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ABSTRACT
The work reported in this thesis was carried out to study the processes

involved in the generation and/or modification of soil structure by plant
roots. Two aspects of root activities considered to be important in generation
of soil structure were studied: firstly, the formation of biopores as roots
penetrate the soil and secondly, the formation of aggregates by roots. Plant
species were compared for the ability of their roots to influence these
processes.

(i) Penetration of roots into strong soil
Plant roots cannot be expected to ameliorate soil if they cannot penetrate

the soil. The first step in the project was to develop techniques for identifying
species with the desired properties for penetration. To this end, two laboratory
methods were developed. The methods applied either mechanical or osmotic
stress to the roots. The mechanical stress method involved growing seedlings
of dicotyledonous and monocotyledonous species in compression chambers.
The chambers were filted with fine siliceous sand at 0.2 kg kg-t water content
and subjected to forces which produced an external mechanical stress on the
roots of 'l,Jl,A MPa. In the osmotic stress method, the seedlings were grown in
the same sand which was wetted with solutions of poly (ethylene glycol) to
give osmotic potentials of 0.0, -0.25, -0.5 and -1.0 MPa. In both methods, plants
were fed with nutrient solution and responses of the roots (elongation and
diameter) to the stresses were measured.

The results showed that both methods of stress significantly reduced the
elongation and increased the diameter of roots compared with those plants
grown in unstressed conditions. Differences in both elongation and diameter
were observed among the species. Generally, the roots of dicotyledons (with
large diameters) elongated more under stress than monocotyledons (with
small diameters). There were positive correlations between root diameter and
elongation over all the species grown under stressed conditions. This finding
lead to the hypothesis that the tendency of the roots to thicken under stress
might influence their ability to penetrate strong soil. This hypothesis was
investigated in a field study which also tested the accuracy of the laboratory
methods in predicting field perfomance of roots.

The field study involved eight species which were selected with the two
methods of stress described above. The plants were grown in micro-plots (2 x 2
m) on a red-brown earth which had a compact and strong subsoil (mean
penetrometer resistance 3.0 MPa, butk density 1.8 Mg *-' at 0.81 times the
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plastic limit) at the 0.1-0.3 m depth. Soil tilled to a depth of 0.3 m to reduce
mechanical resistance was sown with the same species to serve as a control.
Root penetration and density in the soils were measured by the core-break
method. Results showed that the strong subsoil reduced the elongation of
roots and that diameters of root tips were larger than those from uncompacted
soil. A higher proportion of thicker roots (mostly dicotyledonous species)
penetrated the strong soil layer than thinner roots (mostly monocotyledons).
This result is consistent with theories on mechanics of root growth in strong
media. Root diameter affects the mode of soil deformation and maximum
pressures exerted on the soil by the root. A comparison of the two methods of
stressing the roots showed that the method involving mechanical stress was a
better predictor of the field performance of roots than that involving osmotic
stress.

The influence of root growth on the physical properties of the soils was
investigated by measuring sorptivity to water, size, stability and tensile
strength of aggregates collected from the soils. The results showed that the
water sorptivity of soils which had been planted to dicotyledonous species
were generally higher than those with monocotyledons. This was attributed to
bigger biopores which the roots of the dicotyledonous species might have
made through the compact subsoil. Species varied in their effects on other
properties of the soil. Ryegrass for example, was good at stabilising aggregates
but was not good at penetration. Safflower, on the other hand, was good at
penetrating compacted soil but was not good at stabilising aggregates. It was
concluded that a progranìme aimed at improving soil structure by plant roots
should involve a matching combination of species with different abilities and
that breeding programmes should aim at producing species with a

combination of the desired characteristics. This work has lead to the
development of simple, and rapid techniques of screening large numbers of
species for the ability of their roots to penetrate strong soil.

(ii) Formation of aggregates by plant roots
Laboratory studies were undertaken to study the mechanisms and

processes of aggregation by plant roots in soils with different degraded
structural conditions. In the first experiment, roots of three species (pea,

ryegrass urd iheut) were grown through 15 wetting and drying cycles in two
soils whose macro structure was destroyed by crushing. The soils were a

swelling black earth (67Vo clay) and a non-swelling red-brown earth (19Vo c[ay).

Measurements of aggregation and properties of aggregates (2-4 mm) showed
that the amount of clay in a soil, the degree of wetting and drying and root

\
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length density all had significant influences on the sizes of the aggregates
formed, and on their tensile strength and stability. It was concluded that
cracking of soil and compression of aggregates by stresses generated as a result
of water extraction by plant roots were the main mechanisms responsible for
the formation and strength oÍ aggregates in homogenised soils.

The other experiment in this series was done by growing the three
species through beds of coarse artificial aggregates (1&21 mm). The aggregates
were made from the surface soil of the red-brown earth and were
mechanically strengthened by adding'l,Vo poly (vinyl alcohol). Plants were
grown through 15 wetting and drying cycles. Results showed that ryegrass
significantly increased the proportion of smaller sized aggregates (< 18 mm)
more than pea and wheat. This was mainly done through breakdown of the
large aggregates by roots which had penetrated the coarse aggregates. The
presence of roots in the aggregates had physicalty strengthened them
compared with the control soil. Wetting and drying cycles produced stronger
aggregates than soil which was kept wet continuously.

The findings from this work have shown that plant species differ in the
ability of their roots to penetrate compacted soils. The two laboratory
screening techniques developed in the study were in good agreement with
results of field penetration test. The techniques could assist in identfying and
selecting species with greatest potential for use as biological ploughs. Biopores
which remain after the roots have decayed can have significant influence on
the movement of water through the compact soil layer.
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SucrroN 1

Introduction
Soil structure is an important property of soil because it influences not

only the physical conditions (aeration, heat and water economy, and soil
mechanical impedance) but also microbial decomposition of organic matter
and availability of plant nutrients (Hamblin, 1985). The importance of soil
structure is not only in relation to agricultural production but it also controls
aspects of pollution and energy requirements for tillage among other factors.
Soil structure has been characterised as the major indirect and dírect physical
factor affecting the soil environment and limiting the productivity of soils
(Russell, 1971). However, evidence from many parts of the world shows that
soil structure and its stability are becoming increasingly less favourable for
crop growth (¿.8. Boels et nl., 1982; Lal and Stewart, 1990). The consequences of
this for crop production and for the environment in general can be
catastrophic.

The fundamental problem in management of soil structure is
concerned with the creation and stabilisation of structural features (Dexter,
1,989). Development and adoption of viable management systems capable of
regenerating and improving the structure of degraded soils are now urgently
required. Different physical, chemical and biological processes are responsible
for the formation and stabÌlisation of the different structural units. Plant roots
are among the most important factors that play major roles in modifying soil
structure. Generation of soil structure in soil can be influenced by two aspects
of root growth. Firstly, the formation of continuous vertically oriented pores
as the roobpenetrate the soil would be of major importance for both drainage
and crop growth. Secondly, the interactions of roots and soil can influence
aggregation of the soil. While the roles of plant roots in creating various soil
structural features has long been realised, the mechanisms involved have not
been fully understood or quantified.

The trend towards use of heavier farm and tillage equipment and
vehicular traffic on agricultural land has increased not only the severity, but
also the depth to which soil compaction occurs (Håkansson,1982; Håkansson
et nl., 1987). Compaction of soil below the normal depth of tillage is of
increasing concern because of its persistence and effects on plant growth and
yield (Gaultney et nl., 1982; ]ohnson et ø1., 1990; Logsdon et ø1., 1992; Oussible
et nl., 1992; Voorhees, '1.992; Voorhees et aI., 1986). The causes and effects of
mechanical resistance in the subsoil have been well documented. What is
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required now are ways of alleviating subsoil compaction with minimum cost.
The use of plant species whose roots have superior ability to penetrate strong
soil is an attractive approach (Dexter, 199'1,; Elkins, et ø1., 1977; Goss, 198Ð. The
idea is to produce channels through the strong soil by using roots. When the
roots that have penetrated subsequently decay, they leave behind biopores.
These biopores may be important for improving the structure of soil for
drainage and the growth of subsequent crops. This phenomenon has been
referred to colloquially as "biological ploughing" (Elkins, 1985; Heinonen,
191]6; Henderson, 1989).

Although various researchers have investigated root penetration in
strong soils, little work has been done to compare the ability of different plant
species to penetrate soils of very high strength. Root elongation at high
strengths, although slow, can be important for soil reclamation and
ameliorative purposes. To use plant roots for creating biopores in strong soil
however requires an understanding of the mechanisms which roots use to
penetrate soils with high mechanical impedance. The understanding of the
mechanisms might lead to the introduction of methods for rapid screening of
species for the ability of their roots to penetrate strong soil. Apart from
showing that the process of biological tillage does occur, there is need to
establish the specific beneficial effects of this process on the soil.

The roles of plant roots in the formation of aggregates, although known
broadly, has not been quantitatively described. There is need to understand
the processes of soil aggregate formation by plant roots in soils of different
initial degraded conditions. In this way, a better understanding of the
dynamics of structural change in soils can be gained. Information on these
aspects of regenerating soil structure is crucial if we are to be able to use and
develop the activities of roots to improve soils.

The series of experiments reported in this thesis was designed to
answer some specific questions relating to the generation and/or modification
of soil structure by plant roots under different soil and climatic conditions.
The general objectives of the study were to obtain a detailed quantitative
understanding of the processes of soil structure generation by plant roots in
different soil types and to compare the ameliorative ability of different plant
species on structure. The specific objectives were:
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1 to investigate the mechanisms of root penetration in strong soil
and develop simple laboratory methods for screening and
selecting plants for the ability of their roots to penetrate strong
soil,

to compare the abilities of roots of different plant species to
penetrate and ameliorate compact sub-soil in the field, and

to study the processes involved in the formation of soil
aggregates by plant roots in soils with different initial degraded
conditions.

2.

3.
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Sncrron 2

Literature Review

2.1 Introduction
The literature reviewed in this section forms the background for the

studies undertaken in this thesis. The review outlines the general aspects of
root growth which have influence on soil structure. To understand how roots
generate soil structure we need to know what soil structure is, the ways it
develops, how roots grow in soil and why sometimes they do not, and how
roots influence structure. Each of these topics will be considered in turn in
this section.

2.2 Definition and characterisation of soil structure
The term soil structure has several meanings in the agronomic,

engineering, soil mechanics and soil science literature. Consequently,
definitions of what constitutes soil structure are numerous and can
sometimes be vague. It appears (Table 2.1) that any definition considers three
aspects: the size distribution of primary particles, their spatial arrangement
into aggregates of various sizes and the voids that result, and the stability of
the aggregated state. The definition of Dexter (1988a) accommodates the many
different aspects of soil structure which exist at many different size scales in
the soil (Fig. 2.1). The advantage of this definition is that it is valid for the
arrangement of colloidal clay particles in a floccule, for the arrangement of
clods in a tilled soil, for the aftay of root and earthworm channels in an
untilled stratum of the soil, and for the variability of soil strength in a

compacted layer. This is an all-embracing definition of soil structure and will
be used in this thesis.

Hadas (1987) considered the development of a conceptual framework
that emphasizes the hierarchical nature of soil structure. In this concept, the
lowest hierarchical order is the combination of single mineral particles such
as a floccule or domain of clay plates. The next hierarchical order is larger
compound particles such as clusters of domains. The next hierarchical order is
when a number of clusters are combined into microaggregates, and so on as

illustrated in Fig. 2.2. Although not all of these hierarchical orders exist in all
soils, "good" soil structure is described as one where all the hierarchical orders
are well-developed and stable (Dexter, 1988a). This concept is a powerful one
and is consistent with the view of micro-aggregates as the units from which



5

clods in arable soils are built (Oades and Waters,7997). This concept of soil
structure helps us )ó gain additional insights 'on the importance of soil
structure and its relation with other physical factors, tillage, organic matter
and root growth.

Table 2.1 Some definitions of soil structure obtained from literature.

Brewer and Sleeman (1960):

The physical constitution of a soil material as expressed by the size,
shape, arrangement and degree of development of the primary soil
particles and voids into naturally or artificially formed structural units.

Dexter (1988a):

The spatial heterogeneity of the different components or properties of
the soil.

Hillel (1980):

The arrangement and organisation of the particles in the soil.
Marshall (1962):

The arrangement of the soil particles and of the pore space between
them. It includes the size, shape and arrangement of the aggregates
formed when primary particles are clustered together into larger
separable units.

Soil Survey Staff (1975):

The aggregation of primary soil particles into compound particles or
clusters of primary particles which are separated from adjoining
aggregates by surfaces of weakness.

As stated previouslf, the range in sizes of the features involved in soil
structural hierarchy is large. This means that a wide range of methods exist
for measuring and interpreting data on soil structure (Letey, 1991). The
method used depends mostly on the purpose and relevance of the measured
parameters to the investigation. The different methods of measuring soil
structure have been presented in several publications (t.9. Brewer and
Sleeman, 1988; Dexter, 1988a; Larionov, 1982) and will not be further reviewed
here. We now turn our attention to the ways soil structure develops.
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Fig.2.2 Diagramatic representation of the hierarchical organisation of
soil particles and soil structural elements (re-drawn from the cover of the
Aust. l. Soíl Res., Vol. 29 (6),7991,.

2,2.7 Eormøtion of Soil Structure
In agricultural soils, structural features of a given size order may be

produced either by the combination of structural elements of lower
hierarchical order or by the fragmentation of structural elements of higher
hierarchical order. These have been referred to as 'combination' and
'fragmentation' processes respectively (Dexter, 1988a). Different factors are
responsible for creating soil structure through these processes. However, since
the interest in this thesis is on the roles of plant roots in influencing these
processes, only those processes which are affected by plant roots will be
reviewed. In the past, much attention has been given to the study of the
biological roles of roots in the stabilisation of soil structure (e.9. Allison, 1968;
Harris et al., 1966; Martin et ø1.,1955). Somewhat less attention seems to have
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been given to the physical roles of roots in the creation of structure. Before
discussing the roles of plant roots in creating soil structurg it is worthwhile to
review the general characteristics and functions of plant roots.

2.3 Plant roots
2.3.7 Chøracteristics of plønt roots

Although variable in size, the general structure of root apices is broadly
similar in all flowering plants (Russell, ßm.A fpical structure of a growing
root tip is shown diagramatically in Fig. 2.3.

Maturation zone

Root hairs

Elongation zone

Meristematic zone

Fig. 2.3. Diagramatic longitudinal section of apical zone of a plant root.
Not drawn to scale. (adapted from Russell, ß7n.

In the apical meristem, cell division occurs both away from and towards
the base of the root giving rise respectively to the root cap and to new root
cells. A gelatinous non-cellular materíal, the mucilage, surrounds the root

Root cap

Mucigel sheath

o
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and especially the cap. The cells formed in the apical meristem, from which
the new tissues of the root itself develop, elongate and differentiate. Behind
the region of elongation, the root is covered by root hairs. These originate as

protuberances from epidermal cells. The root hairs appear a few millimeters
behind the root apex and help in anchoring young roots in the soil. Root hairs
enhance the uptake of those nutrients which have relatively low mobility in
soils (Drew and Ny", 1969; Itoh and Barber, 1983; Misra et ø1.,1988a).

2,32 Functíons of roots
Roots perform a variety of functions for the plant. Roots absorb the

water and nutrients required to satisfy the plant's demand. Water absorption
by roots can lead to the soil undergoing several series of wetting and drying
cycles during a season. The roots also provide anchorage to keep the plant
from being washed or blown away or being toppled by wind and water.
Anchorage is also necessary for the shoot to emerge through soil crusts or for
roots to force a path through the soil.

Fleshy roots especially of dicotyledonous plants such as sugar beet, radish
and turnip serve as storage reservoirs for starches, sugars and proteins in their
pith or cortex. Another important role of roots is the release (both active and
passive) of organic and inorganic materials from roots into the soil. The
release of these materials may occur through a variety of mechanisms
including secretiory leakage, autolysis and the sloughing of cells from the root
(Barber and Martin,1976). Carbohydrates, such as polysaccharides, released by
plant roots are important materials as they are the main agents for stabilising
soil aggregates (Habib et ø1.,7990; Tisdall and Oades,7979).

2.33 Cløssífícatìon of root systems
Root systems are classified as fibrous-rooted or tap-rooted, depending

upon the size and number of the individual roots as well as their origin
(Klepper,7987). Monocotyledonous plants, such as cereals and grasses, tend to
have fibrous root systems and dicotyledonous plants, such as legumes, tend to
have taprooted systems. In fibrous root systems, seminal roots develop from
the germinated seed. When the growth of the seminal roots is underway,
adventitious or nodal roots develop from from the basal nodes of the stem.
Lateral roots develop from both the seminal and adventitious roots. In
taprooted plants on the other hand, the radicle emerges from the seed and
develops into a primary root that is positively geotropic. Subordinate
branches (secondary roots) arise from the primary roots and explore the soil to
the sides of the primary root. A diagramatic illustration of the differences in
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the structure of the two root systems is given in Fig. 2.4. For a detailed
discussion on the origin, branching and distribution of root systems, Klepper
(1987;1992) should be consulted.

Roots have also been classified according to their diameter by Böhm
(7979) as follows; very fine (< 0.5 mm), fine (0.5 to 2 mm), small (2 to 5 mm),
medium (5 to tO mm), large (10 to 20 mm) and very large (> 20 mm).

2.3.4 Mechanícal propertíes of roots
The mechanical properties of roots are important when considering

mechanical impedance and the mechanisms of root growth through compact
soils. These will now be outlined briefly here.

Root tensile strength. Abe and Iwamato (79f36) reported that the tensile
strength of living roots of Cryptomeriø jøponicø, increased with root
diameter. Gliñski and Lipiec (1990) quoted the tensile strength for grass roots
to be 3 to 10 MPa and that of forest tree roots to be 10 to 70 MPa.

Root growth pressure. Roots are capable of exerting pressure both in
the axial and radial directions. The measurement of maximum axial and
radial root growth pressures dates back to Pfeffer in 1893 (Gill and Bolt, 1955).

Since then the principles upon which the measurement techniques are based
have not changed much although the techniques themselves have improved
(Misra et ø1.,1986a). Table 2.2 summarises the data on maximum root growth
pressures available from literature.

Misra et ø1. (1986a) have shown that the pressure which a root can exert
is dependent on its diameter. The size dependency of root pressure would
reduce the ability of smaller compared with larger diameter roots to penetrate
soil. It would also provide a mechanism whereby roots could gain additional
benefit from radial enlargement in soil of high strength. This aspect of root
growth is investigated and discussed in Section 4.0.

Root buckling stress. When a root is stressed axially, it may buckle. The
buckling stress is defined as the maximum stress which a root can resist
without buckling (Whiteley et ø1.,1982). The forces required to buckle root tips
growing across air gaps were measured by Whiteley et ø1. (1982). The buckling
stress decreased as the size of the air gap increased, but attempts to predict the
buckling stress from the elastic modulus of the tip were only partly successful.
In general, buckling will limit root penetration into a soil aggregate if the
buckling stress is smaller than the maximum presssure that a root can exert.



11

Adventitious

Secondary

Primary

Fig.2.a The essential structures of (A) dicotyledonous and (B)

monocotyledonous root systems (re-drawn from Bekendam and
Grob, 1979).

Elasticity of root tips. Whiteley and Dexter (1981a) characterised root
elasticity of 'J..6 crop species using Young's modulus (the ratio between stress or
applied pressure and the resulting linear deformation). The response was
non-linear. Two parameters cr and p, which account for the non-linearity
were used to interpret the results. Values of the effective moduli ranged
between 5 and 100 MPa for fully turgid roots. The parameter cr ranged from 3.2

to 1.4 and p ranged from 1.L to 0.7 showing that there were significant inter-
species differences in the elastic properties of roots. Environmental factors

L^t¡¡al
rootroot

S€rninal
rootfoot
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such as soil water potential and nutrition had significant influences on the
elasticity of roots.

Table2.2 Maximum axial and radial root growth pressures reported in
literature.

Reference
Plant species
used

Pressure Range
Pressure
(kPa)

Mean
Pressure

(kPa)

Pfeffer (1893,
cited by * below)
Gill & Bolt

(1955)*

Taylor & Ratliff
(le6e)

Eavis et ø1. (1969)

Aggarwal
(1e7s)

Misra et ø1.
(1986a)

Faba aulgøris

Fabø vulgøris
Zeø mays
Zea mnys
Viciø satiaa
Pisum søtioum
Gossypium hfusutum
Arachis hypogeø
Pisum satiaum
Gossypium hirsutum

Gossypium hirsutum
Helinnthus annuus

70+1936 1082axial

& Prihar Cicer arietinum
Zeø mays
Pisum satioum

radial
axial
radial
axial
axial
axial
axial
axial
axial
axial
axial
axial
radial
axial
axial

390-67L
953-2494
n/a
826-1333
600-2600
600-1600
500-2000
700-1,600
400-1300
n/a
n/a
n/a
n/a
n/a
n/a

509
't451.

659
1080
1300
940
1150
290
888
450
1090
497
900
289
238

n/ a = data not available

The mechanical properties of roots discussed above have been used to
produce a stochastic model for the behaviour of root tips in structured soils
(e.9. Dexter, 1978; Hewitt and Dexter, 1979). These models have provided
useful information on the effect of soil structure and strength on root
environment and behaviour. The properties may also be important in
explaining the differences in the abilitÍes of roots of different plant species to
penetrate strong soil as discussed in Section 2.6.4.

2.4 Root growth
Geometrically, the root system ís a set of filaments, the length of which

is increased by the elongation and branching of its components. A simulation
model of the growth of the root system was described by Lungley (1973). The
rate of root growth varies widely among species and soil conditions. The



L3

growth rate also depends on the type of roots within a given plant (Kramer,
1983).

2.4.7 Mechanics of root growth
Growth of a root is a consequence of the production of new cells by the

apical meristem and from cell enlargement. Turgor pressure drives cell
enlargement and hence elongation of the root. A plant root has been
considered as a collection of cells each acting as an ideal osmometer. Simple
models have been proposed to describe the physical parameters that regulate
the expansion of cells in roots. These models consider the expansion of a cell
as a yielding of the cell wall under the action of tensile stresses in the cell wall.
Thus, elasticity of individual cell walls have been studied from the point of
view of cell growth (Cleland, 1971,; Green et ø1., '1,971.; Heyn, 1940; Lockhart,
1965). Green et nl, (197L) have expressed the rate of volumetric growth of a
plant cell (R) as

R=g(p-y) 12.7)

where g is the wall extensibility, P is the turgor pressure and Y is a yield
threshold. According to this formula, growth rate is a function of a stress
(turgor pressure) and the rheological properties of the cell wall. However, for
the case of a root tip growing through soil, cell growth is also affected by the
physical environment and this becomes particularly important where soil
water potential and the mechanical resistance of the soil to deformation
become rate controlling factors. In this case, the hydrostatic (turgor) pressure,
P, within the cell vacuole is opposed by the wall pressure, W, and the pressure
applied externally by the soil, o'', which arises as a reaction of the soil to
deformation by the root. The pressure balance at the cell wall may thus be
written as

P+V/ron=0 [2.2]

The relationship between the rate of root elongation and wall pressure has

therefore been expressed by Greacen and Oh (1972) as

R = m (W-W.) lzsl

where m is the extensibility of the cell wall material of the root and Wc is the
threshold value of wall stress for cell elongation. This equation was used in
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the model of Dexter (1987b), who expressed the rate of root elongation (R) by
considering the cell wall pressure as a balance between the total internal water
potential ( I Yr ¡ and the total external water potential of the cell ( | V,ll

R = m ( lYt l- lYo l- w. -o"¡ Íz4l

where R is the elongation of a single cell. The elongation is applicable to the
concerted efforts of all cells in the elongation zone. For elongating cells, on
denotes the pressure required for soil deformation.

Greacen and Oh (1972) have found that the relationship of Equation 2.3
held true regardless of whether W was limited by the confining pressure of
the soil (o") or by the soil water potential (Yo). This led them to test the
osmoregulating efficiency of pea roots against the total water potential and
mechanical resistance of soil. The term osmoregulation refers to adjustments
of the internal osmotic potential of the plant cell contents. They found that
osmoregulation in pea roots was'l,00Vo efficient against water potential down
to -1500 kPa, but was only 70Vo eÍficient against external mechanical stress on
roots. They proposed that the model of Equation 2.3 may describe a

mechanism which controls growth and distribution of roots in the soil.
In contrast, Russell and Goss (1974) and Goss (197n have argued that the

elongation rate of roots is so sensitive to very low pressures applied to soil in
triaxial cells in which the roots are growing, that a simple physical model is
not feasible, and that hormonal control is involved. Richards and Greacen
(1986), Hettiaratchi (1990) and Bengough and Mullins (1990b) have countered
by pointing out that the resistance actually experienced by such roots is much
greater than that applied to the cell, so that a physical model of root growth
into strong soil may not be ruled out by the apparent sensitivity of the roots to
small confining pressures.

2.4.2 Root growth ín homogenous mediø
A plant root extending through a homogeneous soil medium must

deform or displace the soil to create the cavity in which to grow. In a rigid soil
matrix, the diameter of a root determines the maximum pore size through
which a root can grow. In a study of root growth through porous sinters,
Wiersum (1957) concluded that elongating roots were unable to decrease in
thickness to penetrate small rigid pores. In contrast, Scholefield and Hall
(1985) reported that roots of grasses were capable of penetrating pores much
smaller than their nominal thickness. This capability was thought to be
limited by the size of the root cap and stele. Constricted root tips elongated at a
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slower rate but could grow down long capillaries if adequately aerated. Similar
findings were reported by Aubertin and Kardos ('t965), who found that maize
(Zeø møys) roots did have some ability to squeeze through the necks of rigid
pores smaller than the diameter of the roots and to enlarge subsequently into
'pore cavities'. It is possible that root constriction could be a mechanism by
which roots of some plants can penetrate soils with high strength.

2.43 Root growth ín structureil soíl
The soil profile is heterogeneous and shows strength discontinuities

especially between the aggregated seedbed of the tilled layer and the hard or
compacted layer beneath (Dexter, 1986a). A feature of tilled soil most likely to
affect an elongationg root is an interface between macro-pores and soil
aggregates (Dexter, 1986b; Ehlers et nl., 1983; Hewitt and Dexter,'1,984,'
Whiteley and Dexter,1984a). These authors found that it is common to find a

preferential growth of roots on the clod surface rather than within the clod.
Whiteley and Dexter (1983) found that roots are able to elongate more

rapidly in cracks narrower than the root diameter than through undisturbed
clods without cracks, provided that the crack was not oriented at an oblique
angle to the preferred geotropic direction. Cracks are usually formed by
desiccation during dry periods or during growth of a crop. The crack patterns
can be modified by drying of soil by plant roots when they absorb water from
the soil (Johnson, 7962).

