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Roots of Stylosanthes hamata create macropores in the compact layer of a
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Abstract

The paper presents results of a field experiment designed to investigate the potential use of forage legume Stylosan-
thes hamata (stylo) to ameliorate the structure of a compact layer in sandy soils of Northeast Thailand. Sandy and
acidic soils that are common to Northeast Thailand have restricted agronomic potential due to inherent chemical
and physical properties. A compact layer at 20–40 cm reduces root elongation for most crops, thereby restricting
the quantity of nutrients and water available for the plant growth. Deep ploughing and subsoiling are costly and
have not been shown to be effective in overcoming compaction since these soils are unstable and collapse after the
first heavy rainfall event. A three-year study was conducted in order to evaluate the effect of continuous stylo on the
porosity of the compact layer and its influence on root elongation and yield of a subsequent maize crop. Continuous
stylo was grown for two years in experimental plots and compared to a currently used stylo-maize rotation. Root
distribution and macropore density were measured under the two cropping systems. After 24 months of continuous
stylo, roots were able to penetrate the compact layer, resulting in a significant improvement in the macroporosity of
this layer. The subsequent maize crop developed a deeper and more extensive root system using macropores created
after 24 months of continuous stylo when compared to the stylo-maize rotation treatment. This study demonstrates
the potential role of Stylosanthes hamata in structural amelioration of sandy compact layers.

Introduction

Light textured soils are widespread in the tropics and
constitute an important economic resource for agricul-
ture despite their inherent low fertility (Panichapong,
1988). Such soils occupy a significant area of the
Northeast Thailand plateau (Ragland and Boonpuck-
dee, 1987). The vegetation was originally dominated
by climax Dipterocarp forests until 40 years ago,
when they were extensively cleared for timber and ag-
riculture. In their pristine state these soils are highly
productive in that they support climax forest com-
munities. However, when cleared and placed under
agricultural production, they become problematic and
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their productivity declines rapidly (Kheoruenromne
et al., 1998).

These soils are often characterised as being of
a sandy texture, acidic to depth (pHCaCl2 around
4.0) with very low exchange properties (CEC <

2.5 cmolc kg−1) and therefore a low nutrient sup-
plying capacity. Similarly, the physical characteristics
of these soils are poor with a compact layer often
developing at 20–40 cm that prevents root prolifera-
tion at depth (Bruand et al., 2004; Hartmann et al.,
1999). Whilst this layer restricts root growth it does
not prevent the rapid drainage of these soils and there-
fore does not enhance the water holding capacity
as observed in other compact sandy soils (Mamman
and Ohu, 1997). Therefore a plant with deep-rooting
characteristics could potentially enhance the rooting
characteristics of subsequent crops, thereby improving
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soil nutrient recycling and crop productivity (Salako
et al. 2002).

The impacts of soil structure on root growth and
proliferation is a topic that has received considerable
attention over the past decade (Passioura, 1991; Stirza-
ker et al., 1996; Angers and Caron, 1998). It has been
shown that root proliferation in the soil is closely de-
pendent on the presence of macropores (Hatano et al.,
1988; Hatano and Sakuma, 1990; Stewart et al., 1999).
Various studies, using artificial impenetrable subsoils
containing arrays of cylindrical holes (Dexter, 1986),
artificial perforations of a compact layer (Nambiar and
Sands, 1992) or artificially-made macropores that sim-
ulated vertically oriented bio-pores (Nakamoto, 1997),
confirmed the importance of macroporosity in im-
proving root proliferation below compacted layer by
subsequent crops. Mechanical modification of the soil
profile, through deep-ploughing or subsoiling, is able
to significantly increase the porosity of soils. However,
such profile modifications require significant inputs of
energy that is often beyond the means of resource-poor
farmers and invariably, the benefits diminish rapidly
after the first heavy rains due to the inherently unstable
nature of these soils (Hartmann et al., 2002). Actively
growing plant root systems have the potential to ameli-
orate subsoils in poor physical condition by biological
drilling (Cresswell and Kirkegaard, 1995). Decaying
roots leave a continuous network of vertically-oriented
macropores that the subsequent plants can use (Volk-
mar et al., 1996; Angers and Caron, 1998). It has
been shown for example, that a severely compacted
sandy loam soil can be ameliorated by a cover-crop
through the combined effects of organic mulches and
root drilling (Stirzaker and White, 1995). At the other
extreme of soil texture, Pillai and McGarry (1999)
have demonstrated that plant roots were able to im-
prove the structure of a compacted vertisol (roots and
wet-dry cycle actions).

