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ABSTRACT

Because of technical difficulties in measuring soil properties at a large scale, little is known about the effect of soil properties on
the spatial distribution of trees in grasslands. We were interested in the associations of soil properties with the phenomenon of
tree encroachment, where trees increase in density at the expense of grasses. The spatial variation of soil properties and especially
soil texture may modify the properties of hydraulic conductivity, and the availability of soil water and mineral nutrients, which in
turn may affect the spatial distribution of encroaching trees. Through the development of a geophysical method (Slingram) using
an electromagnetic device EM38 and Bayesian inversion, we were able to accurately map soil electrical conductivity (EC) of a
Luvisol in a grassland of South Africa. EC measured at the 0·8 to 2m depth on a 1·5 ha area is a proxy for clay content and was
correlated with the spatial distribution of four size classes of the encroaching Acacia sieberiana. Tree location (all sizes
considered) was significantly correlated with EC. Tall acacias (>3m height) were totally absent from patches with EC
>24mSm�1. For all other size classes from medium trees to seedlings, tree density decreased with increasing EC. This suggests
that high clay contents at depth associated with high EC values may prevent the establishment and/or survival of trees and
influence the spatial distribution of A. sieberiana. This result also shows that geophysical tools may be useful for demonstrating
important ecological processes. Copyright © 2014 John Wiley & Sons, Ltd.
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INTRODUCTION

Woody plant encroachment in grassland has been widely
studied (Archer, 1995; Brown and Archer, 1999; Sankaran
et al., 2005; Ward, 2005; Sankaran et al., 2008;
Van Auken, 2009). The main factors controlling this
phenomena are the availability of resources (water, nutrients),
fires, herbivory (Sankaran et al., 2004) and possibly global
climate changes (Bond and Midgley, 2000; Ward, 2010).
Scientists have only recently started to explore the factors
controlling the spatial pattern of encroaching tree populations
(Wiegand et al., 2006; Halpern et al., 2010; Robinson et al.,
2010). However, a better understanding of these patterns
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would give new insights into the complex issue of the
mechanisms leading to encroachment (Ward, 2005;
Graz, 2008). Various models have been proposed, including
spatially explicit models (Wiegand et al., 2005; Wiegand
et al., 2006; Meyer et al., 2007) where trees are aggregated in
patches whose dynamics are driven mainly by rainfall and
inter-tree competition with a shift between facilitation and
competition (Callaway andWalker, 1997; Halpern et al., 2010).
Soil nutrient patches have also been highlighted as driving
spatial patterns of palm trees in tropical humid savanna of
Lamto in the Ivory Coast (Barot et al., 1999). The opposite
relationship, i.e. herbaceous or woody vegetation modifying
soil properties and ecosystem functioning, has also been
demonstrated (Lata et al., 2004; Grellier et al., 2013b; Verboom
and Pate, 2013). If other studies mentioned the importance of
soil properties on dynamics of woody vegetation (Britz and
Ward, 2007; Schleicher et al., 2011), few have tested the effects
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of soil properties on vegetation spatial pattern in grasslands
(Browning et al., 2008; Eggemeyer and Schwinning, 2009;
Robinson et al., 2010; Colgan et al., 2012). Spatial variations in
soil properties and especially soil texture may modify the
availability of soil moisture (Weng and Luo, 2008;Wang et al.,
2012), the availability of mineral nutrients (Bechtold and
Naiman, 2006) and hydraulic conductivity (Corwin and Lesch,
2005). All these factors may affect the spatial distribution of
vegetation (Robinson et al., 2010).
The lack of studies addressing this type of issue is probably

due to technical issues of measuring soil properties at the
landscape scale. The recent interdisciplinary links between soil
science, hydrology and ecology (Young et al., 2010) offer
useful possibilities for throwing new light on this issue by taking
into account more factors that could be missed otherwise.
Within this framework, Robinson et al. (2008) considered
geophysical methods for mapping soil properties at the
watershed scale and related them to vegetation spatial patterns.
In this study, we explore the relationships between the

spatial pattern of trees and soil properties such as clay content
through geophysical measurements. As roots of adult
and young trees reach different soil layers (Grellier, 2011)
and because different processes affect their growth (Callaway
and Walker, 1997; Grellier et al., 2012a), we may find
differences between the spatial distributions of size classes of
trees. We focused on Acacia sieberiana, which encroaches
grasslands of KwaZulu-Natal in South Africa. The main
questions that we aimed to answer are as follows:

