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Woody plant density is increasing globally in many arid 
and semi-arid regions (Archer et al. 1995; Springsteen et 
al. 2010) but our understanding of the mechanisms driving 
this process is limited (Archer et al. 1995; Ward 2005). 
However, some progress is being made in understanding 
the mechanisms behind bush encroachment (O’Connor et 
al. 2014; Ward et al. 2014). Grassland invasion by woody 
species has been attributed to factors such as heavy 
grazing, fire intensity and frequency, soil moisture, nutrients 
and global climate change (Ward 2005; Bond 2008; van 
Auken 2009). Regular fire frequency suppresses woody 
plant growth, destroying adult shrubs, shrub seedlings and 
saplings, preventing their development to fire-resistant 
stages. Woody plant encroachment has also been 
attributed to increased atmospheric carbon dioxide (Kgope 
et al. 2010; Ward 2010) due to the greater net photo-
synthetic efficiency of woody C3 plants than competitor C4 
grasses that are often dominant in hot environments (Wolfe 
and Erickson 1993). Some studies (Archer et al. 1995; 
Sankaran et al. 2008; van Auken 2009) have identified 
heavy grazing by livestock as the major driver of woody 
species encroachment. Heavy grazing decreases the 
biomass and vigour of the grass, reducing the moisture 
absorption from the upper soil layers (Knoop and Walker 
1985). Ultimately, the competitiveness of the grass against 
establishing tree seedlings is reduced (Riginos et al. 2009; 
Kgosikoma et al. 2012; Ward et al. 2013). Heavy grazing 
also reduces grass fuel, which diminishes the probability 
and intensity of fire events and increases the frequency of 

juvenile trees and shrubs growing into taller, fire-resistant 
stages (Trollope 1980). Thus, heavy grazing may alter plant 
composition and structure of encroaching rangelands.

Composition of any mature vegetation stand, such as 
grassland, is shaped by competition (Clements et al. 1929; 
Wiegand et al. 2008), although there is increasing evidence 
of facilitation among plant species (Callaway and Walker 
1997; Jeltsch et al. 2000; Bertness and Ewanchuk 2002; 
Bruno et al. 2003). Intense competition among woody 
species can result in a regular pattern of the shrubs, while 
weak competition from grasses may give rise to a clustered 
pattern of the shrubs, causing woody plant encroach-
ment (Jeltsch et al. 2000; Wiegand et al. 2006; Meyer et 
al. 2008). Facilitation among woody species can also cause 
woody plant encroachment. Facilitation can be due to seed 
dispersal, nurse-plant syndrome and environmental hetero-
geneity. A facilitative nurse-plant syndrome often refers 
to seedling establishment under canopies of adult trees. 
In such interactions, the seedlings profit from protection 
against harsh temperatures, higher available soil moisture 
and nutrients, and reduced soil compaction and erosion 
(Flores and Jurado 2003). The nurse-plant syndrome 
has mainly been reported in arid and semi-arid regions 
(Tielbörger and Kadmon 2000; Chen et al. 2011; Schleicher 
et al. 2011).

Assessing vegetation structure and spatial patterns 
may reveal inter- and intra-specific interactions such as 
competition and facilitation (Dale 1999; Getzin et al. 2006). 
Spatial pattern analysis is useful in detecting competition or 
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Woody plant encroachment is increasing in arid and semi-arid regions of the world. We investigated the structure 
and fine-scale spatial pattern of encroaching species and how these patterns vary with different grazing regimes in 
semi-arid regions. In this study, we investigated how four encroaching shrub species (Searsia erosa, S. burchellii, 
Diospyros lycioides and Eriocephalus ericoides) in Middelburg (Eastern Cape, South Africa) coexist and partition 
space under different grazing regimes (viz. continuous rest, and continuous, summer and winter grazing). We 
used point-pattern analysis to assess the spatial ecology of these species. We also used an index of integration 
(mingling index), where low values indicate that they are surrounded by conspecifics and high values indicate that 
they are surrounded by heterospecifics. The three shrub species were highly mingled except in the winter-grazing 
plot, where S. burchellii and D. lycioides clustered. We found that the shrub species were generally aggregated 
in most of the grazing plots. These findings indicate that (1) at a fine spatial scale, grazing in the wet season 
promotes shrub encroachment, and (2) there is a tendency to aggregation among encroaching shrub species in 
the grazing plots.
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facilitation by assessing the spatial distribution of trees and 
determining the scale at which the spatial pattern is signifi-
cantly aggregated or regular (Wiegand and Moloney 2004; 
Getzin et al. 2006; Punchi-Manage et al. 2013). There are 
two major indirect means of determining spatial distribu-
tion of plants, namely point-pattern and nearest-neighbour 
analysis (Shackleton 2002; Wiegand and Moloney 2004). 
In point-pattern analyses, the position of a plant in a plot 
is represented by a point, and the spatial pattern analysis 
indicates whether the distribution of the points is random, 
aggregated or regular by comparing the distribution with the 
pattern of the plants under a specific null model (Wiegand 
and Moloney 2004). However, spatial pattern analyses 
cannot detect competitive interactions when competition 
does not result in differential mortality of individual plants 
(Getzin et al. 2006). Nearest-neighbour analysis, on the 
other hand, may provide a useful tool for detecting subtle 
interactions, where competition may result in reduced 
growth rather than mortality (Shackleton 2002; Getzin et al. 
2006). Nearest-neighbour analysis shows that if competi-
tion is present there will be a substantial decrease in size 
of one or more competing neighbours (Shackleton 2002). 
This analysis works on the premise that there is a positive 
correlation between a size index (usually canopy diameter) 
and distance between competing neighbours (Shackleton 
2002). It is therefore expected that large shrubs should 
have smaller neighbours. Contrastingly, facilitation among 
shrubs may result in increased growth, resulting in a 
negative correlation (Schleicher et al. 2011).

