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ABSTRACT

SPATIAL DISTRIBUTION AND WATER UPTAKE OF ROOTS
IN STRUCTURED GROWTH MEDIA

By

Mariana Amato

Root water uptake has classically been modeled based on
the assumption that roots are distributed evenly within soil
layers. In many instances, though, root distribution is more
likely to be clustered than regular or random, and the
distance water has to travel from bulk soil to root is larger
than average distance between roots. This can imply
limitations to water uptake in soil regions far from the root
cluster. A study is presented that characterizes root
clustering and water uptake in relation to soil structural
status.

To measure small scale variability in volumetric water
content, 21 mm long probes were designed for a time-domain
reflectometer. Water content values higher than 0.07 cm® cm3
were reliably measured in a sandy-clay and in a clay-loam
soil. In the clay-loam, at water content higher than 0.29 cm®
cm3, a few excessively high values of dielectric constant were
measured, yielding excessively high values of 6.

In a greenhouse experiment, maize (Zea mays L.) was

planted in soils of different structural status and grown on






stored water. Growth and water uptake were affected by soil
structure; roots grew into sieved sandy-clay soil or shrinkage
cracks but did not penetrate clay-loam peds beyond 2 cm from
the surface, unless biopores were present. Unextracted water
was left in peds, even after plants had lost practically all
green leaf area, and large gradients in 6, were measured as a
consequence of root clustering. In a treatment with uniformly
compacted clay-loam soil, very little root and plant growth
was measured, and no wilting occurred although water
extraction was small.

Water outflow from peds was modeled assuming that a ped
could be simplified by a cylinder, and that flow was radially
symmetrical. Experimentally measured water gradients in peds
could be reproduced by assuming that soil water diffusivity in
peds ranged from 4.29*102 to 10 cm?® day’'.

In a field experiment maize was grown in a swelling soil
with three structural treatments corresponding to minimum
tillage, tillage to 50 cm, and loosening of the profile up to
100 cm. Plant growth and yield, as well as root and water

uptake patterns were related to soil structure.
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INTRODUCTION

WATER UPTAKE FROM ROOT SYSTEMS

Water uptake by plant root systems has been described
by numerous models, classically ascribed to two main
approaches:

- a microscopic approach
in which radial flow to a single root is described, and
microscale processes that lead to water flow towards the root
are taken into account.

The idealizations of the earlier models ( Philip,J.
R.,1957; Gardner, 1960, Cowan 1965) were that the root be
considered as an infinitely long cylinder, of uniform radius
and water absorbing characteristics. Water flow towards such
a root was therefore imagined to be radial, and was expressed
as a function of water potential gradients and hydraulic

conductivity of the soil:

56 5

—— i eem——— (rk, 3¢/8r) (1)
5t rdr

where 6 = volumetric soil water content






time

radial distance across which water moves
soil hydraulic conductivitx

soil matric water potential

t
x
v

Various assumptions on the type of flow and boundary
conditions have yielded different equations for flow

calculation. Under the assumption of steady-state conditions,

Philip (1957), suggested the expression:

-2nk, (¥, .-¥,)
q = —— (2)

where is the water uptake rate per unit root length

gq
k: is the soil hydraulic conductivity

¥, is the water potential at the root surface

L is the water potential of the soil at a distance
r,., is the radius of the cylinder from which water moves
to the root. Gardner (1960) calculates it as half the
distance between adjacent roots.

r is the root external radius.

r

The value of k, was often considered constant, and
approximated by that of the bulk soil, when the resistance to
flow within the rhizosphere was considered to be low (Arya et
al., 1975 c)), or it was expressed by the more general

relation :

2
k, =17 xmasl / v, - ¥ (3)

rs

(Whisler et al., 1970).

In most cases, the formalism ¢ = matric potential is used in the literature, rather than

the more general ¢ = total potential, for practical reasons.






3

The difficulties in measuring potential at the
root-soil interface,and the questions about the role that
resistances to flow within the root play in determining water
uptake in the soil-root system (Newman 1969 a,b,; Hansen 1974)
led to flow calculations that included radial water movement
within the root, from the surface to the xylem, so that the
system was redefined (Taylor and Klepper 1975) and the radial

flow equation used was :

g = =====Seemmmemmteeeeeoo (4)

where k. is the hydraulic conductivity of the soil-root
system
¥, is the water potential at the xylem
r is the radius of the root stele.

stele
Much research was stimulated by this approach, on the
calculation of the water potential distributions around and
across the root, and on establishing which of the soil and
root resistances to water flow were most important in
determining the water uptake rates in different situations
(Gardner,1964, Molz,1971, Taylor and Klepper, 1975, Passioura,
1988, Newman, 1969 a and b, Boyer, 1971, Miller et al, 1971,
Barrs and Klepper, 1968, Begg and Turner, 1970, Reicosky and
Ritchie, 1976, So et al. 1976 a, Samui and Kar,1981). Several
solutions of the cylindrical diffusion equation have also been

devised, for different purposes and applications.