Stylosanthes hamata has the ability to significantly
increase the number of macropores in long-term trop-
ical legume/pasture mixes through the process of root
drilling (Bridge et al., 1983) and is therefore an ideal
low-cost method for improving the quality of native
pastures and legume-based cropping systems (Miller
et al., 1991; Oikeh et al., 1998). In contrast, the grow-
ing of Stylosanthes hamata in a 3–4 month rotation
with a non-legume crop has been shown to increase
the nitrogen content of the soil and, therefore sup-
ply nitrogen to the subsequent crop, but had no effect
in ameliorating soil structure in Northeast Thailand
(Ruaysoongnern and Aitken, 1980). This may in part

be attributed to the short duration of the legume com-
ponent since it has been observed that the density of
macropores under Stylosanthes hamata increases sig-
nificantly only after several years of permanent pasture
(Bridge et al. 1983).

A three year field study was undertaken to in-
vestigate the potential role of Stylosanthes hamata
in ameliorating the structure of a compact layer in a
typical light textured soil in Northeast Thailand. The
effectiveness of stylo in enhancing the rooting depth
of a subsequent maize was assessed with respect to
(i) the ability of the species to penetrate a compacted
layer, (ii) the creation of macropores by roots into the
subsoil and (iii) the benefits to the subsequent maize
crop.

Materials and methods

Site characteristics and soils

The study was conducted in Northeast Thailand at the
Land Development Department research station loc-
ated 15 km from Nakhon Ratchasima, Korat province
(15◦ N, 102◦ E). The choice of the site was based on
previous studies that highlighted a high resistance to
root penetration, particularly in the subsoil (Hartmann
et al., 1999).

Northeast Thailand is characterised by a semi-arid
tropical climate with a distinct rainy season from April
to October and a dry season from November to March.
The average annual rainfall is 1020 mm. Annual and
monthly rainfall is highly variable on a year to year
basis (min = 599 mm and max = 1446 mm for the
period 1971–1998). Rainfall generally exceeds evap-
oration during the growing season and there are at least
3 months of dry season in the year. Water stress is fre-
quent for most crops, not only during the dry season,
but also between the rainfall events, due to the rapid
drainage and inherent low water holding capacity of
the soil.

The soil at the experimental site is of a sandy
texture and belongs to the Nam Phong soil series
(Haimsrichat et al., 1993). It is classified as a loamy,
siliceous, isohyperthermic Arenic Haplustalf (Soil
Taxonomy) and Arenic Acrisol (FAO classification).
Selected chemical and physical characteristics of the
soil are presented in Table 1. Field measurements of
resistance to penetration are presented in Figure 1
along with the gravimetric water content under wet
and dry conditions.
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Figure 1. Resistance to penetration measured in the field with a pocket penetrometer. Both wet (–•–) and dry (–◦–) conditions are presented
with respective gravimetric water content profiles (average and standard deviation associated).

Experimental design

The study site has been under an annual cropping re-
gime since clearing of native vegetation that includes
ploughing to a depth of approximately 20 cm and
the subsequent formation of ridges on which the crop
was planted. Beneath the tilled topsoil, field obser-
vations indicate the presence of a subsoil with high
penetration resistance that decreased with depth (Fig-
ure 1). The study consisted of two treatments, namely,
(a) continuous stylo (CS) where S. hamata was grown
for 24 months before being converted to maize (Zea
mays cv. SW 3601) production in the third year; and
(b) stylo-maize rotation (SM) where S. hamata was
grown for 4 months, followed by maize for 4 month,
followed by a 4 month ley annual weedy pasture over
the dry season. The latter treatment represents current
farming practice. The experimental design was a ran-
domised complete block design with 10 plots of 48 m2

in area (8 × 6 m) for each treatment.
During the maize cropping phase, the soil was

ploughed to a depth of 20 cm and ridges 10 cm high
and 30 cm wide were formed. Ridging was undertaken
to prevent flooding of the crop during heavy rainfall
events which are common during the wet season.

