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Abstract

Questions: Termite mounds of the genus Macrotermes are prominent features in African
savannas, forming nutrient hotspots that support greater plant diversity, which is of higher
nutritional value than the surrounding savanna matrix. However, little is known about grass
communities on and around mounds or how the functional importance of mounds varies
across sites. As mean annual rainfall increases, savannas in southern Africa become

increasingly dystrophic through increased denitrification (including pyrodenitrification) and
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the leaching of soil nutrients. The functional importance of mounds is concomitantly
expected to increase as the difference in foliar nutrient levels between mounds and the
savanna matrix increases. We tested this prediction on grass communities across a rainfall
gradient i) to determine the degree to which grass assemblages differ between termite
mounds and the savanna matrix, ii) to determine the spatial extent to which mounds influence
grass communities, and iii) to investigate whether these patterns differ across savanna types.
Location: Kruger National Park, South Africa

Methods: Grass communities were surveyed at three savanna sites differing in mean annual
rainfall (550 - 750 mm.yr). Grass diversity and tissue nitrogen concentrations were
measured on and off termite mounds and along transects away from mounds in order to
calculate the spatial influence of termite mounds on savanna grass communities. Using
termite mound densities estimated from airborne LiDAR, we upscaled field-based results to
determine the percentage of the landscape influenced by Macrotermes termite activity.
Results: Although species richness of grasses was lower on mounds than in the savanna
matrix, the assemblage composition varied significantly, with higher nutrient concentrations
in grasses located on mounds. This pattern became more distinct with increasing rainfall. The
spatial extent of these nutrient-rich grasses also differed across the rainfall gradient, with a
larger sphere of influence around mounds in wetter areas. Mounds distinctly altered grass
communities over ~2% of the entire landscape.

Conclusions: Our results show that Macrotermes mounds are important components of
savanna heterogeneity, and reveal that the functional importance of mounds increases with

increasing rainfall.
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vegetation



Nomenclature: van Oudtshoorn (1999)

Running head: Grass communities and termite mounds

Introduction

Termites redistribute soil nutrients and can have profound influences on savanna vegetation
(Dangerfield et al. 1998; Sileshi et al. 2010). The epigeal mounds constructed by some
genera, such as Macrotermes, act as nutrient hotspots that have compositionally distinct plant
communities on and around them. These community differences are attributed to a range of
mechanisms including enhanced nutrient availability (Jouquet et al. 2005; Gosling et al.
2012) and moisture availability (Steinke & Nel 1989; Erpenbach et al. 2013) as well as
increased fire protection (Joseph et al. 2013b; Van der Plas et al. 2013). Once distinct
communities have been established, positive feedback loops resulting from increased shading
(Erpenbach et al. 2013; Van der Plas et al. 2013) and herbivory (Okullo & Moe 2012a)
further enhance and maintain differences.

While several studies have documented increased plant diversity on termite mounds
(Loveridge & Moe 2004; Traoré et al. 2008; Moe et al. 2009; Okullo & Moe 2012b;
Erpenbach et al. 2013; Joseph et al. 2013a), the majority of these have focused on woody
plants. Studies explicitly documenting grass patterns have reported a range of responses -
including no differences between mounds and the savanna matrix in terms of species richness
(Moe et al. 2009; Okullo & Moe 2012a), a decrease in grass density on mounds (Jouquet et
al. 2004) and distinct species assemblages on and off mounds (Spain & Mclvor 1988;
Jouquet et al. 2004). However, studies considering grass diversity in its entirety (i.e. species
richness, abundance (tuft density or cover) and species assemblage composition) are lacking.

This despite grasses being a dominant and characteristic plant growth form in savannas,



supporting abundant and diverse communities of grazing animals (du Toit & Cumming 1999)
and playing an important role in fire dynamics, an important component of savanna
ecosystems (Bond & Keeley 2005).

Virtually all previous studies have focused on single sites and have only considered
local effects on vegetation. How the ecological effects of termite mounds may change across
different savanna types remains unclear. In the only climatic gradient study we know of,
Erpenbach et al. (2013) investigated vegetation patterns on and off Macrotermes mounds
across a climatic gradient in west Africa, considering both woody and herbaceous vegetation.
Differences between mounds and the savanna matrix became more pronounced with
increasing mean annual precipitation, attributed to increased phytodiversity in wetter habitats.
However, when considering herbaceous plants, grass and forb species were pooled, making
grass patterns indistinguishable from other herbaceous vegetation (i.e. forbs). Furthermore, a
recent study by van der Plas et al. (2013) found that browsing herbivores avoided
Macrotermes mound vegetation in South Africa’s Hluhluwe-iMfolozi Game Reserve. This
result stands in contrast to previous work that documented preferential browsing of mound
vegetation (e.g. Holdo & McDowell 2004; Loveridge & Moe 2004; Mobak et al. 2005;
Brody et al. 2010; Levick et al. 2010b). This unique finding was attributed to higher soil
nutrients in the savanna matrix of the study site relative to other savanna areas, resulting in
little nutritional difference between mound and savanna matrix vegetation. These studies
imply that termite mounds do not enhance savanna vegetation heterogeneity in the same way
across all habitats with more across-site studies necessary before general conclusions can be
drawn.