The extension of the model to the whole root system is
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based on the simplifying hypothesis that each root draws water
exclusively from a soil region. The complete root system is
then viewed as a summation of single roots, since no
overlapping between extraction zones is considered, nor is any
other interaction between roots. The watershed of each root is
calculated as a cylinder whose radius is half the.average
distance between roots (Gardner 1960, Tinker 1976 ).

Criticisms have been made of this approach (Molz
1981, Passioura 1988,Klepper and Taylor, 1978 ), mainly of its
application to the whole root system, and for theoretical and
practical reasons. Problems in application include
difficulties in defining the boundary conditions, and in
measuring the parameters involved, inaccuracies in determining
the whole root length of a plant at each time, and more
important the problems in establishing the relative
contribution of each part of the total root length to active
water uptake.

Furthermore, ignoring physical (overlapping) and
physiological interactions between single roots is a cause of
error. The model has,in many cases, proved inadequate. to
describe accurately the water uptake of root systems (Brenner
et al, 1986; Faiz and Weatherley, 1977; Faiz and Weatherley,
1978; Miller, 1985; Herkelrath et al, 1977; Zur et al, 1982),
although the behavior of single roots has been shown to be
modeled fairly accurately in some cases (Hainsworth and

Aylmore, 1986; Passioura, 1980; Taylor and Klepper, 1975).
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This type of approach has stimulated a number of experimental
and theoretical works on the processes related to water uptake

(So et al.,1976 b),1978,).

- a macroscopic approach
in which the root is characterized as a water sink in its
totality.

Many types of model can be listed under this category.
Early work (Wadleigh 1946) proposed an integrated soil water
value to represent the entire root water status. Based on
thermodynamics, Wadleigh's view was that the root system
adjusts water absorption so that the soil water potential is
constant throughout the root 2zone.

Subsequent research (Taylor 1952) used the concept of
integrated soil water stress but pointed out the fact that the
soil dries in the top parts first and then in deeper layers.
Models that followed ( Whisler et al, 1968; Molz and Remson,
1970,1971, Nimah and Hanks, 1973, Hillel et al, 1976) viewed
the root system as a whole and characterized it as a diffuse
sink throughout the soil, though its strength was not
necessarily regarded as uniform within the root zone, so that
different parts of the root were recognized to experience
different water status. In particular, some models recognize
non-uniformity in the vertical dimension for soil and rooting
patterns that affect water extraction.

Early macroscopic models (Rose and Stern,1967; Whisler
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et al., 1968, van Bavel et al.,1968, Molz and Remson,1971;
Feddes and Rijtema,1972) have been criticized for being too
general and not considering physiological parameters with
sufficient detail (Klepper and Taylor, 1987), and therefore
being of limited use in interpreting experimental data or in
predicting plant water use.

In an attempt to overcome some of these limitations,
more recent macroscale models include a mechanistic treatment
of soil and plant behavior, showing more attention to water
uptake processes (Nimah and Hanks,1973; Rose et al,1976; van
Bavel and Ahmed, 1976, Hillel et al.,1976, Taylor and Klepper,
1978). Those models are sometimes regarded as microscopic or
'hybrid' models and have some of the problems microscale
approaches encounter in describing and quantifying water

withdrawal mechanisms.

In general, the sink effect of plant roots is
represented by an extraction function that combined with the
Darcy-Richards equation quantifies root water uptake. For a

given volume of soil :

ae d(k(dy/dz))
e an IZ e e e - e e e o - S(Z,t) (5)

where z is depth
S(z,t) is the root water extraction - or 'sink' - term
(volume of water extracted per unit soil volume per
unit time) that is considered variable with depth
and time. Only few authors (Cavazza, 1985) use the
more general formalism S(x,y,z,t), taking explicitly
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into account spatial variations in sink strength.