Maize was established at a density of 50,000
plants ha−1 with an average of 3 plants per stand
on ridge. Stylo was established at a density of
30,000 plants ha−1 with an average of 2 plants per
stand on ridge, as generally practised by farmers.

Five replications of CS and SM were destructively
sampled to describe the stylo root system and macro-
pore density after 24 and 4 months, respectively. The
remaining 5 replicates for each treatment were used to
describe these attributes at the end of the 3 year cycle.
Macropore density of the compact layer was quanti-
fied in the field 2 weeks after harvesting stylo for both
treatments.

In the final year of the study (year 3), maize (Zea
mays cv. SW 3601) was grown using identical agro-
nomic practices in the 10 remaining plots (SM = 5;
CS = 5). Maize root systems were described for each
treatment at the flowering growth stage. Total above-
ground biomass, grain yield, cob number and weight
were measured on each plot at physiological maturity.

Macropores quantification

Porosity is usually investigated through micromorpho-
logical observations of impregnated blocks or thin
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Table 1. Selected soil physical and chemical properties of the Arenic Acrisol used in the study

Particle size distribution (g kg−1) OC pH CEC BD

mesh equivalent diameter in µm (%) (cmolc kg−1) (Mg m−3)

<2 2–20 20–50 50–200 200–500 500–100 1000–2000 2000–5000 H20 CaCl2 Mean SD

10–15 cm 37 63 60 381 357 81 19 2 0.19 4.5 4.0 0.9 1.48 0.07

25–35 cm 53 64 61 399 331 75 17 <1 0.17 4.6 3.9 1.2 1.69 0.05

40–50 cm 88 65 69 347 324 96 11 <1 0.08 4.8 3.9 2.3 1.67 0.05

OC is organic matter content; pH was measured in both water (pHw) and 0.01 M CaCl2 (pHCaCl2) using 1:5 soil:solution; CEC is
cation-exchange capacity; BD is dry bulk density measured in the field using cylinders; SD is standard deviation (n = 5).

sections (Krebs et al., 1994; Bruand et al., 1996; Stew-
arts et al., 1999). These studies give accurate results
but are time consuming and therefore not suited to
large area observations. On the other hand, Volkmar
(1996) observed that only macropores of equivalent
diameter greater than 500 µm resulted in a positive
correlation with root growth. As these macropores are
visible to the naked eye, we estimated their density in
the field using a similar methodology to that described
by McKenzie and Jacquier (1997). Assuming that the
main physical barrier to root proliferation occurs at
20–40 cm (Hartmann et al., 1999), we limited our
quantification of macropore to this layer.

The method used to quantify macropores consisted
of initially excavating and removing the top 30 cm
of the profile and then preparing a horizontal area
(1 m2) that is situated in the middle of the compact
layer. When preparing a large and relatively flat soil
surface in the field, it is often difficult to ensure that
the structure and the porosity are not disturbed (i.e.,
by smearing of soil in some places). In our case, the
structure of the soil is inherently unstable even after
ploughing and subject to rapid slumping under wet
conditions (Hartmann et al., 2002). With respect to
the compact layer (20–40 cm depth) that is below the
ploughed layer and therefore unaffected by tillage op-
erations, it has a massive structure and is therefore
resistant to changes in structure and porosity due to
disturbance (Bruand et al., 2004). The structure of
this layer is characterised by a close arrangement of
fine sand that presents high resistance to deformation
in the non-ploughed state. The clay, even though in
small quantities, acts as a cementing agent under dry
conditions, thereby increasing the soil strength and
resistance to structural deformation when disturbed.
Observations were made under dry conditions in order
to limit any possible disturbance to the structure. The
surface was carefully cleaned using a soft brush and
air-blown in order to highlight macropores and decay-