Dexter (1978) and Hewitt and Dexter (1979) proposed an improved model
of root growth in structured soil. They examined the growth of roots of maize,
sorghum and soyabean through beds of spherical aggregates. They also
investigated the effects of aggregate size and strength on the spread or
distribution of roots. A combination of a statistical model for soil structure
with a statistical model of penetration behaviour of a root at a void/aggregate
interface was introduced. It was found that the behaviour of a root at such an

interface is dependent on the previous history of the root in its passage
through the soil and that the smaller the aggregate size, the greater was the
nutrient availability per unit length of root. More information on the
penetration behaviour of roots in aggregates has been incorporated into this
model by Misra et ø1. (1988b)

In addition to interfaces between macropores and solid surfaces, there
can also be interfaces between soil zones of differing strength (Dexter and
Hewitt, 7978). This is a common feature in soils with macrostructure and is
associated with plough sole development in cultivated soils. Roots which
encounter a sharp discontinuity in soil strength at the seedbed-subsoil
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interface, they have several behavioural options, as shown in Fíg. 2.5. The
number of roots penetrating the subsoil below the seedbed have been shown
to depend on the maximum pressures the roots can exert, the angle of
interception of roots with the surface, the strength of the subsoil and the
mechanical properties of the roots (t.9. Dexter, 1986abc; Gardner and
Danielson, 1964; Greacen et al., 1969; Taylor and Gardner, 1960). Most of these

studies have been conducted under artificial conditions i.e. using wax,
glassbeads, sand or remoulded soils. Reactions of roots to each of these
conditions would differ substantially from most field situations because
glassbeads and sand are largely incompressible and are frictional (non-
cohesive) materials in which low applied pressures can completely arrest root
elongation.

Most soils pose some mechanical impedance to root growth. According
to Barley and Greacen (1967), mechanical impedance is experienced to varying
degrees by virtually all roots growing through soil. We will now focus our
attention to the causes and effects of mechanical impedance on root growth.

2.5 Soil mechanical impedance
2,5.7 Definítìon and causes

Mechanical impedance refers to the resistance offered by the soil matrix
to deformation by a growing root, thus permitting root elongation only to the
extent to which the root pressure exceeds the mechanical impedance (Bennie,

7991). Regions of high mechanical resistance in the soil can arise as a natural
soil feature, or can be caused by compaction by heavy farm machinery or by
the formation of plough pans (Barnes et ø1., 1977; Bennie and Krynauw, 1985).

Compaction usually reduces the volume of large pores in the soil and may
restrict root growth because of increased mechanical resistance and/or poor
aeration. Compact soils of high strength may thus limit root growth and crop
yields (Taylor and Brar, 1991; Rosenb¿c3 ond t0itl¿ts, tq6ì).

The best indirect method of estimating resistance to root growth through
soil involves measuring soil resistance to a metal probe or penetrometer.
Theoretical aspects of soil resistance to penetrometers and plant roots will
now be considered.
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Fig 2.5. Schematic illustration of possible behaviour of roots
encountering a strong untilled subsoil layer, SS, after growing through a loose
tilled seed-bed, TS. The roots can either be deflected or penetrate the layer.
Those deflected may grow horizontally along the interface between the layers
until they find some path of low resistance and enter the subsoil through this
path, ds, or may dry and cease elongatior, ds. Those penetrating will either
continue elongating in the same direction but at reduced rate, ps, or elongate
short distance into the layer and almost cease further elongation, ps.
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2.52 Penetrøtion of soíl by metøl probes ønil plant roots
Penetrometry theory

During penetration of soil by a metal probe or a plant root, the volume of
the probe or root is accommodated by the formation of cavities (Barley, 1968;
Dexter, 1987a). These cavities are similar to those observed in studies of deep
foundations (Meyerhof, 1961) and of piles (Nishida, 1961). Thus the theory of
penetration of a rigid probe into soil involves the calculation of the pressures
required to expand cylindrical and spherical cavities in the soil. Cavity
expansion theories (Greacen et al., 1968; Farrell and Greacen, 1966) consider
that there are two zones of soil deformation; an inner plastic (i.e.
irrecoverable deformation) zone near the penetrometer or root, and an elastic
(í.e recoverable deformation) zone outside this.

Within the plastic zone the soil is in a state of failure. The stresses
within this zone therefore depend on the failure strength of the soil. In other
words, the stresses are governed by cohesion and friction. Within the elastic
zone the soil has not failed, and the stresses are dependent upon the elastic
stiffness of the soil. Most agricultural soils have strength properties strongly
related to water content and density (e.g. Kirby, 1989). Thus, cohesion in
particular will increase with decreasing water content and increasing density.
The elastic stiffness will increase dramatically with decreasing water content
and increasing density. Thus, the predicted cavity pressure for both spherical
and cylindrical cavities is a function of soil mechanical properties, and will
increase with decreasing water content and increasing density.

Based on the theory proposed by Farrell and Greacen (1966) and Greacen
et al. (1968) the total point resistance (Qp) to a blunt probe or root can be
estimated as

Qp = or, (1 + tanQ cot a) tzsl

where tanQ is the coefficient of soil-probe friction, a is the included semiangle
of the cone and On is the stress acting normally to the cone surface.

From observations using x-radiography (Greacen et ø1., 1967; Greacen ef

ø1.,1968) and time lapse photography (Cockroft et ø1.,1969), it was evident that
blunt probes (a=30o) and root tips tend to induce in the soil spherical and
cylindrical straining modes respectively.

Vesic (1972) used essentially the same solution procedures as Farrell and
Greacen (1966) and Greacen eú ø1. (1968) to solve the spherical and rylindrical
cavity expansion. The analysis also considered the case where the soil is
undrained and an excess pore water pressure develops. It is clear from these
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theories that it is possible to calculate the force required to push into soil a
penetrometer tip of a certain geometry if the properties of the soil are known.
One would use the properties of the soil to calculate the cavity expansion
pressure and then use the Equation of Greacen et al. (1968) (i.e. Equation 2.5)
to estimate total point resistance.

The preceding section shows that the penetration of a metal probe or
plant root can be significantly influenced by soil mechanical properties. Soil
texture and minerology may also influence the penetration of soil by probes
and roots, due to their effects on soil strength (Bennie, 1991). However most
of the theories described above have not been used much in studies of
practical agriculture because, firstly, their application requires accurate
estimates of mechanical properties which are time consuming and need
expensive equipment; and secondly the theories are not applicable to
heterogenous soils. For practical reasons, more rapid empirical methods are
normally needed and thus penetrometers have been commonly used.

2.53 Compørìson of penetrometer and root rcsístances ín soíl
The ideal way to determine the relationship between penetrometer

resistance and root resistance is to measure both independently in the same
soil. However, because of experimental difficulties in measuring root
resistance, relatively few such studies have been made (Bengough and
Mullins, 1.99'1,; Eavis, '1,967; Misra et al., '1,986b; Stolzy and Barley, '1,968;

Whiteley et al., 1981). The results of all these studies indicate that
penetrometers experience a resistance between two and eight times greater
than roots (see Table 23 for reasons).

Further indirect evidence of this difference comes from comparing
studies of root elongation rate and penetrometer resistance with
measurements of the maximum pressures that roots can exert. Critical values
of penetrometer resistance at which root elongation ceases are in the 0.8-5.0
MPa range, depending on the soil and crop (Greacen et ø1., 1,969). Maximum
axial pressures a root can exert vary between about 0.24 and 1.45 MPa,
depending on the species, but are mostly in the range 0.9-1.3 MPa (Misra et al.,
1986a).It is dear that penetrometers experience greater resistance than plant
roots when penetrating the same soil and many reasons have been suggested
to explain this discrepancy. These reasons are summarised in Table 2.3.

The preceeding discussion suggests that the pressure of the bulk
aggregated soil, measured with a rigid penetrometer probe, can be a poor and
variable indicator of the mechanical impedance to root growth in aggregated
soils. These differences between penetrometers and roots have resulted in the
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expression of much doubt as to the usefulness of penetrometers. Despite their
limitations however, penetrometers do provide useful measures of soil to
which root growth may be referred (Bengough, 199'1,; Bradford, 1980). As
Dexter (1987a) has pointed out, 'penetrometry with all its limitations will
continue to be used for a long time to come in estimating the soil resistance to
root penetration'.

Table 2.3 Main differences between plant roots and penetrometers.

Characteristic Roots Penetrometers

Diameter
Shape

Friction

Penetration rate
Flexibility

Generally 0.1-2.0 mm
Approximately paraboloid
but may expand radially if
mechanically impeded
Unknown; probably small
due to mucilage secretion
and cells sloughing off root
< 1. mm h-1
Can follow cracks or planes
of weakness through the soil

Generally 0.1-20.0 mm
Usually conical

Considerabe friction
on probe tip and on
shaft
Often>Lmmmin-1
Rigidty mounted; follow
a linear path through the
soil
Do not extract waterWater uptake Extract water from the soil as

they grow and causes local
changes in pore water potential

Adoptzd" Ç.o* Be'^¡o',^5\r (tqqÙ

2.5.4 Effect of probeltoot iliameter on penetratíon
Existing experimental evidence on the effects of probe or root diameter

on resistance to penetration is based almost entirely on penetrometer
measurements and is often contradictory (Table 2.4). However it would
appear from the table that the penetrometer pressure is dependent on the
probe diameter when the probe diameter is commensurate with that of the
root. When the particle size is similar to the probe, the probe would have to
move a whole soil particle aside thus causing more soil deformation in
relation to its size than when the particles are much smaller than the probe
(Whiteley and Dexter, 1981b).
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Table 2.4
measureda

Studies in which resistance to probes of different diameters was

Reference Soil Probe
diameter
(mm)

Probe type Greatest
(semiangle) pressure for

penetration
required by

Dexter & Tanner Field soil 70,20,30A0
(1973) (various

textures)
Barley et al. Remoulded "1,.0,2.0,3.0

(1965) sandy loam
Gooderham - 1.0,2.0

(1973) cited by
* below

Bradford undisturbed 3.8,5.1
(1e80)

Whiteley eú ø1. Undisturbed '1..0,'1..25,7.5

(1981)* clods and remoulded
cores of sandy 1.75,2.0

loam
Whiteley & Dexter Remoulded 7.0,'1..25,'1..5

(1981b) (various 7.75,2.0
textures)

Bengough Undisturbed 0.5,1.0
(1988) cores of sandy

loam

sphere smallest probe

conical
(300)

no difference

smallest probe

conical
(300)
conical
(300)

no difference

no difference

conical
(30")

smallest probe

conical smallest probe
(30")

a Adapted from Table 2 of Bengough and Mullins (1990b)

Richards and Greacen (1986) and Greacen (1986) in their theoretical
model of cavity expansion in granular media imply that thin roots may
deform the soil elastically thereby encountering less resistance than thicker
roots which cause plastic deformation. However, the limited studies of
several different plant species available to date do not indicate that roots of
smaller diameter are relatively less mechanically impeded by soil or by
ballotini (Gooderham, 1,973; Goss, 1,977). We know however that
penetrometers cannot mimic root growth. In contrast to roots, which can
grow around objects that offer high resistance to displacement, a small probe
may have to displace soil particles of a diameter comparable to the probe
resulting in its experiencing greater resistance. There is need for more
investigation on the penetration of strong soil by plant roots of different sizes.
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In summary, the literature reviewed in the preceding sections shows
that the penetrability of soils by roots and penetrometer probes can be affected
by several factors. These include; presence of paths of low mechanical
resistance such as continuous biopores (created by root and soil fauna);
porosity and bulk density of the soil; water content of soil; texture,
overburden pressure, degree of confinement and aggregate size and
macrostructure. Following this discussion of the factors influencing the
penetration of soil by roots and probes, we will now proceed to discuss the
effects of mechanical impedance on the growth of roots.

2.6 Effects of mechanical impedance on root growth
2.6.7 Root elongøtíon, dìstríbutíon and branchíng

Root growth is limited by high mechanical impedance, Poor soil
aeration and inadequate water supply all of which interact making it difficult
to distinguish unequivocally among their effects. For this reason, many
studies on the effect of mechanical impedance on root growth have been
concerned with the behaviour of roots grown in remoulded soils in which
effects of high soil strength can be separated from other factors. It has been
shown in many studies that root elongation rate decreases approximately
exponentially with increase in soil strength and/or penetrometer pressure
irrespective of the plant used. There are many reports in the literature on this
subject and extensive reviews are available (e.9. Barley and Greacen, 1967;
Bengough and Mullins, 1.990þþennie, 799'1,; Gliñski and Lipiec, 1990; Russell,
1977; Russell and Goss, 1974; Taylor, 197'J,; Taylor et a1.,1972).

The depth, thickness and mechanical resistance of the root-impeding soil
layer can influence the distribution of roots in the soil profile (Bennie,1991).

If the root-impeding layers are near the surface, they will slow the downward
root growth, which will finally result in a shallower rooting depth (Bennie

and Botha, '1.986). Furthermore, when the mechanical impedance is high
enough to prevent root growth, the total root system will be restricted to the
upper part of the profile (Boone and Veen, 1982). Greater lateral root
formation has also been shown to occur in roots grown in soil with high
mechanical impedance (Goss and Russell, 1980; Goss, 1977; Schuurman, 1965).

2.62 Root morphology
When root growth is impeded due to high soil strength, the roots are

known to have shorter, thicker and more irregularly shaped tips (Abdalla et

ø1.,1969; Barley, 1976; Goss and Russell, 1980; Taylor, 1974b). These changes in
the external root morphology are normally so prominent that they can be

(



23

used to identify the presence of high soil strength (Bennie, 1991). The increase
in diameter of mechanically impeded roots has been attributed to an
enlargement of the cortex in which cells become shorter in longitudinal
direction and wider in transverse, while the cell volume is unaffected
(Atwell, 1988; Barley, 7976).

Mechanical impedence may also cause changes in the cell structure of
the endodermis and pericycle. Prihar et al. (7975) found an elaborate
production of sclerified cells in the cortical and vascular tissues of maize and
soyabeans. According to Prihar et ø1. (1975'), such cells may reflect traits
developed in such roots to resist forces and prevent deformation in internal
cells. Whatever is the explanation for this behaviour, the phenomenon of
radial thickening of mechanically impeded roots is of particular interest to the
work reported in this thesis because Abdalla et al. (7969) have hypothesized
that thickening may relieve the constraint at the root tip, thereby permitting
further elongation into the strong medium. This hypothesis will now be
reviewed.

2.63 Hypothesìs of Abiløllø et al, for rcot penetrøtíon ín strong granular
medíum

Abdalla et ø1. (1969) constructed a model for the mechanics of root
growth in strong granular medium by considering the deformation of a

cylinder of soil in front of the root tip (Fig. 2.6). The model predicts that for
any given strain, less stress is required to deform the soil radially than axially.
Further, experiments were performed in which a penetrometer with sides
capable of radial expansion (by inflation of a rubber membrane) was placed
under a static load in a container of sand. brflation of the membrane resulted
in the probe penetrating to a greater depth. The authors inferred from this
work that radial swelling of roots may reduce resistance to elongation by a

root.
Support for this hypothesis comes from the experiment of Hettiaratchi

and Ferguson (1,973) who used a special penetrometer which could be
expanded cylindrically to look at the two limiting conditions of the
hypothesis. They showed that radial expansion induced a reduction of stress

ahead of the simulated root tip. Similarly Graf and Cooke (1980) used a finite-
element model to predict that the radial expansion of impeded root tips could
reduce the axial stress on the root cap: they assumed a low coefficient of root-
soil friction and that the soil behaved as a homogeneous linear elastic
medium.
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Root cap

Zoneof
Recycle
from B

sEess relief

B D

Fig.2.6 Schematic representation of the model of Abdalla et al. for
the mechanics of root penetration in a granular continuum (re-drawn
from Abdalla et a1.,1969).

The sequence of events in a root during high confining stress may be described as

follows. (A) On the application of the confining stress, axial elongation of the root tip is
inhibited. The meristematic region then grows radially. (B) The radial thickening then

helps to relieve the stress at the root tip (by creating a crack). (C) the root tip then

overcomes the reduced axial stress and the meristem once again elongates longitudinally

until the root tip reaches a zone in which the stress regime would again inhibit axial

elongation. This is so because the relief of stress due to (B) would be expected to reduce

exponentially from the tip downwards. (D) The cycle is repeated from (B) and the root

therefore proceeds to grow with a thickened section. It should be mentioned here that

there is no evidence so far to show that the sequence of events follows this order.

A zone of stress relief caused by radial enlargement of a root was also

predicted by Richards and Greacen (19f16), and by Hettiaratchi and O'Callaghan
(1974) and Hettiaratchi (1990). All these studies found that there was a zone of
stress relief caused by radial thickening. It has been suggested by Hettiaratchi
and Ferguson (1973) that the relieving of stress at the root tip might enable a
root to grow through dense soils more than it would by uniform growth. The

importance of this mechanism for soil penetration by plant roots has not yet
been fully investigated.

The literature reviewed above suggest that stress relief may occur at the
tip of roots which have thickened radially while growing in strong medium.
The stress relief at the tip of the root could be a possible mechanism which

CA

t
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enables plant roots to grow through strong soil. This review will now
consider differences that exist in the ability of roots of plant species to
penetrate strong soil.

2.6.4 Dífferences ømong plønt species ìn penettatíng strong soìl
There are conflicting views regarding the abilities of different plant

species to overcome mechanical impedance. Elkins et al. (1977) reported that
roots of Pensacola bahia grass (Pøspølum notøtum cv Flugge) were able to
penetrate compacted soil layers that restricted growth of cotton roots. They
suggested that the fibrous sheath beneath the epidermis in the roots of
bahiagrass gave them rigidity and enabled them to penetrate dense soil. A
cotton crop grown after the bahiagrass was able to grow into the channels
made by the roots of the bahiagrass with consequent increased water uptake
and growth.

Whiteley and Dexter (1981b) indicated that the ability of roots to
penetrate a compact soil increased with increasing diameter. Taylor and
Gardner (1960) on the other hand could not find differences between the
penetrating ability of legumes (diameter L.8 mm) and that of non-legumes
(diameter 0.55 mm). Bennie and Burger (1981) did not find any differences in
the penetration by maize, wheat, cotton, and peanuts, into a compacted layer
of a loam soil. They concluded that the relative decrease in rooting length,
rooting density, or the number of roots entering a compacted layer is the same
for most plant species. They suggested that the differences observed among
plant species are merely functions of their abilities to produce roots in
uncompacted soil. In this case, plants with many fine roots will have a higher
probability of finding sites of lower mechanical impedance than plants with
few roots.

The review so far indicates that there are conflicting views regarding
differences in abilities of roots to penetrate strong soil. One important factor
which influences any difference in root penetrability is the genetic differences
which exist among species.

2.7 Mechanisms for development of soil stmcture by plant roots
Although the exact mechanisms of structure formation by plant roots

have not been fully established, let alone quantified, the explanation of the
influence of root systems on aggregation will now be discussed.
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2.7.7 Drying of soil
Plant roots are the most effective way of drying a soil down to the depth

of rooting. Drying of soil in the vicinity of the root systems as water is
absorbed by the roots and the resulting shrinkage of soil seems to be the major
mechanism for creating structure in soils (Dexter, 1988a; Russell, 1971). Wet
soils, providing they contain some clay, will shrink as they become drier.
Shrinkage forms fracture surfaces which produce cracks or channels through
the body of the soil. The drying action of the roots is very important in the
formation of such cracks. The cracks may constitute the initial faces of soil
aggregates (Grant and Dexter, 1986; White, 796).Cracking of soil resulting
from shrinkage can also help to disrupt compact layers and permit further
exploration of the soil by plant roots.

Wetting of the dry soil can result in the breakdown of the larger
aggregates or clods into finer soil aggregates. Breakdown is caused by the
combined effects of differential swelling and pressure build-up in entrapped
air which can cause mechanical failure of the aggregate (Dettman, '1,958;

Emerson, '/..977; Grant and Dexter, 7989¡ 1,990). The process can result in
complete slaking of the soil into separate micro-aggregates typically < 250 ¡rm,
or there may be partial slaking or mellowing (Utomo and Dexter, 1981b). In
the latter case, arrays of micro-cracks are formed throughout the soil mass and
make the soil weaker and more friable (McKenzie and Dexter, 1985).

The importance of wetting and drying cycles on soil aggregation has been

well documented (Horn and Dexter, 7989i Kolodny and Neal, 1941). It is
possible that the increase in aggregation under grass based-pastures which has

been known for a long time (e.9. Low, 1955; Uhland, 1949) may be largely a

consequence of the effect of high densities of grass roots on the hydrology of
the soil. As water is taken up by the roots, the water potential decreases. The
change in water potential, will increase the compactness of the soil through
its effect on the effective stress (Barley, 1968). The role of effective stresses in
compacting soil is covered in Section 4.3.4 of this thesis.

2.7.2 Eormatíon of channels
When a root penetrates into soil with no pre-existing macro-structure, it

produces a biopore. This is done by deformation of the soil mainly by
cylindrical expansion. The volume occupied by the root is accompanied by
loss of an equal volume of pore space from the surrounding soil (Dexter,

1987b). Thus the soil around a root can be compacted to some extent for a
distance in the order of the root diameter beyond the surface. Several
researchers have shown increases in the bulk density of the soil next to roots
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(e.9. Cockroft et ø1., 1969; Greacen et al., 7968; Guidi et ø1., 1985) whidr has been
attributed to compaction by pressure of the roots.

The importance of root growth on channel formation was shown by
Barley (1954) who, found that the permeability of a non-aggregated sandy
loam soil free of organic matter fell after maize was sown. When the roots
began to grow some pores were blocked and others were eliminated. Later, the
permeability of the soil increased (although not to its original volume) as the
roots began to decay. The biopores formed by one crop may also provide
channels for deep rooting of a following crop (e.9. Ehlers et nl., 1983; Elkins ¿ú

ø1.,7977; ]akobsen and Dexter,1988; Wang et ø1.,1986; Wiersum, 7967).

2.73 Enmeshment
Enmeshment means provision of mechanical support for the soil matrix

by roots. It is a function of the extension of root and the formation of root
hairs leading to new improved anchorage of the plant and greater capacity to
exploit water and nutrient resources. Structure in the soil can be modified or
created by enmeshment. The effectiveness of the roots is dependent on them
limiting the movement of particles or aggregates and so restricting
mobilisation by wind and rain. Waldron (1977) and Waldron and Dakessian
(1982) showed that plants such as pine, oak, lucerne and a range of grasses

increase the shearing resistance of soil. Similarly, Willatt and Sulistyaningsih
(1990) found that the root system of rice increased both shearing resistance
and bearing capacity of a loamy soil in East ]ava, Indonesia

Roots and fungal hyphae, particularly those of vesicular-arbuscular
mycorrhizal (VAM) are important binding agents of soil microaggregates (<

0.25 mm diameter) into macroaggregates (> 0.25 mm diameter) (Tisdall and
Oades, 1982). The roots and hyphae form an extensive network within each

aggregate and particles of clay stick firmly to them, by mucilage or
polysaccharide. Although the individual hyphae are not strong, the combined
strength of all hyphae and fine roots hold particles more or less equally in all
directions so that aggregates do not slake when wetted quickly (Miller and

fastrow, 1990).

2,7.4 Bíological actíoíty
A root in the soil releases organic matter which varies from simple

organic molecules to cells and tissues that are sloughed in the process of
growth. The materials released from roots include exudates, secretions,
mucilages and lysates (Rovira et al., 1970).These substances are the substrates
for the microbial flora, and material for cementing soil aggregates. The
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amount and nature of substrate produced in roots depends on the plant
species. For example, lucerne and ryegrass improve structural stability of soil
by increasing polysacchrides in the rhizosphere (Goss and Reid, 1981,; Reid and
Goss, 1980; Tisdall and Oades, 1979). The increase in aggregate stability by
maize, soyabean and wheat roots observed by Monroe and Kladivko (1987)

was attributed to the physical entanglement oÍ aggregates by roots and to the
increased production of root exudates resulting from root growth. Maize
roots, on the other hand, decreased the stability of soil structure by chelating
iron and aluminum, thus destroying chemical bonds with organic matter
(Goss and Reid, 7979).

2.8 Concluding remarks
It is evident from the foregoing discussion that plant roots can have

significant influences in the formation of biopores and aggregates, and also on
the stabilisation of the aggregated structures. The effectiveness of different
plant species in generating aspects of soil structure is related to the
morphology and activity of the root system. As considerable inter species
differences exist in root characteristics, there is scope for utilising some species
to improve the structure of damaged soils. To do this, however, we need to
understand the mechanisms involved in the amelioration of soil structure by
plant roots in different soils and climates. A better understanding of the
mechanisms and root properties involved in the processes will not only
contribute to knowledge but may provide a means of improving soils for
plant growth.
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SncrroN 3

Response of Roots to Mechanical Impedance

3.1 Introduction
Soil compaction and the resulting resistance to elongation of roots in'the

strong soil has been widely identífíed as a factor which retards root growth
and in many cases reduces crop yields (see Section 2.S).Ways of alleviating the
effects of compaction with minimum cost are required. One possible approach
is to use plant species whose roots have superior ability to penetrate strong
soil. It may be inferred from some theories of soil mechanics (see Section
2.6.3) that the radial thickening of roots growing under mechanical stress can
increase their penetration into strong medium. The aim of the work reported
in this section was to test the response of roots of different plant species to
mechanical stress. The hypothesis being examined was that the tendency of
roots to thicken provides an indication of their ability to penetrate strong soil.
This could lead to the development of a method for screening large numbers
of species for the ability of their roots to penetrate strong soil in the field.

3.2 Materials and methods
3.2.7 Plant species

Twenty-two plant species were selected to cover a broad range of plant
material for comparison. The names of the species and their seed weights are
presented in Table 3.1. Seed weight was measured by weighing 100 seeds.
Seeds of each species were germinated in trays containing moist vermiculite.
When the primary root length of the seedlings reached between 15 and 30
mm, their lengths were measured and the seedlings were planted, one to a
growth apparatus.

3.2.2 Gtowth apparutus
A sideview of the apparatus used for growing seedlings is shown in Fig.

3.1. An open-topped cylindrical brass compression chamber 70 mm diameter
by 63 mm high with removable base was used. Each chamber was filled with
270 g of oven-dried siliceous sandy soil known as Young Sand (Richards and
Greacen, 1986). The sand has well-rounded grains of about 150 pm diameter.
The distribution of particle sizes for the sand is presented in Fig. 3.2. It has a
low compressibility and a high friction angle (Richards and Greacen, 1986). A
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Table 3.1 Plant species and their seed weights.

Plant Species Seed weightu
lg,/t00 seeds)

Code Common Name Scientific Name Cultivar
Monocotyledons
A Barley
B Maize
C Oats
D Rice
E Sorghum
F Rhodesgrass
G Ryqgrass
H Wheat
Dicotyledons
I Cotton
I Fababean
K Lincoln weed
L Leucaena
M Lucerne
N Lupin
O Medic
P Oil radish
a Pea
R Pigeon pea
S Safflower
T Soyabean
U Sunflower
V Vetch

Hordeum uulgøre
Zeø møys
Apenn satioø
Oryzø satioa
Sorghum bicolor
Chloris gnyøna
Lolium rigídum
Tríticum aestiaum

Gossypium hirsutum
Vicia fabø
Diplotaxis tenuifolia
Leucaenø leucocephøla
Medicago søtioa
Lupinus øngustifolius
Medicøgo scuteløtør
Røphønus oleifera
Pisum søtioum
Cøjønus cøjan
Cnrthamus tínctorius
Glycine max
Heliønthus annuus
Vícíø satioø

Galleon
}IyTaO
Dolphin
Inga
Super sweet
Katambora
Wimmera
Kite

Delta Pine 90
Fiord

Cunningham
Hunter River
Gungurru
Sava
Siletta
Greenfeast
Quantum
Gilla
Davis
Hysun 44
Languedoc

3.85
39.90
3.10
2.57
2.79
0.04
0.24
3.68

(0.Oss)b
(0.0e8)
(0.084)
(0.02s)
(0.04s)
(0.001)
(o.o04)
(0.01s)

(0.0s8)
(0.110)
(o.oo1)
(0.046)
(o.o02)
(0.116)
(0.049)
(0.029)
(0.187)
(0.0es)
(0.022)
(0.123)
(0.Oss)
(0.662)

9.53
40.10

O,M
5.U
0.23

14.80
1.47
1,.47

23.90
9.10
3.90

20.60
7,'1,6

6.59

" mean of ten replicates
b numbers in parenthesis are standard errors.
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water retention ctra¡acteristic of the sand is presented in Fig. 3.3. For the water
potentials, samples of sand were drained from saturation on "porosity 4"
sintered glass funnels set at the different potentials (0 to 0.01 MPa) over the
range of the water contents which was used in the growing of the plants.
Gravimetric water content, W, of eactr sample was determined after drainage
had stopped.