In addition to variation in the degree of difference between mound and savanna
matrix vegetation across savanna sites, it is also likely that the sphere of influence around

termite mounds (i.e., the area that mounds influence) will vary across sites. Most studies have



only assessed patterns on and off mounds, with limited information available on the extent of
mound influence. As a result, the ecological effects of termite mounds and the spatial extent
of such effects are poorly quantified at landscape scales (Levick et al. 2010b; Sileshi &
Arshad 2012).

We investigated effects of Macrotermes mounds on grass assemblages across distinct
savanna types differing in mean annual precipitation and vegetation communities. We further
quantified the sphere of influence around mounds and scaled these findings up to the
landscape level, thereby uncovering how the overall influence of mounds on ecological
processes varies across savanna habitats. The aims of the study were: i) to determine the
degree to which grass assemblages (species richness, grass cover (abundance) and
community assemblages) differ between termite mounds and the savanna matrix, ii) to
determine the spatial extent (sphere of influence) to which mounds influence grass
communities, both locally around mounds and at a landscape scale, including whether there is
a gradual change in grass assemblages from mound to savanna matrix or if clear thresholds of
change can be detected, and iii) to investigate whether these patterns differ across savanna
types from relatively dry (550 mm.yr™) to relatively wet (750 mm.yr™) savanna. We
predicted that effects of mounds, including both the degree of difference in grass
communities and the spatial extent of their influence, would be strongest in wetter savannas
where foliar (grass) nutrients were expected to differ most between mounds and the savanna
matrix. This because the increased phytodiversity on termite mounds is strongly linked to
enhanced soil nutrition (Joseph et al. 2013a; Seymour et al. 2014), therefore where grasses of
higher nutrient content are able to persist in the savanna matrix (drier savannas), effects of
mounds on grass assemblages are expected to be lower, including the extent of spatial effects

because high nutrient grasses will not be dependent on mounds.



Methods

Study site

The study took place in three savanna vegetation types along a rainfall gradient in southern
Kruger National Park, South Africa. These three sites occur in a summer rainfall region and
vary in mean annual precipitation and vegetation characteristics. Due to processes such as
increased denitrification (including pyrodenitrification) and soil leaching, wetter savannas in
southern Africa are generally nutrient-poor compared to drier ones (Scholes 1997). The
vegetation at the driest site (Skukuza) is relatively nutrient-rich savanna (sweet veld) and
characterised by an Acacia nigrescens/Combretum apiculatum association and receives a
mean rainfall of 550 mm.yr™. The wettest site (Pretoriuskop) is dominated by Terminalia
sericea and Dichrostachys cinerea and has comparatively nutrient-poor vegetation (sour
veld); mean annual rainfall here is 750 mm.yr™. An intermediate site (Napi) is located
between these two distinct regions and contains a mosaic of the two vegetation types, with
Combretum zeyheri and C. collinum being dominant tree species, rainfall here is also
intermediate, ca. 625 mm.yr™ (Gertenbach 1983). Herbivore biomass varied across the three
sites, with the highest levels recorded at the intermediate site (Napi, 3490.36 kg/km?),
followed by the driest (Skukuza, 1568.24 kg/km?) and finally the wettest site (Pretoriuskop,
838.20 kg/km?). All three sites occur within an undulating landscape on granitic substrate;
Macrotermes mounds occur predominantly on crests and upper sections of hillslopes (Levick

et al. 2010a; Davies et al. 2014).

Study design
Within each savanna site, areas of relatively high (> ~1 mound.ha™, see Davies et al. 2014)
Macrotermes mound densities were selected using Light Detection and Ranging (LiDAR)

data from the Carnegie Airborne Observatory Alpha sensor package (CAO-Alpha; Asner et



al. 2007). Ten termite mounds spaced at least 50 m apart (and in most cases over 100 m
apart) were then selected within three sites across the rainfall gradient and surveyed during
January 2012, the peak summer month when grasses are abundant and identifiable. All
surveyed termite mounds were built by Macrotermes, with the dominant species in the area
being M. falciger and M. natalensis (Davies et al. 2014). Both active and inactive mounds are
vegetated in this region so we did not discriminate between these two classes. Mound
diameter was measured for each mound along the north-south and east-west axes and the
average diameter calculated from these measurements.

The grass communities on and around each mound were surveyed using 1 m?
quadrats. Sixteen quadrats were placed on the termite mound, six on the upper sections and
ten on the lower sections, where more surface area was available. Each grass species present
in the quadrat was identified and the percentage of the quadrat that it occupied (basal cover)
visually estimated. Sampling quadrats were stratified according to aspect, with half (eight) on
the northern section of the mound and the other half on the southern section. For each termite
mound, a paired savanna plot situated 30 m from the edge of the mound was also sampled. A
random direction for the placement of the savanna plot was chosen each time and this plot
was placed at least 30 m away from any neighbouring mounds. At this savanna plot, 16
quadrats were placed in a grid formation of 4 by 4, spaced one meter apart. Finally, transects
were laid out from each mound in the four cardinal directions. A total of six quadrats were
placed at the following distance intervals from the base of the mound along each transect: 1
m,2m, 4 m,8m, 16 m and 32 m (Appendix S1). Changes in vegetation composition were
expected to be most pronounced closer to mounds; hence a geometric progression with the
common ratio of 2 was selected. In each quadrat (on the mounds, savanna plots and transects)

standing biomass readings were recorded using a disc pasture meter. The disc pasture meter



has been calibrated for this vegetation type and biomass was calculated with the following

formula from Trollope (1990):

(VX x 2260) — 3019 = kg ha™

where X is the disc height reading in cm obtained from the disc pasture meter.