Several empirical functions have been used for the
S term (see review in Molz, 1981; Perrochet, 1987). Some of
them are not easy to compare and evaluate since they are part
of more complex models (Nimah and Hanks 1973, Feddes et
al,1974,1976,1978; Rowse et al,1978), and were not directly
and independently tested. Rather soil and root characters
included in the formulas were chosen as the ones that gave the
best fit of the overall model when field data were used for
calibration (Molz 1981) . Others are rather simple and include
soil hydraulic properties alone, ignoring root resistance to
water flow, and have therefore been criticized from a
conceptual (Molz 1981, Reicosky and Ritchie 1972) and
practical (Klepper and Taylor 1978) point of view. Others
regard root-soil hydraulics with more detail( see in Molz,
1981 and Klepper and Taylor, 1978). Several of them include
root density measurements per unit volume. Advantages,
theoretical problems, practical disadvantages and inability to
accurately describe experimental data have been reviewed (Molz
1981, Klepper and Taylor 1978, Passioura 1988) for the various
approaches. Some of the problems, common to most of them need
to be addressed for a better understanding of the processes of
water transport and uptake and accurate quantification and

podeling .
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SPATIAL DISTRIBUTION OF ABSORBING ROOTS

Most water uptake models calculate extraction based
on root density per unit volume of soil. Such density is
either measured or estimated in the volume considered,and is
generally considered to vary with soil depth. The explicit or
underlying assumption is that roots are uniformly or regularly
distributed in each soil layer or soil volume considered. In
fact the single root model and its extension to the entire
root system (Tinker, 1976) assume that the radius of the soil
cylinder from which each root absorbs water is 1/2 the average
distance between roots. Such distance is calculated with
different formulas, based on different assumptions of root
arrangement (random or regular with different geometry) as
reviewed by Tardieu and Manichon (1986 a). One of the most

used formulas is:

b = (nL) V2 (Tinker, 1976) (6)

where L is the average root length density in the soil volume
considered. Such an approach is valid if L is above a certain
threshold level, and is justified by the hypothesis that roots
are parallel to one another, and that average distance and
effective distance between roots coincide. This last condition
js true if roots are uniformly distributed in the soil, and it

is a reasonable approximation if the distribution varies
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randomly (calculations based on random or regular
distributions give similar results -Tardieu and Manichon 1986
a-). In such conditions, overlapping between water absorption
zones of adjacent roots is not considered, and regions where
soil water is not extracted are not accounted for.

In reality, the root is a coordinated system with
complex interrelations so that single roots cannot be
considered parallel nor independent of each other. Also, the
soil environment shows heterogeneity in the physico-chemical
and biological properties that affect root density. Therefore,
the assumption of randomness or regularity in root
distribution is not justified.

Testing of several water extraction models has been
made in the laboratory,in artificial or often disturbed growth
media, where conditions in the root environment were likely
much more uniform than what generally happens in the field.
However, a well defined relation between root length density
and water uptake is not always found in water uptake studies.
In field situations even greater differences between
calculated and measured uptake are found. Root spatial
variability in the horizontal (xy or areal according to
Hamblin, 1985) dimension can account for a part of the

discrepancies found between measurements and calculations.
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CONSEQUENCES FOR WATER UPTAKE

The characterization of the root system as a water
sink has involved the measurement and/or calculation of root
density, water potential gradients and hydraulic resistances
along the flow path. Most calculations were made following the
hypothesis of uniform root distribution.

Tardieu and Manichon (1986 a) argue that the
assumption of root uniformity 1leads to computation of
distances between roots smaller than they actually are if root
clustering exists. They show how,in case of structurally
heterogeneous soil, the real distance between some adjacent
roots is remarkably larger than the average distance (Tardieu
and Manichon, 1986 c, Tardieu, 1988 b).

Overlooking of this phenomenon would lead to a series
of errors: if the water flow trajectories from the bulk soil
to the roots are longer, the importance of soil resistance to
water flow is probably greater, and if it becomes limiting,
larger gradients in water content and potential will exist in
the root zone, between perirhizal and 'bulk' soil, than the
ones resulting from average distance calculations. Roots water
status will be affected, in that roots will experience water
shortage even in a soil whose average water content is not
joWw. Cavazza (1985), using data from Gardner, shows how the
distance at which a root can draw water from the soil is of

the order of a few mm or cm, depending on the initial soil

T ISR e
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water conditions and the velocity of water uptake. He argues
that if the root system does not permeate the whole soil, it
may not have access to all of the water in the bulk soil.
Passioura (1985) suggests that if roots are clustered, i.e.
constrained in wormholes, each cluster should be considered
like a single root, having access to a cylinder of soil of

radius:

B = (n L*)""?2 (7)

where L* is the length of occupied pore per unit soil volume,
and replaces the root length density of the single root model
(equation 6). This way, water extraction is no longer a
function of the actual root density. Rather, it becomes
dependent on the geometry of soil pores accessible by the
roots, and of the actual presence of roots in such pores. The
values for B would be considerably higher than those of b
(equation 6) based on average root length density. The author
calculates a time constant that describes the rate of water
uptake when flow through the soil is entirely limiting. Such
a constant is proportional to b? if equation 6 is used, and to
B2 if equation 7 applies. Therefore, in case of clustered
roots, the time constant may become quite large, and possibly
1imiting the access of the roots to soil water in a time
useful for crop survival or stress relief. A more general

treatment of a clustered root distribution (for roots growing
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along planes or soil prisms) is formalized as the clumped root

model :

Q = ——=m- Ie D(6) db (8)

(Passioura, 1985)

where 0o is 6 at the center of the prism or between planes;
B is the radius of the cylinder approximating the prism
or half distance between planes;
n is 1, 2 or 3 according to the geometry of clusters.
D(0) is soil water diffusivity?