1. Does the spatial pattern of acacias depend on soil
properties (particularly clay content) at different depths?

2. Does this pattern change with Acacia size?

We answer these two questions by studying the relation-
ship between tree location according to tree size on a 1·5ha
area and measured electrical conductivity (EC) of soil linked
to the clay content of a two-layered shallow soil, e.g. a topsoil
at 0–0·8m (upper layer) and a subsoil at 0·8–2m (lower
layer). We used the non-destructive Slingram method to
characterize the EC of the first 2m of soil. This method has
often been used to study interactions between plants and soils
(Myers et al., 2007; Hossain et al., 2010). A previous study
(Grellier et al., 2013a), dedicated to methodology, validated
the geophysical method, which was used and was simplified
in this study to assess our ecological questions regarding tree
encroachment (cf. Discussion Section).
MATERIALS AND METHODS

Description of the study site

We conducted the study in a communal grassland of the
Potshini village (28° 48′ 37″ S; 29° 21′ 19″ E), Kwazulu-
Natal province, South Africa (Figure 1). The average
Copyright © 2014 John Wiley & Sons, Ltd.
altitude of the selected area of 1·5 ha (100m×150m) was
1305m a.s.l. The climate is sub-humid sub-tropical with
four seasons, of which two are well marked: wet summer
(October to April) and dry winter (May to September). The
mean annual precipitation calculated from 1945 to 2009
was 750mm (Grellier et al., 2012b). The mean annual
temperature in 2008 and 2009 was 16·3 °C. This site
belongs to the Northern KwaZulu-Natal moist grassland
biome (Mucina and Rutherford, 2006). Encroachment by a
single indigenous tree species, A. sieberiana var. woodii
(Burtt Davy) Keay & Brenan, has occurred in the valley for
the last 30 years (Grellier et al., 2012b). The geology of the
site is characterized by fine-grained sandstones, shales,
siltstone andmudstones that alternate in horizontal succession
and belong to the Beaufort and Ecca Groups of the Karoo
Supergroup (King, 2002). Unconsolidated colluvial polycy-
clic deposits up to 15m thick from the Pleistocene fill the
valleys and are very prone to linear gully erosion (Botha et al.,
1994). The general soil type is Luvisol (FAO, 1998) with
three well-delimited main horizons. The A horizon (between
0 and 40–50 cm) is coherent, loamy texture with brown
colour (10 yr 4/1 to 10 yr 4/3). The BtHorizon (from 40–50 to
70 cm) is dark brown (5–10 yr 4/2), clay-loamy, very
coherent and hard with a coarse blocky structure. The C
horizon below 80cm depth is a Pleistocenic colluvium 0·
30–5m thick, brown (7·5 yr 4/6 to 5/6) sandy clay loam, not
well structured, prone to dispersion. This layer could be
considered as a Paleosol. The clay mineralogy is exclusively
Illite in the A and Bt horizon and an interstratified illite/
illite-smectite in the C horizon. Evidence of lepidocrocite,
mineral typical of temporary water-logging appear just above
the Bt horizon (comm. pers. P. Podwojewski).
Topsoil and subsoil electrical conductivity measurement
with the Slingram EM38 device

The Slingram method for water and clay content
assessment has been applied by several authors (Cockx
et al., 2007; Hezarjaribi and Sourell, 2007). The general
principle of the Slingram EM38 device is well described by
McNeill (1980). To summarize, one coil serves as a
transmitter and produces an alternative magnetic field in
the ground (14·6 kHz for the EM38-MK2 used here). This
primary magnetic field induces an electric field E as stated
by Maxwell–Faraday’s equation. The induced electric field
leads to a current density →J according to Ohm’s law
→J ¼ σ→E, where σ is the EC. These currents produce a
secondary magnetic field following Maxwell–Ampere’s
equation. The former is detected by the second coil
(receiver) and is electronically separated from the primary
field. This secondary field directly reflects a mean
conductivity weighted in the medium under the coils.
The depth of investigation mainly depends not only on the
coil separation but also on the direction of the coils’ axes.
Ecohydrol. (2014)
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Figure 1. Location of the study site represented on an aerial photograph of 2008.