This study sought to understand the effects of grazing 
regime on encroachment by shrub species and their 
spatial patterns in the different grazing regime plots. We 
employed spatial indices, spatial point-pattern analyses 
and nearest-neighbour distances to quantify the structures 
and spatial patterns of encroaching semi-arid shrubs. Our 
predictions were (1) grazing in the wet season increases 
the density of encroaching species because reduction of 
grass allows water to percolate into the subsoil, thereby 
allowing woody species to proliferate (Cipriotti and Aguiar 
2012; Ward et al. 2013); (2) the shrub species will be 
surrounded by conspecifics. Due to competition, shrub 
species will suppress seedlings of other species (Balanda 
2013); and (3) the spatial pattern of shrub species should 
be regular in all grazing regimes due to competition 
(Shackleton 2002).

Methods

Study site
The study was conducted at the Grootfontein Research 
Centre, Middelburg in the Eastern Cape (28°35′0″ S, 
24°26′0″ E), South Africa. Middelburg receives annual 
rainfall of 300 mm, with most rainfall occurring in autumn, 
with the highest rainfall (63.8 mm) in March (summer) and 
the lowest (10.1 mm) in June (winter) (du Toit 2010). The 
temperatures range from −7.2 °C (July) to 36.1 °C (January) 
(Mucina and Rutherford 2010). The soils are mainly aeolian 
sands and andesite clays. The vegetation in the vicinity of 
Middelburg falls under the Nama-Karoo biome (Mucina 
and Rutherford 2010). The principal shrubs are Pentzia, 
Eriocephalus, Lycium and Searsia species. The dominant 

grasses include Aristida, Digitaria and Stipagrostis species. 
Grasses tend to be more common in depressions and on 
sandy soils.

Field study
The Bergkamp grazing trial plots were established in 1943 
at Grootfontein Agricultural College in Middelburg, Eastern 
Cape. The purpose of these plots was to monitor the 
effects of sheep grazing on species composition. Grazing 
intensity in the trial plots was 2 sheep ha−1, which is in line 
with the recommended stocking rates for the Nama-Karoo 
biome. The plots had continuous grazing (10.4 ha), summer 
grazing (1.7 ha), winter grazing (1.7 ha) and continuous rest 
(0.5 ha) treatments. There was no replication when these 
plots were established.

There has been a noticeable increase in shrub encroach-
ment in the grazed plots compared with the non-grazed 
plot since the beginning of the study (Figures 1 and 2). The 
encroaching shrub species in the grazing plots are Searsia 
erosa, S. burchellii, Diospyros lycioides and Eriocephalus 
ericoides.

In this study, individual grazing plots (Figure 1) were 
divided into subplots. The subplots were treated as 
replicates. We recognise this as pseudoreplication 
but believe the patterns are important enough to be 
demonstrated. Two subplots were laid out in each of the 
three grazing treatments. In the continuous rest treatment, 
only one subplot was established because encroachment 
was limited to a small portion of the plot only; we wished to 
ascertain the interactions among the woody species. The 
dimensions of the subplots were determined by the density 
of the woody species. We aimed to have more than 30 
individuals in each plot; where shrub density was very low 
we used bigger plots in order to have the minimum required 
individuals for spatial analysis. In the summer-grazing plot 
(Figures 1 and 2), the subplots measured 40 m by 40 m. In 
the winter-grazing treatment, the subplots measured 50 m 
by 50 m. In the continuous-grazing plot, the two subplots 
were 25 m by 25 m. In the continuous-rest plot, only a 
small portion measuring approximately 20 m by 20 m was 
encroached. Each subplot was laid out as a Cartesian plane 
with the origin (0, 0) as the reference point for the location of 
each shrub. The x- and y-coordinates of each encroaching 
shrub (Searsia erosa, S. burchellii, Diospyros lyciodes 
and Eriocephalus ericoides) were determined using a tape 
measure. Data on morphological structure (specifically, shrub 
height and crown diameter) of each plant were also recorded. 
Spatial pattern analysis was done for shrub species that had 
at least 30 individuals in a plot (Wiegand and Moloney 2004).  