Such an approach implies the need for changing the
type of features that need to be measured in order to quantify
root water uptake. Namely the geometry of soil regions
accessible to roots, and the effective presence of roots in
such regions would have to be determined instead of the
average root length density in a given layer of soil. Root
length density determinations would still be necessary if
roots were sparse enough that the planes of root growth could

not be considered diffuse water sinks. In that case a

Cylindrical or sub-cylindrical geometry should be assumed.

———

$Oil water diffusivity is used instead of soil water conductivity k for simplifications in

ﬂle Mathematical treatment of transient flow. The relations between D and k are: D=
k 6‘!’/ 8. This approach implies therefore the use of gradients in water content instead of
gf'fldlents in soil matric potential, and is formally identical to Fick’s law of diffusion, therefore
it is referred to as diffusion equation. Physically, though, it is not diffusion (random motion)
but mass flow under pressure gradients. In order for the relation /86 to hold, the soil
must be uniform in texture and structure.
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THE ROOT AS A SPATIALLY VARIABLE WATER SINK

It is well-known that plant roots present a highly
non-uniform distribution in the soil. Such heterogeneity is
generally recognized to have a structured component in the
vertical dimension, but in the xy plane it is generally only
described by a high coefficient of variation of the root
character measured, since most of the root and soil sampling
strategies used so far are not designed to study its spatial
patterns.

Data in the 1literature exist, that document
horizontal non-uniformity of root density or of water content
and water potential distributions around plants (Nelson and
Allmaras, 1969; Mengel and Barber,1974, Arya et al., 1975 b
and c, Boehm et al., 1977, Kilic, 1973), but often the authors
do not explicitly use the information on spatial arrangement
for their calculations and comments. Only recently, attempts
have been made to document root clumping (Ehlers et al,1983;
Taylor,1983; Wang et al, 1986), to quantify it (Tardieu and
Manichon, 1986 a and b, 1987 b, Tardieu 1988 b, Pettygrove et
al., 1989) and to explicitly take it into account for its
effects on nutrients (Sanders et al. 1970, Baldwin et al.,
1972, Dunham and Nye, 1973; Pettygrove et al., 1989) and water
(Tardieu and Manichon,1987,c; Tardieu, 1988,b and c)
extraction.

One consequence of such an approach is that part
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of the variability in root density is no longer viewed as
random , so that it can no longer be considered part of the
'error' in statistical analysis. This should result in a
reduction of the coefficient of variability. Tardieu (1988 b)
reports a reduction of the coefficient of variability of root
length density in the soil, if the calculations are made in
non-compacted soil areas only (c.v. 30%) as opposed to pooling
the data taken from compacted and non-compacted regions of the
same soil layer (c.v. 80-90%).

The problem of characterizing roots as a spatially
variable water sink is complicated by the presence of two
dimensions relative to the geometry of the absorbing system:

a) roots distribution is generally not uniform or random in
the soil, but different degrees of clustering are likely to
occur. The consequences for water uptake are that on one side,
extraction zones of roots in a cluster overlap, and on the
other, soil regions relatively far from the roots exist in the
rhizosphere, where water is not extracted because large
potential gradients would be necessary to move a significant
amount of water across several centimeters of soil, if the
hydraulic conductivity is relatively small.

b) the ability to absorb water is not uniform throughout the
root system.

It is due to both :

-i- physiological reasons : permeability to water varies

with respect to position along the root. The Casparian strip
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was identified as the main obstacle to water flow across the
root, but other features play a role too, as suberin
depositions on the epidermis, or the presence of least
resistance paths like root hair insertion points and 'easy'
symplastic ways (Clarkson, 1984; Drew,1979).

The assessment of which part of the root is to be
considered actively absorbing was one of the first, and still
is one of the main problems of a microscale-type approach,
given the difficulties of the measurements involved.

Early works and a number of more recent ones (Boyer,
1985; Kramer,1983) identify the 1 to 10 cm of root behind the
tip as the active region (young tissues), but the length of
such 2zone has been reported to be dependent on various
conditions, at least species (Sanderson, 1983; Drew,1979). It
has also been argued that other parts of the root are likely
to play a role (Passioura 1988), since uptake occurs in older
parts of the root system as well, even though at a lower rate
(Sanderson,1983). Kilic (1973) suggests that as the rate of
transpiration increases, the zone of water absorption moves,
extending to older zones of the root. Also, there is debate on
whether the root resistances to water flow are constant or
variable with flow rate. Conceptually, and also for many
applications, it is likely more correct to speak of a gradient
in absorbing properties rather than distinguishing between an
active and an inactive zone.