Seedling

Weight (5ke)

Plunger hole
Plunger

Younggand

Compression cell

Removable base

Fig.3.1 A cross sectional view of the apparatus used for growing
seedlings.

The dry bulk density of the sand in the chambers ranged from '1..32 to'1..37

Mg m-3 (mean 1.35 t 0.01) and the total porosity was around 0.49 m3 m-3. An
intact seedling was planted in the centre of the chamber at a depth of about 3,

mm into the sand. When any damage to roots was observed during transfer,
the seedling was discarded. The sand was then moistened to a water content
of approximately 0.20 kg kg-t C¡.S kPa) with a mixture of nutrient solution
and de-ionised water. This water content was found to give odeluofe
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aeration in the sand. The nutrient solution was modified from that of
Johnson et ø1. (195./).lt was used at one-tenth concentration by midng f.0 cm3

of the full strength nutrient solution with $0 cm3 water. The dituted solution
contained 7.23 mM NO3; 2.5mM Ca2*, 1.0 mM :l'/lg2*' 3.0 mM K+' 0.65 mM
HPO42- + HrPOn and 1.0 mM SO42-.

0 200 400 600 800 1000

Size of opening (pm)

Fig.3.2 Particle size distribution of Young Sand.

A plunger of 600.9 g weight was placed on top of the sand and used to
support a 5.0 kg weight. The principle behind the use of the weight and the
way it was determined are described later. The plunger had two holes of 3.0

mm diameter which were used to make penetrometer measurements. The
combined mass of the weight and plunger applied a vertical pressure of '1.4.2

kPa to the sand.
Another seedling, which served as a control, was grown in a 300 mm

deep plastic container of vermiculite. Each seedling was supplied with 20 cm3

of nutrient solution and the vermiculite was kept moist throughout the
growing period by watering with de-ionised water. The pH of the vermicullite
measured at the end of the growth period ranged from 6.70 to 7.32 (mean
7.23).
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Fig.3.3 A water retention characteristic of Young Sand.

Determínatíon of weight
To determine the weight which would produce a penetrometer

resistance in excess of 4.0 MPa in Young Sand, four compression chambers
were filled with the sand and wetted to field capacity (Y=-4.5 kPa). The
chambers were subjected to different weights of 0, 2.27, 4.55 and 6.82 kg and
left to stand in a growth cabinet. The penetrometer resistance of the sand in
each chamber was measured after L0 days. It was determined from the results
(Fig. 3.a) that a weight of 5 kg would in addition to the weight of the plunger
produce the required resistance in the compression chambers. This weight
was used on all chambers during the growth of the seedlings as shown in Fig.

3.5.

3,2,3 Grouth conditíons
All plants were kept in a growth cabinet where the photoperiod was L2 h.

A bank of fluorescent light tubes supplied an irradiance of 125 pmol m-2 s-l at
plant level. Light intensity was measured by a Lambda Photometer model L1-
185A. The daylnight air temperatures were 20o/"l.6oc respectively. All plants
were grown for a period of ten days. Ten replicates were grown for each
species.
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Qp=0.97424+0.78915W
R = 0.983
n =$
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2 4 6

Weight, W ftg)

Fig.3.a Relationship between weight (W) and penetrometer
resistance (Qp) of Young Sand at a water content of 0.20 kg kg-t.

3.2.4 Meøsurements after plønt growth
Penetrometer resistønce (Qù.

Penetrometer resistance was used as a measure of soil strength. A steel

probe having a cone diameter, dp, of 2.0 mm and semi-angle of 30" was driven
into the sand through plunger holes at a rate of 3 mm min-1 in the growth
apparatus using a loading frame (Fig. 3.6). The probe passed through a slot
made in one of the weights. The force on the tip of the probe was measured as

a dial reading on a proving ring, and was converted to a penetration force,
F(N) using the following calibration
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F(N)=6.35 87 D - 4.763*'1.0-4 D2 + 3.17*'1,0-7 D3 t3.11

where D is the dial reading on the proving ring. The depth of penetration
when the force was measured was 32 mm (16 dp) which was similar to the
depth at which root elongation was occurring. This was also the depth where
constant maximum penetrometer resistance occurred in all the chambers (Fig.

3.7). Penetrometer resistance was calculated from the penetrometer force as

Qp=4F/ndpz, MPa 13.21
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Fig. 3.5 Plant species growing under mechanical sbess.
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Fig.3.6 Measuring penetrometer resistance in the compression
cell (C) using a penetrometer probe (P) on a loading f¡ame.
Penetrometer force is read on a dial uge (D) in a load ring G).
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Four measurements were made in each chamber by rotating the plunger and
the mean was used in calculating the penetrometer resistance. Qp was the
only indicator of resistance faced by the root tips during growth.

10 2ß 30 40

Depth of Penetration, D, (mm)

Fig.3.7 Effect of depth of penetration (D) on penetrometer
resistance (Qp) of Young Sand in the compression cells.

Wøter content
Immediately after penetrometer measurements were made, the weight

and plunger were removed and the seedling was carefully removed from the
opened chamber. Samples of sand were collected from each chamber for the
determination of gravimetric water content and pH.

Root length nnd diømeter
The lengths of the primary/seminal roots of plants from both

compression chambers and vermiculite containers were measured with a

ruler. Root diameters were measured at distances (X) of L.0, 3.0 and 5.0 mm
from the tip using a calibrated travelling microscope. Distortion (change of
shape) of the root tips by mechanical stress was evident in most
dicotyledonous species. Monocotyledonous species had less distortions.
However, since the diameters of the dicotyledonous species were large, this
did not cause problem in the measurements.
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Compørison between species

To compare the abilities of the different seedling roots to penetrate
strong soil, the elongation and diameter of roots of the stressed plants were
expressed relative to those of the control plants, i,e. as relative root
elongation (RRE) and relative root diameter (RRD). These were calculated by
using the length and diameter of the control plants (0 MPa penetrometer
resistance) as references and expressing the values (length and diameter) of
the stressed plants as fractions of the reference values (Bennie and Burger,
1981). The elongations and diameters of the stressed plants relative to those of
the unstressed plants are thus given by RRE = Er/E" and RRD = dr/d" where E,
and E" are the elongations of roots of the stressed and unstressed plants
respectively, and d, and d" are the diameters of roots of the stressed and
unstressed plants respectively.

Plant species were ranked using RRE and RRD as ranking
characteristics. Spearman rank correlation coefficients, rs, (Gibbons, 1974) were
used to test the goodness of agreement between the ranked pairs of attributes
for a set of n individuals. The statistic (rr) is given by:

OI D,,
n

fr=1- [4.3]

where n is the number of paired observations (Xi, Yi) ana D¡ is the rank (xi )
-rank (y). An r, of f. indicates complete agreement in order of the ranks while
an rs of -1 indicates complete agreement in the opposite order of the ranks.

3.2"5 Anølyses of døta
All data were subjected to standard analysis of variance with the Genstat

5 program (Genstat 5 Committee, 1987) on a VAX computer. Results
presented here are means of ten replicates.

3.3 Results
3.3.7 Water content ønil penetrometer resistance of Young Sønd

It was important to maintain uniform conditions (water and strength) in
the sand during the growth of the seedlings. This was achieved. Table 3.2

shows that the water content of the sand was maintained around 0.20 kg kg 1

(mean 0.198 tg kg.l) for all the species. This resulted in a similar close range in
the penetrometer resistance of the sand (mean 4.24 lNlPa). Because of the
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narrow range in water content of the sand, the penetrometer resistance
was not significantly affected by water content (correlation coefficient
-0.107). Thus, it was reasonable to assume that the roots of the different
plant species were subjected to similar süength during growth period.

Table 3.2 Penetrometer resistance (Qp) and gravimetric water content (W)

of Young Sand during the plant growth period.

Plant
Species CY Vo

w
(kg kg1) CY To

Barley
Maize
Oats
Rice
Sorghum
Rhodesgrass
Ryegrass
Wheat
Cotton
Faba bean
Lincoln weed
Leucaena
Lucerne
Lupin
Medic
Oil radish
Pea
Pigeon pea
Safflower
Soyabean
Sunflower
Vetch

Meøn

4.28
4.27
4.23
4.21,
4.28
4.26
4.22
4.1,4
4.23
4.28
4.28
4.24
4.26
4.23
4.26
4.28
4.21,
4.19
4.23
4.2'1,
4.26
4.25
4.24

13.6
15.2
11.1
'1,1,.4

1,8.4
20.8
1,6.4
22.3
17.2
13.7
19.8
1,4.4
17.8
15.1
14.5
20.2
71,.4
20.3
18.2
18.3
'1,4.6
'1,4.6

76.'t

6.4
8.7
8.2
5.7
6.4

10.3
7.5
8.6
6.8
9.0
5.6
7.9
7.4
7.9
4.4
6.6

't0.4
7.9
9.2
5.2
8.1
8.2
7.6

(0.043)o
(0.048)
(0.03s)
(0.03s)
(0.083)
(0.072)
(o.os2)
(0.070)
(0.03s)
(0.043)
(0.062)
(0.04s)
(0.0s6)
@.Mn
(0.046)
(0.070)
(0.03s)
(0.080)
(0.0s7)
(0.0s8)
(0.ù16)
(0.043)
(0.03s)

o.1es (0.02)
0.198 (0.03)
0.1e6 (0.03)
0.19e (0.02)
0.196 (0.02)
0.197 (0.03)
o.lee (0.02)
0199 (0.03)
0.196 (0.02)
0.207 (0.03)
0.199 (0.02)
0.196 (0.03)
0.199 (0.02)
0.202 (0.03)
0.200 (0.01)
0.197 (0.02)
0.1e9 (0.03)
0.799 (0.03)
0.207 (0.03)
0.799 (0.02)
0.796 (0.03)
0.1e8 (0.03)
0199 (0.03)

a Numbers in brackets indicate standard error of mean
CV = coefficient of variation

33.2 Root elongatíon ønil ilíømeterc øs øffecteilby mechanìcøl stress
The roots of all species investigated in the study were very sensitive to

soil strength in terms of elongation (Table 3.3). A mean penetrometer
resistance of 4.2 MPa in the sand in the compression chambers reduced root
elongation of the stressed plants by over 90Vo (mean 94 Vo) compared with the
unstressed controls. However, in the strong sand, elongation of the roots of
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dicotyledon species was slightly higher (mean 5.4 mm) than that of the
monocotyledons (mean 3.4 mm).

Table 3.3 Root elongation of mechanically stressed (S) and control (C)

plants after 10 days of growth.

Plant
species

Root elongation (mm) 7o Reduction
by stress

S c
Monocotyledons
Barley
}vlaize
Oats
Rice
Sorghum
Rhodesgrass
Ryegrass
Wheat
Dicotyledons
Cotton
Faba bean
Lincoln weed
Leucaena
Lucerne
Lupin r
Medic
Oil radish
Pea
Pigeon pea
Safflower
Soyabean
Sunflower
Vetch

3.1 (0.04)a
4.4 (0.06)
3.2 (0.0s)
3.1 (0.02)
3.4 (0.02)
2.s (0.0s)
3.0 (0.02)
4.1 (0.04)

4.s (0.02)
6.8 (0.03)
2.7 (0.04)
s.2 (0.0s)
4.3 (0.03)
7.1 (0.06)
4.s (0.03)
4.e (0.M)
7.0 (0.M)
4.6 (0.06)
5.6 (0.0s)
s.7 (0.06)
6.4 (0.05)
6.s (0.04)

124.6 (0.76)
1M.7 (0.72)
174.2 (1.74)
60.2 (0.ls)
63.8 (0.1s)
60.6 (0.36)
68.2(0.28)

720.7 (0.82)

68.0 (0.20)
e8.7 (0.74)
se.8 (0.2s)
66.9 (0.22)
7s.9 (0.37)
6e.4 (0.2n
62.4 (0.22)
88.3 (0.60)

70ø.6 (0.8s)
72.7 (0.20)
94.s (0.6n
81.s (0.41)

10s.3 (0.68)
712.7 (0.38)

97.5
95.9
97.2
94.9
94.7
95.9
95.6
96.6

93.4
93.7
95.5
92.2
94.3
87.8
92.8
94.5
93.3
93.7
94.1
93.0
93.9
94.2

a Numbers in parenthesis are the standard error of mean.

In addition to the effects on root extension, soil strength also had
significant effects on the size of the root tips. In general, high soil strength
caused the cells of the root apex to expand radially í.e. the diameter of the root
was bigger at all the three distances from the root tip compared with the
control plants (Table 3.4). The diameters of the roots of all the species
increased with soil strength, but the increase in the dicotyledons was much



Table 3.4 Root diameter measured at th¡ee distances, X (mm), from the tip in mechanically stressed (S) and control (C) plants after 10 days of growth.

Root diameter(mm)

Plant
species X=1.0 X=3.0 X=5.0

S C S c S C

Monocotyledons
Barley
lvlaizß
O¿S
Riæ
Sorghum
Rhodesgrass
Ryegrass
Wheat
Dicotyledons
Conon
Faba bean
Lincoln weed
I-eucaena
Luceme
Lupin
Medic
Oil radish
Pea
Pigeon pea
Safflower
Soyabean
Sunflower
Verch

0.74 (0.05)"
1.37 (0.08)
0.87 (0.07)
0.s7 (0.01)
o.77 (0.03)
0.24 (0.02)
0.30 (0.02)
0.80 (0.03)

0.91
1.83
0.24
0.87
0.67
r.58
0.77
0.72
t.4t
t.o2
l. l0
1.39
0.82
1.23

(0.07)
(0.17)
(0.02)
(0.08)
(0.03)
(0.0s)
(0.04)
(0.05)
(0.0e)
(0.06)
(0.r2)
(0.06)
(0.06)
(0.0e)

0.46
0.8r
0.52
0.37
0.53
0.13
0.19
0.49

(0.03)
(0.02)
(0.03)
(0.0r)
(0.02)
(0.01)
(0.01)
(0.02)

(0.03)
(0.04)
(0.01)
(0.03)
(0.02)
(0.03)
(0.02)

0.85
t.47
0.87
0.54
0.83
0.27
0.38
0.83

(0.03)
(0.02)
(0.07)
(0.03)
(0.04)
(0.01)
(0.01)
(0.04)

0.51
0.87
0.54
0.41
0.58
0.18
o.23
0.56

(0.0e)
(0.03)
(0.03)
(0.01)
(0.02)
(0.01)
(0.03)
(0.02)

(0.03)
(0.0s)
(0.0r)
(0.03)
(0.02)
(0.05)
(0.02)
(0.02)
(0.02)
(0.04)
(0.03)
(0.06)
(0.02)
(0.03)

0.70
r.32
0.76
0.5r
0.75
0.26
0.39
o.t4

(0.03)
(0.0e)
(0.07)
(0.02)
(0.04)
(0.01)
(0.03)
(0.04)

(0.06)

0.50
0.89
0.55
o.43*
0.61
o.t7
0.25
0.50

(0.03)
(0.03)
(0.04)
(0.02)
(0.02)
(0.01)
(0.01)
(0.02)

0.6e (0.01)
1.04 (0.04)
o.t1 (0.01)
0.s6 (0.01)
0.46 (0.02)
1.09 (0.08)
0.45 (0.02)
0.3e (0.01)
0.83 (0.02)
0.6e (0.03)
0.55 (0.03)
0.98**(0.08)
0.54 (0.02)
0.82 (0.03)

0.55
0.86
0.13
o.49
0.40
0.84
0.40

1.23 (0.08)
2.21 (0.15)
0.27 (0.01)
0.95
0.77
2.O2

0.67
0.96
0.16
0.55
0.43
1.00
0.43
o.37
o.77
0.68
0.54
0.89
0.s3
0.76

t.t4
2.t8
0.27
0.90
0.70
1.82
0.86
o.76
1.77
r.06
0.86
1.54
0.91
t.28

(0.04)
(0.08)
(0.04)
(0.04)
(0.12)
(0.05)
(0.05)
(0.10)
(0.07)
(0.07)

l)(0.2
(0.01)
(0.05)

0.91

(0.06)
(0.04)
(0.05)
(0.0s)
(0.06)
(0.10)
(0.0s)
(0.06)
(0.07)
(0.0e)
(0.10)

0.84
1.68
1.02
0.96
1.77
1.06
t.4l

0.33 (0.02)
0.73 (0.02)
0.61**(0.04)0.sl (0.02)
0.78 (0.03)
0.48 (0.01)
0.70 (0.04) 5

" Numbers in parenthesis indicate standard error of the mean. For all values of X, the means for S and C were all significantly differen t (p < 0.001)
by the LSD test, except for those indicated by * (p < 0.05) and ** (p < 0.01)
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greater (mean 86Vo) than that in the monocotyledonous species (mean 4'l,Vo).

Root tips of plants grown in the control (C) and stressed (S) environments are
shown in Plate 1.

According to Greacen (198ó), the zone of elongation of an impeded root
extends from the meristem to almost 5.0 mm from the extreme tip of the root,
with the zone of maximum elongation rate lying between 1.5 and 2.5 mm
from the tip. To establish which of the three distances i.e. '1,.0 mm (X1), 3.0
mm (X2) and 5.0 mm (X3) had thickened the most due to mechanical stress,
an analysis of variance of the differences between the two distances (X2-X1)
and (X3-X2) was done. The results (Table 3.5) show that there were significant
differences in the thickening of roots at the three distances for all the species
except pea, pigeon pea and safflower.

The general trend emerging from this analysis is that for those species
where the difference between the two distances (í.e. X2-X1, and X3-X2) is
significant, it is the (X2-Xl.) distance which has the higher mean. This implies
that the diameter at 3.0 mm was bigger than at 1.0 mm from the tip of the
root. In many cases, the difference between X3 and X2 (i.e. X3-X2) is negative,
again implying a larger root diameter at 3.0 mm than at 5.0 mm from the tip.
It is interesting to note at this stage that there were positive correlations
between root elongation and root diameters of stressed plants at all three
distances. The correlation coefficients between root elongation and diameter
atX2 being higher (0.65) than those for Xl (0.57) and X3 (0.59).

33.3 Compørísons betuteen plant specìes
The results of RRE and RRD are presented in Table 3.6. There is a wide

variation among the species in both RRE and RRD. It is evident from these
results that there is a difference in the RRE and RRD of monocotyledonous
and dicotyledonous species - those for dicotyledons being higher than those of
monocotyledons. For example, the mean RRE for monocotyledons is 0.04
(range 0.025-0.054) while that of dicotyledons is 0.07 (range 0.045-0.105). A
similar observation is made for RRD at all three distances. A further point of
interest in this comparison are the positive correlations between RRE and
RRD which were 0.63,0.71and 0.68 for Xl, X2 and X3 respectively.

The size of the seed did not seem to have much influence on the
thickening or the penetrating ability of roots of any species. The correlations
between seed weights and RRE and RRD were very low, both overall and
within species. The mean correlation coefficients for all the species combined
were 0.026,0.0'J,4,0.025 and 0.011 for the correlations between seed weight and
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Plate 3.1 Root tips of some species after growing in control (C) and stressed
(S) environments. Notice the uncharacteristic proliferation of first-and second-
order lateral roots close to the tip of the pea root.
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RRE and RRD at 1.0, 3.0 and 5.0 mm from the tip respectively. This suggests
that the ability of root systems to thicken and penetrate strong media is a

genetic characteristic and does not necessarily depend on the size of the seed.

Table 3.5 Differences in the diameters of roots of stressed plants measured
at distances X1 (1 mm), X2 (3 mm) and X3 (5 mm) from the tip.

Plant
species x2-x1 x3-x2

Distance Significance
level

Monocotyledons
Barley
lvlaize
Oats
Rice
Sorghum
Rhodesgrass
Ryegrass
Wheat
Dicotyledons
Cotton
Faba bean
Lincoln weed
Leucaena
Lucerne
Lupin
Medic
Oil radish
Pea
Pigeon pea
Safflower
Soyabean
Sunflower
Vetch

0.116
1.000

-0.004
0.028
0.061
0.025
0.079
0.035

0.312
0.384
0.021,
0.076
0.099
0.43't
0.139
0,120
0.274

-0.004
-0.1,43
0.375
0.184
0.183

-0.1,18
-0.153
-0.129
,0.083
-0.074
-0.003
0.006

-0.092

-0.088
-0.025
0.003

-0.050
-0.073
-0.193
-0.051
-0.079
0.081
0.036

-0.101
-0.722
-0.093
-0.124
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Significant differences between the two distances are given 
^" 

* (p < 0.05),
** (p 3 0.01), *** (p < 0.001); ns = not significant.

33.4 Rønkíng of plønt species
Since this study was concerned with selection of plant species based on

the penetrating ability and thickening of the roots, a ranking of the species
was done using both RRE and RRD as ranking characteristics (Table 3.7).
Spearman's rank correlation coefficients (rr) were calculated to test the
agreement between the two ranking characteristics. There was a significant
positive rank correlation (rs =0.79, p < 0.05) between RRD and RRE. This



Table 3.6 Relative root elongation (RRE) and relative rcot dirirrrcter (RRD) of the plant qpecies.

Plant
species

Monocotyledons
Ba¡ley
Maize
Oaß
Riæ
Sorghum
Rhodesgrass
Ryegrass
Wheat
Dicotyledons
C-ouon
Fababean
Lincoln weed
Lerraena
Luceme
Lt¡pin
Medic
Oilr¿dish
Pea
Pigeon pea
Safflower
Soyabean
Sunflower
Veæh

RRE

0.025 (0.0m)b

RRD"

X=l mm X=3 mm X=5 mm Mean

1.35
r.63
r.42
1.38
t.39
1.33
1.55
t.4t

r.70
2.18
1.53

o.M4
0.029
0.052
0.054
0.041
0.045
0.035

0.073
0.045
0.078
0.057
0.10s
0.072
0.059
0.069
0.063
0.065
0.071
0.065
0.058

(0.007)
(0.004)
(0.004)
(0.004)
(0.007)
(0.004)
(0.004)

(0.007)
(0.006)
(0.007)
(0.004)
(0.010)
(0.003)
(0.007)
(0.00s)
(0.008)
(0.010)
(0.008)
(0.008)
(0.003)

I
I
I
I
I
I
I
I

1.73 (0.
1.70 (0.
1.66 (0.
r.48 (0.
1.43 (0.
1.s6 (0.
1.69 (0.
1.50 (0.

.74 (0.26)

.7t (0.r0)

.7t (0.16)

.s5 (0.06)

.47 (0.05)

.t9 (0.10)

.60 (0.0e)

.63 (0.07)

(0.1l)
(0.25)
(0.11)
(0.11)
(0.11)
(0.r1)
(0.10)
(0.1e)
(0.12)
(0.0e)
(0.14)
(0.14)
(0.r5)
(0.0e)

2.19
1.54
1.82
2.07
l.9l
1.86

2t\
l0)
t4)
0e)
07)
13)
ll)
0e)

L.43
r.49
1.38
r.20
1.24
1.61
1.58
r.47

(0.08)
(0.10)
(0.12)
(0.06)
(0.05)
(0.14)
(0.12)
(0.06)

0.067 (0.004) 1.85
2.38
1.72
1.75
1.80

1.69 (0.14)
2.19 (0.29)
1.98 (0.20)
r.82 (0.r6)
t.70 (0.10)
1.92 (0.11)
1.95 (0.09)
2.16 (0.13)

1.67 (0.11)
2.14 (0.23)6l (0.n)

t2)
t2)
r4)
l1)
08)
11)
ll)
t2)
t7)
t4)

(0.
(0.
(0.
(0.
(0.
(0.
(0.
(0.
(0.
(0.

60
54
72
93
93
11
56
60
66
72
58 (0.08

13)
10)
25)
t2)
1l)
l3)

r.96 (0
t.7t (0
2.r9 (0
1.83 (0
t.1t (0
r.76 (0

2.05
2.12
2.28

I
I
1

1

1

1

2
1

I
1

I
I

1.72
r.74
1.85
1.98

83
83
89
88
79

2.03
2.08

)

1

1

I
1

1

"RRD was measured atdistances X (mm) from the tip.
b Nu-bets in parenthesis indicate standard error of means.

5(tr
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indicates that there is a good agreement in the order of the ranks or the
different characteristics used in the ranking of the species. It can be seen that
dicotyledonous species generally occupy top ranks í.e. they had higher RRE
than monocotyledons. A similar trend is apparent in the RRD where the top
ranks are occupied by dicotyledons and the bottom by monocotyledons. There
is however some interchanging of positions among species in the rankings
for RRE and RRD, which may suggest that the tendenry of roots to thicken is
perhaps only a rough guide to the ability of roots to penetrate strong soils.

Table 3.7 Ranking of plant species using RRE and RRD as rank characteristics.

Position RRE RRD
1 Lupin Faba bean
2
3
4
5
6
7
8
9

10
11
12
13

15
't6

18
19
20
27
22

1,4

17

Leucaena
Medic
Faba bean
Soyabean
Pea
Cotton
Pigeon pea
Sunflower
Safflower
Vetch
Lucerne
Oil radish
Sorghum
Rice
Lincoln weed
Ryegrass
Maize
Rhodesgrass
Wheat
Oats
Barley

Pea
Oil radish
Medic
Soyabean
Sunflower
Lupin
Pigeon pea
Safflower
Vetch
Lucerne
Leucaena
Cotton
Ìvlaíze
Ryegrass
Lincoln weed
Oats
Wheat
Sorghum
Rice
Barley
Rhodesgrass

Figs. 3.8 and 3.9 present pairwise comparisons of all the species based on
RRE and RRD (at 3 mm from the tip). The comparisons in each figure are
divided into three parts aiz: wíthin monocotyledons (light shaded); between
monocotyledons and dicotyledons (unshaded) and within dicotyledons (dark
shaded). The general observation from Fig. 3.8 is that there are more
significant differences in the RRE of roots when dicotyledons are compared
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Fig.3.8 Comparison of pairs of means for RRE of the plant species
* = significant difference (p < 0.05) by the LSD tesÇ rs = rot significant.
Species codes are given in Table 3.1.
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Fig.3.9 Comparison of pairs of means for RRD of the plant
species measured 3.0 mm from the tip. * =significant difference (p < 0.05)
by the LSD tesÇ rs = rot significant. Species codes are given in Table 3.1.
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with monocotyledons while there are fewer differences in the pairs when
comparisons are made within the same species classification (i.e
monocotyledons ? monocotyledons or dicotyledons u dicotyledons). For
example, there are 80Vo, 'l,2Vo and 63Vo pairs of means which are not
significantly different in the dark shaded, unshaded and light shaded areas
respectively. A similar trend is evident in Fig. 3.9. In this comparison
however, there are more differences between the means in each of the three
areas.