Nutrient sampling

Grass samples collected from the termite mounds and each quadrat along transects were
harvested for analysis of nitrogen and carbon content. Grass samples were representative of
all species present in each quadrat, and the amount of each species harvested was in
proportion to its abundance in the quadrat. All samples consisted of above-ground plant
material. Samples were dried at 60° C for 48 hr immediately after collection, following which
they were homogenised. Total C and N concentrations of ground grass material were
analysed using an elemental analyser “Vario EL” (Elementar Analysensysteme GmbH,

Hanau, Germany) at the Max Planck Institute for Biogeochemistry, Jena, Germany.

Analysis
Sampling adequacy of the grass surveyed on termite mounds and savanna plots was assessed
using sample-based rarefaction curves and appropriate richness estimators (Gotelli & Colwell
2001) using EstimateS software version 8.2 (http://viceroy.eeb.uconn.edu/estimates). In
almost all cases, sampling was considered adequate and so observed data were used in
subsequent analyses (see Appendix S2 for more information and results).

Grass species richness, basal grass cover (percentage of the quadrat occupied by
grass) and standing biomass on and off termite mounds was compared using two-way

analysis of variance (ANOVA), after data were assessed for normality and homogeneity of



variance. An arcsine square root transformation was applied to all percentage (basal grass
cover) data before analysis. For multivariate community assemblage analyses, data were
double square-root transformed to weight common and rare species more equally (Clarke &
Warwick 2001), following which a Bray-Curtis dissimilarity matrix was constructed. Overall
differences in grass community assemblages on and off mounds were compared using a two-
way analysis of similarity (ANOSIM) with pair-wise comparisons made between sites. One-
way ANOSIMs were used to compare treatment (mound vs. savanna) assemblages at each
site separately. The R-value obtained from ANOSIM is a measure of dissimilarity and can
take a value between -1 and 1, the closer this value is to 1 the more dissimilar the
assemblages are (Clarke & Warwick 2001). Non-metric multi-dimensional scaling (nMDS)
ordinations for each savanna site were constructed to visually display patterns.

Individual grass species indicative of termite mounds were identified for each savanna
habitat using the Indicator Value (IndVal) method (Dufréne & Legendre 1997). This method
uses a combination of site specificity (uniqueness to a particular habitat) and fidelity
(frequency of occurrence within that habitat) to assess the extent to which a species is
indicative of that site. A high indicator value, expressed as a percentage, signifies that a
species is characteristic of a specific site (Dufréne & Legendre 1997). Species that scored
significant IndVal values greater than 60% were subjectively considered characteristic of that
habitat (modified from McGeoch et al. 2002). Although the method was originally designed
to detect species indicative of specific habitats, in this context it was used to test if there are
specific grass species associated with termite mounds and if such characteristic species
change across the rainfall gradient.

Data collected from the distance transects were pooled across the four directions and
grass species richness, grass basal cover (arcsine square root transformed) and standing

biomass were compared across distance classes and sites using two-way ANOVAs. Grass



assemblage composition was analysed in a similar fashion to those on and off mounds, with
the use of ANOSIMs and nMDS ordinations. In order to detect changes in assemblages with
distance relative to mounds and to identify where such changes become apparent, ANOSIM
was used to compare grass assemblages at each distance category (pooled across directions)
to assemblages on the mound. Further, we used Mantel’s test to construct Mantel
correlograms to calculate patterns of spatial autocorrelation. The Mantel test can be used to
examine relationships between multivariate dissimilarity matrices and a matrix of their
geographic positions and determines spatial dependence at different distance classes (Borcard
et al. 2011). The correlogram produces r coefficients between -1 and 1, where 1 is completely
spatially dependent and -1 spatially independent. Mantel correlograms conduct pair-wise tests
with a Holm correction for multiple comparisons for each distance class. A Bray-Cutis
dissimilarity matrix was constructed from the assemblage data (after an arcsine
transformation was applied) and detrended by regression on the site coordinates before
Mantel correlograms were constructed (Borcard et al. 2011). For these correlograms, data
were pooled across the ten mounds per site, but directional data were not pooled in order to
increase statistical power.

The C: N ratio was calculated from the tissue samples. The data were log transformed
to meet assumptions of normality and homogeneity of variance and changes in the C: N ratio
along the transects assessed with two-way ANOVA. The ANOSIM and nMDS analyses were
performed using Primer software version 5.2 (Clarke & Warwick 2001), while all other
analyses were conducted with R software version 2.15.1 (R Development Core Team 2012),
the R package vegan was used for the Mantel correlograms and the package labdsv for the
IndVal analyses.