SOIL CLAY DRIVES SPATIAL DISTRIBUTION OF ACACIA
With the Geonics EM38-MK2 device we used in this
study, two modes of measurement were applied to benefit
from two different investigation depths: the vertical dipole
mode inwhich the two coil axes are vertical and the horizontal
mode where the axes are horizontal. Axes were separated by
1m to avoid high sensitivity to ground roughness that arises
with lower spacing. This was also adapted to the soil depthwe
particularly wanted to investigate (between the surface and
2m depth, with a peak of sensitivity at 0·4m in vertical mode
and for the first 20 cm in horizontal mode). We measured
conductivity in the 1·5 ha plot by taking readings at all
intersections of a 5 × 5m grid in both dry (June) and wet
(February) seasons, applying appropriate calibration methods
as described by Grellier et al. (2013a).

Electrical conductivity inversion scheme details

The method presented here uses the inversion method
given in a previous study devoted to the methodology of
the Bayesian inverse problem applied to Slingram data,
using the Potshini area of KwaZulu-Natal as a sample site
(Grellier et al., 2013a). Initially, preliminary pit logging of
resistivity and a set of Vertical Electrical Soundings lead us
to distinguish the main geoelectrical layers, characterized
by their large differences in EC. In this previous study
Copyright © 2014 John Wiley & Sons, Ltd.
(Grellier et al., 2013a), we mapped the conductivities of the
two layers including the depth of the interface, from the
EM38 maps sampled over a 5 × 5m grid. Both the 0·5m
and 1m coil spacings offered by the EM38 MK2 were used,
providing four data at each point (two spacings, vertical
and horizontal mode for each, with an accuracy of the
measurement approximately 1mSm�1). After inversion,
the first layer showed EC lying between 1 and 4mSm�1

and more often between 1 and 2mSm�1 during the dry
season. The second layer was more conductive, showing
lateral variation between 10 and 40mSm�1. In the present
study, we retained this Bayesian approach but significantly
simplified the procedure, using the lessons provided by this
initial study. We used a simplified two-layer model to
represent the soil EC in the first 2m, in which the interface
depth was fixed at h=0·8m (Figure 2). Setting a value of the
interface depth leads to robust conductivity estimations.
Only two parameters need be retrieved. This is consistent
with the fact that two data points are obtained by using the
vertical and horizontal mode in the 1m spacing. Addition-
ally, the widespread version of the EM38 (having only the
1m spacing available) is perfectly utilizable in that case,
and the whole procedure leads to a robust and simple
approach in the field.
Ecohydrol. (2014)



Figure 2. Photography of a gully side on the left and a typical electrical conductivity profile against depth (continuous curve) together with the fitted
model used in this study (dotted lines) on the right. (S) surface; (U) upper limit of the transition layer; (L) lower limit of the transition layer; (B)

conventional model bottom (=practical device sensitivity limit).
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We consider the curve represented in Figure 2 as a
representative EC profile of the study site. The first layer,
‘topsoil’, has an a priori low EC; the variability of the EC
of the second layer can be attributed to clay content
variability (Grellier et al., 2013a). In the previous study
with the full Bayesian approach, the measured EC
indicates (after inversion) an interface depth varying from
0.4 to 1m. Here, we chose h = 0·8m because it corre-
sponds to the inflexion point of the ‘typical’ curve and it
is also compatible with the uncertainties and the
equivalence law applied here (Grellier et al., 2013a). In
this model involving a fixed depth, the conductivities are
allowed to be free, and benefits from setting h in terms of
robustness.

A sensibility analysis

How are the data sensitive and representative of the model
two-layer conductivities? Assuming this simplified model,
the EM38-MK2 1m spacing displays an ‘apparent EC’,
which involves the two conductivities and the interface
depth. This apparent EC in the vertical dipole mode and
horizontal dipole mode, respectively, are given by
McNeill (1980)

σV
a ¼ σ1 1� RV½ � þ σ2RV

σH
a ¼ σ1 1� RH½ � þ σ2RH

(
(1)

where σ1 and σ2 are the conductivities of the topsoil and
subsoil, respectively, and