Stand structure and composition analysis
Differences in stand structure (specifically, shrub height and 
crown diameter) among species in the different plots were 
analysed using analysis of variance (ANOVA). The mean 
nearest distance among individuals in each subplot was 
calculated. The Von Gadow mingling index (Mi) (Chen et al. 
2011) was calculated to determine the relative spatial mix of 
each species. The Von Gadow mingling index is the propor-
tion of the n nearest neighbours that do not belong to the 
same species. Mi for sample tree i is determined by Graz 
(2004) as:
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where n is the number of neighbours considered and i 
denotes the sample tree evaluated. The value of mj is one 
if the shrub is of another species than i, otherwise it is zero. 
The arithmetic mean, Msp of the observed values of Mi for 
a species sp, is such that 0 ≤ Msp ≤ 1. A value of Msp close 
to zero implies that the individuals of that species occur in 
groups, thus indicating a low level of species mingling. High 
values of Msp close to one, on the other hand, indicate that 
the individuals of the species occur in isolation from other 
individuals of the same species.

The Msp, however, does not take into consideration the 
proportion of each species within the plot. Equation 2 therefore 
was used to evaluate the Msp in relation to the proportion of 
the species within the grazing subplots (Graz 2004):
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where M is the standardised mingling index for a species 
in a plot, Psp is the proportion of number individuals of a 
species in relation to the total number of individuals of 
all species in a plot and Msp is the arithmetic mean of the 
observed values of Mi for a species sp.

We also used the size differentiation index (height and 
crown differentiation), which is the proportion of the n 
nearest neighbours of a given reference shrub that are 
bigger than the reference shrub. It is determined as 
indicated in Equation 3:
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where n is the number of neighbours considered and 
i denotes the sample shrub evaluated. The value of vj is one 

 
 
 

  

 

Figure 1: Aerial view of the continuous grazing (1), spring grazing (2), summer grazing (3), winter grazing (4), autumn grazing (5) and 
continuous rest (6) plots as of 30 July 2013. The study was done in the continuous, summer and winter grazing and continuous rest plots. 
Black squares indicate the positions of subplots in each grazing plot. The subplots were located at mid-slope in all of the grazing plots, 
except in the continuous grazing plot where the subplot was situated at the foot of the plot

 

 
 
 

 
 

 

Summer
Grazing 

 

Continuous
Rest

 

Winter
Grazing 

Continuous
Grazing

Figure 2: Grazing during the wet season (continuous and summer 
grazing plots) increases woody-plant density. The grazing density 
in these trial plots was two sheep per hectare
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if the shrub is bigger than i, otherwise it is zero (Graz 2004). 
For the determination of both the Von Gadow mingling 
and size differentiation indices, we used four nearest 
neighbours for each individual shrub as recommended 
by Shackleton (2002) and Pillay and Ward (2012). The 
xy coordinates and height/crown diameter where used to 
determine the height/crown differentiation indices and for 
the nearest-neighbour analysis we used the xy coordinates 
and the crown diameters.

Spatial pattern analysis
The unbiased K-function univariate estimator for detecting 
intraspecific interactions is: 
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where n is the number of shrubs in the study area A; uij 
is the distance between the ith (focal) shrub and the jth 
(neighbouring) shrub, where the focal shrub is located 
within area A; I(uij)  is an indicator function, equivalent to 
one if uij < r and is otherwise zero. The term wij corrects 
for the edge effect, where wij is equal to one if the entire 
circumference of the circle lies within A (Gray and He 
2009). However, instead of using the K function, the 
square-root transformation of the K(r) function, called the 
L function, is used (Wiegand and Moloney 2004). This L 
function is easily interpreted because it removes the scale 
dependence of K(r) and stabilises the variance (Wiegand 
and Moloney 2004). The L function that was used to 
compare the univariate spatial pattern of dominant species 
in each grazing plot was determined as:
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where L(r) = 0 for a random pattern, L(r) < 0 for a regular 
pattern and L(r) > 0 for a clustered pattern. K(r) is as in 
Equation 4 above. The bivariate K function (K12(r)) is 
the expected number of points of pattern 2 within a given 
distance r from an arbitrary point of pattern 1 divided by the 
intensity of pattern 2 points (Wiegand and Moloney 2004). 
The second-order bivariate estimate was defined as follows: 
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where n1 and n2 are populations from species 1 and 2 respec-
tively in area A. Other terms are interpreted as in Equation 4 
above. The L12(r) function was determined as follows:
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If patterns 1 and 2 are randomly associated, L12(r) = 0. 
When there is facilitation, L12(r) > 0. If the shrubs are 
competing, L12(r) < 0 (Gray and He 2009). K12(r) is 
calculated as in Equation 6 above.

The O-ring statistic of a univariate point pattern counts 
the number of points in a ring around an arbitrarily chosen 
point at a specific distance. This is done for all points in 
the pattern. The bivariate O-ring statistic can be defined 
as follows:

         O12(r) = λ2g12(r) (8)

where
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in which K12(r) is as in Equation 5 above (Wiegand and 
Moloney 2004).