3.4 Discussion
The rates of elongation of the unstressed control roots grown in

vermiculite in this study (6.0 < rate ( 1.2; mean 8.5 mm day-l) are generally
lower than those reported elsewhere. For example, Cahn et ø1. (7989) reported
growth rates ranging from 2.8 to 83 mm d"y-t in maize (Zeø mays cv. Cornell
25) grown in minirhizotrons in a greenhouse at temperatures ranging from
25oC to 30oC and an irradiance of 200 pmol m-2 s-1. The slow rates of growth in
this study could be due to the low irradiance (L25 pmol m-2 s-1) and
temperature (20oC) in the growth cabinet. However, the results have shown
that mechanical stress (in the form of soil strength) on the root tips of the
different species caused a remarkable reduction in the elongation of the roots
and also caused the roots to increase in diameter. This form of response by
roots to mechanical stress has widely been observed by other authors (e.9.

Abdalla et al., 1969; Atwell, 1,988; Bengough and Mullins, '1.99'/-.; Goss and Drew,
1972; Taylor and Burnett,1964).

The increase in root diameter behind the apex has as yet not been
adequately explained. Some suggestions have been made e.g.by Atwell (1988),

Atwell and Newsome (1990), Barley (1962) and Greacen (1986), who attribute
the increase to enlargement of the cortex. According to these authors, the cells
become shorter in the longitudinal direction but remain wide in the traverse
(see Section 2.6.2). The enlargement of the cortex is thought to be a

consequence of both the increase in the diameter of the outer cells, and an
increase in the number of cells per unit length of root (Bengough and
Mullins, 1990b). Some authors (e.9. Kays et ø1., 1974; Veen, 1982) have
suggested that the plant hormone, ethylene may be responsible for the
changed shape of impeded roots because it has a similar effect on the shape
when applied to unimpeded roots. It is beyond the scope of this thesis to
examine in detail the physiological causes of this swelling. What is important
to note here are the large differences among the roots of plant species in their
abilities to thicken when under stress.
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The reduction in rate of root elongation in strong soil has been attributed
to both a decrease in the rate of cell division in the meristem and a decrease
in cell length (Eavis, 1,967). Taylor (1980) has explained the reduction in
elongation of roots in strong soil using basic principles of mechanical
impedance as follows: plant roots elongate when the turgor pressure inside
new cells is sufficient to overcome the constraint of the cell walls and any
external constraint caused by the surrounding soil matrix. The difference
between turgor pressure and pressure on cell wall, defined as 'root growth
pressure' by Gill and Bolt (1955) must be greater than the impedance acting
upon the cross-section of the root if the root is to elongate. Misra et ø1. (1986a)

have reported wide variations in the maximum growth pressures which
roots of different plant species can exert. They also reported that the
maximum growth pressure exerted by the roots increased as the root diameter
increased according to the relationship:

Pa = 242d.O'la t3.41

where Pu was the maximum axial root growth pressure (kPa) and d, was the
root diameter (mm).

This finding is noteworthy because the results reported in this section
show that dicotyledonous species were able to elongate in the strong medium
more than monocotyledons. Although root growth pressures were not
measured here, it could be inferred from Equation (3.4) that roots of most of
the dicotyledons would have exerted more axial growth pressure on the sand
than those of monocotyledons because of differences in root diameters. The
wide variation between the species offers considerable opportunity for genetic
selection and screening of species and cultivars for use in special soil
management programs. For example, plant species with roots which are fine
and expand least radially, e.g. ryegrass, may perform better under
uncompacted soil conditions while plants with thicker roots and greater
ability to penetrate strong soil can be used to perforate compact layers and
create easily accessible pathways for roots of the succeeding crop. If similar
results from this experiment can be found in the field, the technique can be
useful for screening species for the ability of their roots to penetrate strong
soil.

Of further interest are the high correlations between elongation and root
diameter. These findings support the idea behind the theory of the mechanics
of root penetration in strong soils suggested by Abdalla et ø1. (1969). Abdalla ¿ú

ø1. (1969) showed that thickening of the root cap reduces soil strength ahead of
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the root tip thus allowing elongation to proceed until the root cap is impeded
again. Hettiaratchi and Ferguson (1973) concluded from a theoretical analysis
that the thickening of root tips in mechanically impeded roots might enable a
root to grow through dense soils five times stronger than is possible by
uniform growth. As Elkins (1985) has observed, root characteristics are
heritable, so that it could be possible through plant breeding and/or genetic
engineering to develop root systems with improved capability for altering soil
physical conditions. The work reported here could assist in the task of
identifying species with such genetic potential.

The results from this study should enable us to select species with the
greatest potential for inclusion in field studies aimed at assessing the actual
ability of roots to penetrate strong soils. Flowever, the method used in this
section although simple, was rather tedious and time consuming. A
potentially simpler and more rapid technique of stressing plants with an
osmoticum was investigated. This experiment is reported in the next section.
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SucrroN 4

Growth of Plant Roots in Response to Osmotic
Stress

4.L Introduction
It was postulated in Section 3.0 that the ability of plant roots to thicken when

under mechanical stress could be an indicator of their ability to penetrate strong
soil and could be useful in screening species for this purpose. The method used,
although simple, was rather laborious and time consuming. Another potential
technique of screening species for this purpose was therefore investigated. It
involved the application of osmotic stress to the roots of the plants by using
solutions of poly (ethylene glycol) (PEG).

The water potential of the medium surrounding roots has successfully been
controlled by use of PEG e.g. |ackson (1962); fanes (1,961); Trizek (f985);
Lagerwerff et al. (1961); Williams and Shaykewich (1969). Plants growing against
osmotic stress induced by PEGs not only have reduced root elongation rates
(Coutts, 1982; Kawasaki et a1.,7983; Midrel and ElSharkawi, 1970'), but their roots
also increase in diameter (e.9. Kaufmann, 1.968; Ciamporova and Luxova, 1976;
Zekti and Parsons, 1990). This observation is of fundamental interest here
because similar effects occur in soils with high mechanical strength (see Sections
3.3.2 and 3.4). lt is possible that PEG could also be used for the purpose of
selecting species for the ability of their roots to penetrate strong soil.

The first objective of the study reported in this section was to compare the
growth of seedling roots of ten selected plant species in PEG solutions of different
osmotic potentials. The second objective was to find how the previously
determined effects of mechanical stress on root growth (Section 3.0) compare
with those of osmotic stress. If responses to osmotic stress can be satisfactorily
related to mechanical stress, then osmotic stress could be used as an alternative
method to screen plant species for the ability of their roots to penetrate compact
soils.

4.2 Materials and methods
4,2.7 Experímcntøl treøtments

The treatments consisted of the application of four osmotic potentials (0.0,

-0.25, -0.5 and -1.0 MPa) around the roots of seedlings of ten plant species The
species used were monocotyledons (barley, oats, rhodesgrass, ryegrass and
wheat) and dicotyledons (faba bean,lupin,lucerne, pea and safflower). Scientific
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and cultivar names of these species have been presented in Table 3.1. The species
were selected to include equal numbers of both monocotyledons and
dicotyledons. The experiment was replicated 10 times.

4.2.2 Prepørøtíon of osmotic solutìons
The osmotic solutions were prepared from pharmaceutical grade PEG

(molecular weight= 20,000) supplied by Sigma Chemical Company. To find the
quantities of PEG required for a given osmotic potential, a series of
concentrations were prepared by dissolving various amounts of PEG in nutrient
solution and measuring their potentials (Table 4.1). Water potential was
measured with a Wescor Psychrometer model HP 115 at 24.50 C. The nutrient
solution was the No. 1 Hoagland solution (Hoagland and Arnon, 1950) diluted
ten times. Full strength solution was composed of 1 mM KH2PO4,5 mM KNO3,5
mM Ca(NOs\2,2 mM MgSO 4, 1.:ttMI Fe-EDTA and 1 mM trace elements (Mn, Zn,
Mo, Cu, B). The concentrations of PEG needed to obtain the four potentials were
obtained from Figure 4.1 and were respectivety 0.0,0.10,0.20 and 0.30 kg PEG L 1

solution. The pH of the PEG solutions were adjusted to pH 6.2 with 0.01M KOH.

Table 4.1 Measured osmotic potential of PEG solutions.

Solution
number

PEG
concentration
(kg r{¡

Osmotic potential (MPa)

1, 2 3 4 Mean s.e.

1,

2
3
4
5
6

7
8
9

0.00

0.02

0.05

0.10

0.15

0.20

0.25

0.27

0.30

0.35

0.000

-0.023
-0.065

-0.280

-0.350

-0.500

-0.730
-0.960
-1,.260

-1.520

0.000

-0.020
-0.060

-0.250
-0.380
-0.520
-0.680
-0.930
-1.330
-1.580

0.000

-0.019
-0.066
-0.230
-0.360
-0.570
-0.760
-1.000
-1.360
-1,.M0

0.000

-0.021,

-0.058
-0.21.0

-0.370
-0.550
-0.700
-1,.020

-1,.320

-1.550

0.000

-0.02'1,

-0.062
-0.243
-0.365
-0.535
-0.718
-0.978
-1.318
-1,.523

0.00

-0.01

-0.01

-0.03
-0.01

-0.03
-0.04
-0.04
-0.04
-0.0610

s.€. = standard error of the mean
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Fig. a.l The relationship between concentration of PEG 20,000 and
osmotic potential (Vo).

4.23 Growth øppøratus
'?orosity 3" sintered glass funnels (10 cm diameter) were used. The base of

each funnel was connected to one end of flexible plastic tubing and the other end
was set at a height of 25 cm from the sintered glass to give a suction as shown in
Figure 4.2. The four solutions were added to separate funnels through the plastic
tubing. The sand in each funnel was packed to a bulk density of 1.25 Mg *-3 by
pouring weighed, air-dried sand and packing it to predetermined volumes by
gently tapping the sides of the funnel. The depth of sand in the funnels was 60
mm. This is the same sand which was used in Section 3.0 (see Section 3.2.2 for its
properties).

The tops of the funnels were covered with polythene film to reduce
evaporation and the sand was wetted by PEG solution until equilibration was
achieved. The water in the sand was considered to be at equilibrium when the

Ufe[inSfront reached the top of the sand columns. This took about 3 to 4 days. The
suctions in the -0.5 and -1.0 MPa funnels were reduced to 20 cm to speed the
wetting process. After equilibration however, a head of 25 cm Ìvas maintained on

0.0 0.3
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all funnels. This enabled the water content of the sand to be kept close to field
capacity (0.20 kg kgl) during the period of growth. It also assured good aeration
in the sand.

Seedling

Slntored glass funnel

Plastic beads

Young sand

Sintered glass plate

25 cm

PEG solution

Plastlc tubing

Eig. a.2 Apparatus used to grow the seedlings.

Although the total water potential ( Yt ) in the sand is composed of the PEG,
matric and nutrients components (í.¿. Yt = Yp"g + Yma*ic * Ynutrients), the effect of
the matric and nutrients potentials is considered negligible compared with the
r¿uxge of PEG potentials applied. This is because the Y-atric is 25 cxn water which
is equal to -0.0025 MPa, and the Ynutrients is considered negligible because of the
very dilute solutions used.

4.2,4 Prcpøtøtíon of seeillíngsfor growth
Seeds were germinated in moist vermiculite. When the roots were about L0-

L5 mm long, their lengths were measured and the seedlings transplanted in each
of the four sintered glass funnels containing the wet sand. Only strong, straight
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and undamaged roots were selected. A seedling was planted by poking a hole in
the sand with a wire and placing the seedling root in the centre of the hole. The
seedling was firmly anchored in position by pressing the sand around it. When
all plant species were transplanted, the sand was covered with a layer (about 1.0

cm) of black plastic beads to reduce evaporative losses.

4.2.5 Grouth conditìons
The seedlings were grown for 48 h in a room in which the temperature was

25 t 1oC. Relative humidity was not controlled and varied between 50Vo and7}Vo.
Light intensity oÍ120 ¡rmol m-2 s-1was supplied continuously during the growth
period by four tungsten filament bulbs above the plants. Figure 4.3 shows the
plants growing in the growth apparatus.

After growth, the sand was removed from the funnels and seedlings were
recovered. Samples of sand were collected for the determinations of pH and
gravimetric water content. pH was determined in a L:5 soil:water suspension
using a glass calomel electrode. The roots were washed free of sand and their
lengths and diameters measured. Root elongation was calculated as the
difference between the initial and final lengths of the root. Root diameter was
measured to t 10 pm at distances oÍ 7,3 and 5 mm from the tip using a calibrated
microscope eyepiece. The values reported here are the means of the three
measurements. The apparatus was washed clean before new sand was added for
the next replicate.

4.2.6 Analyses of iløtø
Data were analysed with the Genstat 5 program (Genstat 5 Committee,

1987) on a VAX computer. The LSD test was used to separate means. To compare
the species, relative root elongation (RRE) and relative root diameter (RRD) were
calculated as described in Section 3.2.4.

4.3 Results
4.3.7 Wøter content anil pH of Young Sønil

The water content and pH of the sandqllt ¿erddthe experiment are given in
Table 4.2.Water contents (W) of the sand at the four osmotic potentials during
the experiment were in the range 0.27 < W < 0.26 kg kg-1 (mean 0.24kg kg-l).
There were no significant differences (p < 0.05) in the water contents at the
different potentials. The pH of the sand measured at the end of each growth
period was in the range 5.9 < pH < 6.3 (mean 6.1) and the differences were not
significant (p < 0.05). The calculated air-filled porosities (fu) of the sand at
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Fig. a.3 Plant species growing under osmotic stress.



Table 42 Gravimetric water content (W) and pH of Young Sand at different osmotic potentials
(MPa) measured at the end of each growth period.

w pH
Replicate
No. 0.0 -0.1 -0.25 -1.0 Mean + s.e. 0.0 -0.10 -0.25 -1.0 Meøn + s.e.

6.1,

6.0

6.3

6.1,

5.9

6.2

6.2

5.9

6.'1,

6.20

1

2

3

4

5

6

7

8
9

1

0.257

0.243
0.250

0.263
0.238

0.255

0.260
0.245

0.227

0.259

0.236
0.258

0.227

0.248
0.233
0.250

0.2M
0.231,

0.258

0.222

0.254
0.228
0.247

0.236
0.2il
0.239

0.253
0.267

0.242

0.249

0.256
0.240
0.245
0.226

0.230

0.261
0.239

0.241,

0.223
0.210

0.251t.01
0.24L..02
0.24U..04

0.243!.0L

0.23%.09
0.251t.01
0.25È.03
0.245r.0'1,

0.238t.01
0.235!.02

6.13r.15
6.03t.08
6.23x.05
6.05t.05
5.93t.04
6.081.11

6.25r.05
5.98t.04
6.07¡.71,
6.1,0!.07

6.2

6.7

6.2

6.0

6.0

6.1,

6.2

6.0

6.2

6:t

6.1,

0.08

6.3

5.9

6.2

6.0

5.9

5.9

6.3

6.0

6.'1,

6.0

6.1

0.15

5.9

6;1,

6.2

6.1,

5.9

6.1,

6.3

6.1,

5.9

6.1,

Meøn
ts.e.

0.255 0.241 0.2M 0.237

0.01 0.02 0.01 0.01

6.1 6. !"
0.13 0.1,4

C'ì
cl¡

s.e. = standard error
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different osmotic potentials were also similar and in the range 1,4Vo 31u3197o
(mean 77Vo). These figures are important because growth of roots could be
influenced differently by deviation in the value of any one of these properties.

4.3.2 Root elongøtion
Elongation of roots of all plant species was significantly reduced by

decreasing osmotic potential (Table 4.3). There are interesting trends in the
response of the different species to osmotic potential. Generally,
monocotyledonous species were less affected than dicotyledonous species by
stress at lower levels of -0.25 and -0.5 MPa while at -1.0 MPa it was the opposite.
This is clearly reflected when RRE is considered (Fig. 4.4). The average RRE for
monocotyledons at -0.25 and -0.5 MPa potentials were 0.48 and 0.20 while those
of dicotyledons were 0.37 and 0.L5 respectively. However, at -L.0 MPa the RRE
for monocotyledons is 0.02 while that of dicotyledons is 0.05. There are also clear
differences among the species within the broad classifications of monocotyledons
and dicotyledons.

0.0 o.2 0.4 0.6 0-8

Osmotic Potential (MPa)

Fig. a.a Influence of osmotic potential on RRE of monocotyledonous
and dicotyledonous species. Bars are standard errors of means.

1.0

0.8

0.6

0.4

o.2

0.0

f¡¡úú

1.0

E Monocotyledonso Dicotyledons



Table 4.3 Effect of osmotic potential on root elongation and relative root elongation of the species. Values are means t
standard error.

Root elongation (mm) Relative root elongation
Plant

Osmotic potential (MPa) LSD Osmotic potential (MPa)

0.0 -0.25 -0.50 -1.00 p < 0.01 p < 0.001 0.0 -0.25 -0.50 -1..00*

spectes

Monocotyledons
Barley
Oats
Rhodesgrass
Ryegrass

Wheat
Mean

Dicotyledons
Faba bean
Lucerne
Lupin
Pea

Safflower
Meøn

48.7+7.4

48.8!2.7

26.7!7.3
29.8fl.9
M.7j2.0
39.6

24.1+1,.6

20.9!7.5
72.3+7.0

15.3+1.1

23.1+'1,.7

79.7

8.310.8
9.610.5

6.H.4
5.810.5

10.1r0.9
8.0

0.7010.1

1.0010.1

0.,1611.0

0.5310.0

0.7510.1

0.69

0.015a

0.021c

0.017b
0.018b

0.017b
0.017

0.0&r
0.046d

0.w,
0.056e

0.034c

0.048

32.%7.7
28.311.1

49.5!].9
32.1+1,.6

35.5+2.2

35.7

9.610.5

12.010.8

78.7fl.7
14.3+1.1

1,0.9fr.7
73.7

5.7fl.4
4.8ril.3
6.%0.6
5.9r0.5
3.7!0.4
5.4

2.7+0.2

1.3r0.2
2.È0.1,

1.810.2

1,.2l0.2

1.7

5.4

6.7

3.1

2.9

5.8

7.7

9.6

4.1

3.8

7.6

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.50

0.43

0.ß
0.51

0.52

0.48

0.17

0.20

0.23

0.20

0.23

0.20

4.3

3.3

5.4

4.7

7.7

3.3

2.5

4.1,

3.6

5.4

0.29

0.42

0.38

0.M
0.31

0.37

0.77

0.17

0.14

0.18

0.10

0.15
ct)o

*Means within this column with the same letter are not significantly different (p < 0.05) by the Tukey's test
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4.33 Root dìameter
The responses of root diameters to osmotic stress are presented in Table 4.4.

The responses for all the species can clearly be divided into two regions. In the
first, diameters increase with increasing stress and the second in which diameters
decrease with increasing stress. It is interesting to note that the point of inflection
after which diameters start to decrease seem to occur at the same potential CO.ZS

MPa) for most of the species.
There are also differences between the species (FiB. 4.5). Generally the

monocotyledons (with smaller diameters) thickened more than dicotyledons at
-0.25 and -0.5 MPa while at -1.0 MPa, dicotyledons have bigger RRD than the
monocotyledons. There were no visible symptoms of PEG toxicity on the plants
except that roots in some of the treatments looked weak and started to wilt.

0.0 0.2 0.4 0.6 0.E

Osmotic Potential (MPa)
1.0

Fig. a.5 Influence of osmotic potential on RRD of monocotyledonous
and dicotyledonous species. Bars are standard errors of means.

4.3.4 Rønking of specìes

Plant species were ranked according to RRE and RRD at the different stress
levels (Table 4.5). There is a consistent trend in the results for both RRE and RRD.
In both cases, monocotyledonous species are on top ranks at potentials of -0.25
and -0.50 MPa. However, at the potential of -1.0 MPa, it is the opposite. The
reason for this change is not known. However, since our interest is to screen
species with abitity to penetrate soils of high strength, the lor¡est potential

1.6

1,4

1.2

1.0

0.8

0.6

Êúú
E Monocotyledons
o Dicotyledons



Table 4.4 Effect of osmotic potential on root diameter and relative root diameter of the species. Values are means + standard
error

Root diameter (mm) Relative root diameter
Plant

Osmotic potential (MPa) LSD Osmotic potential (MPa)

0.0 -0.25 -0.50 -1.00 P < 0.01 P < 0.001 0.0 -0.25 -0.50 -1.00

species

Monocotyledons
Barley
Oats
Rhodesgrass
Ryegrass
Wheat

Menn
Dicotyledons
Faba bean
Lucerne
Lupin
Pea
Safflower

Mean

0.51t.03
0.5%.02
0.23x.01
0.37t.07
0.53r.12
0.45

1.27¡.03
0.Æ..02
1.0È.03
1.3æ.04
0.68t.03
0.96

0.73t.04
0.83t.04
0.37t.02
0.45t.01
0.71,x.02
0.62

'1,.75¡.07

0.65r.06
1.43t.01
1.52l.04
0.95t.03
1,.26

0.71,x.03
0.75t.04
0.33t.01
0.39t.01
0.70t.1,4
0.58

0.40È.01
0.47t.07
0.1%.00
0.31t.02
0.41t.09
0.36

0.18
0.18
0.07
0.11
0.16

0.27
0.25
0.20
0.21,
0.25

0.78a
0.80b
0.83b
0.84b
0.77a
0.80

'1,.77c

1.05d
1.16c
'1,.72e

1.08d
1,.12

1.58t.05
0.59t.03
'1,.4'1,t.02

1.45t.03
0.8ót.02
1.18

1.48r.05
0.&.02
7.2æ.02
1,.4&..06
0.74..05
1.08

0.16
0.19
0.13
0.16
0.19

0.12
0.13
0.05
0.08
0.12

1.0
1.0
1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0
1.0
1.0

7.43
7.41,
7.67
7.22
7.U
7.40

1.38
1.48
1.31
't.17

1.39
1.35

1.39
1,.27
7.43
1.05
7.32
1,.29

1.24
1.y
1.29
t.t2
1.26
t.?5

CDNMeans within this column with the same letter are not significantly different (p S 0.05) by the Tukey's test.



Table 4.5 Ranking of plant species using RRE and RRD at different osmotic potentials.

Osmotic potential (MPa)

Rank
position

-0.?5

RRE

Wheat
Ryegrass
Barley
Rhodesgrass
Pea

Oats
Lucerne
Lupin
Safflower
Faba bean

-0.50

RRE

Rhodesgrass
Wheat
Ryegrass
Oats
Pea

Faba bean
Lucerne
Barley
Lupin
Safflower

1

2

3

4

5

6

7

8

9

10

RRD

Rhodesgrass
Lucerne
Barley
Oats
Safflower
Faba bean
Wheat
Lupin
Ryegrass
Pea

RRD

Rhodesgrass
Barley
Lucerne
Wheat
Lupin
Oats
Safflower
Faba bean
Pea

Ryegrass

-1.0

RRE

Faba bean
Pea

Lucerne
Lupin
Safflower
Oats
Ryegrass

Wheat
Rhodesgrass
Barley

RRD

Faba bean
Lupin
Pea

Safflower
Lucerne
Ryegrass
Rhodesgrass
Oats
Barley
Wheat

ct)
C^)
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(í.e. -'/.,.0 MPa) seems to be the most appropriate way of performing this sunogate
compaction screening test. The species were thus ranked based on their RRE and
RRD at -1.0 MPa and their response at this potential was compared with the
rankings of responses of the same plants to mechanical stress (Table 4.6). There
was a significant positive Spearman's rank correlation coefficient of 0.90 (p <
0.001) between RRE and RRD. This shows that there is good agreement in the
order of ranking for the two characteristics. In both rankings, dicotyledonous
species occupy the top positions while monocotyledons are in lower positions.

Table 4.6 Comparison of the rankings of RRE and RRD for osmotic and
mechanical stresses.

Osmotic stressa Mechanical stress
Rank
Position RRE RRD RRE RRD

1,

2

3

4
5

6

7
8

9

10

Fababean Fababean
Pea Lupin
Lucerne Pea

Lupin Safflower
Safflower Lucerne
Oats Ryegrass
Ryegrass Rhodesgrass
Rhodesgrass Oats
Wheat Wheat
Barley Barley

Lupin Pea

Pea Lupin
Faba bean Safflower
Safflower Lucerne
Lucerne Fababean
Ryegrass Ryegrass
Rlrodesgrass Oats
Wheat Wheat
Oats Barley
Barley Rhodesgrass

a at -L.0 MPa potential

4.3.5 Compañson of osmotic andmechanícøl stresses
The mechanical stress used in Section 3.0 was a penetrometer resistance of

A.2l'lPaand using the appropriate empirical equation (17) of Dexter (1987b):

a/cmax = l-e-oQP t4.11

where Qp is 4.2}/iPa, omax is assumed to be 1.3 MPa and cr is 0.5 MPa-1, this
corresponds to an external mechanical stress, o, on the roots of approximately
1.14 MPa. The magnitude of the responses of roots are different for the two
methods. This could be a consequence of a number of factors which differed
between the two experimental procedures. These include the degree and length
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of time the stresses were applied to the roots. Úr spite of this, however, the two
methods can be compared through correlation of the rankings of the
characteristics, RRE and RRD. The correlation coefficients were: 0.79*,0.78*,
0.82'È'È and 0.95** for RRE2 o RRE9, RRE4 o RRD9, RRDT " RRE9 and RRD4
u RRD¿ respectively. The subscripts m and o stand for mechanical and osmotic
stresses respectively. The asterisks * and ** mean significance at p < 0.01 and p <

0.001 respectively. There is a good agreement in the rankings of the species by the
two methods.

4.4 Díscussion
The results presented here dearly show that the osmotic potential of the root

environment has a significant influence on both the elongation and diameter of
roots of all species tested. Elongation of roots was reduced by increasing osmotic
stress. This was an expected result as similar observations have been made by
several other investigators (e.9. Kaufmann,'I,968; Lawlor, 1969;1973; Michel and
ElSharkaw i, 197 0 ; Newmary 19 66b).

The observation made in this study, that elongation of roots was reduced
critically at potentials near -1.0 MPa, is consistent with the results of Kirkegaard
et al. (1992) who found a zoîe of optimum radicle growth in pigeon pea to be
between -0.01 and -0.5 MPa matric potential and a critical matric potential close
to wilting point G1.5 MPa) in three soils from Queensland, Australia. At this
critical potential, the elongation dropped very significantly. Mirreh and
Ketcheson (1973) also found that the growth of maize roots was reduced by 50

percent as matric potential decreased from -0.1 to -0.8 MPa in soil having
negligible strength. The model of root growth described by Dexter (1,987b)

however proposes a constant linear decline in root elongation as water potential
is reduced from 0 to -1.6 MPa.