RV ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4h2 þ 1

p
RH ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4h2 þ 1

p
� 2h

8><
>: (2)

where h is the interface depth.
Copyright © 2014 John Wiley & Sons, Ltd.
Since h is fixed, RV and RH are known, and Equation (1)
becomes a simple 2 × 2 linear system with unknowns
{σ1,σ2}. Notice, however, that this simple formula [as well
as Equation (6)] cannot be used to process reliable inversion,
without additional considerations, because of the strong
correlation existing between the two conductivities. If one
wanted to perform an inversion from this formula, we should
take into account that these parameters are Jeffrey’s type
parameters and then one the conductivities must be replaced
first by their logarithms in the inversion scheme, as follows:

σV
a ¼ eΣ1 1� RV½ � þ eΣ2RV

σH
a ¼ eΣ1 1� RH½ � þ eΣ2RH

(
(3)

where

Σ1 resp:2 ¼ log σ1 resp:2
� �

(4)

The problem becomes nonlinear. A full inversion of
Equation (3) requires introducing a priori information, and
an algorithm capable of solving nonlinear problems, for
instance, the recursive formula 23 of Tarantola and Valette
(1982a). It is not used here, because we benefit from the
full Bayesian approach, whereas the Tarantola and Valette
method is ‘encapsulated’ in the Bayesian theory (also
synthesized by Tarantola and Valette (1982b)). Additional
points of view and justifications can be found in the work
of Grellier et al. (2013a) and a discussion about the
importance of considering Jeffrey’s parameter (in the work
of Tarantola (2005) appendix 6.2).
From pit measurements and first inversion trials, we

can form a first insight into the range of EC and we can
use a sensitivity analysis. Indeed, with h = 0·8m, we
numerically obtain
Ecohydrol. (2014)



SOIL CLAY DRIVES SPATIAL DISTRIBUTION OF ACACIA
RV ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4h2 þ 1

p ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 0:8ð Þ2 þ 1

q ≅ 0:53

RH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4h2 þ 1

p
� 2h≅0:29

8>><
>>: (5)

and

σV
a ¼ 0:47σ1 þ 0:53σ2

σH
a ¼ 0:71σ1 þ 0:29σ2

(
(6)

It shows that, for the vertical mode, 53% of the apparent
EC results from σ2 and 47% from σ1. If we give typical
values of 2 and 20mSm�1 to the two conductivities σ1 and
σ2, respectively, it shows that the contribution of the
second layer is at least 10 times that of the first layer,
whereas the ratio is about 4 in the horizontal mode. The
sensitivity of the measurement in the vertical dipole mode
to the conductivities below 2 m is reduced to
RV 2ð Þ ¼ 1ffiffiffiffi

17
p ≅ 0:24%. In the rest of the study, we consider

that the inverted second layer EC is representative of the
conductivity between 0·8 and approximately 2m.

Conversion of the electrical conductivity into clay content

Soil EC can be divided into two types, linked to the amount of
water and clay content (Revil and Glover, 1997, 1998; Leroy
and Revil, 2004). The first type is a bulk conductivity related
to Archie’s law, and the second type is a surface conductivity
linked to thewater trapped by clay. Following this distinction,
and according to Frohlich and Parke (1989), the effective
conductivity (which is also the apparent conductivity as
determined by the device) can be written as

σeff ¼ σwater

a
Θk þ σsurface (7)

whereσwater is the EC of the water,Θ the (mobile) volumetric
water content, a is a factor reflecting the influence of mineral
grains on current flow and σsurface is the surface EC related to
the clay content. Mualem and Friedman (1991) propose a
similar relation, setting k=2·5 and involving the porosity ϕ:

σeff ¼ σwater

ϕ
Θ2:5 þ σsurface (8)

The volumetric water content is classically linked to the
saturation (Sw) and porosity (ϕ) through Archie’s law
where n is the saturation exponent and m is the cementation
exponent of the rock:

Θk ¼ Snwϕ
m (9)

In the dry season, when the water content is very low,
two cases may arise: (i) there is almost no clay, and the EC
is residual and very low (below 5mSm�1); (ii) clays are
significantly present, and we can assume the observed
EC is due to the particles’ surface conductivity only. In
Copyright © 2014 John Wiley & Sons, Ltd.
formula (7) or (8), it is not certain whether the observed
residual is due to a residual amount of water or due to a
small amount of clay. However, when no mobile water is
available, the residual conductivity is a surface conductiv-
ity. This alternative issue has no major consequence in the
present study.
To convert the EC into clay content, we can use the

conversion formula given by Rhoades et al. (1989):

C ¼ σsurface þ 2:1
2:3

(10)

σsurface is given inmSm�1 (instead ofmS cm�1 in the original
formula), and clay content C in% (instead of decimals). From
this formula, the amount of clay of 5% (resp. 20%) leads to a
conductivity of 10mSm�1 (resp. 40mSm�1).