The confidence envelopes for L and O-ring statistics 
were estimated from 999 Monte Carlo simulations using 
the complete spatial randomness null model for univariate 
analysis and the toroidal shift null model for the bivariate 
analysis (Wiegand and Moloney 2004). The confidence 
envelopes were estimated using the fifth lowest and the 
fifth highest values for each distance r. In the bivariate 
case, if the L(r) and O-ring statistic exceeds the upper 
confidence limit, it indicates significant aggregation at the 
r spatial scales where the deviation occurs. If the function 
is below the lower confidence limit, it indicates significant 
spatial repulsion (i.e. competition). When the function lies 
within the confidence limits, the distribution is considered 
random. To avoid the problems of Type I errors associated 
with multiple testing (Loosmore and Ford 2006; Perry et al. 
2006), we conducted a goodness-of-fit (GoF) test for each 
analysis. Spatial analysis and GoF test were done using 
Programita software (Wiegand and Moloney 2004).

Nearest-neighbour analysis
We used nearest-neighbour analysis to infer fine-scale 
competition. Competition does not always lead to signifi-
cant mortality and may only result in growth reduction in 
one or more neighbouring plants (Dale 1999; Pillay and 
Ward 2012). We determined the correlation between the 
sum of canopy diameters of four nearest neighbours plus 
the canopy diameter of the focal shrub and the sum of the 
distance from the four nearest neighbours to the focal shrub 
(Pillay and Ward 2012). If the shrubs are directly competing, 
then the nearest-neighbour distance should be smaller for 
small shrubs than for large shrubs. A significant positive 
correlation between nearest-neighbour distance and 
shrub size indicates competition and a significant negative 
correlation indicates facilitation. The data points were not 
independent, so the nearest-neighbour correlation analyses 
were done using a Mantel test (Legendre and Fortin 2010).

Results

The continuous-rest plot and the winter-grazing 
subplots had a low shrub density of 60 stems ha−1 and 
156 stems ha−1 compared with continuous-grazing subplots, 
which had an average of 1 708 stems ha−1 and summer-
grazing subplots with an average of 1 524 stems ha−1 
(Table 1, Figure 3).

Searsia erosa in the winter-grazing subplots had a 
larger crown diameter (3.69 ± 0.14 m, F2,124 = 12.79, 
P < 0.0001) than S. erosa in continuous- and summer-
grazing subplots (2.02 ± 0.14 and 1.98 ± 0.87, respec-
tively) (Table 2, Figure 3). Diospyros lycioides also had a 
larger crown diameter in the winter subplots (2.39 ± 0.11 m, 
F2,209 = 10.55, P < 0.0001) compared with continuous- and 
summer-grazing subplots (0.99 ± 0.12 and 0.99 ± 0.08 m, 
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respectively). Searsia burchellii was the only species 
that was significantly shorter in the winter subplots 
(1.4 ± 0.56 m, F2,263 = 4.522, P = 0.009) compared with 
continuous- and summer-grazing subplots (1.61 ± 0.07 and 
1.735 ± 0.16 m, respectively). 

The standardised Von Gadow mingling index (Msp) 
indicated that the three species are highly mingled 
(Msp > 0.75) except in the winter-grazing subplots, where 
S. burchellii and D. lycioides were indicated to occur in 
clusters (Msp < 0.5).  

Univariate pattern analysis
In this study, both the K function and the O-ring statistic 
were used because in spatial analysis a combination of 
two or more tests is more informative (Chen et al. 2011). 
In continuous-grazing subplot 1, the L(r) function showed 
that S. burchellii and D. lycioides were significantly 
aggregated up to 12 m (GoF test: p = 0.01). However, the 
O(r) function showed aggregation at 0–2.5 m and at 4–7 m 
for S. burchellii (GoF test: p = 0.01 and P = 0.01, respec-
tively), whereas this function indicated that D. lycioides 
was aggregated up to 8 m (GoF test: P = 0.01). Diospyros 
lycioides showed a random pattern as indicated by both 
L(r) and O(r) functions, whereas S. burchellii and S. erosa 
showed aggregation up to 2 m and 1 m (GoF test: P = 0.01 
and P = 0.04), respectively, according to the L(r) function, in 
continuous-grazing subplot 2. 

Diospyros lycioides in summer-grazing subplot 2 was 
aggregated up to 8 m (GoF test: P = 0.01) according to 
the L(r) function, whereas the O(r) showed aggregation 
up to 2 m (GoF test: P = 0.03). The L(r) function showed 
aggregation of all three species (i.e. except E. erioceph-
alus, which did not occur in these plots) at different scales 
in summer-grazing subplot 2 (Table 3). However, the O(r) 
function showed a random pattern at all scales for S. erosa 
and D. lycioides and a significant repulsion (i.e. competition) 
at 14–16 m (GoF test: P = 0.04) for S. burchellii. 

In winter-grazing subplot 1, L(r) indicated S. erosa 
aggregation at 2–4 m (GoF test: P = 0.03). In winter-grazing 
subplot 2, the L(r) and O(r) functions showed significant 
aggregation for S. erosa at 0–8 m and 6–7 m (GoF test: 
P = 0.02 and P = 0.04), respectively.