The swelling of the roots at an osmotic potential of -0.25 is presumably a

typical growth response of roots to stress. Similarly, the reduction in the
diameters of the roots at higher osmotic stresses (-0.5 and -1.0 MPa) is interesting.
Whiteley and Dexter (1981a) found that osmotic stress of -1.5 MPa by PEG
molecular weight = 20,000 resulted in shrinkage of the root diameters by 35-40Vo

in wheat and pea and by more than 507o in safflower. They explained these
effects as being a direct result of changes in turgor pressure of the root cells. They
described the point of inflection at which root diameters start to decrease as the
point of 'limiting plasmolysis'. This is the point at which the roots lose their
rigidity and the diameter of the root begin to decrease significantly (Lockhart,
1965).It should be mentioned here that there was no such reduction in diameter
of roots in the compaction test reported in Section 3.
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The increases in diameter of roots observed at lower potentials G0.25 and
-0.5 MPa) are similar to those observed in roots grown under mechanical stress.
Flowever, it is not clear whether the mechanisms responsible for the increase in
root diameter at these potentials are the same or not. Elucidation of the
mechanisms responsible for these physiological responses are beyond the scope
of this thesis. The important obsen'ation here is that the two methods of stressing
plants produced radial thickening of the roots. Abdalla et al. (1969) and Barley
(1963) have proposed that this growth behaviour could be res¡ronsible for the
ability of roots to penetrate compact soils. Since the osmotic effects of PEG on
root growth used in this experiment gave results whidr agree dosely with those
obtained for the s¿une species grown under mectranical stress in Section 3.0, the
practical significance of this finding is that osmotic stress by PEG could be used
as an easier and more rapid method for screening and selecting plant species for
the ability of their roots to thicken under stress. The results of the work reported
in Sections 3.0 and 4.0 made it possible to select some species for investigating
whether plants do benefit from thick roots when penetrating strong soils. The
next Section reports a study in which the ability of roots of selected plant species
to penetrate strong soil was investigated in the field.
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Sucrroru 5

Field Evaluation of Laboratory Techniques lor
Predicting the Ability of Plant Roots to Penetrate
Strong Soil

5.1 Introduction
It has already been mentioned in Section 1.0 that compaction of soil below

the depth of normal tillage (subsoil compaction) by heavy axle loads is an
increasing concern because of its persistence and consequent detrimental effects
on crop yields. Alleviatíon of subsoil compaction by mechanical means is
expensive and natural ameliorative forces such as wet/dry, freeze/thaw cycles

and biological activity have limited effects in this layer (Blake et ø1.,'1.976;

Voorhees, 1983). The use of plant roots with superior ability to penetrate the
strong subsoil layer may offer a viable alternative to deep tilling by heavy
machinery.

In Sections 3.0 and 4.0 of this thesis, two laboratory methods of screening
plant species for the ability of their roots to penetrate strong soil were developed.
The objective of the work reported in this section was to evaluate the penetration
of compact soil by roots of plants selected by use of the two techniques, and to
compare the accuracy of the two methods in predicting the penetration of roots in
the field.

5.2 Materials and methods
5.2,7 Síte,locøtíon ønd soíl ilestþtìons

The study was conducted at Roseworthy (tat.35ì" 30'S,long. 13gio4oE) which
is located about 40 km north east of Adelaide, South Australia. The site has a

Mediterranean climate with cool, wet winters (June to August) and warm, dry
summers (December to March). The average annual rainfall is 450 mm most of
which falls during the winter and early spring months. The area supports mixed
farming practices and is dominated by cereal/legume-based pasture rotations.
This site was chosen because it has been under intensive cultivation with
conventional tillage equipment for over 50 years and a compact layer had
developed below the tilled layer, between about 0.1 and 0.2 m depth (Fig. 5.1a).

The flat terrain of the site made it ideal for this study.
The soil is a member of the red-brown earths and is classified as aDr 2.43

(Northcote,1979) or as a Calcic Rhodoxeralf (Soil Survey Staff,1975). The surface
soil is a well drained fine sandy loam. Some properties of the soil are given in
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Fig. 5.1 Penetrometer resitance (l) and gravimetric water content (O) for
the compacted (a) and uncompacted (b) plots at the time of first sampling
of the roots. Bars are standard errors of means (n = 180) for penetrometer
resistance.
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Table 5.1. The liquid limit was determined by the fall-cone method (Campbell,
1975) and the plastic limit by the rolling of a thread of soil (British Standards
Association,7967).

Table 5.1
experiment.

Some properties of the red-brown earth used in the field

Depth (m)

Property 0-0.1 0.1,-0.2 0.2-0.3

Particle size distribution (Vo w /w)
2000-60 80.6
60-2 77.9
<2pm 1.5

Water content (kg kg-l)
Plastic Limit 0.79
Liquid Limit 0.29

pH (1:2.5 soil:water) 7.32
Organic carbon (7o) 1,.73
Bulk density (Mg m-3)

Compacted '1,|1.6

Uncompacted 1,|1.4

30.6
65.1

4.3

0.16
0.27
7.78
0.94

'I.,.57

1,.25

47;t
32.0
20.9

0.20
0.36
8.06
0.71

1,.43
1,.32

5.22 ExVerímcntøl ilesígn and treøtments
A split plot design was used with each treatment replicated four times in a

randomised block layout. The main plots (20 x 10 m) were the two compaction
treatrnents located about 10 m apart. The sub-plots were four blocks each 20 m x
2 m with a 0.5 m buffer between them. Each sub-plot was divided into nine plots
2 m in length where the nine treatments were randomised. Treatments consisted
of eight plant species (barley, faba bean, lupin, oats, pea, ryegrass, safflower,
wheat) and a non-planted control. The cultivars are the same as those used
previously (see Table 3.1). Species were selected from both the top and bottom
ends of the rankings of RRE and RRD for the two methods (i.e. mechanical and
osmotic stress methods) for comparison.

The soil in the uncompacted treatment was deep tilled (in ]une 1990) to a
depth of 300 mm with a Chamberlain John Deere 4280 tractor towing a ]ohn
Shearer 14 tyne trashworker with narrow points (Ellis, 1990). This reduced the
strength of the soil beneath the tilled layer (Fig. 5.1b).
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5.23 Management of plots
The soil was ploughed and rotary cultivated to a depth of 0.1 m in May

1997. Before they were sowry all plots were sprayed with trifluralin (350 g active
ingredient ha-1) as a standard pre-sowing, knockdown herbicide. All subsequent
weedings were done by hand. Diammonium phosphate (19:20:0) fertiliser was
broadcast onto each plot at a rate of 200 kg ha-1 and was thoroughly mixed into
the ploughed layer by raking. All plots were sown immediately after the first
rains in |une 1991. Seeds were sown by broadcasting evenly on the flat seedbed at
a rate of "1.20 seeds per plot. Thinning was done after germination to leave L00

plants per plot. The same plant population was used for all the species.

5.2.4 Root mcøsurements
Measurements of root growth into the profile were made at two stages of

crop growth.

Seedling stage

This stage is defined as that between emergence and 5 weeks after
emergence of plants. In most of the species, this was the time when the root
system had one, two or three seminal roots. Roots were excavated at this stage to
study the effect of root diameter on the behaviour of the seminal roots at the
interface between the tilled layer and the strong compacted subsoil. It was
hypothesized that the behaviour of roots at this interface would have a large
influence on the subsequent penetration and distribution of roots in the strong
layer.

Excavation of roots was started when they reached the compacted layer.
Roots were sampled using the modified monolith method of Nelson and
Allmaras (1969). An open-ended stainless steel frame of 200 x 100 x 100 mm was
used to extract the soil monolith. The frame was driven into the soil with a rubber
mallet until the top was flush with the soil surface. The undisturbed monolith
was extracted with the root system intact by digging around the frame with a

knife. Each monolith contained five or six plants. Two monoliths were extracted
from each plot.

Counting of roots was done by using a modification of the needleboard
technique described by Schuurman and Goedewaagen (7971). A piece of
plywood 15 mm thick and measuring 200 x 100 mm with wire needles placed at
50 mm intervals along the board was prepared. The needles were 100 mm long.
The board was pressed into the soil on the side of the soil monolith after
removing the sampling frame. This held the roots intact in their vertical position.
The top loose soil was then carefully scrapped away with a knife. In this way, the
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number of roots reaching and penetrating the compact layer could be counted.
Percentage penetration was computed by dividing the number of roots that
penetrated the compacted layer by the total number of roots that reached the
layer and multiplying by 100. Roots of 4O plants were counted for eadr species.

After the roots had been counted, the remaining soil was washed out by
soaking in water and two primary (seminal) roots from each plant were collected
at random and their diameters measured. Root diameter was measured with a
calibrated microscope eyepiece at distances of L,3 and 5 mm from the tip. The
values reported are the means (t standa¡d deviation) of the three measurements.
A total of 80 roots were measured for each species.

To compare the sensitivity of the different roots to thicken under mechanical
stress, relative root diameters (RRD) were computed. This was done by
expressing the mean diameters of roots from compacted plots relative to those
from uncompacted plots í.e. RRD = d"/d, where d" and d, are the mean diameters
of the roots from compacted and uncompacted plots respectively.

Penetrometer resistance was measured immediately after root sampling in
each plot. This was done using a Bush recording penetrometer (Anderson et ø1.,

1980) at 0.03 m depth increments to 0.45 m. The penetrometer had a cone base
diameter of 72.6 mm and an included tip angle of 30". Five penetrometer
probings were taken in randomly chosen spots of each plot. Fig. 5.2 shows the
penetrometer in use in the field.

On the same day that the roots were collected, undisturbed soil cores were
taken from all the plots in metal rings (76 mm diameter by 76 mm length) for the
determination of bulk density, from a location close to the penetrometer
probings. Two cores were taken at each 0.1 m depth increment down to 0.3 m.
Water content was determined gravimetrically from samples collected
sequentially at 0.1 m depths down the profile. Penetrometer resistance and
gravimetric water contents were measured again in the profile at two other times
during the growing season (in August and November 1991). This was done to
monitor the variation in soil strength down the profile during the growing
season.

Maturity stage

This stage is defined as the time after the species had stopped growing i.e. at
harvest. Plants were harvested in November 1991. At that time, roots were
sampled to determine the depth to which they had penetrated into the profile.
Sampling tubes 10 cm in diameter were hydraulically driven into the soil to a
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Fig. 5.2 Measuring penetrometer resistance using the Bush
recording penetrometer.
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depth of 2 m by a prototype gantry supplied by fohn Shearer Ltd. (Fig. 5.3). The
sampling tube was placed on top of a single plant. The soil core was carefully
removed from the tube by pushing with a metal rod. The soil was cut into 10 cnt
segments. Each segment was then broken in the middle to reveal a cross section.
The numbers of fresh roots, observable with the naked eye were counted on both
faces. The simplicity of this 'core-break' method allowed rapid sampling and
counting of roots (Bennie et nl., 7987; Drew and Saker, 1980). Two cores were
extracted from each plot.

Root count (number) at each depth were used as a measure of rooting
density. The number of roots in the 0.G0.1 m depth was considered to be 100

percent and the numbers found at other depths were expressed as proportions of
these and multiplied by 100 to obtain the values (%) of rooting density reported in
this sec+i¿n Thus, the values of rooting density for the layers below 0-0.1 m
indicate the percentage of roots which penetrated to or beyond that depth.
Relative root density (RDR) was calculated to test the hypothesis that the
differences in the ability of the various species to penetrate the compacted soil
was related to their rooting density under unrestricted conditions of growth (í.e.

uncompacted soil). This was done by expressing the root density in each depth of
the compacted soil as proportion of those of the s¿une species in the uncompacted
soil i.¿. RDR = d"/d¿ where d" and d¿ are the root densities in the depths of the
compacted and uncompacted soils respectively.

The accuracy of the two screening methods in predicting the field
performance of roots was tested by examining the agreement in the rankings of
the species with respect to RltE, RRD (from laboratory tests) and RDR (from the
field test). This was done by using Spearman's rank correlation coefficients as

described in Section 3,2,4.

5.25 Analyses of iløta
Data were analysed with Genstat 5 (Genstat 5 Committee,1987) on a Vax

computer. Tukey's t-test was used to compare means. Species were ranked based
on the root diameter, RRD, percent penetration and RDR.

5.3. Results
5.3.7 Seeillíng stage

The results of measurements of root diameter and percent penetration are
presented in Table 5.2. Root diameters of the plants grown in the compacted soil
were thicker than those from uncompacted soil. There are significant (p < 0.05)

differences in the percent penetration of roots of the different species. Species
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Fig. 5.3 Extracting soil cores wing a sampling tube (SÐ mounted
on a gantry"



Table 52 Root penetration and diameter for the plant species at the seedling stage.

Total roots Root diameteÉ (mm)

Countedb Penetrated 7o Penetrationc Compacted Uncompacted RRDd

Plant
Species

Barley

Faba bean

Lupin

Oats

Pea

Ryqgrass

Safflower

Wheat

81

118

IM

77

129

702

126

6'1,

226

2M

245

168

219

326

207

250

35.7a

57.3c

58.8c

42.21>

58.9c

30.1a

60.8c

33.4a

0.4310.08

7.52fr.27

7.47fr.19

0.5410.08

1.2810.15

0.2310.04

0.9310.16

0.ßt{.07

0.36fl.05

0.81i0.16

0.8310.12

0.11011.08

0.71fl.12

0.18r0.04

0.5û10.10

0.39rt.06

1.19

1.88

1.79

1.35

1.80

't.28

1.86

1.27

a Numbers are me¿ìns + standard error.
b Refers to number of roots reaching the layer with the highest penetrometer resistance
c Means within this column with the same letter do not differ significantly (p < 0.05) by the Tukey's test
d Relative root diameter

(,l



with bigger diameters tended to have greatü penetration than those with
smaller diameters. Dicotyledonous species had larger diameters and RRD
than monocotyledons. There \ryere also differences among the species in
both RRD and percent penetration. The significance (p s 0.05) correlation

between diameter of roots in compacted soil and penetration was 0.67 and

that between RRD and penetration was 0.7I.

Rank positions of the species are presented in Table 5.3. Species with higher
RRD and root diameters were in the top positions of the rankings while those
with smaller diameters and RRDs ranked lower. There was good agreement in
the order of the ranks for the three characteristics. The Spearman's rank
correlation coefficients were 0.æ, 0.74 and 0.86 for root diameter a RRD, root
diameter o percent penetration and RRD u percent penetration respectively. All
correlations were signicant (p < 0.001).

Table 5.3 Ranking of plant species at the seedling stage according to root
diameter in the compacted soil, relative root diameter (RRD) and percent
penetration.

Position Ranking characteristic

Root diameter RRD Percent penetration

1

2
3
4
5
6
7
8

Faba bean
Lupin
Pea
Safflower
Oats
Wheat
Barley
Ryegrass

Faba bean
Safflower
Pea
Lupin
Oats
Barley
Wheat
Ryegrass

Safflower
Pea
Lupin
Faba bean
Oats
Barley
Wheat
Ryegrass

5.3.2 Møturifu stage

Depth of root penetration and root density of the plants in the compacted
and uncompacted soils are presented in Fig. 5.4. The densities of roots of all
species in the 0.1-0.3 m depth of the uncompacted soil were higher (mean 86.9Vo)

than those of the compacted soil (mean 45.9Vo). This means that there was a

higher percentage of roots from the surface layer which penetrated to or beyond
this depth in the uncompacted than compacted soils. The higher penetration of
roots in the uncompacted soil is an obvious result of reduced penetration
resistance in this soil compared with the compacted soil.

In the compacted soil, roots of dicotyledonous species except faba bean
generally penetrated deeper into the profile than monocotyledons. The maximum
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Fig 5.a Root density (root counts in each layer expressed as Vo of roots in
the 0.0-0.1 m layer) in the profiles of the compacted (a) and uncompacted (b)
soils at maturity. Numbers in parenthesis are the mean (n=16) counts of
roots in the surface (0.0-0.1 m) layer for each species.
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depths to whidr roots had penetrated this soil were 1.5 m for the dicotyledonous
species and 0.90 m for the monocotyledons. A higher proportion of roots from
the top layer in dicotyledons penetrated through the layer with the highest
penetrometer resistance (0.1-0.30 m) than in monocotyledons. The average
rooting densities were 28.3Vo and 63.4Vo for monocotyledons and dicotyledons
respectively. Lupin and safflower had the highest rooting densities to depth
among dicotyledonous species, while oats and wheat were highest among
monocotyledons.

The RDRs of the species are presented for each depth in Table 5.4. The RDR
for most species decreased in compact layer (0.1-0.3 m), and increased again
below about 0.5 m for most species. The lower RDR values in the top 0.5 m show
that there was a higher proportion of roots penetrating this depth in the
uncompacted than compacted soil. This could be a direct effect of the reduced
resistance experienced by the roots in the uncompacted soil. The results indicate
that a higher proportion of roots of dicotyledonous species than monocotyledons
penetrated the compacted soil and that there were differences between the
species within the groups. Lupin and safflower had the highest RDRs among the
dicotyledons, while oats and wheat were top among the monocotyledons.

Table 5.4. Relative root densities (RDÐa of the species at different depths.

Depth RDR

Faba bean Lupin Pea Safflower Barley Oats Ryegrass Wheat
(m)

0.0-0.1
0;1,-0.2
0.2-0.3
0.3-0.4
0.4-0.5
0.5-0.6
0.6-0.7
0.7-0.8
0.8-0.9
0.9-1.0
1.0-1.1
'I.,.'l.,-'1,.2

1,.2-1,.3
1,.3-1,.4
't.4-'1,.5

1.00
0.36
0.30
0.25
0.24
0.29
0.54
0.37
0.26
0.57
np
np
nP
np
np

1.00
0.87
0.85
0.84
0.91
1.59
2.54
2.92
3.15
5.71,
4.30
3.77
nP
np
nP

1.00
0.6
0.65
0.69
't;t6
1,,il
2.34
5.75
7.04
np
nP
np
nP
np
nP

1.00
0.80
0.75
0.72
0.73
0.63
0.62
0.53
0.78
1.13
1.35
4.71,
6.67
5.77
10.5

1.00
0.35
0.17
0.26
0.34
0.48
0.38
nP
nP
np
nP
nP
nP
nP
nP

1.00
0.M
0.29
0.34
0.35
0.66
0.76
0.63
0.u
np
nP
np
nP
nP
nP

1.00
0.35
0.29
0.27
0.40
0.59
0.32
0.24
0.40
np
nP
nP
nP
nP
nP

1.00
0.37
0.34
0.33
0.45
0.67
0.57
0.80
0.78
np
nP
np
nP
nP
nP

a Root density in compacted soil as proportion of that in soil uncompacted soil
rrp =roots of the species did not penetrate to this depth.
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5,33 Compøríson of the laborøtory techìques
A summary of the rankings of the species for RRE, RRD (from laboratory

tests) and RDR (from field) is presented in Table 5.5. The results show that the
dicotyledonous species (except faba bean) had consistently higher rankings in all
the tests than monocotyledonous species. There is however interchanging of the
rank positions for the species in the different tests. This suggests that the
characteristics RRE and RDR are only a rough guide to the actual ability of the
roots to penetrate strong soil. Correlation coefficients of rankings of the species
for RRE, RRD and RDR were 0.53'i, 0.74**,0.5L't and 0.67** for RRDo v RDR,
RRDn v RDR, RREo v RDR and RREz v RDR respectively. The subscripts o and
rz stand for osmotic and mechanical stresses respectively and significance levels
are given as* (p < 0.05) and ** (p < 0.01).

5.3.4 Vørìatíon of penefuometer rcsístance wíth soil wøter content
The extent to which the layer with the highest penetrometer resistance in the

compacted soil restricted root elongation and growth during the growing season
depended on soil water conditions of the soil profiles at different times of the
year. Fig. 5.5 shows the variations in the penetration resistance in the soil profiles
in August and November 1991. The figure shows that the strength of the soil in
both soils was reduced by higher water content in August 1991, but was high
again in November 199'1, when the soil water content was low. The implication of
such variation in soil strength during the growing season is that it could mirror
the effects of resistance offered by the soil during the early stages of growth - a
sort of "compensatory growth" behaviour. A compact soil layer may restrict
seminal roots early in the season when the profile is not thoroughly wet, but be
soft enough for the penetration of nodal or lateral roots later in the season.

5.4 Discussion
5.4.7 Seedling stage

In the laboratory study reported in Sections 3 of this thesis, it was shown
that the roots of all the species thickened (increased in diameter) in response to
high mechanical impedance in the soil. The magnitudes of the swelling were
smaller in the field study than in the laboratory. This difference is attributed to
the higher soil strength used in the laboratory and to small scale variations in soil
strength which exist in the field, and which roots may be able to exploit. It is
interesting to note that the roots which had greater thickening also had a higher
percentage penetration into the compacted layer. There are three mechanisms by
which the root thickening may aid the penetration into the strong soil. These are



Table 5.5. A comparative summary of the rankings of the species based on RRE, RRD
(from the laboratory tests) and RDR (from the field test).

Rank
position

Laboratory

Mechanical stress Osmotic stress

RRE RRD RRE

Lupin
Pea

Faba bean
Safflower
Ryegrass

Wheat
Oats
Barley

Pea

Lupin
Safflower
Faba bean
Ryegrass

Oats
Wheat
Barley

Faba bean
Pea

Lupin
Safflower
Oats
Ryegrass

Wheat
Barley

RRD

Faba bean
Lupin
Pea

Safflower
Ryegrass

Oats
Wheat
Barley

Field

Root penetration

RDRA

Lupin
Safflower
Pea

Oats
Wheat
Faba bean
Ryegrass
Barley

1

2

3

4

5

6

7

8

aranking based on mean RDR of the species in thelayer with the highest penetrometer
resistance (0.1-0.3 m depth) layer.

@o
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Fig. 5.5 Penetrometer resistance (dark symbols) and gravimetric
water content (tight symbols) for the compacted (a) and uncompacted (b)
plots measured in August (squares) and November (circles) 1992.

0



82

the greater resistance of thicker roots to bending, the higher axial pressures
exerted by thicker roots, and the stress relief at a root tip caused by thicke^irg.
The effects are inter-related but it is logical here to discuss them one by one.

(a) The ability of roots to penetrate a macroscopically structured soil may
depend on the elastic properties of the roots (Whiteley and Dexter,l981a). These
properties include the resistance of the root to buckling, which is related to root
diameter. The roots with bigger diameters (mostly dicotyledons) would be
expected to be more resistant to buckling than those with thinner roots (mostly
monocotyledons). This would make the dicotyledonous species more able to
penetrate the strong soil than the monocotyledons.

( b) When a root tip is confined oi"lly, it may exert a considerable amount of
force in the axial direction (Gill and Bolt, 1955). Misra et ø1. (7986a) showed that
the maximum axial root growth pressures which roots can exert are highly
dependent on root diameter as discussed in Section 3.0 (see Equation 3.2).

(c) Radial expansion of a root causes a relief of stress, and consequent
weakening of soil ahead of the root tip (Abdalla et al., 1,969; Barley, 1962;
Hettiaratchí,1990; Hettiaratchi and Ferguson, 1973; Richards and Greacen, 1986).
Barley and Greacen (1967) suggested that this could result in tensile failure ahead
of the tip. However, it is not necessary for tensile failure to occur for this
mechanism to reduce the axial pressure required for root penetration.

It is not possible to discriminate amongst these effects as mechanisms for
the observations in this study, that thicker roots expanded more in the strong soil
and penetrated more succesfully. The thicker roots of the dicotyledons would
presumably have been less prone to buckling and more able to develop the
higher pressures necessary to penetrate the harder soil. These roots also
expanded radially to a greater extent (í.e. had higher RRD values) than the roots
of the monocotyledons. They would therefore have benefited from the stress
relief of root thickening more than the roots of the monocotyledons.

The extent to which differences in root morphology might have influenced
the results of this study is not known but it is possible that the roots of the species
with higher penetration could possess some physiological characteristic which
increases their ability to penetrate. These properties are discussed in more detail
in Section 9.

The results discussed so far were collected at the beginning of the growing
season when the plants were young and the soil was still relatively dry (water
content less than plastic limit) and very strong (mean penetrometer resistance 3.0
MPa). It was not possible at this stage to say whether the observed effects of root
diameters on penetration would influence the subsequent depth of penetration
and distribution of the roots. Roots may have additional strategies for entering
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the subsoil ín the wetter part of the season. Dexter (7986c), for example,
suggested that in very wet conditions a root tip might sense a hole at some
distance (because of high oxygen concentration in the hole) and change its
direction of growth towards the hole. The results obtained at the seedling stage
seem to confirm the theoretical predictions that root diameter may have a

significant influence on the penetration of roots into strong soil. The significance
of the finding is that the result relates not to the controlled and artificial
conditions commonly used in most previous studies, but to the heterogeneous
soil conditions which occnr in the field.

5.4,2 Maturìty stage
In terms of the absolute numbers of roots in the 0.0-0.1 m layer (Fig. 5.4),

lupin, safflower and pea had more roots in the uncompacted soil than in the
compacted soil whereas the other species had more roots in the compacted soil.
Species which did not penetrate more into the compact layer had more roots in
the surface layer. The implication is that roots of those species that were less well
able to penetrate the layer with the highest penetrometer resistance were near the
surface.

Lupin, pea and safflower also a had higher proportion of roots in the
compacted soil below 0.3 m than in the same depth of the uncompacted soil
(hence higher RDRs). The implication might be that having successfully
penetrated through compact soil, the roots of these species were then effective at
exploiting subsoil resources below the compacted layer. I¡r the uncompacted soil,
the plants did not so exploit the resources, presumably because they had no need.
This could be a case of compensatory growth when plants with part of their roots
growing in unfavourable environments may produce more roots in the more
favourable part of the soil than others where conditions are favourable
throughout. The other five species (barley, faba bean, oats, ryegrass and wheat)
did less well at penetrating the strong Layer, and had a smaller proportion of roots
below 0.3 m in the compacted soil than in the uncompacted soil.

As noted above, the number of roots which the plant had in the
uncompacted soil did not seem to have influenced the penetration of the roots.
Species which had large numbers of roots in the top (surface) layer did not have
higher penetration through the compact layer. For example faba bean
(dicotyledon) and ryegrass (monocotyledon) had the highest numbers of roots in
the surface layer of the uncompacted soil but did not have the highest proportions
of roots penetrating through the layer with the highest resistance. On the
contraryr they had the lowest RDRs. This observation is in contrast with the
conclusion of Bennie and Burger (1981) who found from a pot experiment that the
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ability of the roots to penetrate strong soil was related to the numbers of roots a

plant has in unrestricted conditions. In light of the findings from this study, it is
suggested that the ability of roots to penetrate strong soil would be influenced by
root numbers only if the soil in which they are growing has an abundance of
cracks and pores. In this case, the species with large numbers of roots (mostly
monocotyledons) would have a statistical advantage over those with fewer roots
(dicotyledons) with regard to entry into these paths of low resistance.

The soil in this study was non-swelling and did not crack on drying.
Moreover, it did not have many visible pores. Thus, it is likely that penetration of
roots would have been influenced more by mechanisms other than entry of roots
into existing channels. Findings reported earlier (see Section 5.4.1) suggest that
root diameters could have significant influence on the ability of roots to penetrate
strong soil. This has been related to the ability of the roots with bigger diameters
to deform the soil more effectively than those with smaller diameters.

The possible effects of the root sampling procedure on RDRs need to be
mentioned here. Taking samples directly underneath the plant may have
overestimated root development for tap-rooted dicotyledons and underestimated
that of monocotyledons particularly in the 0.0-0.1 m layer. The plant root
densities directly underneath the plants of monocotyledonous species can be low
due to the orientation of nodal roots (van Noordwijk et ø1.,1985). Flowever, as

counting was made on roots which were vertically oriented to the breakage face
of the core, the error caused by the sampling procedure would have been small.