Tree mapping

All acacias were mapped using a differential global
positioning system giving an accurate position of 5 cm in
all three coordinates X, Y and Z. Regular grids of 10 × 50m
(allowing scanning of the area and mapping of the smallest
seedlings) were delimited to map all acacias. Acacias were
separated into different size classes according to Grellier
et al. (2013b) and the following criteria used: the height of
‘tall’ acacias was >3m. The height of ‘medium’ acacias
ranged between 1 and 3m. The height of ‘small’ acacias
was between 0·2 and 1m. Acacia seedlings were <0·2m
high. Acacia density was calculated for each size class by
counting trees in 5 × 5m squares centred on each value of
EC using ArcGis 9.3 (ESRI, 2008).

Data analysis

We tested whether the location of Acacia trees is spatially
correlated with soil EC at 0·8- to 2m depth by using the
Spatial Kolmogorov–Smirnov test of complete spatial
randomness included in the package Spatstat (Baddeley and
Turner, 2005) in R software version 3.0.1 (R Development
Core Team 2010, http://www.R-project.org). Soil ECwas log
transformed prior to statistical analyses.
From the results we obtained, especially for medium-

sized acacias, we found that EC might affect local
maximum densities of acacias. Thus, we calculated the
maximum Acacia density for all successive 1mS intervals
of EC values. Correlations between maximum Acacia
density and EC were tested with general additive models
in R.
RESULTS

Electrical conductivity map and clay content

In the dry season, the EC of the upper layer, σ1 (inverted
by the Bayesian scheme), was 1·5 ± 0·5mSm�1. The low
Ecohydrol. (2014)
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dispersion reveals the accuracy we have reached in the
inversion, likely because of a special calibration procedure
described by Grellier et al. (2013a). Because the accuracy
we expected from Slingram data was not better that
1mSm�1, σ1 was on the order of the detection limit of the
instrument. The map of σ1 does not carry any other
significant information and is not presented here.
Electrical conductivity of the lower layer, σ2, lies

between 6 and 44mSm�1 (Figure 3). The wet season
case, represented in Figure 4, is provided for comparison.
As previously stated, we consider that the most conductive
areas in the dry season (Figure 3) reflect the presence of
clay. Values of clay in the dry season, calculated with
Equation (10), lie between 3 and 20% (Figure 3). We can
suppose that the amount of clay derived may be affected by
uncertainties that are difficult to estimate, and suggest
viewing this clay content as semi-quantitative.
Acacia spatial distribution according to size classes

The four size classes of acacias showed different
distribution patterns (Figure 4). Tall acacias were mostly
located in the south-eastern part and in the north-western
part of the plot (Figure 4a). Medium acacias followed the
same pattern as tall acacias but with a higher density of
trees in the north-western and central parts (Figure 4b).
Small acacias had also a high density in the north-western
part and central part (Figure 4c). Seedlings were more
regularly dispersed on the plot with a high density in the
north-eastern part of the plot, unlike other size classes
(Figure 4d).
Figure 3. Electrical conductivity maps of the second layer, between 0·8m an
and dry season on the 1·5 ha plot. Clay content (%) is represented on the

(North up

Copyright © 2014 John Wiley & Sons, Ltd.
Relationship between Acacia spatial distribution and
electrical conductivity (clay content) of the lower horizon