To determine the sphere of influence of mounds on grass assemblage composition in

each study site, the mean mound diameter was calculated and added to the extent of direct
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influence determined from the distance transects to obtain a radius of influence from the
centre of a termite mound. This sphere of influence was assumed to be circular, and the area
under direct influence of a termite mound calculated. For these calculations, the influence on
grass community composition was used instead of species richness, basal cover or standing
biomass because these patterns were the clearest and are more meaningful for savanna
heterogeneity as mounds have more effect on grass assemblages than the other variables
measured (see Results). Using LIDAR terrain data from the Carnegie Airborne Observatory
(CAO, http:cao.ciw.edu), mound densities on crests in each study area were estimated and a
correction factor applied to account for variation in detection rates across the study site (see
Davies et al. 2014). The area that is directly influenced by mounds was then calculated for
each study site. Crests were chosen instead of the entire landscape because Macrotermes
mounds occur predominantly on them (Levick et al. 2010a; Davies et al. 2014) and therefore
will be influential in these areas. Due to the nature of the remote sensing technique used,
some small mounds (< 0.5 m height) escaped detection and these estimations can thus be

considered minimum values.

Results

Grass assemblages on and off termite mounds

Grass species richness varied significantly across the three savanna sites (two-way ANOVA,
F =6.988, p <0.01, Fig. 1a), and there were significantly more species off mounds than on
mounds (two-way ANOVA, F =72.123, p < 0.001, Fig. 1a). The interaction between these
two factors was not significant (two-way ANOVA, F = 0.239, p = 0.788), indicating that the
effect was similar across all three sites. A Tukey Honest Significant Difference (Tukey HSD)
test showed that between sites, Skukuza (the driest site) had significantly more species than

both Napi (intermediate) and Pretoriuskop (wettest site) (p < 0.01 and < 0.05 respectively),
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Figure 1: Grass species richness (a), percentage basal grass cover (b), and standing biomass of grass (c) on and
off Macrotermes mounds at three savanna sites across a rainfall gradient. Sites are arranged in order of
increasing mean annual rainfall. Letters indicate differences between savanna sites while asterisks denote
significant differences between treatments (mounds vs. savanna).

which did not differ from each other (p = 0.644). Across the rainfall gradient, grass species
richness on mounds did not differ, i.e. mounds in all three areas had similar species richness
(Fig. 1a). Among the savanna matrix plots, only Skukuza had significantly more species than
Napi (p < 0.05), but a similar number to Pretoriuskop (Fig. 1a). When comparing species

richness on and off termite mounds, savanna matrix plots contained more species at every site

(p < 0.001 for all three sites, Fig. 1a).
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Grass cover did not differ significantly between sites (two-way ANOVA, F =0.218, p
= 0.805) nor between mound and savanna plots, although this comparison did approach
significance: two-way ANOVA, F =3.982, p = 0.051, most notably at the driest site
(Skukuza) where more cover was found on mounds than in the savanna matrix (Fig. 1b). The
interaction between site and treatment was not significant (two-way ANOVA, F =2.306, p =
0.109). Standing biomass varied significantly across sites (being highest at the intermediate
site (Napi), two-way ANOVA, F =5.817, p < 0.01). Biomass was significantly higher at Napi
than the wettest site (Pretoriuskop) (p < 0.01), but not between other sites. No biomass
differences were recorded between mound and savanna plots (two-way ANOVA, F = 0.045,
p = 0.834, Fig. 1c).

Grass community assemblages differed significantly between mounds and savanna
plots at all three sites with little overlap of species (Table 1, Fig. 2, Appendix S3). Between
sites, Skukuza and Napi had the most similar assemblages, while Pretoriuskop had a

markedly different assemblage (Table 1, Fig. 2).
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Figure 2: Non-metric multi-dimensional scaling (nMDS) ordination of grass assemblages occurring on and off

termite mounds at three savanna sites.

13



Table 1: Results from an analysis of similarity (ANOSIM) of grass assemblages between termite mounds and
savanna plots as well as between the three research sites (mound and matrix vegetation pooled). A two-way
crossed ANOSIM was performed for overall treatment differences (averaged across all sites) and site differences
(including pair-wise comparisons), while a one-way ANOSIM was performed for treatment effects at each
savanna site separately. The R-statistic is a measure of similarity of assemblages, the closer this value is to 1, the
more dissimilar assemblages are. Sites are arranged in order of increasing rainfall. Sites are arranged in order of

increasing mean annual precipitation; Skukuza receives 550 mm.yr™, Napi 625 mm.yr™ and Pretoriuskop 750

mm.yr.

Factor R statistic P value
Treatment (overall) 0.900 0.001
Skukuza 0.823 0.001

Napi 0.982 0.001
Pretoriuskop 0.886 0.001
Site 0.710 0.001
Skukuza vs. Napi 0.313 0.001

Skukuza vs. Pretoriuskop 0.905 0.001

Napi vs. Pretoriuskop 0.894 0.001

Seven grass species were identified as characteristic of termite mounds (Table 2).
More indicator species were identified with increasing site precipitation (four species at
Pretoriuskop, three at Napi and two at Skukuza) with a perfect indicator (Cynodon dactylon)
identified at Pretoriuskop. One species (Urochloa mosambicensis) was characteristic of

termite mounds at all three sites.
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Table 2: Species identified as characteristic of termite mounds for each research site arranged along a climatic
gradient from dry to wet. Significant indicator values above 60% are shown (100% being a perfect indicator, P <
0.05, 1000 iterations). * denotes a significant indicator but with an IndVal value <60%; n.s. is present but not
significant; — denotes that the species is absent from the site. Sites are arranged in order of increasing mean

annual precipitation; Skukuza receives 550 mm.yr?, Napi 625 mm.yr™ and Pretoriuskop 750 mm.yr™.