Bivariate pattern analysis
In continuous-grazing subplot 1, the interaction between 
S. burchellii vs S. erosa and D. lycioides showed signifi-
cant attraction at all scales (GoF test: P = 0.01), according 

to the L12(r) function, whereas the O12(r) function showed 
aggregation up to 7 m (GoF test: P = 0.01) (Table 4, 
Appendix 1). The D. lycioides vs S. burchellii + S. erosa 
interaction in continuous-grazing subplot 1 was significantly 
aggregated (GoF test: P = 0.01) at all scales according 
to the L12(r) function. The O12(r) function showed signifi-
cant aggregation up to 7 m (GoF test: P = 0.01) (Table 4, 
Appendix 1). Interactions in the continuous-grazing 
subplot 2 were all random. 

In summer-grazing subplot 1, L12(r) showed significant 
attraction between S. erosa vs D. lycioides and S. burchellii 
from 2–3 m (GoF test: P = 0.02). However, the O12(r) 
function showed that the pattern was mostly random. In 
summer-grazing subplot 2, S. erosa vs D. lycioides and 
S. burchellii showed significant attraction at 1–3 m (GoF 
test: P = 0.03) according to the L12(r) function, whereas the 
O12(r) indicated that the pattern was random. In summer-
grazing subplot 2, the L12(r) function also showed a signif-
icant attraction between S. burchellii vs D. lycioides and 
S. erosa between 6–7 m (GoF test: P = 0.03). The O12(r) 
showed significant attraction between D. lycioides vs 
S. erosa and S. burchellii up to 3 m (GoF test: P = 0.04). 

In winter-grazing subplot 1, S. erosa vs D. lycioides and 
S. burchellii were significantly attracted between 2 and 
6 m (GoF test: P = 0.03) according to the L12(r) function. 
The O12(r) function showed attraction at 2–3 m only (GoF 
test: P = 0.04). In winter-grazing subplot 2, S. erosa vs 
D. lycioides and S. burchellii showed significant repulsion 
(i.e. competition) between 7 and 25 m (GoF test: P = 0.03), 
whereas the O12(r) index showed a random distribution.

Nearest-neighbour analysis
There was a significant positive correlation between 
sum of the distance to the nearest neighbour and the 
sum of the canopy diameters of the focal shrub and its 
neighbours in all of the grazing plots for all shrub species 
(Table 5). However, although the P-values were significant 
(because of the large number of data points), the relation-
ships explained very little (<5%) of the variation in all of the 
grazing plots (Table 5). 

Discussion

Shrub density was high in continuous- and summer-
grazing plots relative to winter-grazing and continuous-
rest plots. This finding supported our prediction that the 
timing of grazing had an effect on shrub encroachment. 

Grazing regime
Species density (stems ha−1)

Overall Searsia erosa Searsia burchellii Diospyros lycioides
Continuous-grazing plot 1 1 624 248 768 592
Continuous-grazing plot 1 1 792 336 1 056 400
Summer-grazing plot 1 1 639 165 924 550
Summer-grazing plot 2 1 519 250 612 562
Winter-grazing plot 1 136 92 28 24
Winter-grazing plot 2 176 116 40 20
Continuous-rest plot 60 44 7 9

Table 1: Species density of encroaching shrub species under different grazing regimes indicating that continuous- and summer-grazing plots 
have higher shrub densities than winter-grazing and continuous-rest plots
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Figure 3: Maps of horizontal and vertical differentiation in the grazing subplots. Shown are horizontal (a) and vertical (b) differentiation in 
continuous-grazing subplot 1; horizontal (c) and vertical (d) differentiation in continuous-grazing subplot 2; horizontal (e) and vertical (f) 
differentiation in summer-grazing subplot 1; horizontal (g) and vertical (h) differentiation in summer-grazing subplot 2; horizontal (i) and 
vertical (j) differentiation in winter-grazing subplot 1; horizontal (k) and vertical (l) differentiation in winter-grazing subplot 2; and horizontal 
(m) and vertical (n) differentiation in the continuous-rest plot. The size of the respective symbols is proportional to mean crown diameter and 
height. The smallest diameter was 0.075 m and the largest was 13.5 m. The shortest shrub was 0.15 m and the tallest was 5.9 m

Plot Species Height CD HD CDD MI M NND
Continuous 

grazing
S. erosa 2.02 ± 0.15 2.13 ± 0.21 0.49 ± 0.01 0.48 ± 0.04 0.89 ± 0.15 0.96 ± 0.03 1.09 ± 0.18

S. burchellii 1.61 ± 0.07 1.41 ± 0.09 0.46 ± 0.04 0.52 ± 0.04 0.41 ± 0.09 0.97 ± 0.01 1.25 ± 0.08
D. lycioides 1.62 ± 0.09 0.99 ± 0.12 0.48 ± 0.07 0.36 ± 0.09 0.64 ± 0.17 0.87 ± 0.13 1.01 ± 0.11

Summer 
grazing

S. erosa 1.98 ± 0.87 2.36 ± 0.13 0.49 ± 0.06 0.54 ± 0.03 0.81 ± 0.12 0.88 ± 0.09 1.46 ± 0.12
S. burchellii 1.74 ± 0.16 1.34 ± 0.08 0.46 ± 0.04 0.54 ± 0.01 0.5 ± 0.06 0.81 ± 0.04 1.42 ± 0.08
D. lycioides 1.4 ± 0.54 0.99 ± 0.08 0.48 ± 0.07 0.38 ± 0.04 0.56 ± 0.12 0.97 ± 0.11 1.44 ± 0.07