Also, most of the data on water uptake by different

T ———
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regions of the root come from experiments in nutrient
solution. Passioura (1980) estimated from laboratory
experiments on wheat seedlings grown in soil at y=-5 bar, that
the effective length involved in water uptake was 1/3 of the
total root length, but such a ratio should not be extended to
other situations.

Kilic (1973) modified the root water extraction function
(sink term of the water transfer equation) adding a term for
the degree of suberization, defined as the required water
potential gradient between soil and absorbing root surface to
overcome the resistance of the suberized layer. With this
correction he predicted that the rate of maximum water
absorption occurs where the root density is optimum rather
than maximum, due to suberization of the older roots.

Factors other than plant anatomical features play a
role. An example is temperature that may vary considerably
with soil depth, and that may affect root activity rate to a
large extent ( Allmaras et al., 1975). Small anaerobic soil
areas, likely present in structured soils, will also change

local root permeability (Everard and Drew 1987).

-ii- hydraulics of the root-soil interface: poor contact
due to soil and/or root shrinkage (Faiz and Weatherley, 1982;
Huck et al., 1970 ) during drying, interrupts the water flow
continuity and water transfer may continue only through

diffusion of vapor, orders of magnitude slower (Passioura,
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1988) .

Due to lack of soil-root contact , therefore, some
root length may give a much lower contribution to water uptake
than what would appear if extraction were considered
proportional to root density.

The relevance of both classes of phenomena has not
been clearly established, and the problem is complicated by
the variations that they undergo in time and with changes in
soil conditions, and by possible interactions. The result is
that absorbing properties of the root system are distributed
in space in a way even more complex than the physical spatial
distribution of roots may suggest.

The composite spatial arrangement of the uptake
properties of the root system, resulting from physical and
physiological spatial variation, is what is relevant. Some of
the existing models in the literature propose water extraction
functions for the root sink term that are based on an
'effective ' root density, rather than on a physical one
(Gardner,1964 ; Molz and Remson, 1970,1971; Molz, 1971; Feddes
et al., 1976; Herkelrath et al, 1977; Passioura, 1980 and
1983). The concept was introduced for the purpose of
accounting for the differences in permeability of different
root parts (i.e. Passioura, 1983), or for the regions of poor
soil-root contact (i.e. Herkelrath et al, 1977 b) and not for
root spatial arrangement. The application of this concept

encounters great difficulty in the actual determination of the
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degree of ‘'effectiveness' of roots. Nonetheless, it is
conceptually interesting in that it is a way of expressing
root density in functional rather than physical units,
attempting to model water absorption in a slightly more
mechanistic way than just relating it to total root length.

Also, even if physical and physiological root spatial
variations are conceptually separated, any testing of
hypothesis on the effect of one of them on water extraction
patterns will have to deal with the other.

In addition to the variability in space of the root
absorbing characteristics, a temporal dimension is to be
considered: roots grow and their absorbing surface moves in
the soil. Phenological factors may imply that the roots found
in deep so0il have important time constraints for the
extraction of the water present at the bottom of the root
zone. Furthermore, water absorption often occurs in non-
stationary conditions. Some of the dimensions of complexity

introduced by these factors have been treated by Kilic (1973).

CAUSES OF XY (AREAL) SPATIAL VARIATION (that affect physical

and functional spatial variation)

Research that treats of root horizontal spatial
variability at the plant level (Tardieu and Manichon, 1986 and
1987, Pettygrove et al., 1989), generally discusses it in

relation to heterogeneity of physical and chemical soil
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properties.

As a matter of fact, the root is a coordinated system
and single roots often are branches of the same individual,
whose interactions are responsible for a part of the spatial
distribution found. There is, then, also a physiological or
plant component that determines root spatial arrangement.

The relative importance of the two components
(within-plant interactions and soil variability) on the final
root geometry is not easy to assess. Recent studies point out
that some of the commonly accepted views on the dependence of
root growth on local soil conditions probably underestimate
the importance of plant coordination in determining the final
plant form (Tardieu,1989). Even without hypothesizing central
roles of coordination in the plant, it is reasonable to argue
that interactions between roots, within and between individual
plants, do play a considerable role in the final spatial
arrangement.

In the following paragraph the sources of spatial
variation of plant roots are treated with regard to both plant
and soil factors that affect physical and functional
distribution of the roots.