ing roots, and vertical macropores visible to the naked
eye were quantified, independently of their shape or
origin. Observations were undertaken on 5 plots per
treatment with 25 replications per plot (125 macropore
assessments for each treatment). There is no consensus
on the definition of a macropore, especially on the
range of equivalent diameter (Luxmoore et al., 1990).
In this study, we consider all pores of equivalent
diameter > 500 µm as macropores.

Root system description

Tardieu (1988) concluded that the commonly used cri-
teria of Lv (root length per unit of volume) and HMDR
(half distance between neighbouring roots) are not ad-
equate parameters for assessing root system structure
in studies on the effects of soil tillage or compaction
due to the horizontal variability of Lv. In order to
characterize root systems as water and mineral ele-
ment sinks, we used a mapping method, adapted from
Tardieu and Manichon (1986), which consisted of
mapping the frequency of roots on a 100×60 cm2 ver-
tical face (three plants for stylo, five for maize) using
a 2×2 cm grid. A trench was dug perpendicular to the
planting line for stylo and along the planting line for
maize. Descriptions of the root distribution in each of
the treatments consisted of determining the presence
or absence of at least one root in each of the 2 × 2 cm
cells for the entire exposed profile face. Using this ap-
proach, problems of root clumping due to the presence
of cracks or holes is avoided. Results were expressed
as root frequency impact (percentage of cells occupied
by at least a root) for each depth (Nicoullaud et al.,
1994; Tardieu and Manichon, 1986).

Statistical analysis of all data was undertaken using
the software package Statistix 7 (Analytical Software,
2000).
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Figure 2. Root frequency impacts of Stylosanthes hamata, 4 months (–•–) and 24 months (–◦–) after establishment. ‘S’ indicates significant
difference for the considered depth (n = 5, P < 0.05).

Results

Root frequencies of stylo

Figure 2 presents root frequencies of stylo after 4 and
24 months as a function of depth from the top of the
ridge down to 70 cm. The height of the ridges changed
with time due to their collapse and settling, and after
24 months, the original ridges were no longer evident.
From 0 to 15 cm depth, roots were observed in approx-
imately 80% of the cells in both the 4 and 24 month
samples. Whilst there was a decline in root frequency
over this depth interval, regardless of sampling time,
there were no significant differences between the CS
and MS treatments. Conversely, over the 15–30 cm
depth interval, frequency values decreased linearly
with depth for both treatments (from 80 to 20–30%).
However, root frequencies were significantly (P <

0.05) higher under the 24 month CS treatment when
compared to the 4 month SM treatment and these
differences persisted to 70 cm (Figure 2).

Root frequencies of maize

The root frequencies of the maize crop established
in the third year of the study under the CS and SM
treatments are presented in Figure 3. The shape of
the frequency distribution curves was similar for both
treatments with 80–90% root frequency being recor-
ded in the 0–10 cm depth interval with no significant

differences between treatments. However, in the 10–
70 cm depth interval, maize root frequencies were sig-
nificantly (P < 0.05) higher under the CS treatment
when compared to SM treatment.

Macropore density in the compact layer

The presence of vertically-oriented macropores under
the two treatments as a result of stylo production is
presented for each treatment in Figure 4. Significantly
(P < 0.05) higher macropore densities were observed
under the CS treatment when compared to the SM ro-
tation treatment. Variability between individual replic-
ations of the same treatment was considerably higher
under the SM treatments when compared with the CS
treatment with coefficients of variation of 73 and 24%,
respectively. Variability related to uncertainty of the
method is difficult to estimate but considering that all
replicates were processed under the same conditions,
the variability is assumed to be the same for both
treatments.