5,43 Abìlìty of the two loboratory technìques to preilíct the penetrøtion of
roots ín the fíelil

A comparison of RRE and RRD as predictors of field performance of roots
(Section 5.3.3) showed that the laboratory method involving mechanical stress
had significantly higher (p < 0.05) correlations with field penetration for both RRE
and RRD than that involving osmotic stress. The better agreement in the rankings
of the field result with mechanical stress method could be due to similarity in
conditions under which the roots grew in the two situations. It could also be
related to the efficiency of the plant roots to osmoregulate in the two stress
conditions. Greacen and Oh (1972) found that pea roots osmoregulated 'l,00Vo

against total soil water potential down to -1.5 MPa potential while they
osmoregulated by 707o efficiency against mechanical resistance (see Section 2.4.1).

The results from this work however suggest that the method involving
mechanical stress is more suitable for screening species for field performance of
their roots. In both methods however, RRD had higher correlations with the field
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penetration than RRE. This would suggest that RRD is a better indicator of the
ability of roots to penetrate strong soil than RRE.

5.5 Concluding remarks
The results of this study show that species differ in the abitity of their roots

to penetrate strong soil. The two laboratory screening techniques were in good
agreement with the results of the field test. Dicotyledonous species seemed to be
better in general than monocotyledons at penetrating the layer with the highest
penetrometer resistance. It is not known whether these differences in penetration
also affected the physical properties of the soils. The next step in the study was
therefore to investigate the changes in soil physical and hydraulic properties after
growth of the plants. The results of these investigations are reported in the next
section.
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Sucuox 6

Irrfluence of Roots on the Physical and Hydraulic
properties of a Red-brown Earth

6,1 Introduction
The objective of the work reported in this section was to study the changes in

selected soil physical properties induced by roots. The properties investigated
included a) doddiness of soil, b) aggregate stability, c) aggregate tensile strength
and d) water sorptivity of soil. These properties were chosen because they can
give a good indication of the structural condition of the soil at the time of
measurement and also because they could be measured easily within the time
available for the study.

6.2 Materials and methods
6.2,7 Experìmentøl treøtments ønil ilesígn

Eight plant species and two soil treaûnents (compacted and uncompacted)
were used. Details of the field site, soil, treatments, design and management of
plots have already been given in Sections 5.2.1 artd5.2.2.

6.2.2 Soìl aggregate-síze ilístribution (ASD)
The distribution of aggregate sizes was determined by the method of

Kemper and Rosenau (1986). Samples for this analysis were collected in March
1992. Soil was cut away with a shovel at depths of 0-0.1, 0.1-0.2,0.2-0.3,0.3-0.4 m
into a cloth bag. The soil was air-dried before sieving to determine aggregate size
distribution. ASD was determined by dry sieving air-dried samples on a stack of
sieves with openings of '1.6, 8, 4,2 mm. A mechanical sieve shaker rotating at 30
rPm was used for three minutes to separate the aggregates into different size
fractions (> 16,'1,6-8,8-4, and Ç2 mnf..Rfter sieving, the fractions were weighed
and calculated as proportions of the whole mass of the sample. Three replications
were sieved for each depth. The results are exprgssed as the percentage of the soil
> 8 mm diameter. This limit was chosen because it is difficult to maintain a

uniform sowing depth with seedbeds consisting of aggregates larger than this
size (Braunack, 1978).

6.23 Aggregate stabilíty (AS)
The stability of aggregates (2.0-4.0 mm in diameter) in water was

determined using initially air-dry aggregates in the wet-sieving technique (Yoder,



Oven-dried aggregates \ilere used to remove the variation in water
content between treatments. As tensile strength is much dependent on
soil water content it was only by drying the aggrogates that the
treatments could be compared
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7936). The equivalent of 20 g of oven-dried aggregates was placed in the
uppermost sieve of a set of 4 with openings 2.0, 7.0,0.5 and 0.25 mm diameter.
Oven-dry weights were calculated usíng water correction factors determined
from sub-samples of each air-dry soil. The sieves containing the air-dry
aggregates were then immersed in water. The water level was adjusted so that
the aggregates on the upper sieve were just submerged at the highest point of
oscillation. The sieve stack was oscillated through an amplirude of 3.5 crn at a rate
of 25 min-l for 3 minutes. Aggregate stability was expressed as the proportion of
the > 2.0 mm fraction stable to the wet sieving treaünent (Williams et ø1.,1966).

6.2.4 Aggregøte tensíle strength (ATS)
Tensile strength was determined on aggregates of 8-16 mm size range by an

indirect tension (crushing) test (Dexter, 19S8b). Fifty aggregates from each
treatment and depth were dried in the oven at 105oC Íor 24 h and cooled in a
desiccator before being crushed. Each of the aggregates was crushed by a vertÍcal
force applied between two flat horizontal plates on a loading frame (Fig. 6.1).
Tensile strength (kPa), was calculated for each aggregate using the equation

Y =0.576F/dz t6.11

where F is the force (N) required to fracture the aggregate and d is the'effective
spherical diameter' (in m) of each aggregate calculated as

d=d(Mo/¡4"¡o.ss 16.21

where d is the mean sieving diameter (0.01,2 m), Mo is the mass (kg) of the
individual aggregate, and Mu is the mean mass (kg) of the twenty aggregates in
the batch (Dexter and Kroesbergery 1985).

6.25 Wøter sorptiaity of soils (S)
Sorptivity was used as a quick and easy method to measure a field

hydraulic property of the soil to indicate treatment-induced changes in the ability
of the soil to absorb water. Sorptivity is useful not only as a component of the
infiltration equation, but also as an indicator of soil structure (Walker and Chong,
1986; White and Sully, 198n. It is in the latter sense that the measurements are
used in this paper. Disc permeameters do not disturb the surface soil and the
flow of water through macropores can be controlled. Measurements were made
in autumn (April 1992) when the soil was very dry. This was five months after

Plants were harvested and by this time, most of the roots had decayed to leave
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D

L

Fig. 6.1 Crushing an aggregate (A) between two flat parallel
surfaces on a loading frame. Crushing force is measured by a
dial gauge (D) in a load ring (L).
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the biopores. Measurements were made at randomly selected positions in each
plot under ponded conditions (0.05 kPa) and at a water supply pressure of - 0.1

kPa, which is equivalent to a nominal pore size of 3 mm. Thus, only pores of
nominal diameter 3 mm or less contributed to the flow of water (Perroux and
White 1988). Sorptivity was calctrlated from the early time data of cumulative
infiltration measured at depths of 0.0-0.1, 0.1-0.2,0.2-0.3 and 0.3-0.4 m.

An area about 200 mm2 was cleaned by clipping any vegetation down as low
as possible and removing any large stones visible at the surface. The ring was
inserted about 5 mm into the soil and the permeameter was set level on the ring.
If the surface was not flat, the ring was filled with some fine river sand as a
contact material between the bottom of the permeameter and the surface. The
sand was smoothed by drawing a steel bfade across the top of the ring. The
permeameter reservoir was filled with water and the permeameter was
repositioned on the ring. Infiltration was recorded at predetermined times (t) of
0.001, 0.003, 0.004,0.006, 0.007,0.008, 0.017, 0.042,0.083, 0.1.17, 0.'1.67, 0.250, 0.417,

0.500 and L h. Fig. 6.2 shows the disc permeameter in use during the
measurements of infiltration.

Cumulative infiltration (Q) at any time was the total amount of water that
had gone into the soil at time (t) divided by the cross sectional area (ær2) of the
disc and was calculated as

Q / nr2 = (SR-S&)(RC) / nr2 t6.3I

where SR is the scale reading on the disc reservoir at the time of measurement,
S& is the initial scale reading, and RC is the reservoir calibration. Sorptivity was
calculated by determimng the slope of the straight line portion of the cumulative
infiltration (Q/mz ) against square root of time (t{.5) graph (CSIRO, 1988). Two
measurements were made at each depth for each treatment in both the compacted
and uncompacted soils.

6.2.6 Analyses of iløta
Data were analysed by the Genstat 5 program as described in Section 5.2.5.

6.3 Results
A summary of the analyses of variance for the soil properties investigated is

presented in Table 6.1. The results show that there were significant interactions
(species x depth) for all the properties in both the compact and uncompacted
soils. This implies that the influence of root growth of the different species on soil
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Fig.6.2 Measuring sorptivity of water using a disc permeameter.
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properties differed with depth. The plots of the interactions for the different
properties will be presented.

Table 6.1. Summary of analyses of variance for the different soil properties of
the compacted and uncompacted plots.

Source of
variation

df Compacted Soil Uncompacted Soil

ASD AS SO ATS ASD AS So ATS

Species 8

Depth 1

Species

x Depth I

¡irt¡f:t¡t

,ÈrÊ

tirF

rÞÈrÊ

*ttrt

rÊr+r+

¡i:itÊ rt¡ß:ß rF:¡:¡

*rtt0 ,+ t+tÈtl.

rf

,f

rtrÊr+ rirtr+ rßrc

rFr+

rf rl.r¡!¡ rt rl. r{.

significance given by * (p < 0.05), ** (p 30.01), *** (p < 0.001)

ASD = Aggregate size distribution; AS = Aggregate stability; S" = Sorptivity;
ATS = Aggregate tensile strength.

The distribution of aggregates sizes of the soil after growth of plants are
presented in Fig 6.3. The soil in the uncompacted plots had lower percentage of
coarse ( > 8 mm) aggregates at all depths and species. This could be due to the
deep tillage operation, which could have reduced the size of the aggregates. In
the compact soil, plots which had plants in them had significantly (p < 0.01) fewer
coarse aggregates in the top three layers than for the control. A general
observation is that soils with monocotyledonous species had lower percentages
of coarse aggregates in the 0.1-0.3 m depth than soil with dicotyledons.

Results for the stability of aggregates in water are presented in Fig. 6.4. The
stabilities of aggregates in the two soils were not very different, although the
aggregates of soil from the compacted plots were slightly more stable than those
from the uncompacted plots. In both cases, the planted soil had higher stability of
aggregates than unplanted soil presumably due to the presence of roots.
Aggregates from soils planted with monocotyledonous species were more stable
than those from soil planted with dicotyledonous species.

Tensile strength of the aggregates (&16 mm) at different depths is presented
in Fig. 6.5. Generally, aggregates in the surface (0.0-0.1 m) layer of both soils had
lower tensile strength than those in the 0.'J,-0.2 m and 0.2-0.3 m depths. The
increase in strength of the surface aggregates could be due to higher clay content
in the latter layers compared with the surface layer. In the 0.3-0.4 m depth
however, the ATS is lower than that of the aggregates from 0.1,-0.2 m and 0.2-0.3
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Fig 6.3 Effect of plant species on size distribution of aggregates (7o >
8 mm) at different depths for the compacted (a) and uncompacted (b)
soils. Bars are LSD ( p < 0.05) for eactr depth.
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Fig. 6.5 Effect of plant species on tensile strength of aggregates (8-16 mm)
at different depths for the compacted (a) and uncompacted (b) soils. Bars
are LSD (p < 0.05) for each depth.
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m depths. This reduction in strength of aggregates in the 0.3-0.4 m depth could be
due to presence of a carbonate layer in this depth which could have made the
aggregates weaker. The effect of the species is evident in both soils. Aggregates
from planted soil were stronger than those from soil which had no plants.
Ryegrass had the highest ATS in the surface Layet, possibly as a result of its
having the highest root density in this layer.

Water sorptivities of soils from the plots measured six months after harvest,
are presented in Fig. 6.6. The values were generally greater in the uncompacted
than compacted soils, presumably due to the d*p tilling operation making the
soil more porous. Soils with plants had higher sorptivities than those without
plants presumably due to biopores left by the roots of the plants. The sorptivities
of water through the compacted soil layer were generally higher in plots which
had been planted with dicotyledonous species than with monocotyledons. Soils
which were planted with safflower and oats had the highest sorptivities in the
compact layer among dicotyledonous and monocotyledonous species
respectively. The sorptivities in the uncompacted soil did not differ much with
species. The variation in water content of the soils at the time of measuring
sorptivity is presented in Table 6.2. Analysis of variance showed that soil water
content did not differ significantly between compacted and uncompacted soils
nor between planted and non-planted soil. There were, however, significant (p <
0.05) differences in the water content of the soils at different depths.

Table 6.2. Water content 1tg kg-1) of the soil subjected to the different
treatments, at the time of sorptivity measurements.

Depth Compacted soil Uncompacted soil

Planted Non-planted Planted Non-planted
(m)

0.G0.1

0.1-0.2

0.2-0.3

0.3-0.4

Mean

0.068r.003

0.076r.006

0.0931.005

0.124l.002

0.090

0.071+.006

0.083r.004

0.097!.aM

0.115r.003

0.092

Mean
(0.070)a

(0.080)a

(0.09s)b

(0.120)c

0.066r.002

0.069r.005

0.085r.006

0.101r.003

0.080

0.065+.004

0.07É..006

0.089r.007

0.116r.002

0.086

Mean
(0.066)a

(0.071)a

(0.087)b

(0.109)c

Values are means (n=36) * standard error for the four replicates. Numbers in
parenthesis are the means for each depth. Means within a column followed by
the same letter are not significantly different (p < 0.05) by the Tukey's test.
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Fig. 6.6 Effect of plant species on sorptivity of water in the soils
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6.4 Discussion
Root growth increased the infiltration of water in both the compacted and

uncompacted soils. Although no measurements were made of number or size of
pores in the soil, the formation of channels by roots is considered to be the main
factor responsible for the higher water sorptivity in soils which had plants
compared with unplanted soil.

The results of this study show dicotyledons to be better at improving the
infiltration of water through compacted soil than monocotyledons. In the
compacted soil, growth of dicotyledonous species (with bigger roots) resulted in
greater sorptivities than was the case for monocotyledons which in turn
produced greater sorptivities than in the soil in which no plants had been grown.
The greatest sorptivities in the compact soil were from plots in which safflower
and lupins had been grown. The plots with pea were little different from the plots
sown with monocotyledons.

Although sorptiviÇ is influenced much by the antecedent water content of
the soil, this is not considered to be the main reason for the differences observed
between the plots with plants and those without plants. Table 6.2 shows that the
water content of the soil subjected to the two treatments did not differ
significantly at the time when sorptivity was measured. Earthworms would not
have contributed much to the formation of channels because there was no
earthworm activity detected in the 0.1-0.3 m depth during the growing period.
Pits were dug by hand to 300 mm depth in eadr plot at the middle of the growing
season and only few earthworms were found in the surface layer (0-0.1 m). The
higher sorptivities of the soils with dicotyledons compared with those planted
with monocotyledons is presumably a result of bigger biopores created by the
roots of the dicotyledonous species. Although diameters of the resulting biopores
were not measured, it is logical to expect that the biopores left by safflower roots
for example (mean diameter 1,.45+.74 mm) would be bigger than those left by
ryegrass (mean diameter 0.221.07 mm). Other authors (Barley, 7954; Beven and
German, 1982; Gish and |ury,1983; Meek et a1.,1992) have also found that plant
roots were important in regard to water flow through the soil.

It can be estimated from the proportions of roots penetrating the compact
layer and the planting density that the roots of safflower would leave about 100

biopores per m2 while ryegrass would leave about 160 per m2. However, despite
the fewer biopores safflower produced higher infiltration of water through the
compact layer. This is consistent with the above explanation that the higher
sorptivities associated with the safflower could be due to the size of the biopores
created by its roots.
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As dicotyledonous species are normally grown at lower densities than the
fine-seeded grasses, it seems that there will be few such pores created per unit
area of ground. It may be worthwhile planting these species at densities of several
hundred per m2 to increase the number of pores for penetration of roots for
subsequent crops. However it is unlikely, especially under dryland conditions,
that deep rooted species whidr do not have a conunercial return in their own
right could be justfied economically and grown solely for their beneficial effects
on soil structure. Future comparisons will need to consider the use of 'economic
optimum'planting densities for each species.

It is noteworthy that the channels formed by roots were able to influence
water movement through the soil five months after harvesting the crops. This
implies that the channels were stable to any pressure that might have been
applied to the soil during sampling. This is consistent with the finding of
Blackwell et aI. (1990) who demonstrated that channels formed by lucerne roots
can be very stable at diameter > 4 mm under externally-applied mechanical
stresses of up to 200 kPa. Although the diameters of pores we are dealing with
here are much smaller than those of Blackwell et al., their data give an indication
of just how stable can be the biopores formed by plant roots.

It is interesting to note that soil properties were affected differently by
different species. Ryegrass, for example, was good at stabilising aggregates but
was not good at penetrating strong subsoil, while safflower was very good at
penetrating the strong subsoil but was poor at stabilising aggregates. Although
the present experiment cannot identify the exact mechanism(s) responsible for
the high stability of soil aggregates in ryegrass, it is likely that the mechanisms
could include one or a combination of the following: a) physical reinforcement of
aggregates by the high root length density of this species, b) organic binding of
the aggregates by materials released from roots and the associated fungal
hyphae, and c) increasing soil stability by compaction by effective water stresses

generated as the soil dried due to water absorption by the roots.

6.5 Concluding Remarks
The results of the study show that structural properties of soil in the field

were influenced by the growth of roots in this soil. However, structural
properties of soil in the field could also be influenced by factors like climate and
microbial activity which can not easily be controlled. Experiments were therefore
conducted in the glasshouse to examine in more detail the factors contributing to
structural development by plant roots. These studies are reported in Sections 7

and 8.



99

SucrroN 7

Formation of Aggregates by Plant Roots in
Homogenised Soils
7.1 Introduction

The results reported in Sections 5 and 6 have shown that plant species differ
in their ability to penetrate strong soil. This may suggest that plant species differ
in their ability to change the structure of soils. While the roles of plant roots in

i::iï,:i:iffi:::ïi:î.1'å:ä:Tï:i#rJ::iiïäi"'43W::T0,o,,,.
An aggregate is defined here as a naturally occurring cluster or group of soil

particles in which the forces holding the particles together are much stronger
than the forces between adjacent clusters (Martin et ø1.,1955). There is still need
for more and better understanding of the processes and mechanisms underlying
the dynamics of soil aggregation by plant roots. A better understanding of these
processes will not only contribute to knowledge, but may provide a means of
improving soil structure for plant growth.

The work reported in this section was aimed at studying the abilities of
roots of different plant species to form aggregates from initially homogenised
soils and to compare quantitatively the properties of the resulting aggregates. The
influence of wetting and drying by plant roots on aggregation was also
investigated.

7.2 Materials and methods
7.2.7 Soils

Two agricultural soils in South Australia, Urrbrae loam whidr is a member
of the red-brown earths and a hydromorphic black earth of the Claremont group
were used. The soils are classified under the Northcote system as Dr 2.23 andUg
5.16 (Northcote, 1979). Equivalent classifications are Calcic luvisol and Pellic
vertisol for the red-brown ea¡th and black earth respectively (FAO, 1974). Some
properties of the soils are given in Table 7.1. Bulk samples from the surface layer
(0.0-0.1 m) were collected and air-dried before being homogenised (to destroy the
existing macro structure) by grinding and sieving through a 0.5.mm screen. The
distributions of particle sizes after homogenisation of the two soils were
determined by the hydometer method (Day,1965) and are presented in Fig. 7.1.
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Some properties of the red-brown earth and black earth (0.0-0.1 mTable 7.1
depth).

Property Red-brown ea¡th Black earth

Partide size distribution:
Vo sand (> Se pm¡
Vo siÏt (2 - 53 pm)
Vo clay (< 2 pm)

Texture

Su¡face area 1m2 g1)"

Dominant clay mineralsa

Atterberg limits:
plastic limit (kg kg 1)

liquid limir (kg kg 1)

Organic carbon (7o)

pH (in 1:5 s il:water suspension)

ECr,s (mS cm-1)

Cation exchange capacity (onol kg")u

30.5
51.0
18.5

fine sandy loam

11

illite & kaolinite

0.196
0.242

1,.23

0.073

1,77

17.4
15.8
66.8

heavy clay

illite & smectite

0.302
0.496

2.40

7.7

0.11

64

5.6

498

uValues obtained from Grant (1989).
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Fig. 7.1 Distribution of particle sizes in the red-brown earth and black earth
after homogenisation.

7.22 Soíl shrinkøge
The soils were moulded at their lower plastic limits and pressed into

cylindrical brass moulds. They were slowly dried at 20oC for 2 days and then
oven-dried at 105oC Íor 24 h. Volume shrinkage was used as a measure of the
shrinkage potential of the soils and was 26Vo and 4Vo for the black earth and red-
brown earth respectively.

7,23 Mìnírhìzotrons -constructíon ønil pøcking
Forty-eight root observation chambers with internal measurements of 100

mm by 50 mm and a depth of 300 mm were constructed from rectangular PVC
tube (Fig. 7.2). These chambers will be referred to as minirhizotrons in this thesis.
Glass was used at the front of the minirhizotrons to allow observation of root
growth and cracking in the soil. The glass was covered with aluminium foil
between observations to shield the roots from light. A 12 mm diameter PVC pipe
perforated along its length was placed in the centre of each minirhizotron and
used for watering the plants. A 10 mm layer of black plastic beads and a steel

wire mesh were placed at the base to permit drainage.
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Except for the control treatments, loss of water by evaporation from the
minirhizotrons was reduced by covering the top with a layer (30 g) of black
plastic beads. For each soil, twenty-four minirhizotrons were each filled with 1.5

kg of the homogenised soil. Before packing, soil for each minirhizotron was
thoroughly mixed with NH¿NOs fertiliser at a rate of 5 g N kg-t. The packing
densities were 1.06 and 1,.12Mg m-3 for the red-brown earth and black earth
respectively.
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7.2.4 Plønt Species

Pea (Pisum søtívum cv Greenfeast), wheat (Tritícum øestiutm cv Kite) and
ryegrass (Lolium rigidum cv Wimmera) were used. These species were chosen
because they have different rooting systems (see Section 2.3.3) and so would offer
a good comparison in this study. Seeds were sown at a depth o12.5 cm below the
su¡face of the soil. Thinning after germination left 3,2 artd 5 plants of pea, wheat
and ryegrass respectively. Choice of these numbers was based on the sowing
rates of these species used in the field. Fig.7.3 shows plants growing in a

minirhizotron.

7.25 Waterregímes
All the minirhizotrons were watered from the bottom the first time. Later

waterings took place from the top down the PVC watering pipe. To study the
influence of wetting and drying cycles on aggregation, the minirhizotrons were
allocated to two groups after the initial wetting with two water regimes as

follows.

'/.,. Continously wet (c/w): the soil with these treatments was never
allowed to dry below a matric potential of -100 kPa.

2. Wetting and drying (w/d): the soil with these treatments was left to
dry to a water potential of -1.5 MPa. When this potential was reached,
or when the plants started to wilt, the soil was watered back to field
capacity.

The water content of the soil was obtained by weighing the minirhizotrons. The
relationships between water content and water potential of the soils were
determined by pressure plate apparatus and are presented in Fig. 7.4.

7,2.6 Experímentøl ilesign
A2* 4*2factorial experiment was used in a completely randomised design

with three replications. The factors were soil type (2 levels), plant species (4levels
induding the non-planted conüol) and water regime (2levels).

7.2.7 Growth condítíons
Plants were gtown in |une 1990 through fifteen w/d cycles in a glasshouse,

which took to 4 and 5 months for the red-brown earth and black earth soils
respectively. The control treatments took 6 and 7 months to complete the w/d
cycles. The soils in the control treatments dried much more slowly because there
were no transpiration losses. The mean minimum and maximum air
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Fig. 7.3 Pea (1) and wheat (2) plants growing in minirhizotrons.
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temperatures were 160 and 24oC respectively. Relative humidity ranged between
30Vo and7}Vo. After the required wetting and drying cycles in each soil, plants
were cut off at the surface of the soil and the minirhizotrons opened. At the s¿une

time, plants from the c/w treatments were also harvested. The soil from the
minirhizotrons was air-dried before being sieved for aggrqgate size distribution.

10 100 1m0 1fin0
Suction (kPa)

Fig,7.4 Water retention characteristic of the red-brown earth and
black earth after homogenísation.

7,2.8 Aggregøte size ilístributíon (ASD)
ASD was determined by the method described in Section 6.2.2. Aggregates

of the 2-4 mm fraction were used for the measurement of all subsequent
properties reported in
amount of aggregates
comparison.

this section. This size was chosen because had the largest
ty for

7.2.9 Aggregøte stability (AS)
The stability of aggregates in water was determined with air-dry aggregates

in the wet-sieving technique described in Section 6.2.3. Aggregate stability was
expressed as the > 0.25 mm fraction stable to the wet sieving treatment.
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7,2.70 Aggregate tensíle strength (ATS)
Tensile strength of aggregates was measured by an indirect tension

(crushing) test described in Section 6.2.3. Forty aggregates from each treatrnent
were crushed.

7.2.77 Rootlength ilensíty (RLD)
For efficient separation of roots from soil, the air-dry soil from each

minirhizotron was ground by milling for 20-30 seconds in a Christie and Norris
mill. This process cuts the roots into small sections to aid soil-root miúng. This
mixture was spread on a tray, stirred, and three subsamples of 30 g each were
taken for each treatment and used for measuring root length. Roots were
separated from the soil using the procedure outlined by Hignett (7976). Root
length, L, (cm t-r) was measured by a microcomputer image analysis system
developed at the CSIRO Division of Soils in Adelaide, South Australia. The

system was calibrated by the manual line-intersection method (Newmary 7966a).

Average root length density in the minirhizotrory Lv, (cm cm-3) was calculated by
the relationship

Lr, = (L)r5 17.11

where ro (g cm-3) is the bulk density of the soit (Hignett, 1976)

7.2.72 Aggregate bulk ilensity (ABD)
The bulk density of air-dry aggregates was determined using the method of

Mclntyre and Stirk (1954). Each aggregate was weighed and then dipped into
molten paraffin wax at 100-110oC. At such temperature paraffin very quickly
penetrated the aggregate pores and sealed them. The thickness of the paraffin
coat on the aggregates was very small and the volume change of the total
aggregate was considered not significant. The volume of the aggregates was

determined from their displacement in water. Aggregate densities were corected
for water contents which were gravimetrically determined on separate sub-
samples from the same batch. Thirty aggregates were measured for each

treatment.

7.2.73 Orgønic cørbon in soìl (OC)
Total carbon was determined using a dry combustion on a LECO carbon

determinator (Tiessen et a1.,1981). Total carbon was taken to be organic carbon
because carbonates were absent from the surface horizons of the two soils.

Samples were prepared by grinding 5 g of air-dry aggregates containing the roots
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with a pestle and mortar and passing it through the machine. Each value
reported is the mear of three subsamples.

7,2.74 Analyses of ilatø
Data were analysed with the Genstat 5 software package (Genstat 5

CommÍttee,1987) on a VAX computer. The LSD test was used to indicate the
significance of differences between means.

7.3 Results
A statistical summary of analyses of variance (Table 7.2 ) shows that all the

factors (plant species, soil type and water regime) had significant influence on
the properties of aggregates. OC and RLD however were not influenced by water
regime (i.e. w/d cycles). The only significant interaction is for ASD where plant
species interacted with water regime in both soils.

Table7.2 A statistical summary of analyses of variance for the soil properties.