A) Plant

I- root geometry and branching.

i- geometrical relations between root parts (affects
physical spatial variability)

Root geometry varies with genotype but two
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common features, more or less represented, affect the form of
its arrangement in space :

- one is the fact that the root is a branched
system. Thus, a root in a certain soil region is not an
independent entity, but rather comes from either continuation
or branching of another root. Therefore the presence of a root
in a given soil volume implies that the probability of finding
another root in a neighboring region is higher than the
probability of finding it in a far-away zone. Of course, this
depends on the scale of measurement and on ramification
patterns. Tardieu (1988 b)) reports a skewed distribution of
maize root length density measured on a small scale, to be
attributed to the branching pattern of the plant.

- another aspect is related to direction of root
growth. Due to branching, structures growing in all the
directions are present, so that parallelism between roots is
not always a reasonable hypothesis.

In certain regions, though, growth has a preferred
direction: more horizontal in top layers and vertical in lower
layers. Where a preferred direction of growth exists, the
probability of finding a root is not the same in each soil
volume: for vertical growth, for instance, it is greater than
average in the soil regions below an existing root, and lower
than average in the areas around it.

Due to such features, therefore, single roots cannot be

regarded as independently distributed in the soil.
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ii- morphogenesis (affects physical spatial variability)

Laterals differentiation is known to be related to the
vascular pattern of parent roots, and is thus thought of as
radially symmetrical, while root disposition along the axis,
has received little attention. Some research exists, from which
a tendency toward lateral clumping emerges : pairs or groups
of 3-5 roots are found in dicotyledons (Mallory et al., 1970;
Charlton,1983), and larger groups in monocotyledons (mcCully,
1975) separated by a more or less large distance along the
parent root's axis. The experimental conditions and the stages
of laterals formation are different in the various works, but
for at least a part of them it seems that the observed
clustering is not due to local conditions of the growth
medium. Little investigation has been made on the causes of
clustering and spacing between clusters. Information from
studies on the effects of existing lateral primordia on new
ones is used to suggest that laterals inhibit the formation of
other primordia (McCully,1975). Other evidence, though,
suggests that mutual stimulation may exist. The effect of the
apex (Mallory et al., 1970) in inhibiting laterals, and of
root wounding on primordia initiation has also been object of
study, and so has been the role of hormones in one or the
other direction (McCully, 1975).

Also,questions have aroused about the evolutionary

meaning of laterals clustering and the competitive advantages
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it may involve .
According to what discussed in paragraphs i and ii,
then, single roots distribution in soil would not likely be

random, but rather show positive autocorrelation.

II competition and chemical interactions between roots
(affect physical and functional spatial variability)

Roots belonging to the same or different individuals
interact with one another in a way that affects not only their
final arrangement in the soil, but also their functionality.

The net effect of competition for nutrients and water
through depletion of certain soil areas, and of allelopathic
communications between roots of the same plant or between
plants developing at the same time is likely to result in
regular arrangements of roots in space, since regular patterns
allow to minimize total interactions.

Allelopathic interactions between roots and residues
of previous crops, will have an effect on space occupation
that is likely to result in complex patterns ("patches of
occupation"). Such patterns will be dependent on the plant
species, and variable in time, since new regions in the soil
will become available for root colonization as soil metabolism
of previous crop residues evolves towards humification
eliminating phytotoxic compounds (Zucconi, personal
communication).

One may view the factors listed under II as mainly
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acting between roots on the same plane. The relations of roots
along the same axis are likely to be more complex, regulated

also, and more strongly, by the factors listed in I.

ITI growth relations and partitioning within the plant

Local soil conditions (like water and nutrient
status, mechanical resistance, toxic or anoxic conditions) may
affect the ‘'hospitability' of a soil region for root
colonization. The presence and amount of roots in that
particular area, though, are also due to whole plant effects,
like general water status and nutrition (Tardieu,1989).

A plant growing in a soil partly affected by 1limiting
conditions will under many circumstances have reduced growth
and consequently its root will be smaller too. More complex
growth pattern changes, like shifts in partitioning may play
a role that can amplify or compensate for the effects of local

soil conditions.

B) Soil
Soil variability at a scale that affects the single
plant,is generally recognized in the vertical dimension, but
not in the xy one.
Remarkable areal heterogeneity may exist in the soil,
in one or more properties, so that it has been suggested that

soil properties be described not with a single value, but with
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a distribution function (Hewitt and Dexter, 1984 a).

Variability changes with the property considered and
with the scale of measurement, so that if its relations with
root growth are of interest:
a) it is important to measure on a scale relevant to root
development and function
b) it may sometimes be difficult to determine the resultant of
the different properties on root final distribution, although
limiting conditions are likely to be one or few associated
ones.