Species Site

Skukuza Napi Pretoriuskop
Cynodon dactylon - - 100.0
Urochloa mosambicensis 89.48 77.66 60.00
Panicum maximum n.s. n.s. 87.26
Bothriochloa radicans * 70.00 -
Brachiaria deflexa * 70.00 -
Eragrostis superba n.s. n.s. 65.97
Cenchrus ciliaris 60.00 n.s. -

Grass assemblages across transects

Species richness differed significantly along the distance transects (two-way ANOVA, F =
5.454, p <0.001), with Tukey HSD tests revealing that mounds had significantly fewer
species than 4 m and upwards (p < 0.05). Furthermore, there were significantly more species
at 32 m than at 1 m (p < 0.01) from mounds. Neither site nor an interaction between site and
distance were significant, indicating that patterns were consistent across savanna sites
(Appendix S4a).

Grass cover differed significantly between both site and distance category (two-way
ANOVA, site: F = 8.344, p < 0.001; distance: F = 3.101, p < 0.01), but the interaction
between the two variables was not significant (two-way ANOVA, F = 0.856, p = 0.593).
Tukey HSD tests showed that the wettest site, Pretoriuskop, had significantly greater grass
cover than the driest site, Skukuza (p < 0.001), and there was a trend of more grass at

Pretoriuskop compared to the intermediate site, Napi (p = 0.09). No pairwise comparisons
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were significant between distance classes, but there was a trend toward less grass cover at
intermediate distance classes (8 and 16 m) compared to the edge of the mound (1 and 2 m)
(Appendix S4b).

For standing biomass, site, distance class and the interaction between the two differed
significantly (two-way ANOVA, site: F =5.929, p < 0.01; distance: F = 2.325, p < 0.05;
interaction: F = 1.806, p < 0.05). Napi had a significantly higher biomass than the other two
sites (p < 0.05 for Pretoriuskop and p < 0.01 for Skukuza). Across distance classes, less
biomass occurred at the 1 m distance category compared to the 4 m (p = 0.078), 8 m (p <
0.05) and 32 m (p = 0.086) distances, these effects were most pronounced at the intermediate
site (Napi), with considerably lower biomass at the 1 m distance class (Appendix S4c).
Although grass cover and biomass results from the transects appear to contradict those
recorded from on and off mounds, the transects represent data from several distance classes
along the transect while the on and off mound comparisons are from only two locations. The
transect data thus represent a continuum within which site differences occur. Both datasets
were deemed necessary for analysis because a single quadrat 32 m from a mound was not
considered to be an adequate representation of the savanna matrix compared to 16 quadrats
sampled on each termite mound.

Differences in grass assemblage composition along transects varied across the rainfall
gradient. At the driest site, Skukuza, a gradual change in grass composition from mound to
matrix was observed, with no clear threshold at any one point (Fig. 3a). As mean annual
rainfall increased, a clearer transition in grass composition was evident among distance
categories, most notably from 2-4 m. This change was most pronounced at the wettest site,
Pretoriuskop (Fig. 3b and c). Spatial turnover in grass communities was clear from both the
nMDS ordinations and the R statistics from ANOSIM tests, which depict the magnitude of

change in assemblages between the mound and a particular distance category (Fig. 3). Spatial
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Figure 3: Non-metric multi-dimensional scaling (nMDS) ordinations of grass assemblages along transects of

increasing distance from termite mounds at three savanna sites differing in mean annual rainfall, Skukuza (a),

Napi (b) and Pretoriuskop (c). Ordinations are displayed on the left panel while the bar graphs in the right panel

represent the size of the R statistic from an ANOSIM between assemblages on termite mounds and at various

distances away from the mound. All R statistics were significant (p < 0.05) at Skukuza, from 2 m upwards at

Napi and from 4 m upwards at Pretoriuskop.
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autocorrelation analyses (Mantel correlograms) confirm the thresholds in grass composition
across the rainfall gradient with a more gradual response at Skukuza, where no significant
spatial dependence was detected (Fig. 4a). Spatial dependence persists further from mounds
with increasing mean annual rainfall: grass community assemblages are significantly spatially
dependent at 1 m distances at Napi (Fig. 4b) and up to 2 m at Pretoriuskop where they are
also spatially independent at distances over 25 m (Fig. 4c). At both Napi and Pretoriuskop,
assemblages are spatially independent and no longer positively correlated at 4 m from

mounds.