Source of variation Soil Propertya

RLD OC ASD ASATS ABD

Main effects:
Plant species
Soils
Water regime

Interactions:
Plant species with Soils
Plant species with Water regime
Soils with Water regime
Plant species with Soils with Water regime

rf*r¡ rFr¡ rÈ¡+ri rþÊ¡É :+¡+r¡ ,trß

,É :frÊrt ¡trirÊ :frùrÊ ,Êrßr¡ ¡*¡t

ns ns :¡rÈ,Ê rt:¡ rÈrÈ ,È

ns ns ns
ns ns ns
ns ns ns
ns ns ns

,È

r+

ns
¡f

ns ns
ns ns
ns ns
ns ns

* p30.05; ** p30.01; *** p<0.001 i rrs =notsignificant
aabbreviations: RLD=root length density; OC=organic carbon; ASD=aggregate
size distribution; AS=aggregate stability; ATS=aggregate tensile strength;
ABD=agsegate bulk denstity

Figure 7.5 shows the ASD of the two soils after dry-sieving. The red-brown
earth had a higher percentage of coarse aggregates (> 9.5 mm) over all plant
species and water regimes than the black earth. The w/d cycles reduced the
percentage of coarse aggregates and increased the proportion of smaller
aggregates compared with c/w in both soils. Planted soils had a smaller
proportion of coarse aggregates than the controls. For example, ryegrass reduced
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the proportion of > 9.5 mm aggregates in the black earth to about 40 percent.
There was also a large difference between plant species in their influence on
ASD. The proportion of coarse aggregates decreased in the order pea > wheat >
ryegrass.

Table 7.3 shows significant differences in the RLD of the three plant species.
Ryegrass had the highest RLD in both soils. It is interesting to note that c/w
treatments produced stightly higher RLD than w/d treaments. This could be due
to reduced growth of roots in the w/d treatnents due to water stress when the
the soils were being dried.

Table 7.3 Root length densities (on cm3) of the plant species.

Plant
species

Red-brown earth
clw w/d

Black earth
c/w wldmean meøn

Pea

Ryqgrass

Wheat

mean

4.2a
(0.6)
83.2
(7.6)
30.3
(1.2)
39.2

3.9
(0.s)
81.6
(4.3)
27.8
(2.e)
37.8

82.4

27.8

6.0
(0.4)
90.1
(4.1)
40.0
(2.8)
45.4

5.9
(0.e)
87.6
(s.5)
37.5
(1.8)
43.7

88.8

38.8

5.94.0

LSD, p < 0.05
Plant species 7.6 'r.3.4

anumbers in parenthesis are the standard errors of the mean of three ,>apll'ca{as

Total carbon (OC) contents of the soils with the different treatments are

presented in Table 7.4. The black earth had higher inherent OC than the red-
brown earth. Plant growth had increased the OC of the soils compared with the
controls. The increase in OC was in the order ryegrass > wheat > pea. This could
be related to the RLD of the species because the root mass contributed organic
material to the soils.

Table 7.5 shows that the tensile strength of the black earth aggregates was
significantly higher than those of the red-brown earth. This could be because of
differences in the clay content (and also type of clay) of the two soils. The black
earth had a higher clay content which would give high interparticle attraction
during drying. Flowever, w/d cycles made aggregates in both soils stronger than
c/w. The aggregates formed in the presence of plants were stronger than those
from the controls in both soils. There nzere also significant differences among the
plant species. The strength of aggregates in the planted soils was in the order
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ryegrass > wheat > pea. A similar trend of results is observed when the stability
of aggregates is considered (Table7.6).

Table 7.4
minirhizotrons.

Total organic carbon (Vo) in soil from the aggregates in the

Plant
species

Red-brown earth
clw wld mean

Black earth
c/w wld meøn

Control
Pea

Ryqgrass
Wheat
mean

7.20

7.52

7.76
'1,.57

1.51

1,.Æ

1.51

7.73

1,.il
1.51

1,.23
't.52
't.75

1.56

2.37
3.00

3.31

3.02

2.93

2.47

2.98

3.25

2.99

2.9'1,

2.39

2.99

3.28

3.00

LSD, p < 0.05

P1ant species 0.12 0.23

Table 7.5 Influence of plant species and water regime on tensile strength (kPa)

of oven-dried aggregates.

Plant
species

Red-brown earth
clw w/d mean

Black earth
c/w w/d mean

Control
Pea

Ryegrass
Wheat
meøn

33.1

37.7

9.5
45.9

42.8

43.0

53.1

82.0

57.4
59.1

38.1

45.7

62.3

51.6

726.3

197.4

34.4
247.2
228.8

234.3

238.9

51,4.7

321,.8

327.4

180.3

218.2

429.6

2U.5

LSD, p < 0.05

Water regime
Plant species

7.8

5.5

74.0

52.3

The bulk densities of air-dry aggregates (ABD) of the black earth were
generally higher than those of the red-brown earth for all plant species and water
regimes (Table 7.7). Aggregates from planted soil had significantly higher ABD
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than the controls. Differences between plant species were evident. Aggregates
from soils planted with ryegrass had the highest bulk density while those of
wheat were higher than pea.

Table 7.6 Influence of plant species and water regime on the stability
(Vo > 0.25 mm) of aggregates.

Plant
species

Red-brown earth
clw wld mean

Black earth
clw wld mean

Control
Pea
Ryegrass
Wheat

mean

24.5
41,.7
59.7
ß.8
43.2

31,.4
49.5
&.4
55.6
50.2

28.0
45.6
62.0
57.2

56.1
73.2
82.9
79.3
72.9

67.4
87.6
90.9
85.3
82.2

61,.7
80.4
t]6.9
82.3

LSD, p < 0.05

Water regime
Plant species

1.3

0.9

2.05

1.05

Table7.7 Influence of plant species and waten regime on bulk density
(Mg m-s¡ of aggregates.

Plant
species

Red-brown earth
clw w/d meøn

Black earth
clw w/d meøn

Control
Pea

Ryegrass
Wheat

meøn

1.08

7.23

1..41,
'1,.28

1,.25

1,.06

1,.27

t.M
1,.33

1,.28

1,.07

1,.?5
'1,.43

1.31

7.19

1,.32
't,.47

7.U
1.33

1,.26
'l,,.4'1,

1,.60
7.37

1,.41,

'1,.23

1,.37

7.54
'I.,.36

LSD, p < 0.05

Water regime
Plant species

0.04

0.02

0.04

0.03

7.4 Discussion
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The results indicate that plant species and water regime significantly
influenced aggregation. This discussion will consider the mechanisms likely to be
involved by these factors.

7.4.7 Water regíme
The process of homogenising the soils involved the breakage of bonds

between the individual particles. However, after the soils were wet and left over
time, the soils regained some of their strength. This observation is consistent with
'age.hardening' (Kemper and Rosenau,7984; Utomo and Dexter,7987a) in whidt
several mechanisms are involved. According to Dexter et aI. (1988), if the soil is
kept at constant water content, the two medranisms involved are: (1) soil partide
reorientation into positions of minimum free energy and/ or; (2) chemical
cementation at the points of contact or near-contact of mineral particles.
However, if the water content changes, as was the case with w/d treatments,
other mechanisms become important.

7.42 Effects of ilryíng
Formation of craclcs

As the soil dries, the soil colloids shrink. One of the factors implicated in the
shrinkage characteristics of cohesive materials in soils is determined by the
amount of day. Shrinkage in the black earth was higher (26Vo) than in the red-
brown earth (4Vo). Shrinkage of soil material leads to the development of internal
tensile stresses. Tensile stresses are generated when the drying of a soil is not
uniform e.g. in rapid drying from a surface or by water extraction from soil by
plant roots. Consequently, unequal stresses and strains arise throughout the soil
mass (Towner, 1987a). When the tensile sffess exceeds the tensile strength of the
soil, cracks are initiated in the soil (Towner,1987ab). The cracks constitute the
boundaries and initial faces of micro-aggregates in an initially non-aggregated
soil (Dexter,199'1.; Grant and Dexter,19136; White, 7966) and also form pathways
for rapid water infiltration, aeration and root penetration. Extensive cracking was
observed in the black earth when the soil was left to dry and this could explain
the higher proportion of smaller aggreates in this soil compared with the non-
shrinking red-brown earth, and also with w/d cycles compared with c/w.

Effectiae stress

Drying of soil by uptake of water by plant roots causes local changes in pore
water pressure within the soil mass and generates effective sttesses. It has long
been recognised (Haines, 1926) that a significant temporary cohesive strength
exists in wet soils as a result of the surface tension and capillary forces associated
with the interparticle water films throughout the soil matrix. The effective
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(intergranular) stress, o', is the stress controlling changes in volume or strength of
the soil and is given for satu¡ated soil by the equation of Terzaghi (quoted by
Skempton,1961) as

o'=o-u* 17.21

where o is the total stress and u* is the water pressure in the pore space.

However, both the surface tension and capillary forces require the presence of
gas/liquid/solid interfaces, which do not eúst in saturated soils. In unsaturated
soils equation (7.2) becomes

o' = (o - u") + 1(u" - uu,) 17.31

where u" is the pore air pressure and X is a factor which depends on the degree

of saturation of the soil. The factor I represents the proportion of the matric
pressure that contributes to the effective stress (Aitchison,796l; Groenevelt and
Kay, 1981; Hettiaratchi and O'Callaghan, 1980). The adhesive forces between soil
particles and water ensures that the soil particles are pulled together to form
aggregates (Towner,1961). This causes the mineral partides to rearrange into
greater units thereby creating a greater number of contact points and hence
giving greater cohesive forces to the aggregates (Barley, '1,968; Towner and
Childs, 1972; Williams and Shaykewich, 1970).

According to Horn and Dexter (1989) and Semmel et ø1. (1990) the increase
of aggregate and soil strength with time after homogenisation can be caused
either by an increase of the number of contact points between mineral particles or
by higher effective stresses per contact point. This can been illustrated by a model
proposed by Horn and Dexter (1989) and presented in Fig.7.6. According to this
model, during the primary shrinkage of the homogenised wet soil (A) the single
particles will be pulted together by water menisci forces (pore water pressure in
the effective stress equation) forming stronger aggregates with intra- and inter-
aggregate pores (B). In this way, the increase in soil density is greater the drier
the soil has become as shown by (C).

During wetting, aggregates not only become weaker, but a further
heterogenisation of the pore and grain size distribition takes place resulting in
the formation remnants of soil aggregates and a more homogenous soil mass.

The more intensively the aggregates have been dried previously, the more
pronounced is the irreversibility of the pore size alteration during the swelling
process (D). Semmel et ø1. (1990) have also explained strength increase in
aggregates which have been wetted and dried as being due to cementation of the
particles at contact points during drying. Salts, humic acids and soil colloids
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whidt are transferred in water films to the points of contact because of hydraulic
gradients formed due to soil drying cause the particles to be cemented together
more strongly.

I
After homogenisation During &ying

A B

Fig.7.6 A proposed mechanism for aggregation in a homogenised soil (re-

drawn from Horn and Dexter,7989).

The above explanations are consistent with the observations made in this
study that the aggregates subjected to wetting and drying cycles had higher
tensile strength and bulk density than those kept continuously wet. It is
suggested that the more intensive drying in soils with wetting and drying cycles
caused higher cohesion between particles due to stronger effective stresses and
hence ATS and ABD are higher in wetted and dried than continuously wet soils.

7.43 Effects of wettíng
Tensile strength

When dry soil is wetted, the combined effects of differential swelling and
pressure build up in entrapped air generates tensile stress which can exceed the
tensile strength of the soil. This causes arrays of micro-cracks to form throughout
the soil mass (Dexter et a1.,1984; Grant and Dexter,1990). These micro-cracks
which were very prominent in the black earth subjected to the w/d treatments,
make the soil weaker and more friable. This process has been referred to as 'soil
mellowing' by Utomo and Dexter (1981b). The effects of rapid wetting on the
generation of soil structure through the production of micro-cracks have been
shown quantitatively by fracture surface analysis (Dexter and Håkannson, 1989).

It is suggested that the reduction in the proportion of coarse aggregates in the
black earth which had been wetted and dried might be a result of the micro-
cracks formation due to tensile stresses formed during the wetting (watering) of
the soils.

a

Wet

D
Dry

C
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7.4.4 Plant specíes

The influence of plant roots on aggregation is evident from the significant
positive correlations (p < 0.05) between RLD and most of the properties of the soil
that were measured 1r=0.72*, 0.69*,0.57,O.il, and -0.66* for RLD and OC, AS,
ATS, ABD and ASD respectively). Thus the dífferences in soil properties
observed among plant species might be a result of the differences in the rooting
densities. The mechanisms underlying the influence of roots on aggregation will
now be considered.

It is logical to assume that root growth can result in a slight compaction of
soil caused by volume expansion of the roots (Dexter, 1987a). As the root grows
into the soil, it occupies space that was previously occupied by soil pore space

and soil particles. Since root diameters are usually larger than soil pores, soil
particles are pushed aside and the bulk density of the soil near the root may
increase. Greacen et al. (1968) showed increases in bulk density of the soil next to
the root to 1.6 and'1,.7 g on-3 from an initíal level of 1.5 g cm-3. Similar results
were also presented by Guidi et al. (1985). However, the net effect of volume
expansion of roots on the bulk density of aggregates is considered to be
negligible in causing the increases in ABD observed in this study i.e.16 and2íVo
for black earth and red-brown earth respectively. The average root volumes in
the two soils were'l-..SVo,3.2Vo and2J%o for pea,tyegrass and wheat respectively
calculated from root diameters of 0.75 mm, O.22 mm and 0.26 mm and the
average root length densities given in Table 7.3. These root volumes could
account for only about one tenth of the observed changes in density of
aggregates. This suggests that the effects of compression by effective stress were
greater than compression by roots í.¿. the density increased due to increase in
effective stress as f(u" - u,^,) (Equation 7.3) increased on drying.

Plant roots can also produce aggregates within a soil mass by another
mechanism which does not involve water extraction. This is through generation
of tensile stresses at the soil-root interface which can ctack the soil. Misra et ø1.

(1986b) estimated the radial and tangential stresses adjacent to the soil-root
interface and predicted that the tensile stress could result in plastic failure of
finite sized aggregates during root penetration. This can provide locations of
crack initiation in the soil.

A more obvious role of roots is their ability to stabilise soil aggregates. Plant
roots support a large population of micro-organisms such as fungi and bacteria
which may mechanically and or chemically stabilise aggregates, and the roots
themselves produce mucilage to which soil particles adhere (Molope, 1987).

According to Tisdall and Oades (1982),larger aggregates (> 250 Fm) derive much
of their water stability from being enmeshed in living or partially decomposed
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plant roots and fungal hyphae associated with the rhizosphere. The mechanisms
of bonding of the organic materials to the inorganic particles have been
extensively studied (e.9. Chaney and Swift, 79f]6; Oades, 19U). The high organic
carbon contents of the aggregates from planted soil could be attributed to the
contribution of organic materials by the root mass of the different species. The
root mass could also increase substrate for biological activity which in turn could
contribute to the increased stability of the aggregates. Although it is felt that the
effect of compression by effective stress due to dranges in water content is likely
to be the most important mechanism of stabilisation in this study, it should be

emphasised that the higher stability of aggregates from the planted soil is a result
of chemical, physical and biological processes.

7.5 Concluding remarks
The experiment has shown the important influences of soil t;upe, wetting

and drying cycles and growth of plant roots on the formation and properties of
aggregates. It is concluded that cracking of soil, which led to the production of
smaller aggregates was caused by the heterogeneity of water extraction giving
rise to tensile stress patterns within the grid of roots. Compression of the
aggregates by effective stresses generated as a result of water extraction from soil
by plant roots is considered to be the main mechanism responsible for the higher
bulk density and tensile strength of aggregates in both the red-brown earth and
black earth soils.

Soil homogenisation, as used in this study is one extreme of structural
degradation which offer conditions for studying the processes involved in
regenerating structure of soil by plant roots. Another extreme condition of soil
structure is when soil has abundance of coarse aggregates. The processes
responsible for generating structure under this condition may be different from
those studied here. The next section reports a study in whidr the ability of roots
to generate structure in beds of coarse aggregates was examined.
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Section 8

Modification of Soil Aggregation by Roots Growing
Through Beds of Coarse Aggregates

8.1 Introduction
Beds of sieved aggregates with a narrow distributions of sizes are often used

in experiments because they represent a reproducible and well-defined structure
(Braunack and Dexter,1989). Th"y also provide a means by which the results of
experiments conducted in different places and times can be compared
quantitatively.

Plant roots are known to grow preferentially in weak aggregates or in voids
between aggregates (Dexter, 791)6a; Ehlers et ø1., 7983; McSweeney and ]ansery
'1,984; Whiteley and Dexter,1983,1984a). When a plant root makes contact with
the surface of an individual aggregate in a bed of aggregates larger than the
diameter of the root, it may penetrate or displace or be deflected by the aggregate
(Misra et ø1.,79f36b; Whiteley and Dexter,1984). Penetration is determined by the
strength of the aggregates and by the angle of incidence at whidr the root tip
contacts the aggregate (Dexter and Hewitt, 7978). The size of aggregates has also

been reported to influence the penetration of roots into aggregates (Logsdon et al.,

ß8n.An understanding of the above processes has led to the development of
models that predict the effects of aggregate size and strength on rate of root
growth, distribution and their implications for nutrient uptake (e.9. Dexter,7978;
Hewitt and Dexter,1979; Misra et a1.,1988c).

Most of the previous studies on root growth in large aggregates have centred
primarily on the influence of aggregate size on seedling emergence, shoot growth
and root growth (Alexander and Miller, 1997; Donald et n1.,7987; Logsdon et al.,

7987; Taylor, 1974a). Relatively little attention seemlto have been given to how
the growth of the roots may change the properties of aggregates. The results of
work reported in Section 7 have shown that growth of roots had significant
influence on aggregation of homogenised soils. The effect of root grovvth in soils

with large aggregates could however be different as the mechanisms involved in
aggregation could also be different.

The purpose of this study was to compare the influence of growth of roots of
three plant species through beds of coarse aggregates on aggregation and
properties of the resulting aggregates.
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8.2 Materials and methods
8.2.7 Soíl

The soil used in this study was collected from the surface layer (0.0-0.1 m) of
Urrbrae loam at the Waite Agricultural Researdr Institute, South Australia. This
is the red-brown earth which was used in the experiment descríbed in Section7.0.

Its characteristics have already been presented in TableTJl..

8.22 Prryaratìon of aggregates
Aggregates collected from the field were found to be unsuitable for this

study because of the large variations in density, strength and shape. Artificial
aggregates were therefore prepared in the laboratory from sieved (< 2 mm) air
dry soil.

A thin layer of soil was spread evenly on Íur aluminum tray and a mixture
of de-ionised water and 7Vo laboratory reagent grade poly (vinyl alcohol), PVA,
molecular weight = 22,000 was sprayed onto the soil using a spray atomiser.
When soil became about L.2 times wetter than the plastic limit, a knife was used

to mix the water with soil and cause the soil particles to aggregate. The
aggregates were wetted by a light spray of water and dry soil was added while
the tray was being shaken. In this wãf r as the soil was rolled, the aggregates

increased in size. Mixing at saturation was avoided to minimize smearing of
aggregates. The aggregates were air dried before being packed into beds.

8,23 Prcpertìcs of øggregøtes
Aggregates of between 18 and 2L mm diameter (mean 19.8 mm) were

selected by sieving. The aggregates were almost spherical in shape and looked
similar to aggregates collected from the field. The aggregates had irregular
surfaces which would result in a high probability of roots encountering a surface
at an angle of incidence favourable for penetration (Dexter and Hewitt, 1978). The

bulk density of the air-dried aggregates was '1,.34t0.1,6 g.t1¡-3 (n=1.00). The PVA
was distributed through the aggregates and strengthened them internally against

collapsing in the aggregate bed. It did not prevent roots penetrating the
aggregates. Penetrometer resistance and tensile strength of the aggregates at the
two soil water contents used in this study are presented in Table 8.1. The

methods used to determine these properties are discussed in Section 8.2.8.

8.2.4 Packìng of aggregatebeils
The experiment was performed by growing plant roots through beds of soil

aggregates in PVC pots. The pots had internal dimensions of 90 mm diameter

and 300 cm high. Holes (3 mm diameter) were drilled at the base to allow
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drainage of excess tvater. In all the pots, the beds of aggregates were packed by
pouring aggregates (200 g at a time) from a beaker. This was done in several

layers until 1.0 kg of aggregates filled eadr pot. The mean bulk density of beds of
aggregates prepared in this way was about 1.02 Mg m-3 us determined in a 5 L
measuring cylinder.

Table 8.1 Penetrometer resistance (Qp) and tensile strength (ATS) of
aggregates at two water contents used in the study.

Matric potential
(kPa)

Water content
(kg kg1)

a
(MPa)

ATS
(kPa)

-10

-1500

0.224

0.702

0.3È..02

1.83+.36

40.4!2

236.0t.19

Numbers are means * standard error (n=100)

8.25 Expnímental treøtments and ilesígn
A 4'c 2 factorial design with four replicates was used. The factors were: three

plant species, aiz pea (Pisum stioum cv Greenfeast), ryegrass (Lolíum rigidum cv

Wimmera), wheat (Triticum aestiaum cv Kite) and a non-planted control; and two
soil watering regimes uiz continuously wet (c/w) and wetting and drying (w/d).
The soil in c,/w treatments was dried out to field capacity (water content of about
0.22 kg kg-1, corresponding to about -10 kPa water potential) mainly by
transpiration of the plants, and then watered. The soil in the w/d treatment was

left to dry to a water content of 0.102 kg kg-t or until wilting occurred
(corresponding to water potential of -1.5 MPa) and then it was watered to field
capacity. The pots were arranged on benches in the glasshouse in randomised
blocks (Fig.8.1).

8.2.6 Growìng of plants
To ensure sufficient soil/root contact at the start of growth of plants, moist

fine sand (< 250 pm) was spread on the surface of each aggregate bed (pot) to
about 1 cm depth. Six germinated seeds of each plant species were placed evenly
on the sand and covered with a thin layer of sand. The sand was wetted every
morning with a fine spray of No. 1 Hoagland's nutrient solution (Hoagland and
Arnory L950) using a spray atomiser. The nutritive composition of the nutrient
solution has been given in Section 3.2.8.
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Replicate 1 Replicate 2 Replicate 3

Fig. 8.1 Pots showing the placement of replicates on a bench in the
glasshouse.
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When the seedlings were about 10 crn high, plants were thinned to leave
three plants in each pot for all treatments except the w/d controls, the surface of
the sand was covered with a layer (1 cm thick) of black plastic beads to prevent
slaking of the aggregates during watering and to cut down evaporation. Plants
were grown through 15 wetting and drnt g cycles (corresponding to 3 and 4.5
months for the planted and unplanted treatments respectively). The experiment
was conducted between May and September 1992 in a glasshouse, where the
mean minimum and maximum air temperatures were 16oC and 20oC
respectively. Relative humidity was not controlled and ranged between 30Vo and
70Vo.

8.2.7 Sømplíng aggregates aftet plant grouth
At harvest, the shoots of the plants were dipped at the surface of the soil.

One-half of the replicates (2 pots for each treatment) was used for destructive
measurements of root length, and the other half was used for measuring
properties of the aggregates. The pots were opened and the aggregates were air
dried before dry sieving to obtain the distribution of aggregate sizes. To
investigate the physical influence of roots on tensile strength, half of the
aggregates from each treatment were incubated at 0.25 kg ktrl water content in
aluminium foil trays at 30oC for 6 weeks. Incubation allowed some of the roots to
decompose. Measurements of tensile strength made on incubated aggregates
were compared with measurements made on aggregates which had not been
incubated.

8.2.8 Measurements on aggregøtes
Selected physical properties of aggregates were determined. The properties

were: penetrometer resistance, bulk density, aggregate size distribution, tensile
strength, organic carbon and the stability of aggregates in water. The methods
used for making these measurements were as follows.

P enetr ometer r esistønce of aggr egates

Penetrometer resistance of aggregates was measured with a motor-driven (3

mm min-l) steel probe, having a cone diameter of 1.0 mm and a total induded tip
angle of 30o. The shaft was relieved for 7 mm behind the tip. Each aggregate to be
probed was placed on the pan of a top-loading electronic balance (Mettler type
PC-¡1400) and the maximum force (kg) exerted by the probe was recorded (when
the penetrometer tip passed the centre of the aggregate or cracked it).
Penetrometer resistance, Q?, was calculated from the penetration forces as
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Qp =F^o*/n?, kPa t8.11

where Fmax = Ma (in N), M is electronic balance reading (kg) and a is the
gravitational acceleration constant (9.806 m s-2), and r is the probe radius (m).

Fifty aggregates were probed for each treatrnent.

Aggr egøte bulk density ( ABD)
The bulk density of aggregates was determined on '15-20 aggregates with

the paraffin coat method (ltÍ.*rfye 
"ñd'ffHrld¡þ). 

Each air-dried aggregate was
weighed and then dipped into molten paraffin wax to seal the aggregate surface.
The thickness of the paraffin coat was too small to cause any significant change to
the volume of the aggregates. The volume was determined by displacement of
water.

Aggregate size distributíon (ASD)
The distribution aggregate sizes was determined by a method similar to that

described by Kemper and Rosenau (1986). An air-dried sample of aggregates,
about 1 L by volume from each treatment, was passed through a set of sieves of
sizes 12.7,'1,6.0, 1.8 and 21 mm by gently shaking the sieves with hands. The
fractions of aggregates in each size range (12.7-'1,6,16-18 and 1&21 mm) were
weighed and the proportions in the whole sample of aggregates were calculated.

Tensíle straryth of aggregøtæ (ATS)
Aggregate tensile strength of oven dried aggregates was measured by an

indirect tension (crushing) test (Dexter, 1988b; Dexter and Kroesbergen, 1985).

Details of the method and calculations used have been described in Section 6.2.3.

Aggregates of "1,8-21, mm diameter were used for this measurement. At least 50

aggregates were measured for each treatment.

Orgnníc cnrbon of soil (OC)

Total carbon was determined using a dry combustion on a LECO carbon
determinator (Tiessen et ø1.,1981) as described in Section7.2Jl,3. This was taken to
be organic carbon as carbonates were not present in the soil.

Aggr egate støbilíty ( AS)
Aggregate stability was measured using a modification of a Yoder (1936)

method. The modification consisted of using one sieve with openings of 18 mm
instead of a nest of sieves. The equivalent of 30 g of oven-dried aggregates (> 18
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mm diameter) were wet by rapid immersion and sieved for 10 minutes in an
apparatus with a stroke of 35 nun operating at 40 strokes per minute. Results are
presented as the percent of the soil remaining on the sieve after sieving. Four
replicates were sieved for each treatnrent

Root meøsuretnents

Total length of roots for each species was determined for two replicates of
each treatment immediately after the plant tops were harvested. The contents of
the pot were soaked in -. water for two days to soften the soil. The soil was
washed over a sieve oÍ 70 pm mesh to get roots onto the sieve. Total length of
roots was estimated using the line intersection method of Newman (1966a). Root
dry weight was determined gravimetrically after drying for 48 h at 65oC.

To estimate root length density, twenty five aggregates from each treatment
were individually weighed and their root length determined as described above.
Root length for each aggregate was divided by the weight of the aggregate to
obtain rooting density (cm g1).Root length density (cm cm-3¡ was calculated by
multiplying the average bulk density of aggregates (1.34 g cm-a¡ by the root
density.