Winter 
grazing

S. erosa 2.06 ± 0.09 3.69 ± 0.14 0.59 ± 0.06 0.62 ± 0.06 0.25 ± 0.01 0.80 ± 0.16 4.28 ± 0.13
S. burchellii 1.4 ± 0.54 1.63 ± 0.23 0.5 ± 0.09 0.44 ± 0.06 0.67 ± 0.12 0.33 ± 0.02 3.34 ± 0.42
D. lycioides 1.99 ± 0.2 2.39 ± 0.11 0.45 ± 0.06 0.43 ± 0.02 0.74 ± 0.09 0.24 ± 0.14 3.51 ± 0.28

Continuous 
rest

E. ericoides 0.58 ± 0.16 0.62 ± 0.15 – – 1 1 1.32 ± 0.1

Table 2: Height, crown diameter (CD), height differentiation (HD), crown-diameter differentiation (CDD), species mingling index (MI), 
standardised mingling index (M) (see Methods) and the mean inter-shrub distance to four nearest neighbours (NND) of encroaching species 
in the grazing plots. All values are the mean ± SE

Plot Species L(t) O(r)
Continuous-grazing 1 Searsia burchellii

Diospyros lycioides
Ag (1–12)  
Ag (1–12)

Ag (0–2.5) Ag (4–7)
Ag (0–8)

Continuous-grazing 2 Searsia burchellii
Searsia erosa

Diospyros lycioides

Ag (0–2)
Ag (0–1)

Ra

Ag (0–2)
Ra
Ra

Continuous rest Eriocephalus ericoides Ag Ag (1-10)
Summer-grazing 1 Searsia erosa

Diospyros lycioides
Ra

Ag (2–4)
Ra

Ag (1–2)
Summer-grazing 2 Searsia burchellii

Searsia erosa
Diospyros lycioides

Ag (3–5)
Ag (4–5), Ag (14–16)

Ag (1–13)

Ag (0–5), Re (14–16)
Ra
Ra

Winter-grazing 1 Searsia erosa Ag (6–7) Ag (0–8)
Winter-grazing 2 Searsia erosa Ra Ag (6–7)

Table 3: Summary of univariate analysis of three shrub species under different grazing regimes showing that the encroaching species 
are generally aggregated. Numbers in parentheses are radii (in metres) at which the observed pattern is significantly different from the 
expected under the selected null hypotheses. L(r) = Ripley univariate function, O(r) = univariate O-ring function; Ag = aggregation pattern, 
Ra = random pattern
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Mureva and Ward8

High shrub encroachment in the summer- and continuous-
grazing plots may indicate that water is a major limiting 
factor for both woody and grass species in semi-arid regions 
(Ward 2005). Grasses mainly use topsoil water, whereas 
shrubs utilise subsoil moisture (Knoop and Walker 1985; 
Ward et al. 2013). Removal of grass by sheep herbivory 
during the rainy season may allow water to percolate into 
the subsurface areas, thereby allowing woody species to 
proliferate (Cipriotti and Aguiar 2012; Ward et al. 2013). 
High shrub density in continuous- and summer-grazing 
plots indicates that grass removal in the wet season (in 
continuous- and summer-grazing plots) affords shrub 
seedlings an opportunity to germinate with less competition 
from established herbaceous plants (Bond 2008; Ward et al. 
2013). Conversely, there was relatively little encroachment 
in the (dry) winter-grazed plot, presumably because, when 

the aboveground grass material is dead, there is insufficient 
soil moisture for shrub seeds to germinate. A very low 
density of encroaching species was conspicuous in the 
continuous-rest plot, further emphasising the importance 
of grazing on shrub encroachment. Further experimental 
studies would be needed to establish whether these 
mechanisms are indeed functional.

Searsia burchellii and D. lycioides had very high densities 
in the continuous- and summer-grazing plots relative to the 
winter-grazing plot. These two species were 10 times more 
dense in the continuous- and summer-grazing plots than in 
the winter-grazing plots (Table 1). The presence of S. erosa 
in the winter-grazing plot at high density may indicate that 
this shrub species is highly competitive against grass and 
may be facilitating the other encroaching species in this 
region. The proposal that S. erosa may be facilitating the 

Plot Pattern L12(r) O12(r)
Continuous-grazing subplot 1 Searsia burchellii

vs
Searsia erosa and Diospyros lycioides

Agg (0–12) Agg (0–7)

Continuous-grazing subplot 2 Searsia burchellii
vs

Searsia erosa and Diospyros lycioides
Ra Ra

Continuous-grazing subplot 1 Diospyros lycioides
vs

Searsia erosa and Searsia burchellii
Agg (0–12) Agg (0–7)

Continuous-grazing subplot 2 Diospyros lycioides
vs

Searsia erosa and Searsia burchellii
Ra Ra

Continuous-grazing subplot 2 Searsia erosa
vs

Searsia burchellii and Diospyros lycioides
Ra Ra

Summer-grazing subplot 1 Searsia erosa
vs

Searsia burchellii and Diospyros lycioides
Agg (2–3) Ra

Summer-grazing subplot 2 Searsia erosa
vs

Searsia burchellii and Diospyros lycioides
Agg (1–8) Agg (2–3)