Foliar nutrients

The spatial pattern of grass C: N ratio mirrored the assemblage changes, with a clear increase
recorded from the mound up until 2 m from the mound, followed by a levelling off at
Skukuza. At both Napi and Pretoriuskop a steep increase was evident up until 4 m from the
mound, with the C: N ratio only levelling off 16 m into the savanna matrix (Fig. 5). Two-way
ANOVA confirmed that the C: N ratio differed with site and distance, and the interaction
between these two factors was significant (site: F = 33.348, p < 0.001; distance: F = 37.967, p
< 0.001; interaction: F = 2.565, p < 0.01). Skukuza had a significantly lower C: N ratio than
both Napi (Tukey HSD, p < 0.001) and Pretoriuskop (Tukey HSD, p < 0.001), which did not
differ from each other (p = 0.081). The C: N ratio increased significantly with distance from
mounds, with all distance classes having a higher C: N ratio than the mound (p < 0.001 for all
pair-wise comparisons). Off the mound, distances of 4 m and upwards had significantly
higher C: N ratio than 1 m from the mound (p < 0.001 for all comparisons) and all distances
greater than 8 m had a significantly higher C: N ratio than 2 m from mounds (p < 0.01).
Comparisons between the other classes (4 m, 8 m, 16 m and 32 m) did not differ significantly

from each other, apart from between 4 m and 32 m (p < 0.05). Thus, the C: N ratio
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significantly increases up until 4 m from mounds, after which it increases only slightly to be
higher at 32 m compared to 4 m. The interaction term was significant, with stronger (steeper
increases in C: N ratio) responses observed with increasing rainfall, being highest at

Pretoriuskop (Fig. 5).

—+Skukuza Napi —+Pretoriuskop
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Figure 5: Carbon to Nitrogen (C:N) ratio for grass samples across distance transects from termite mounds.

Samples were taken from the four cardinal directions around mounds.

Sphere of influence around termite mounds

The sphere of direct influence around mounds was determined for each study site using the
magnitude of grass assemblage changes at various distance intervals from ANOSIM and
nMDS results (Fig. 3), and the Mantel correlograms (Fig. 4). Considering these assemblage
changes, a gradual compositional change was observed at the driest site (Skukuza) where,
according to the ANOSIM, grass assemblage composition continues to change relative to the
mound as far as 16 m into the savanna matrix, suggesting a gradual rather than an abrupt
change. However, community differences beyond 2 m are not enough to garner support from
the Mantel correlograms. Mound influence was therefore conservatively considered to extend
to 2 m, following which, differences in assemblages are less pronounced with increasing

distance (Fig. 3a) and spatially independent (Fig. 4a). At Napi and especially Pretoriuskop
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(the wettest site), thresholds in community compositional change are easier to detect, with
grass communities being distinctly different at a distance of 4 m into the savanna matrix at
both sites (Fig. 3b and ¢ and Fig. 4b and c). Based on this and the Mantel correlograms,
mound influence at these sites was considered to extend to 4 m, following which
communities are spatially independent of the mound. The sphere of influence around termite
mounds was therefore considered to be greater at the wetter sites, extending to 4 m into the
savanna matrix. When the landscape level sphere of direct influence of mounds was
calculated at each site (using average mound diameter at each site, the magnitude of grass
assemblage changes: 2 m at Skukuza and 4 m at both Napi and Pretoriuskop, and LiDAR
data), mounds have a slightly larger direct effect at the wettest site, Pretoriuskop, where
2.37% of crest landscapes are directly affected. Although mounds had the largest sphere of
influence at intermediate Napi, the overall landscape effect is smallest here due to lower
mound densities, being 1.89% of the crest landscape. Skukuza (driest site) had intermediate
landscape effects (2.16%) because although mounds here are larger and occur at higher
densities, the sphere of influence extends to only 2 m from mounds compared to 4 m at the

wetter sites (Table 3).

Table 3: The area under direct influence (sphere of influence) around termite mounds with respect to change in
grass communities. The mound densities from which the percentage figures are drawn are attained from LiDAR
terrain data and reflect densities on crests within the landscape, the landscape percentage under direct influence
subsequently refers to percentages of crests under direct influence. Sites are arranged in order of increasing

mean annual precipitation; Skukuza receives 550 mm.yr™, Napi 625 mm.yr™* and Pretoriuskop 750 mm.yr™.

Savanna site Sphere of influence Mound Percentage of landscape
around mounds density under direct influence

Skukuza 11533 m° 1.87 ha' 2.16%

Napi 192.71 m? 0.98 ha™ 1.89%

Pretoriuskop 156.10 m? 1.52 ha™ 2.37%
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Discussion

Our findings reveal that termite mounds are important agents of grass community assembly
across varying savanna sites, acting as keystone structures that provide nutrient-rich patches
of distinct grass species to those found in the savanna matrix. However, the effects of termite
mounds on grass communities are not uniform across landscapes. Mounds have a greater
influence on grass composition on wetter, nutrient-poor landscapes where differences
between mound and savanna vegetation are more pronounced, with clearer thresholds of

change in grass assemblages documented.

Differences between mound and savanna matrix grasses

Grass communities on termite mounds differed markedly from those in the savanna matrix
across the rainfall gradient. At all three sites, grass species richness was greater in the
savanna matrix, in contrast to documented patterns for woody plants and forbs (Loveridge &
Moe 2004; Traoré et al. 2008; Moe et al. 2009; Erpenbach et al. 2013). This finding concurs
with Arshad (1982), while Moe et al. (2009) recorded no difference in grass species richness
between mounds and the savanna matrix. It is well established that plant species richness
follows a hump-shaped relationship along productivity gradients, with a peak at intermediate
levels of productivity (Grime 1973; Mittelbach et al. 2001). Our findings suggest that for
African savanna grasses, termite mounds represent areas of high productivity with species
richness peaking at productivity levels lower than that of mounds. In temperate systems,
grass species richness has been shown to peak in relatively nutrient-poor soils (Cornwell &
Grubb 2003), particularly where nitrogen and phosphorous levels are low (Crawley et al.
2005) and our results, along with those from east Africa (Arshad 1982; Moe et al. 2009),
indicate that savanna grasses follow similar patterns. This pattern is consistent across the

rainfall gradient, suggesting that the nutrient levels of termite mounds are consistently higher
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than optimal for grass species richness, possibly as a result of competitive exclusion leading
to the dominance of a few species which monopolise the resource (Grime 1973). Moreover,
since many savannas are nitrogen-limited environments due mostly to their frequent burning
(Asner et al. 1997; Scholes 1997), it is likely that most grass species are adapted to nutrient
levels lower than that of termite mounds.