Discussion

Ability of stylo to develop roots in compacted soil
layers

Regardless of species, root development and prolif-
eration was greatest in the topsoil and ridge regions
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Figure 3. Root frequency impacts of a maize crop (in the third year of the study). Stylo/maize rotation (–◦–) and continuous stylo treatment
(–•–). ‘S’ indicates significant difference for the considered depth (n = 5, P < 0.05).

(Figure 2–3) where penetration resistance is lowest
(Figure 1). However, root frequency rapidly declined
when the compact layer was encountered. At depths
below 40 cm, resistance to root growth decreased and
therefore root frequency tended to remain constant
with increasing depth. This confirms the presence of
a physical barrier that impeded root proliferation at
depth and previous observations made on these soils
(Hartmann et al., 1999).

By comparing the root distribution of maize and
stylo it is possible to assess the ability of the individual
species to either create or utilize existing macropores
to overcome a compacted layer. In the case of maize,
most of the root system is confined to the topsoil (Fig-
ure 3). However, below this region of low soil strength
relatively few roots was evident indicating the inability
of the species to pass through the compact layer. It
is well recognized that maize roots develop in zones
of low resistance (Tardieu and Manichon, 1987) and
within existing macropores and cracks (Hatano et al.,
1988; McMahon and Christy, 2000). Nevertheless,
after 2 years of continuous stylo, roots were able to
penetrate this compacted layer, this being evidenced
by the significantly higher root frequencies observed.
This result supports previous observations made by
Bajracharya et al. (1996) on the ability of stylo root
systems to penetrate dense compacted layers. The fact
that there is a significant increase in root frequen-
cies between the 4 and 24 month would suggest that

penetration of this layer does not occur during short
rotations and that even stylo experiences difficulties in
penetrating this layer in the short term. Under non-
limiting physical conditions stylo roots have been ob-
served to develop to significant depth (> 3 m) thereby
allowing this species to actively grow during dry peri-
ods as is common to the semi-arid tropics (Williams
and Probert, 1984).

Subsoil macropore creation by roots of stylo

Macropore density was observed to be significantly
higher after continuous stylo when compared to the
current advocated 4-month legume/crop rotation that
is practiced by farmers in the region (Figure 4). This
would suggest that the development of macropores
within a compacted layer by stylo is time dependent.
The assumption is made that most of the macropores
that developed were due to the presence of stylo roots
as evidenced by the old or decaying roots. How-
ever, it is possible that some of these macropores
were created through greater biological activity asso-
ciated with the continuous crop cover associated with
stylo (Stirzaker and White, 1995). This result confirms
the augmentation of macropores in deeper layers that
Bridge et al. (1983) observed in the topsoil. Bridge
et al. (1983) also observed that macropore develop-
ment under a Stylosanthes hamata pasture increase
significantly only after several years of continuous
pasture indicating the importance of time. This would
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Figure 4. Vertically oriented macropore density of compact layer for the continuous stylo (CS) and stylo/maize rotation (SM) at 24 and
4 months, respectively. Vertical bar is the Least Significant Difference between treatments at P = 0.05 (LSD).

in part explain why Ruaysoongnern and Aitken (1980)
were not able to observe any amelioration in soil
structure in their studies with short rotation stylo and
convention crops in Northeast Thailand. The results
from the current study would suggest that in order to
achieve structural amelioration of compacted layers on
soil in Northeast Thailand using Stylosanthes, a min-
imum rotation of 2 years of continuous legume should
be advocated.

The main advantage of macropores developed by
roots when compared to subsoiling, is that they are
stable and will persist. Characteristics of the com-
pact layer on these sandy textured soils is that they
have a massive structure, no aggregation and insuf-
ficient clay to allow structure maintenance through
swelling/shrinking cycles. Mechanically modifying
the structure of these resistant layers enhances poros-
ity in the short term. However, due to the unstable
nature of the structure of these soils the benefits of
mechanical modification rapidly degenerates after a
significant rainfall event as water acts as a lubricant
thereby facilitating slumping (Hartmann et al., 2002).
In contrast, macropores developed from root chan-
nels are very stable because they develop in the stable
structure of the compact subsoil and likewise the com-
paction exerted by the roots when growing within this
layer makes them locally very coherent (Dexter, 1987;
Bruand et al., 1996).