Summer-grazing subplot 1 Searsia burchellii
vs

Searsia erosa and Diospyros lycioides
Agg (2–7) Ra

Summer-grazing subplot 2 Searsia burchellii
vs

Searsia erosa and Diospyros lycioides
Agg (6–7) Ra

Summer-grazing subplot 1 Diospyrous lycioides
vs

Searsia erosa and Searsia burchellii
Agg(1–7) Agg (0–6)

Summer-grazing subplot 2 Diospyros lycioides
vs

Searsia erosa and Searsia burchellii
Agg (0–10) Ra

Winter-grazing subplot 1 Searsia erosa
vs

Searsia burchellii and Diospyros lycioides
Agg (2–8) Agg(2–3)

Winter-grazing subplot 2 Searsia erosa
vs

Searsia burchellii and Diospyros lycioides
Re (7–25) Ra

Table 4: Summary of bivariate analysis results of three shrub species under different grazing regimes showing that the encroaching species 
are generally aggregated. Numbers in parentheses are radii (in metres) at which the observed pattern is significantly different from the 
expected under the selected null hypotheses. L12(r) = Ripley bivariate function, O12(r) = univariate O-ring bivariate function; Ag = aggregation 
pattern, Ra = random pattern, Re = repulsion
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growth of S. burchellii and D. lycioides is further strength-
ened by examining the sizes of these plants in the grazing 
plots. Searsia erosa was the tallest and had the broadest 
canopy diameter in the continuous-, summer- and winter-
grazing plots. The large canopy diameters of S. erosa 
may provide the seedlings of other woody species with 
protection against harsh temperatures, higher available 
soil moisture and nutrients (Flores and Jurado 2003). The 
high S. erosa mingling index in continuous- and summer-
grazing plots supports the role of S. erosa as a facilitator in 
the growth of the other woody species. Although S. erosa 
appears to be highly competitive against grass, it had 
low densities in continuous- and summer-grazing plots, 
indicating that it is a weak competitor against S. burchellii 
and D. lycioides. 

The larger canopy diameters of the three species in the 
winter-grazing subplots relative to the continuous- and 
summer-grazing subplots could be due to the low shrub 
density in the winter-grazing plots. Plants in a high-density 
stand tend to vigorously compete for light and will invest 
more in their height than in their crown-diameter growth 
(Weiner and Thomas 1992; Nishimura et al. 2010; 
Nagashima and Hikosaka 2011). In a low-density stand, 
plants have the luxury of more space and less competition 
for sunlight and will invest in crown-diameter growth to 
maximise sunlight absorption (Weiner and Thomas 1992; 
Nishimura et al. 2010; Nagashima and Hikosaka 2011). 
Therefore, plants in low-density stands (winter-grazing 
subplots) should be expected to have a larger crown 
diameter compared with high-density stands (continuous- 
and summer-grazing plots) (Table 2).

The species in continuous- and summer-grazing subplots 
had a higher degree of mingling, indicating that the 
species were randomly distributed. However, S. burchellii 
and D. lycioides in the winter-grazing plots show some 

degree of aggregation around S. erosa. The aggrega-
tion of S. burchellii and D. lycioides around S. erosa in the 
winter-grazing subplots may indicate that the two species 
may benefit from higher soil-moisture content and nutrients, 
protection against harsh temperatures and reduced soil 
compaction and erosion (Tielbörger and Kadmon 2000; 
Flores and Jurado 2003; Schleicher et al. 2011).

Searsia erosa and S. burchellii showed random 
height and crown-diameter distribution in all the grazing 
subplots. Diospyros lycioides showed that it was generally 
surrounded by shrubs of larger crown diameters than itself 
in the continuous- and summer-grazing subplots. However, 
in the winter-grazing subplots, the crown diameter differ-
entiation (CDD) of D lycioides was closer to 0.5 and the 
diameter was much larger than in the continuous- and 
summer-grazing subplots (Table 2). The lower CDD of 
D. lyciodes in the continuous- and summer-grazing subplots 
may indicate that D. lycioides is less competitive against 
the Searsia species and invests more in height growth at 
the expense of crown development to remain competitive 
against the other species.

In this study, the scale-dependence of point-pattern 
analysis showed that there was generally aggregation 
among the shrubs. These findings diverge from our predic-
tion and those of several other studies that concluded that 
competition was predominant in arid and semi-arid environ-
ments (Skarpe 1991; Maestre et al. 2005). However, these 
findings are in agreement with those of Couteron and 
Kokou (1997), Tielbörger and Kadmon (2000) and Chen 
et al. (2011), who concluded that plants in semi-arid and 
desert communities tend to aggregate when small. Plants 
that exhibit an aggregated distribution may facilitate the 
growth of one another (Schleicher et al. 2011). Plants 
that grow at high density may create an ‘island of fertility’, 
enhancing the growth of surrounding plant species, as 