The results obtained with the complete spatial randomness
test indicate that trees, independent of their size, showed a
significant negative correlation with the EC or clay content
of the lower horizon (Table I). All sizes, except tall acacias,
had individually a significant negative correlation with EC
(p-values lower than 0·05). However, tall acacias’ density
presented a clear threshold, with an absence of tall trees for
EC higher than 24mSm�1 or 12% of clay (Figures 5a and
6a). The mean value of EC where tall acacias were present
was 15·7 ±4mSm�1 (about 7% of clay). The EC values
above these thresholds were found in the north-eastern part
of the plot where EC reflects a higher clay amount in the
lower layer (personal observations, unpublished data).
Medium acacias did not show as clear a threshold as tall

acacias but showed a decrease of the maximal density with an
increase of EC (Figure 6b). The general additivemodel used on
the maximal densities of medium acacias and EC values was
highly significant (F=18·74, p< 0·0001) and explained
82·7% of the deviance in maximum medium Acacia density
(Figure 7). Small acacias showed a less clear threshold than
taller acacias, but their average densities dropped below 10
trees 100m�2 for EC values above 24mSm�1 (Figure 6c). No
pattern could be clearly observed for seedlings (Figure 6b).
DISCUSSION

The map of soil EC showed spatial variations within our
1·5ha plot. In our study, EC can be related mainly to soil
d 2m depths obtained with EM38-MK2, after Bayesian inversion in wet
colour scale for the dry season map. Coordinate system is UTM 35 J
ward).

Ecohydrol. (2014)



Figure 4. Acacia density map for each size class. (a) tall acacias; (b) medium acacias; (c) small acacias; (d) seedlings. Crosses represent each Acacia.

Table I. Outputs from the Spatial Kolmogorov–Smirnov test of
Complete Spatial Randomness (D-value) and the associated
p-value on the spatial correlation between electrical conductivity
values and tree locations.

Tree size D p

Seedling 0·09 0·0019 *
Small 0·10 <0·0001 **
Medium 0·11 0·0025 *
Tall 0·15 0·0733 ns
All sizes 0·07 <0·0001 **

‘ns’ means not significant.
Stars indicate significant p-values:
*p< 0·01
**p< 0·001

SOIL CLAY DRIVES SPATIAL DISTRIBUTION OF ACACIA
texture (clay content). This hypothesis, viz., that clay is the
main factor that influences EC values during the dry
season, is ascribed to Corwin and Lesch (2005). It is valid
only for non-saline soils. Using this approach, it has been
Copyright © 2014 John Wiley & Sons, Ltd.
shown that soil texture can vary spatially according to
topography (Rosenbloom et al., 2001) and landscape
(Robinson et al., 2010). It was also the case in our
study. In this grassland, clay content of the lower layer
(0·8–2m) is highly variable. This layer is composed of a
mixture of Pleistocenic colluvium that is very heteroge-
neous in thickness and grain-size composition. This
layer overlays a weathered Permo-Triassic parent
material that is composed of a mixture of mudstone
and sandstone having very different grain-size contents.
This layer is also mixed with the product of weathering
of metric intrusions of dolerite that is not visible at the
soil surface.
The correlations between Acacia densities and conductiv-

ities are consistent with the study of Robinson et al. (2010)
regarding oaks growing in semi-arid areas near Stanford
(California, USA). They showed that oaks in this savanna
developed preferentially on soils with lower EC in the
uppermost 1m (~21mSm�1) associated with lower clay
content than areaswhere only grasswas present (~32mSm�1).
Ecohydrol. (2014)



Figure 5. Electrical conductivity maps on the 1·5 ha in dry season with localization of acacias of each size classes (one black cross represents one tree).
(a) Tall acacias; (b) medium acacias; (c) small acacias; (d) seedlings.

S. GRELLIER et al.
In our study, taller acacias with their deeper roots showed a
net threshold of EC (or clay content) that limited their
development (e.g. Figure 6). The non-significant p-value for
the correlation between tall trees and conductivity
(p = 0·073) may be due to limited sample size (i.e. a low
number of trees compared with other size classes). However,
we believe that the threshold is very clear and cannot be
ignored. Conductivities depend on soil properties (McNeill,
1992; Lesch and Corwin, 2003), making the comparison of
absolute values between two different sites difficult.
Overall, medium and small acacias followed the same

pattern as tall acacias but were not completely absent from the
area of high EC, which supports our main conclusion of an
effect of soil properties on the spatial distribution of trees.
Presumably, seedlings with their shallower roots were not
affected by the high clay content in layers at 0·8- to 2m depth
as clearly as were other size classes of trees. Differences in
the mortality of tree size classes may explain this pattern
(Barot et al., 1999).
A general question arises from the type of correlative