Benefits to the subsequent maize root system

The root frequencies of maize were significantly
higher in and under the compact layer after CS treat-
ment (Figure 3). The structural improvement that
continuous stylo induced in the compact layer be-
nefited the rooting ability of the subsequent maize
crop. Maize was able to develop a higher density of
roots in the compact layer using macropores created
by decaying roots of the previous stylo and also in the
subsoil under this physical barrier where the resistance
to penetration decreased (Figure 1). These results sup-
port the findings of Stirzaker and White (1995) and
Stewart et al. (1999).

The fertility of sandy soils is inherently low and
under high intensity rainfall regimes that are typical
of most tropical climates this is exacerbated further
through leaching of nutrients beyond the rooting depth
of most plants. Therefore it is plausible that a plant
with deep-rooting characteristics or one that would en-
hance rooting characteristics for the subsequent crop,
represents a potential means of effecting better soil
nutrient recycling and stored water utilization that is
reflected in greater crop productivity (Salako et al.,
2002). In the present study there was no measured
improvement in maize yield after continuous stylo.
The lack of a significant response in the yield of
maize could be attributed to the unusual growing con-
ditions that prevailed towards the end of growing
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season, thereby masking any benefits associated with
improved rooting. Successive heavy rainfall events
resulted in the water table rising to near the surface
during the critical flowering stage thereby preventing
any water stress from occurring in the shallow-rooted
MS treatments, whilst hydromorphic conditions may
have affected the deep-rooted CS treatments. In addi-
tion, other confounding factors that are independent
of soil structure may have affected the yield responses
these including low soil pH (Noble et al., 1997), mi-
crobial interactions and hormonal effect (Passioura,
1991). Shehu et al. (1997) showed in some cases, that
intercropping maize with Stylosanthes hamata results
in a reduction of maize yield when compared to pure
stands of maize. Although they worked in a different
cropping system (intercropping instead of rotation),
where competition for water (Williams and Probert,
1984) and for nutrients (Haynes and Swift, 1984) are
factors to take in consideration, they did not find any
stylo beneficial effect on maize yield.

Conclusion

As a pasture species, Stylosanthes hamata is able to
grow on degraded soils with low pH and is econom-
ically profitable as it provides forage for livestock.
The advantages of stylo with respect to its ability to
provide nitrogen to subsequent crops is well known
and farmers of the Northeast routinely grow it in their
crop rotations (Ruaysoongnern and Aitken, 1980).

This study demonstrated that Stylosanthes hamata
is able to develop a significant quantity of roots both
in and below a compact physical barrier and that is
time dependent (e.g., at least 2 years under continuous
stylo). Decaying roots of stylo create a large number of
macropores that represent significant amelioration of
the compact layer. Subsequent crops are able to take
advantage of this amelioration through the develop-
ment of a more extensive root system in and under
the compact layer. This amelioration of compacted
layers by roots represents a potential low cost means
of improving crop productivity and face water stresses
during dry spells.

The only way to grow crops on these degraded
upland soils has long been to mechanically break the
compact layer. However, due to the unstable nature of
these soils they revert in less than one year to their
original compact state through slumping during the
rainy season with the corresponding collapse of mac-
ropores. By using stylo as a low-cost soil amelioration

technique, the development of stable macropores can
be achieved thereby enhancing the potential productiv-
ity of these soils. Further agronomic evaluations of
the benefits associated with increased macroporosity
through root drilling under adverse climatic conditions
(i.e., water limiting conditions) is required. The po-
tential effect of the structure amelioration on the yield
should be investigated independent of the provision of
nitrogen effects. Even if soil pH did not change sig-
nificantly during the three years of the study, the risk
of accelerated acidification (Noble et al., 1997) should
also be considered as a potential limiting factor with
respect to promoting stylo on these soils.
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