Physical, chemical and biological properties may be
relevant for variability in root distribution. A major role is

likely played by:

Physical properties : related to soil structural status
pore system reduction
penetration resistance
oxygen diffusion rate-oxygen concentration
hydraulic conductivity-water content
temperature

Chemical and biochemical properties :

nutrients distribution

nutrients availability

toxic compounds (reduced compounds due to anoxic
conditions, Al,etc.)

pH

allelochemical conditions caused by residues
decomposition

The variation of some of these features in structured

soils will be discussed in the following sections.







25

c) Interactions

Interactions petween plant and soil causes of spatial
variability, and of vertical and areal heterogeneity
complicate the task of modelling root distribution. An
example of such interactions is the fact that where a
preferential direction of root growth exists, an obstacle to
root growth in a soil area will likely not only reduce root
growth in that soil region, put also in the areas beyond the
obstacle. Such an effect is documented by Tardieu (1988 b)and
1989) who reports that non-uniform compaction in a soil layer
determines lower root density in the compacted zones, and in

the areas pbelow them as well ('shadow effect') .

STATISTICAL METHODS AND INDEXES

Soil and root spatial arrangement, and water uptake
patterns can be described using different methods, several of
which have been reviewed by Grieg-smith (1983) and Pielou
(1969). Some of the reviewed indexes are used as a test for
deviation from an expected distribution (random or regular),
others may be simply adopted as 2 mean of detecting
aggregation.

Not all of the indexes used in the literature have the
same sensitivity for the different possible spatial

arrangements (randomness, regularity, clustering, regular

‘___—_‘
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clustering), so their choice deserves particular attention.
Geostatistical techniques ( Webster, 1985) can be used as
well.

Pettygrove et al. (1989) characterized root
arrangement using the square root of number of roots per
sampling wunit. This number is proportional to the
half-distance between roots. They used the comparison between
mean and median of the distribution of this number to quantify
root aggregation. Other authors use the comparison between
mean and variance of root counts per sampling unit, with small
scale grid sampling strategy. This approach is based on the
fact that mean and variance are equal in a Poisson
distribution, which is the expected distribution in case of
random arrangement on the whole sampling area. Deviations
from Poisson-type distribution are reported to result in a
mean/variance ratio different from 1, so this ratio is
suggested as a means for studying clustering. But Pielou
(1969) reports that even some cases of clustering may give a
value of 1 for this index.

Tardieu and Manichon (1986) and Tardieu (1988 b)) used
three methods : spatial autocorrelation, for aggregation
analysis of root data collected on a small grid, the quadrat
method for a larger grid study, and also the distribution
function of the distance between each point of the plane and
the nearest root impact. This last method proved more accurate

than the average RLD for characterizing the root as a water
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sink, but it is more time consuming.

Tardieu (1988 b)) analyzed the effect of sampling grid
size on root clustering measurement; he discriminated between
centimeter-scale variation, attributed to maize branching
patterns, and decimeter-scale variation, attributed to the
differences in soil compaction that he applied to the soil as
experimental treatments.

Some of the above mentioned indices require sampling
to be made on a grid, others are based on the distance between
roots or between each point of the plane and the nearest root.
In all cases information has to be geographically recorded and
small scale sampling is needed. This type of study, then,
requires particular sampling techniques and is rather
time-consuming. One of the needs of plant modelling would be
to predict degree of clustering in selected situations in

order to avoid extensive measurements.

TECHNIQUES FOR MEASURING ON A RELEVANT SCALE

The description of spatial arrangement of roots
requires small scale measurements. The actual scale depends on
the study purpose, and so does the particular technique used.
The study of the soil properties that affect, or come as a
consequence of root clustering should be made on a relevant
scale as well. The methods we use to characterize soil

properties do not always describe these properties in a way
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that can be put in relation to root growth and function. For
instance, it is known that the soil penetration resistance
values, measured on the same soil, vary with penetrometer size
(Bradford, 1980), and a root tip, growing axially and radially
and being surrounded by 1lubricating materials, will most
likely experience a resistance to penetration even different
from that recorded by a penetrometer of the right size
(Greacen et al., 1986).

In other words, if an attempt has to be made to
characterize the soil as the root sees it, particular
attention has to paid in seeking appropriate scales and
methods of measurement.

A) Root measurements

In order to describe clustering, the roots should be
measured on a few millimeters or centimeters scale. Sampling
schemes have to account for root position, therefore data have
to be geographically recorded. For this purpose, regular
sampling schemes can be used, as transects or grids, or
mapping can be made based on each root's position with respect
to a coordinate system.