study we have used: is the spatial distribution of trees
influenced by soil properties or are soil properties
influenced by the presence of trees? Indeed, trees may
have an impact on soil properties, especially on soil water
content because trees take up water from the soil, intercept
Copyright © 2014 John Wiley & Sons, Ltd.
water and modify its infiltration in the soil (Liang et al.,
2009). Alternatively, trees can move water from deeper
layers to shallower layers by hydraulic lift (Ludwig et al.,
2003) or even use inverse hydraulic lift (Schulze et al.,
1998). Tree roots may favour soil structure and internal
drainage. However, (i) we have focused on EC measure-
ment in a dry season, which is mostly related to clay
content, and (ii) trees unlikely modify soil clay content.
High clay concentrations may have negative impacts on

Acacia development. Several studies have identified soil
type as influencing tree populations either at the seedling
stage (Kambatuku et al., 2011), or for the whole population
(Schleicher et al., 2011). Clayey soils have a fine soil
texture, which determines the porosity, the saturated
hydraulic conductivity and available soil moisture for
plants (Saxton et al., 1986; Fernández-Illescas et al., 2001;
Fravolini et al., 2005). Fine-textured soils, in contrast to
coarse-textured soils, have smaller pores and limit the
drainage of water. This is especially true for two-layered
soils with an upper sandier layer and a second more clayey
layer, sometimes promoting water-logging at the surface of
the less permeable second layer (Cox and McFarlane,
1995). In very fine-textured soils, tree roots may not grow
as deep as in coarse-textured soils (Xu and Li, 2008;
Macinnis-Ng et al., 2010), limiting tree growth. Although
Ecohydrol. (2014)



Figure 7. Maximum values of medium Acacia density (trees 100m�2)
versus soil electrical conductivity (mSm�1). The best fit curve (black line)

was estimated by general additive models.

Figure 6. Average Acacia densities (trees 100m�2) and standard errors for soil electrical conductivities (EC) (mSm�1) with a step of 1mSm�1. Note the
absence of EC values between 31 and 35mSm�1. (a) Tall acacias; (b) medium acacias and seedlings; (c) small acacias.

SOIL CLAY DRIVES SPATIAL DISTRIBUTION OF ACACIA
clay can have positive effects on nutrients and water
availability (Bechtold and Naiman, 2006), which may
favour the growth of trees or their roots (Mordelet et al.,
1996; Barot et al., 1999), high clay content can also limit
access to water for trees and thus limit their development
(Xu and Li, 2008). Reduced aeration in soil with high clay
content may also explain our results and are supported by
the presence of lepidocrocite, which is often hydromorphic.
Copyright © 2014 John Wiley & Sons, Ltd.
Grass and smaller trees do not face this problem to the
same extent because they mainly explore and share the
uppermost layer (Kambatuku et al., 2013), which is more
permeable, with larger pores and with more available water
(Chittleborough, 1992; Gregory et al., 1992).
It would have been interesting to link the clay content

directly to the hydraulic conductivities. However, the literature
provides very few suitable correlations between these
parameters, and generally, the correlation is not well
established. Nevertheless, and taking into account the likely
porosity of the sandy but consolidated colluvium on the site,
we can expect that the medium becomes fully impermeable
once the mineralogical clay amount reaches 20%. This may be
because the available porosity could be reduced under humid
conditions by the swelling properties of the clay precisely
located in the colluvium deposits. These specific properties are
currently under investigation at IRD Bondy, France.
CONCLUSIONS

This study showed that soil properties, and especially clay
content, at depths of 0·8–2m can drive the spatial
distribution of different size classes of A. sieberiana in
Ecohydrol. (2014)
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grasslands. Plot replication and/or studies at larger spatial
scales with a focus on spatial relationships between size
classes of trees could be interesting to further support our
conclusions. This could also increase our capacity to
predict tree encroachment. Together with fire, herbivory
and climate, soil properties will have to be taken into
account to elucidate the functioning of woody plant
encroachment in grassland or savanna. Moreover, measures
to control encroachment could be more effective by
focusing specifically on areas that present favourable
conditions for tree development. Finally, these results
confirm that developing and using geophysical tools in
ecology allows study at a large spatial scale without
disturbing the environment and, furthermore, reveal
important ecological processes.
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