Although the majority of studies that record plant biomass as a measure of
productivity report a hump-shaped relationship between species richness and biomass,
richness peaking at intermediate biomass levels (Mittelbach et al. 2001), neither standing
biomass nor grass cover on and off termite mounds differed in our study at any site. Termite
mounds act as focal feeding sites for both mammalian (Mobak et al. 2005) and insect
(Davies et al. in prep.) grazers in savanna systems, which likely leads to lower standing
biomass and grass cover than would be expected in the absence of herbivores. Potential
biomass (biomass in the absence of grazers) is therefore likely to be much higher than
observed standing biomass on mounds.

The grass communities on termite mounds differed significantly from the savanna
matrix vegetation, with very little overlap of species. Thus, although supporting fewer species
than the savanna matrix, the species composition on mounds was almost entirely different,
providing a distinct habitat to that of the more expansive savanna matrix. Similar high levels
of dissimilarity between mounds and savanna matrix were recorded at all three sites, despite
the grass communities at the wettest site being very different to those at the other two sites.
Termite mounds therefore appear to play a consistent keystone role across ecosystem types
by supporting different grass assemblages. Indeed, similar differences in grass assemblages
have been recorded in various African (Arshad 1982; Jouquet et al. 2004) and Australian

(Spain & Mclvor 1988) savannas.
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Grass species growing on mounds are highly nutritious with significantly lower C: N
ratios than savanna matrix grasses, making assemblages distinct both taxonomically and
functionally. Moreover, all species identified as characteristic of termite mounds (except
Bothriochloa radicans) are highly nutritious and palatable to grazing animals (van
Oudtshoorn 1999), and several are stoloniferous, forming grazing lawns under high grazing
pressure (notably Cynodon dactylon and Urochloa mosambicensis), which are important
forage patches for herbivore populations (Archibald 2008; Cromsigt & OIff 2008). It is likely
Bothriochloa radicans occurs on mounds because termite activity concentrates clay particles
here (Jouquet et al. 2004), providing an ideal habitat for this species, which grows in soils
with high clay content (van Oudtshoorn 1999). Savanna matrix soils in this system are
generally sandy with low clay content (Venter 1990).

The ecological heterogeneity created by termites through mound construction thus
plays a critical functional role in savannas through the provision of nutrient-rich grass patches
which are favoured by herbivores (Mobak et al. 2005, Davies et al. in prep.). Furthermore,
Macrotermes mounds are predominantly located on nutrient-poor crests within this landscape
(Levick et al. 2010a; Davies et al. 2014) and their presence here is likely to facilitate the
persistence of herbivores in areas that represent marginal habitat and would be otherwise less

suitable (Grant & Scholes 2006).

Spatial extent of termite influence

In line with our reported patterns on and off termite mounds, grass species richness increased
with distance from termite mounds, while cover and standing biomass exhibited mixed
patterns with no clear threshold detected. Across the three sites, grass species richness was
significantly higher at a distance of 4 m than on the mounds. However, the threshold for

change in grass composition varies among sites. At the driest and most nutrient-rich site,
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Skukuza, the sphere of influence is smaller, extending only to 2 m from mounds, with grass
community assemblages changing gradually with distance from termite mounds. As mean
annual precipitation increases (and savanna vegetation becomes relatively nutrient-poor),
differences become more pronounced and the sphere of influence around mounds increases to
4 m. These findings support our predictions: mounds in wetter areas have a stronger effect on
grass communities and clearer thresholds are detected.

The more distinct differences in grass assemblages detected at the wetter sites mirror
the changes in the C: N ratio recorded from the grass samples. At these wetter sites there is a
consistent, steep increase in C: N up to 4 m from mounds, after which the increase is more
gradual to 16 m, and then levels off beyond 16 m from the mound. In contrast, at the driest
site Skukuza, the C: N ratio levels off after only about 2 m. The lower C: N ratio sustained in
the drier, relatively nutrient-rich savanna mitigates the effect termite mounds have on grass
assemblages, with nutrient-rich grasses persisting away from mounds. Indeed even some of
the dominant grasses in the savanna matrix (e.g. Digitaria eriantha and Brachiaria
nigropedata) not found on termite mounds are also nutritious and considered palatable (van
Oudtshoorn 1999). Macrotermes mound soil provides an ideal environment for grazing lawn
species such as those growing on the mounds themselves, and enhances their spread through
erosion of mound soil to the matrix (Gosling et al. 2012). However, the environmental
conditions (lower rainfall leading to lower denitrification and leaching) at the drier savanna
site lessens this effect, allowing grasses with lower C: N to persist in the savanna matrix,
resulting in gradual changes here and the sphere of influence to be smaller compared to that
of the wetter sites, where this eroded material is more important for maintaining high nutrient
availability for lawn grasses. Working in a relatively nutrient-rich savanna, van der Plas et al.
(2013) found that trees off mounds are more favoured by browsers than those on mounds, in

contrast to all previous studies relating browsing activity to termite mounds. They attribute
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this finding to the high nutrient value of the savanna matrix, which results in differences on
and off mounds being reduced, and suggests that the importance of mounds as nutrient
hotspots varies with landscape context. The gradual differences and smaller spheres of
influence around termite mounds in the drier, savanna in our study indicate that similar
context dependant processes are likely operating for grass communities in southern Africa.