As far as techniques, destructive ones have been
used , i.e. mapping or collecting small samples from a pit
wall (Boehm et al., 1977), or from selected horizontal planes
(Tardieu et Manichon, 1986 and 1987) . Pettygrove et al (1989)
used mini-rhizothrons to analyze root spatial arrangement on

a transect. Nelson and Allmaras (1969) developed a
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soil-monolith and pinboard method that approximately keeps the
root spatial arrangement, although the scale used was quite
large. A good potential for this type of study is presented by
nondestructive three-dimensional techniques, like the Nuclear
Magnetic Resonance imaging systems (Rogers and Bottomley,
1987).
B) Soil water content measurements

Water content of the soil can be measured on a
small scale by destructive methods, like gravimetric samples.
Nondestructive techniques, such as gamma rays attenuation or
x-rays, or also Nuclear Magnetic Resonance can be of good use
and provide the possibility of measurements on a suitably
small scale. In order to obtain the three-dimensional
information necessary to describe spatial arrangement,these
techniques must be used with tomography. Therefore they cannot
be used in situ, but in container-grown plants only. The
development of Nuclear Magnetic Resonance imaging applications
to soil studies would be a particularly appropriate technique,
because of its interesting potential for showing both soil
water content and root distribution on the same container.

A small scale in-situ technique that allows to take
roots and water measurements on the same soil site would be
necessary.

C) Measurement of soil properties
The measurement of soil properties related to root

clustering should be made in a way that is relevant to root
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behavior. The first problem is to measure on the right scale,
as pointed out above for soil penetration resistance. The
problem of scale brings up a second aspect : for several soil
characters it is probably not correct to describe them with a
single value in the soil, but rather they can be better
represented with a distribution function. For instance, in a
system made of aggregates, solid particles and voids (pores),
like the soil, it is easy to imagine how the roots do not
experience a single value of resistance to penetration, but
rather a series of situations, different from site to site on
a very small scale.

Thus, in order to obtain a relevant measurement it
is necessary to use an appropriate conceptual model of the

spatial scales and arrangements needed for sampling.

STRUCTURED GROWTH MEDIA

Both problems of mechanical impedance and low
conductivity for water and oxygen are likely to cause root
clustering in cracks of structured soils. Furthermore, the
oxygen status of the soil is likely to interact with other
causes of root clustering. For instance residues decomposition
is likely to be greatly affected by the hypoxic zones that
exist in a structured growth medium. Residue metabolism will
then be slower, and reduced phytotoxic compounds will likely

persist longer in those regions, creating inhospitable areas
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for root growth. Also, anoxic conditions do not only affect
root growth (Schumacher and Smucker,1984), but they reduce
root activity as well (Everard and Drew, 1987). Furthermore,
preferential ways for water movement (i.e. cracks) will cause
a non-uniform movement and final distribution of water
(Ritchie et al., 1972) and soluble nutrients.
In a structured soil, therefore:
a) Roots are rather likely to show clustering. The ability of
roots to extract water may then be overestimated by average
root density calculations, and the development of plant
genotypes able to extract a higher amount of water may take
advantage of root characterization methods that can describe
root spatial distribution.
b) Clustering will occur as the resultant of several factors
(physical, chemical, microbiological) that may be difficult to
separate. But since a number of them are interrelated, and
basically dependent on mechanical impedance and oxygen status,
they are likely to be associated with structural status and
result in patterns of root growth that are predictable from
soil structure, at least to a certain extent.

If structural heterogeneities are due to the swelling
properties of clays, they are likely to have a rather large
systematic component and even a certain fractal dimension.
Thus the system will be somewhat regular and root clustering
will be relatively easy to describe and model.

In other cases heterogeneities can be considered not
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regular on a plant scale (i.e. the heterogeneities created in
fine-textured soils when tilled in bad conditions).

The two situations will probably cause different
types of root patterns, and may be treated differently as far
as description and quantification. The first kind of
heterogeneities will be dependent on the clay type and
therefore predictable to a certain extent.

The study of root clustering and its consequences in
structured growth media may prove critical for the extension
of crop models to such soils, as well as to field situations
where the soil structural status and its effects on root
geometry are modeled (i.e. soil tillage models).

Models exist on the behavior of roots in soils with
discontinuous structural properties, but most of them are
either prominently theoretical (Hasegawa and Sato, 1987) or
based on experiments done in simplified conditions (Dexter and
Hewitt, 1978; Hewitt and Dexter, 1979 and 1984 b; Whiteley and
Dexter, 1984;).

Complications arise in modelling the influence of
structured growth media on rooting pattern because soil
strength, hydraulic conductivity and oxygen content, and
related properties do change with time, essentially due to
variations in water content. Furthermore, the effects of root
clustering on plant water supply vary with water content too.
The problem must be considered as a dynamic one. Thus, there

is a need for studies based on field situations.
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The present work studies some cases of root
spatial variability in structured growth media, and the
consequences of root clustering on water uptake in maize (Zea

mays L.).
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