Grazing regime Subplot Species r 2 p n
Continuous grazing 1 S. erosa N/A N/A 3

S. burchellii 0.0092 0.001* 37
D. lycioides 0.0147 0.001* 76

2 S. erosa 0.0094 0.185 20
S. burchellii 0.0017 0.004* 66
D. lycioides 0.0061 0.05* 25

Summer grazing 1 S. erosa 0.0525 0.001* 16
S. burchellii 0.0017 0.001* 84
D. lycioides 0.0015 0.062 50

2 S. erosa 0.0028 0.038* 40
S. burchellii 0.0082 0.0001* 49
D. lycioides 0.0042 0.0001* 90

Winter grazing 1 S. erosa 0.0016 0.02* 23
S. burchellii 0.67 0.0001* 7
D. lycioides 0.134 0.26 6

2 S. erosa 0.064 0.0001* 28
S. burchellii 0.465 0.15 10
D. lycioides 0.067 0.37 6

Continuous rest E. ericoides 0.143 0.0001* 78
* p < 0.05

Table 5: Summary of results from the correlations between nearest-neighbour distances and sum of canopy areas. There was only one 
subplot in the continuous-rest plot (see Methods). n = Number of individuals of the respective species in the plot, N/A = values were not 
determined because of low sample size 
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shown in other arid environments (Ravi et al. 2010). 
Another reason that could lead to such aggregation is 
spatial heterogeneity induced by edaphic gaps (Chen et 
al. 2011). The gaps are formed by the removal of grass 
species during grazing by livestock. The period in which 
these gaps are formed is of particular importance. When 
the gaps are formed in the wet season, shrub seedlings 
will obtain enough moisture for their establishment (Cipriotti 
and Aguiar 2012), and the rate of woody encroachment will 
be high. This is supported by the high shrub density in the 
summer- and continuous-grazing plots in this study. 

The observed aggregation in the grazing plots could also 
be due to the positive effects of one plant species on the 
establishment of seedlings of other species (nurse-plant 
syndrome), which has been reported in many semi-arid 
and arid regions (Callaway and Walker 1997; Bruno et al. 
2003). A shrub with a large canopy diameter reduces solar 
radiation and moderates extreme temperatures by canopy 
shade. The nurse syndrome was quite apparent in winter-
grazing plots, where S. erosa was the dominant species in 
terms of both density and crown size. The bivariate analysis 
showed that S. burchellii and D. lycioides were aggregated 
around S. erosa, which may indicate that S. erosa could be 
acting as a nurse plant. 

Conclusions and recommendations
In line with our prediction, grazing in the wet season 
increases the density of encroaching species. This finding 
may imply that grazing intensity in the wet season should 
be reduced to minimise shrub encroachment. The presence 
of S. erosa in the winter-grazing plot may suggest that the 
species is highly competitive against grass compared to 
S. burchellii and D. lycioides. Contrary to our prediction, we 
generally found that there was aggregation among shrubs 
in the grazing plots and that S. erosa could be acting as 
a nurse plant for other shrubs. We recognise that these 
findings are from an unreplicated grazing trial. We suggest 
that a greenhouse experiment be set up to validate these 
findings. We propose two greenhouse experiments. One 
of the experiments should test whether grazing at different 
intensities in the wet season causes shrub encroachment. 
The other experiment will test whether S. erosa has a 
nurse effect on S. burchellii and D. lycioides and whether 
this effect is due to shading, hydraulic lift and/or differential 
accumulation of nutrients.
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Appendix 1: Bivariate L12(r) function (square root transformation of the bivariate Ripley K12(r) function) and the bivariate O-ring statistics 
O12(r) showing the analysis of the interaction between Searsia erosa, S. burchellii and Diospyros lycioides in different grazing plots. r (m) 
is the distance scale in metres. Observed patterns (solid line) that fall above, below and within 95% Monte Carlo envelopes (dashed lines) 
indicate aggregation, regular or random patterns, respectively. (a) Continuous-grazing subplot 1: S. burchellii vs D. lycioides and S. erosa; 
(b) continuous-grazing subplot 2: S. burchellii vs D. lycioides and S. erosa; (c) continuous-grazing subplot 1: D. lycioides vs S. erosa 
and S. burchellii; (d) continuous-grazing subplot 2: D. lycioides vs S. erosa and S. burchellii; (e) continuous-grazing subplot 2: S. erosa 
vs S. burchellii and D. lycioides; (f) summer-grazing subplot 1: S. erosa vs S. burchellii and D. lycioides; (g) summer-grazing subplot 2: 
S. erosa vs S. burchellii and D. lycioides; (h) summer-grazing subplot 1: S. burchellii vs S. erosa and D. lycioides; (i) summer-grazing subplot 
2: S. burchellii vs S. erosa and D. lycioides; (j) summer-grazing subplot 1: D. lycioides vs S. erosa and S. burchellii; (k) summer-grazing 
subplot 2: D. lycioides vs S. erosa and S. burchellii; (l) winter-grazing subplot 1: S. erosa vs S. burchellii and D. lycioides; (m) winter-grazing 
subplot 2: S. erosa vs S. burchellii and D. lycioides
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Appendix 1 (cont.)
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