The sphere of influence around termite mounds in relation to savanna grasses
constitutes around 2% of crest landscapes. In Uganda, Moe et al. (2009) report that termite
mounds themselves occupy about 5% of the landscape, while Levick et al. (2010b) calculated
the sphere of influence mounds have on browsing patterns to be as high as 20%. The lower
values that we found compared to east Africa may be attributed to lower mound densities
recorded in southern Africa, but are also potentially more accurate due to the possibility of
surveying larger areas with LIDAR compared to field-based studies, which could be focused
on small areas with high mound densities (Davies et al. 2014). Although browsing extent
around mounds is an order of magnitude greater (Levick et al. 2010b) than the influence
mounds have on grasses, the effect on woody species assemblages is so far unknown, and
here we do not report grazing influences of mounds (which would be more closely related to
browsing) but rather grass species patterns. However, woody plants have deeper, more
extensive root systems than grasses with their roots extending well beyond their own canopy
(Scholes & Archer 1997). It is likely that the larger rooting systems enable woody plants to
access the nutrient and moisture enriched soil around termite mounds at greater distances
than grasses, enlarging the sphere of influence that mounds have on browsing patterns and
likely woody plants.

The sphere of influence measured in this study reflects the direct influence
Macrotermes mounds have on grass communities; indirect ecosystem effects are likely to be

larger. For example, grazing herbivores are attracted to mounds (Mobeak et al. 2005; Grant &
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Scholes 2006) and such cascading effects induced by mounds are likely to be extensive.
Furthermore, although only directly affecting around 2% of the landscape, 18% of the grass
species recorded during this study occurred exclusively on or within the sphere of influence
of termite mounds. These compositionally distinct grass assemblages increase overall
savanna biodiversity and also differ functionally, providing hotspots of enhanced nutrition in
otherwise nutrient-poor regions. Therefore, although termite mounds constitute a relatively
small proportion of the savanna landscape, they are keystone structures that have a much

greater influence on savanna structure and function than mound size alone would suggest.
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Appendix S1: Sampling design

]
L]
[]
L]
[]
[

[ [] [] DDDQDDD ] [] L]
] 12 4 8 16 32
L]

] 32 meters
L]
L]
]

Figure S1: Schematic representation of the sampling employed for the grass survey transects.
Four transects consisting of 1 x 1 m quadrats placed at set distance intervals (1, 2, 4, 8, 16
and 32 m) were laid out from termite mounds in the four cardinal directions and the grasses
occupying them surveyed. Grass and soil samples were also collected from each quadrat for

nutrient analyses.
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Appendix S2: Sampling adequacy

Sampling adequacy of the grass surveyed on termite mounds and savanna plots was assessed
using sample-based rarefaction curves and appropriate richness estimators (Gotelli & Colwell
2001) using EstimateS software version 8.2 (http://viceroy.eeb.uconn.edu/estimates). If the
observed rarefaction curve approaches an asymptote or converges closely with appropriate
richness estimators at the highest observed species richness, sampling is considered to be
adequate and representative of the studied assemblage (Gotelli & Colwell 2001; Longino et
al. 2002). In most cases, sampling was considered adequate and so observed data were used
in subsequent analyses. The sampling at the wettest site, Pretoriuskop, was the least
complete, but not considered to be grossly under-sampled. Moreover, sampling adequacy on

termite mounds and savanna plots was relatively similar here (Figure S2).
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Figure S2: Sampled-based species rarefaction curves based on the observed number of

species (S Obs) and richness estimators: ICE Mean, Chao 2 Mean, Jack 2 Mean and MM

Means. The first column represents termite mounds while the second column represents

savanna areas, for a) Skukuza, b) Napi and c) Pretoriuskop.
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Appendix S3: Grass species sampled on termite mounds and in the savanna matrix
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Appendix S4: Number of grass species, grass cover and standing biomass across
distance transects from termite mounds
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Figure S4: Grass species richness (a), percentage of cover (b) and standing biomass (c) along
transects of increasing distance from termite mounds at three savanna sites situated across a

rainfall gradient. Sites are arranged in order of increasing mean annual rainfall. Letters denote
significant differences between distance classes (a = 0.05), letters in italics denote differences

at the alpha level of 0.1 and are included to show trends.
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Figure S3: Number of mounds or savanna matrix plots (n = 10 for both) where a particular grass species was recorded at each of three savanna
sites arranged in order of increasing mean annual rainfall, (a) Skukuza, (b) Napi and (c) Pretoriuskop. Species are ranked according to the

frequency of their presence on mounds, i.e. the frequency of grass species on mounds decreases along the x-axis.
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