windward side in conferring stability to the tree.

From these considerations it is apparent that the stability of trees will be affected con-
siderably by the depth of soil available for sinker roots to exploit, and by the architecture
of the root system, so that predicting the anchorage failure of tree root systems is a com-
plex matter. Shallow soils, and waterlogged soils, which in some tree species reduce the
rootable soil depth (e.g. Lodgepole pine — Pinus contorta) (Coutts and Philipson, 1978),
have received some attention in this regard because they are often marginal areas for crop
production and forestry is the preferred land use. The stability of shallowly rooted trees
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can be strongly influenced by the symmetry of the root system and where woody lateral
roots are poorly developed or absent, stability will be reduced (Coutts et al., 1999). Trees,
therefore, employ various modifications during their development to limit their liability
to overturning. On shallow soils, the flexing of structural roots near the surface increases
as height and movement in the wind also increase. To limit this movement, the size of the
root—soil plate increases. For example, Nicoll and Ray (1996) and Ray and Nicoll (1998)
found that for 46-year-old Sitka spruce on a peaty gley soil, there was an inverse relation
between plate area and plate depth (Fig. 4.4). Thin plates, which developed over a shal-
low water-table, had a greater surface area than the thicker plates that developed where
the water-table was deeper. They also found that anchorage was related to the rigidity of
the plate, which affected the resistance to soil failure. Increasing rigidity had the effect of
extending the leeward hinge away from the trunk and therefore increased the stability of
the tree. On sloping sites, too, trees modify their architecture to enhance their anchorage.
Chiatante et al. (2003) measured the root systems of five different woody plant species and
found that their architecture changed from a symmetrical bell shape when grown on a plane
to an asymmetrical bilateral fan shape when grown on a slope. The asymmetrical architec-
ture on the slope was a consequence of preferential lateral root emergence and elongation
in the up- and down-slope directions. Moreover, there were substantial modifications in
the shape and organization of tissues in these roots compared with those growing on pla-
nar soil. These plant responses to mechanical stresses (thigmomorphogenetic responses)
were similar to those obtained in other studies of plant responses to wind. For shoots, plant
height is typically reduced and a bushier crown is produced with shoot branches mainly
on the leeward side. For roots, a large number of changes may also occur. For example,
Mickovski and Ennos (2003) found that when 4-year-old Scots pine (Pinus sylvestris L.)
were subjected to regular unidirectional stem flexing for 6 months, there was an increase
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Fig. 4.4 The relation between soil-root plate area (normalized for tree size by dividing by stem mass) and

soil-root plate thickness for Sitka spruce trees grown at Kershope Forest, Cumbria, UK. (Reproduced with per-
mission from Nicoll and Ray, Tree Physiology; Heron Publishing, 1996.)
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Table 4.2 Thigmomorphogenetic responses of flexed young Pinus sylvestris trees measured over a 6-month
period

Increase in
Root cross-
Increase in Root:shoot at sectional area  Number of Stem diameter

Treatment  height (mm)  harvest (mm?) major laterals (mm)
Control 3117 0.289 +0.047 par  5.09 0.11 0.16 £ 0.10

per 2.22 0.22 0.17 = 0.12
Flexed 13=+8 0.299 +0.035 vpar 14.74 0.88 0.66 = 0.42

per  3.65 0.50 0.48 = 0.32

Values are means + standard deviation either for the whole plant, or parallel (par) or perpendicular (per) to the
direction of flexing. From Mickovski and Ennos, 2003.

in cross-sectional area and larger biomass allocation to the roots parallel to the plane of
flexing. This, in turn, resulted in a larger number of major lateral roots with larger cross-
sectional area in the plane of flexing (Table 4.2). In this study there were no significant
differences in the proportion of biomass allocated to roots and shoots, or in the mechanical
properties of the wood.

Prop roots — Many monocotyledons, including economically important crops such
as maize and wheat, support their elongated stems with whorls of lignified roots which
emerge from nodes on the stem and grow down into the soil like an inverted crown (hence
they are sometimes referred to as crown roots; see Fig. 2.1). There are two components to
anchorage in such systems: (i) the resistance of the soil to compression; and (ii) the buck-
ling resistance of the windward roots (Crook and Ennos, 1993). In this anchorage system,
which is substantially narrower than a root plate, when a horizontal force is applied to the
stems they lean to leeward and deflection is mainly due to the rotation of the whole plant in
the soil about a windward hinge. Engineering theory predicts that the root failure moment
(M,) will be given by:

M,=98cnd’=350cd (4.3)

where o is the shear strength of the soil and d is the diameter of the root—soil cone. The
result is that when a force is applied, a cone of roots and attached soil is levered into the
ground on the leeward side. During small deflections, rotation is centred directly below the
stem with the prop roots moving axially and bending at their base (Ennos, 1991b), but at
greater stem deflections, the centre of rotation is located 20-30 mm below the soil surface
at the windward edge of the root cone (Crook and Ennos, 1993).

Lodging resistance of cereals has been found by several researchers to vary between
cultivars (Pinthus, 1973; Crook and Ennos, 1994; Berry et al., 2003). Both stem and root
lodging may occur depending on the circumstances (Baker et al., 1998). In four cultivars
of winter wheat, lodging was not related to the stiffness and strength of stems, which
were adequate to withstand the prevalent forces, but to the failure of their root systems
(Crook and Ennos, 1994). Resistance was associated with short and light stems, and with
stronger, widely spread prop roots which produced larger soil cones during anchorage
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failure. The balance required, though, between root strength and size of cone was not
resolved in this study; the cultivar Widgeon produced the largest cone and lodged most,
while the cultivar Hereward had the smallest cone but did not lodge. Baker et al. (1998)
calculated the risk of stem and root lodging of wheat from crop and soil parameters.
They found that the theoretical value of 3.5 in equation 4.3 was 0.43 in their study (cf.
the measured value of about 1 found by Crook and Ennos, 1993), and that crops were
less prone to lodging on soils containing a large proportion of clay than crops grown on
sandy soils. Their parametric analysis indicated that characteristics of the wheat crop
could influence lodging as much, if not more, than the weather at the time of lodging,
and demonstrated the strong correlation between different crop characters (e.g. root ball
diameter and depth of the prop roots). Berry et al. (2003) assessed the lodging resistance
of 15 winter wheat cultivars and found that there was only a weak correlation between
the wind speeds resulting in stem and anchorage failure. Cultivar resistances to stem and
root lodging were, then, different and improvement might be derived from breeding for
both wide, deep root plates to r