8.2,9 StøtístícøI analysìs
Analysis of variance was performed on data sets with the Genstat 5 software

package (Genstat Committee,lgSn on a VAX computer. Tukey's testwas used to
separate means when significance was indicated.

8.3 Results
A summary of the analyses of variance of the properties of the soil is

presented in Table 8.2. Soil watering regime had a significant(p <0.05) influence
on ASD and ATS of aggregates while plant species had significant influences on
all the soil properties except ABD. The only significant (p < 0.05) interaction was
that for ASD.

The influence of watering regime on ASD and ATS is shown in Table 8.3.

Soils which were kept continuously wet had higher percentage of small (i.e. < 18

mm) aggregates compared with those which had been wetted and dried. A visual
examination of the aggregates revealed a higher number of roots penetrated
individual aggregates in the c/w regime than w/d. In the latter case, roots were
observed to curve around aggregates. The aggregates which had w/d were
stronger than those which were c/w. Both the proportion of small aggregates and
tensile strength were higher in aggregates with plants than in the control, where
no plants were grown.
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Summary of analyses of variance for the different properties of the

Source of
variation

df Soil Properqf

ASD ATS oc AS RLD

Species 2
Watering regime '/..

Species x watering
regime 2

:t**
+

rl.

rÊ

rÉ

*

nsns

ns

nsnsns

:Ê

¡t

aASD=aggregate size distribution; ATS= aggregate tensile strength; OC= organic
carbon; AS= aggregate stability; RLD=root length density. Significance is given as
** (p < 0.01); * (p <0.05); ns= not significant.

The effect of plant species on the distribution of aggregate size classes is
shown in Fig 8.2. The proportion of coarse aggregates was reduced by the
presence of roots of all species under both watering regimes. Ryegrass had a
higher proportion of small aggregates, then wheat, which in turn had more small
aggregates than pea. The proportion of coarse aggregates (18-21 mm) with the
c/w treatments was reduced from 700Vo to about 50,70 and 80Vo by ryegrass,
wheat and pea respectively, while that with w/d was 70,90 and 95Vo

respectively.
The total lengths of roots, root length density (RLD) and total dry weight of

roots for the different species are presented in Table 8.4. The w/d regime
produced significantly (p < 0.05) lower total root length and RLD in all the
species compared to c/w. This is likely to be a direct effect of reduced root
growth in the w / d aggregates as a result of high soil strength and water stress.
There were distinct differences between species in the total length and RLD in
both watering regimes. Total root length and RLD decreased in the order
ryegrass>wheat>pea.

Table 8.5 shows the influence of plant species and incubation on the
tensile strength of the aggregates. The non-incubated samples were about 30Vo

stronger than the incubated samples, suggesting that the presence of roots, or
some other factor degraded by incubation, indeed strengthenedthe aggregates.
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Table 8.3 Influence of soil watering regime on size distribution (ASD) and
tensile strength (ATS) of aggregates from soil with and without plants.

Watering With plants
regimea

Withoutplants

(a) ASD, percent (mean, n=6)

Aggregate size (mm) Aggregate size (mm)

12.7-1,6 16-18 1&2t 12.7-76 16-18 18-21

c/w
w/d

c/w
w/d

12."1.a

5.0b

19.8a

13.7b

68.2

81.3

0

0

0

0

100

100

(b) ATS, kPa (mean t s.e.)

346t23a

38ûr41b

181t37a

314Ì31b

a c/w=continuously wet; w / d=wetting and drying
Means within a column with the same letter are not significantly different (p <
0.05) by the Tukey's tesÇ s.e = standard error

Organic carbon and stability of aggregates are presented in Table 8.6. The
OC of aggregates from soil which had been planted was higher than that of
thecontrol. There were significant differences among the plant species in their
influence on OC of the aggregates. The OC of the aggregates containing
ryegrass was significantly higher than that of the other species. The higher OC
is likely to be a direct result of the higher RLD and root biomass of ryegrass
compared with the other species. Aggregates from soil which had been planted
were more stable than those from soil which had no plants.

A correlation matrix of the properties of aggregates is presented in Table
8.7. There are significant (p < 0.05) conelations among RLD, ASD ATS, OC and
AS. The role of the roots could be a direct physical effect on aggregate
properties or an indirect contribution to these properties of aggregates possibly
through release of organic materials from the roots to the aggregates.
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Table 8.4 Total root
the plant species at two
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length, rootlength density (RLD) and root dry weight for
soil watering regimes.

Plant species Soil watering regime

c/w

Soil watering regime

w/d c/w w/d

Pea

Ryegrass
Wheat

1.68a

3.04b
't.12a

3.51t0.2a
7.63fl.9b
4.3110.5a

0.97a
2.15b
1.03a

(a) Total root length (m pod) (b) RLD (cm cm-3)

7.9a 2.5a

33.6b 22.9b
16.8c 9.9c

4.0310.4a
10.19r1.5b
6.26t:0.7c

(c) Root dry weight G pot 1)

Means within a column with the same letter are not significantly different (p <

0.05) by the Tukey's test.

Table 8.5 Effect of plant species and incubation on tensile strength (mean t
s.e., kPa) of aggregates.

Plant Incubated Not incubated
specles

c/w wld c/w w/d

Control
Pea

Ryegrass
Wheat

Mean

2411].,4a

279É.17b

339126c
313+19b
293

259t13a
311+20b
365!23c
331+19b
31,6

Mwn
247 323t23a
295 370r25b
3s2 393t20b
320 38zr15b

367

374Ð0a
436L34b
403r33b
439_21b
413

Meøn
349

403
398

477

Numbers in italics are means for plant species at the two watering regimes.
Means within a column with the sÍune letter are not significantly different (p <

0.05) by the Tukey's test.
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Table 8.6 The influence of plant species and soil watering regime on organic
carbon (OC) and stability (AS) of aggregates.

Plant
Species

OC(Vo) AS (7o > 18 mm)

c/w w/d meøn c/w w/d mean

Control

Pea

Ryqgrass

Wheat

Meøn

't.24a 1.20a 7.22 30.5

1,.66b 1.59b 1,.63 47.0

2.33c 2.11,c 2.22 7l 74.7

1,.76b 1.63b 7.70 58 60.5

1,.75 1,.63 49.8 56.3

Means within a column with the same letter are not significantly different (p <
0.05) by the Tukey's test.

Table 8.7 Correlation matrix showing correlation coefficients (r) between
the soil propertiesa.

RLD ASD oc ATS

-0.85'F'r 0.79** 0.9'Ê 0.62*

0.51 0.47 -0.43

0.69* 0.85**

0.89**

aRlD=root length density; ASD=aggregate size distribution; OC=organic
carbon; AS=aggregate stability; ATS=aggregate tensile strength. *, ** =
significant at (p < 0 .05) and (p < 0.01) respectively.

8.4 Discussion
The major difference among the treatrnents was the rooting density which

differed considerably among plant species. An examination of correlations
revealed that RLD was significantly related to the properties of aggregates
(ASD, ATS, AS, and OC) in both c/w and w/d soils. Ryegrass which had the
highest RLD had higher ATS, AS and OC and also had the higher proportion of
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It is unlikely that aeration within the beds of aggregates would have
limited the growth of roots. The packing and size of aggregates created
spaces for sufficient oxygen circulation within the beds. There were no
visible signs of lack of adequate aeration in the plants.
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small sized aggregates (< 21 mm) compared with wheat and pea. The high
correlation between RLD and aggregation implies that roots may have been
involved directly or indirectly in the processes which modify aggregation and
the properties of the aggregates.

The higher proportion of small aggregates in the planted soil compared
with the unplanted controls could have resulted from break down of the larger
aggregates as roots penetrated through them. The high proportion of small
aggregates in soil planted with ryegrass could thus be due to the high RLD and
more subsequent penetration of the aggregates by roots,thereby increasing the
chances of the aggregates to break. The effect of RLD on ASD was found to be
associated with the watering regime of the soil. Plant roots were not able to
penetrate the aggregates in the w/d as easily due to high mechanical strength.
Also, roots could have lower turgor due to water stress so that root growth
pressures may have been lower. The reduced penetration of roots into
aggregates resulted in less breakage of the large aggregates.

OC was higher in soils which had plants in them probably as a result of
additions of organic materials to the soil from roots and root exudates.
Although there is no information on the proportion of carbon contributed to
the soil by roots and by exudates, it is likely that the high OC in soil planted
with ryegrass was due to its high RLD and root mass. This finding is consistent
with the claim of Tisdall and Oades (1979) who reported that the amount of
organic material released by the root is related to the length of the root. They
also noted that roots of most plants secrete mucilage at the tip and near the root
hairs, so that the plant whidr produce the most root hairs or root tips would be
the ones which produce more organic material for stabilising aggregates.
Similar views have been held by other authors (e.9. Chaney and Swift, 1986;
Goss and Reid, 1979; Reid and Goss,1980). Ffowever, it is also possible that the
differences in the ability of the roots of species to stabilise aggregates could be
related to the amount of mucilage produced by the species.

The increased stability and strength of aggregates from the soil which had
been planted can be a result of a combined effect of the mechanical action of
roots and the contribution from their organic materials and the associated
fungal hyphae. Fine roots and root hairs grow into the large aggregates leading
to enmeshment and improved anchorage of the aggregate (Waldron and
Dakessian,1982). Similarly, Willatt and Sulistyaningsih (1990) have shown that
the roots of rice can increase the strength and stabilise soil by increasing the
shearing resistance of the soil.

Plant roots would also have contributed some organic materials which
could act as cementing agents for the soil particles in the aggregates and thus
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increase the both strength and stability of the aggregates. Ryegrass has been
shown to produce polysaccharide material which are more effective in
stabílising aggregates (Tisdall and Oades,7979). The increase in strength of
aggregates whidr had not been incubated compared with those whidr had been
incubated suggest that the physical reinforcement of roots on aggregates would
have made a major contribution to the strength of the aggregates in this study.

The influence of soil watering regime on AS and ATS was evident.
Aggregates from soil which had been wetted and dried were stronger and
more stable in water than those which were kept continuously wet. The
increase in strength of aggregates which had been wetted and dried could be
due the following reason. Wetting and drying cycles could contribute to the
increase in ATS of the aggregates by a mechanism of 'age-hardening'.
Disturbance of soil (e.9. by remoulding) decreases the strength and water
stability of the soil. It has been shown that if a disturbed soil is left at constant
water content and density, then its water stability and strength are gradually
regained with time (Mitchell, 1960). The regain of strength is caused by
reorganisation of the soil partides to new positions of lower free energy and
partly by the re-formation of cementing bonds between the soil particles
(Utomo and Dexter, 1987ai Molope et a1.,1985). The importance of the age
hardening process in increasing the stability and strength of both field and
artificial aggregates in the absence of biological activity has been shown by
Blake and Gillman (1970).

8.5 Concluding remarks
Although the controlted environmental conditions under which the

experiment was conducted and the restricted volume of the pots would be
expected to magnify the effects of different plants on aggregation, the results of
this study indicate that growth and activities of roots may be an important
factor in controlling changes in aggregation and therefore soil structure in beds
of large aggregates. Both RLD of the species and soil watering regimes were
associated with the changes in ASD and properties of the aggregate. The
practical significance of this result is that may be possible to use plant roots to
alter the tilth of a seedbed for both seed germination and control of erosion.
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Section 9

General Discussion and Conclusions

9.1 Introduction
This final section of the thesis considers and discusses the findings of

the whole research project. It attempts to integrate the conclusions drawn
from each experiment and identifies future research needs. Finally, some
general conclusions are drawn from the work. The discussion will be
presented in two main sections, oíz that related to the ability of roots to
penetrate strong soil and that dealing with formation and/or modification of
aggregates by plant roots.

9.2 Penetration of roots in strong soil
The work of Sections 3 and 4 was aimed at providing a link between

basic plant physiological properties on the one hand and the response of
roots to practical soil management programmes on the other. Evidence from
the results of experiments from the study support the claim that the process
of biological ploughing does occur and that plant species differ in their ability
to creat biopores in strong soil.

The main finding from the study was that the elongation of roots in
strong soil was related to the diameter of the root. A summary of the
relationships between root diameter and elongation under osmotic and
mechanical stress conditions in the laboratory studies are presented in Fig.
9.1. A similar relationship was found for the penetration of roots into a

compacted subsoil in a field experiment (Section 6). The relationship
between the relative root diameter (RRD) and the percent of roots
penetrating into the compacted subsoil (Pr) for all the species was found to be

Pp = -15.52 + 40.54 RRD 1n2 = 0.94) te.1l

The exact mechanism(s) responsible for the difference in the ability of
roots of different species to penetrate strong soil cannot be clearly identified
from this work. However, the results from both laboratory (Sections 3 and 4)

and field (Section 5 and 6) suggest that root diameter may have strong
influence on the penetration of roots into strong soil. This has been related
to the maximum root growth pressure exerted by the roots and its effects on
the mode of soil deformation. Radial enlargement of roots may also facilitate



t32

root penetration by a mechanism of tensile failure ahead of the ¡6,o1 (Barley,

1,963). Large diameter roots may require less pressure to penetrate soil
surfaces of a given strength than small diameter roots. However, Greacen
(1986) has hypothesized that maximum growth pressures of roots are
temperature dependent. It would be appropriate to test how root growth
pressure is influenced by temperature.
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Fig.9.1 Relationships between diameter and length for the roots
of the plant species grown under mechanical (1.14 MPa) and osmotic
(1.0 MPa) external stresses.

The above finding is significant in that it emphasises the importance of
the morphological characteristics of roots in the process of biological
ploughing. It suggests that the penetration of thin roots in compacted soils
may be limited while that of thicker roots could still proceed slowly. This
means that there is a possibility of selecting plants for the ability of their
roots to penetrate strong soil. The methods developed in this study can be
important tools in the selection of species whose roots have the greatest
potential to penetrate strong soil.

Although the main discussion on the differences in the penetration of
roots by the species has centred on root morphology i.e. physical
interpretation of the influence of root expansion on soil deformation, there
are also physiological characteristics of roots (e.9. rheological properties of
the cell wall and efficiency of roots to osmoregurate against stress) which

3
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could account for the differences in the ability of roots of species to penetrate
strong soil. These will now be discussed.

The rheological (plastic and elastic) properties of the walls of root cells
influence the extensibility (m in Equations 2.3 and 2.4) of the cel[, and have
been shown to play a major role in controlling the growth of roots (e.9.

Pritchard et ø1., 7987; Cleland, 1971). Cell extensibility has been shown by
Lockhart (1965) to be a function of cell wall thickness and cell radius. This is
consistent with the finding of Elkins et al. (7977) who reported that roots of
bahiagrass have a fibrous sheath beneath the epidermis and daimed that this
enabled them to penetrate strong soil, probably because they were more
resistant to buckling. Rigidity of root tips was not investigated in the species
used in this study and so cannot be claimed to be the main reason for the
differences. It is recommended that future studies on root penetration in
strong soil should include measurements of elastic properties of the roots.
Methods of assessing the elastic properties of roots are available (e.9.

Whiteley and Dexter,7987a; Whiteley et a1.,1982).
Another reason for the differences in penetration by different species

could be related the efficiency of the root cells to osmoregulate against stress.
Osmoregulation is an adaptive characteristic of the cell which allows the
root to counteract a decrease in its water potential. It involves passive
accumulation of electrolytes in the cells leading to maintenance of turgor
and hence continued growth of the root (Morgan, 1984). Substantial
differences in osmotic adjustment may exist between species. Efficiency of
osmoregulation has been related to the type of solutes accumulated in the
cells (Atwell, 1988; Morgan, 79U).It would be interesting to study the nature
of solutes accumulated for osmotic adjustment under the conditions of
mechanical and osmotic stress used in this study and relate them to the
efficiency of osmoregulation and root penetration.

The results reported in Section 6 show that biopores formed by roots
improved the drainage of water through a compacted subsoil. This means
that the structure of degraded subsoils could be regenerated by careful
management of root action. Management of root systems for this purpose
could include the isolation of genes (if any are responsible), which enable
some plant roots to penetrate strong soil, and incorporate these through
breeding and/or genetic engineering into some useful cultivars. This could
produce species with superior ability to penetrate strong soil. The species

could then be incorporated into existing cropping systems for creating
biopores in soils with compacted layers.
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It has been postulated that having many biopores made by roots with
large diameters in the compacted subsoil might benefit subsequent crops by
providing better access for roots to water and nutrients in the subsoil.
However, the specific beneficial effects from such biological ploughing on
the subsequent crops have not been established in this study. I¡r most studies
where ímproved growth of crops has been attributed to biological ploughing
(e.g. Angus eú ø1., 199'1.; Elkins et ø1., 1977; Henderson, 1989; Hulugalle and
Lal,'1,986), improved porosity of the subsoil was only partly responsible for
the improvement in crop growth. It is difficult to separate the specific effects
of pre-existing biopores from other beneficial effects of crop rotation such as

disease control, nitrogen fixation and other dranges in the soil. There is need
for future work to quantify the specific effects of biopores from bilogical
tillage on root growth, water use and yields of suceeding crops.

Benefits of biological tillage will obviously depend on the soil type and
climatic conditions. Jakobsen and Dexter (1988), for example, showed from a

computer model that a large number of pores were needed to ensure timely
root penetration to depth in a short growing season. By contrast, in dry
conditions, improved root penetration might possibly dectease wheat grain
yield due to increased early water use resulting in less soil water being
available at grain filling. Their calculations further showed that the effects of
biopores on transpiration vary from year to year depending on rainfall and
its distribution in time, and on the amount of soil water stored at time of
sowing. This suggests that the benefits of biological tillage are seasonally
dependent and so we need to consider the specific weather conditions under
which such an approach would be effective. Little is also known about the
number or diameter of biopores needed to ensure adequate root growth in
the subsoil by the succeeding crop under specific dimatic and soil conditions.
Further work is needed to quantify the size, number and distribution of
biopores required by different crops.

Another area that needs to be understood in biological ploughing is the
question of whether the growth of roots into these existing biopores does not
affect their functional efficiency in the subsoil. Kirkegaard I 1997 (Personal

communication) has suggested the possibility that when roots grow in
subsoil through pre-existing channels, their functional efficiency might be
reduced (relative to roots growing through weak soil) because of some or a
combination of the following reasons.

(a) Roots clustered into biopores act effectively as a single root in a large
volume of soil. The major resistance to water uptake thus shifts from the
root itself to the rapidly drying soil sorrounding roots (Passioura, 1988;



135

Tardieu et ø1., 7992). The uptake of water and immobile nutrients such as

phosphorus would be particularly compromised by clumped root
distribution (Baldwin et ø1.,1972) although the subsoil would not be expected
to contain much phosphorus in a form available to plants.

(b) Depending on the size of the pores, roots growing in pores larger
than their own size may suffer a further impediment to taking up water
because the intimate contact between root and soil is missing when a root
grows in an existing pore. This may reduce the efficiency of water and
nutrient uptake by the root. Herkelrath et ø1. (1977) have shown that when
roots are clumped together in macropores, the clumps may be so widely
spaced in the soil that nominally available water is poorly accessible. The
result may be that roots fail to extract water, especially from deep in the
subsoil, even though a substantial length of root is present at this depth.

(c) A seminal/nodal root which encounters a biopore is likely to
continue to grow there until the biopore ends, even if it is not vertical,
because the root tip will strike the pore walls at low angle of incidence and be
deflected. Lateral roots arising from this root will strike the pore walls more
or less perpendicularly, which gives the greatest chance of penetration
(Dexter, 1986a). If penetration of the pore wall is successful, then problems of
poor root distribution and poor root to soil contact can be overcome.
However, the lateral roots face two problems when striking the wall of a

biopore which are not experienced by the seminal/nodal roots.
Firstly, the soil at the walls of biopores made by roots would have been

compressed as the root moved forward, and by secondary thickening of the
root. Dexter (1987a) has shown in a model that the density of soil decreases
exponentially with distance from the root surface with an exponent which is
a constant multiple of the root diameter. Secondly, the roots striking the
wall of a biopore are unconfined laterally, and thus the maximum pressure a

root can exert may be limited by buckling stress of the root (Whiteley et ø1.,

1,982). The greater the air gap which a lateral root must traverse before
striking the wall, the lower will be the axial pressure which will cause
buckling. Buckling of roots lowers the angle of incidence between the root
tip and the pore wall, causing the root to be deflected so that it grows along
the biopore (this assumes that the biopores are vertical).

(d) Living and dead roots provide substrate for microorganisms so that
the microbial activity in the rhizosphere can be very different from the bulk
soil. Roots clustered in biopores could be subjected to a strong dose of either
symbiotic or pathological organisms, which have not been diluted by effects
of tillage (Evans and Miller, 1988; Chan et ø1.,1939). Similarly, Kimber (1973)
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has shown that decomposition of certain crop residues can have potent
allelopathic effects on subsequent crops.

Although above explanations highlight some problems which could be
faced by roots growing through biopores in a compacted layer compared to
roots growing in weak soil, it should be emphasi"ßd that in very strong and
non cracking soil, clumped roots may be preferable to having no roots at all.
It is clear however that more information on the benefits arising from
biological ploughing on growth of succeeding crop is needed. ff benefits from
biological ploughing can be clearly demonstrated and documented, there are
several options to manipulate cultural practices to utilise the process. It is
unlikely under dryland conditions that deep rooted species which do not
have a commercial return in their own right could be justfied economically
and grown solely for beneficial effects on soil structure. However, crop
rotations could be adjusted so that de"p rooted species suctr as safflower and
lupins preceed crops with low penetration ability such as ryegrass.
Opportunities may also exist under irrigation or in horticultural enterprises
to grow short season cover crops for improvement of soil structure between
main crops.

It is also possible that increased rooting due to increased number of
large biopores might have some secondary benefits on structure, especially of
cracking clay subsoils. The increased rooting depth with subsequent greater
drying of the subsoil might produce shrinkage cracks that improve subsoil
structure. When the profile wets up, the shrinkage cracks will close but the
biopores may remain open and continue to provide paths for root
penetration (Dexter, l99t).

Masle and Passioura (1987) suggested that roots may be able to "sense"
the strength of the soil environment and send signals to the leaves which
reduces the rate of expansion of the leaf and stomatal conductance of the
leaves. Passioura and Gardner (1990) have suggested that these inhibitory
chemical signals are induced by both the strength of the soil as it dries and by
the fall in water potential of the soil. It looks as if roots can affect changes in
the soil as well as the shoot at the same time. Measurements of shoot
characteristics were not made in plants used in this study. It is recommended
that characteristics of the shoot e.g. Leaf expansion rate, leaf-water potential
and stomatal resistance should be examined in future investigations and
interpreted together with the root information.
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9.3 Formation and/or modification of aggregates by plant roots
The experiments reported in Sections 7 and 8 examined and compared

the ability of roots of different plant species to form aggregates in soil. It
presents the options and mechanisms likely to occur in the process of
aggregate formation by plant roots. The results showed that plant roots
influence the size and properties of aggregates differently in different soils.
The aggregation process occurred more intensively when there was a high
amplitude and frequency of wetting and drying cycles in the soil. The
significance of this finding is that since the amounts of roots in the soil can
easily be modified by management (i.e. choice of species, planting density
and pattern of planting), it is possible that the process of aggregation in a soil
can be controlled by management of the root system. Such management
options could include the manipulation of root system distribution in the
profile to optimize the RLD (root length density) which in turn would
control the drying of the soil.

The large variations in RLD between species made it difficult to isolate
the specific effects of root morphology on aggregation (e.9. pea produces a tap
root whereas wheat and ryegrass produce a fibrous root system). To isolate the
effects of root morphology on aggregation would require designing an
experiment where all the species had the same RLD so the only difference
between the roots was their morphology. lt is not known whether such an
experiment would lead to conclusions similar to those in this study.

One soil property which was significantly influenced by the growth of
plant roots (Sections 6,7 and 8) was the size and distribution of aggregates.
Aggregate size distribution is an important issue when considering soil
erosion and optimum seedbed tilth for germination. Small aggregates are
more vulnerable to erosion by wind and water than large aggregates.
However an optimum seedbed for germination requires a combination of
both large and small aggregates. The significance of the findings is that plant
species could be selected or combined so that their roots produce the
distribution of aggregate sizes which offers optimum conditions for crop
growth. The results of this work also confirm the well known effects of roots
in maintenance of water-stable aggregates. Stable aggregates have the benefit
of reducing surface crusting and erosion of soil.

The results of this study have shown that root characteristics
responsible for penetration in strong soil are different from those
responsible for enhancing the formation of aggregates. It should be
emphasized that penetration of roots and aggregation are interrelated. Both
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are aspects of generating soil structure as soil structure involves both pores
and aggregates. They are also dependent on each other e.g. the size and
distribution of aggregates does influence the porosity of the soil and vice
versa. This means that both the ability of roots to penetrate strong soil and
the ability of roots to stabilise aggregates are important and should be
considered when selecting species for soil amelioration. It may require that
plant species be matched so that a species that can penetrate a compacted
layer is followed by one which encourages reaggregation and stabilisation of
aggregates.

9.4 GeneralConclusions
1. The exposure of roots to external mechanical and osmotic stress

under controlled conditions in the laboratory has shown that root growth is
sensitivef&ress. Both stresses caused significant reduction in the elongatÍon
and increase in the diameter of roots of all the twenty-two plant species
investigated.

2. Plant species differ in their responses to stress. Species whose
roots thickened most tended to elongate more under stress than those which
did not. There was strong correlation between root diameter of stressed
plants and penetration in stressed plants.

3. High soil strength in the subsoil of a red-brown earth
significantly reduced the elongation of roots of all species and caused the
diameters of the roots to increase. Differences in the penetration ability of
the roots were found to be related to the size of the root. Species with bigger
diameters (mostly dicotyledonous) penetrated to greater depth than
monocotyledons (with smaller diameters). The superior penetration of thick
roots was interpreted to mean that thick roots were more efficient at
deforming the soil during penetration than thin roots.

4. A comparison of the accuracy of the two laboratory methods to
predict the ability of roots to penetrate strong soil in the field showed that
the method involving mechanical stressing of roots is better than that
involving osmotic stress. In both methods however, the ability of the root to
thicken when under stress was found to be a better indicator of root
penetration than the ability of the root to elongate.
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5. Biopores created by the roots during penetration had significant
influences on the flow of water through the compacted soil. The higher
sorptivities in soils planted with dicotyledonous species compared to those
with monocotyledons was attributed to possibility of larger biopores being
created by the roots of the dicotyledons.

6. Growth of plants in homogenised soil and in beds of coarse
aggregates resulted in significant changes in the extent of aggregation and in
properties of the aggregates. The main properties of aggregates which were
affected by the growth of roots were the size distribution, tensile strength and
stability of the aggregates. Plant species differ in their influence on these
properties. The differences were attributed to differences in the root length
density of the species. Aggregation of soil by plant roots was strongly
influenced by the shrink/swell properties of soil and the degree to which the
soil had been wetted and dried. The following processes may be involved.

(a) Compression of aggregates by effective stresses generated as a result
of water extraction from soil by plant roots was considered an important
mechanism responsible for the high bulk density and tensile strength of
aggregates formed by plant roots from homogenised soils. Wetting and
drying of soil lead to the formation of smaller but stronger aggteates in soil
with high clay content.

(b) In soils with high clay content, cracking of soil leads to production of
smaller aggregates due to tensile stresses generated within the root zone.
Plant roots play an important role in the formation of aggregates by drying
the soil.
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