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Abstract

1. Global climate change is predicted to increase the frequency of droughts, with major
impacts on tropical savannas. It has been suggested that during drought, increased soil
moisture and nutrients on termite mounds could benefit plants but it is unclear how
such benefits could cascade to affect insect communities.

2. Here, we describe the effects of drought on vegetation structure, the cascading
implications for invertebrates and how termite mounds influence such effects. We
compared how changes in grass biomass affected grasshopper and ant diversity on
and off Macrotermes mounds before (2012) and during a drought (2016) at two
locations that experienced large variation in drought severity (Skukuza and
Pretoriuskop) in the Kruger National Park, South Africa.

3. The 2013-2016 drought was not ubiquitous across the study site, with rainfall
decreasing at Skukuza and being above average at Pretoriuskop. However, grass
biomass declined at both locations. Grasshopper abundance decreased at droughted
Skukuza both on and off mounds but decreased on mounds and increased off mounds
at non-droughted Pretoriuskop. Ant abundance and species richness increased at
Skukuza but remained the same on mounds and decreased off mounds at
Pretoriuskop.

4. Our results demonstrate the spatially extensive effects of drought. Despite above
average rainfall in 2016 at Pretoriuskop, grass biomass decreased, likely due to an
influx of large mammalian herbivores from drought-affected areas. This decrease in
grass biomass cascaded to affect grasshoppers and ants, further illustrating the eftects
of drought on invertebrates in adjoining areas with higher rainfall. Our grasshopper
results also suggest that increased drought in savannas will contribute to overall
declines in insect abundance. Moreover, our recorded increase in ant abundance was
primarily in the form of increases in dominant species, illustrating how drought-
induced shifts in relative abundance will likely influence ecosystem structure and
function.

5. Our study highlights the phenomenon of spill-over drought effects and suggests rather
than mitigating drought, termite mounds can instead become the focus for more
intense grazing, with important consequences for insect communities.
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1 INTRODUCTION

Drought frequency and intensity has increased in many regions globally with consequences
for the structure and function of ecosystems (Bailing et al., 2018; Spinoni et al., 2014).
Drought may, however, vary both spatially and temporally across the landscape with
consequent differential effects. For example, animals can move from areas where rainfall is
low to drought refugia with higher rainfall and therefore more resources (Roshier

et al., 2002). The movement of animals to drought refugia has been documented for species
as diverse as small mammals moving relatively large distances (Dickman et al., 1995;
Letnic, 2003) to water birds responding to changes in the extent and condition of wetlands
(Roshier et al., 2002; Wen et al., 2016).

In Africa, the effects of drought on savanna vegetation structure and large mammalian
herbivores have been well documented (Knight, 1995; Staver et al., 2019; Thornley

et al., 2020), but few studies have investigated how drought-induced changes in savanna
vegetation structure might cascade to affect other groups, including insects (Deacon

et al., 2019; Huberty & Denno, 2004). As herbaceous biomass in grassy ecosystems
decreases with drought (Augustine, 2003; February et al., 2013), insect abundance is thought
to decline (Bell, 1985; Hawkins & Holyoak, 1998; Prather et al., 2020; Wagner, 2020),
although some groups have been shown to increase in abundance, such as the Banded Achaea
Achaea catella moth, certain groups of wood borers (Anderegg et al., 2013; Smit &

Bond, 2020) and termites (Ashton et al., 2019; Braack, 1995).

The potentially variable responses to environmental change for grasshoppers and ants
motivate these as ideal candidates for investigating drought responses among savanna insect
groups. With drought, grasshopper abundance and species richness can decrease because of
increasing soil surface temperature (Prather et al., 2020) and reductions in grass and forb
biomass (particularly affecting grass and mixed feeders; Lenhart et al., 2015). Post-diapause
development in grasshoppers is directly related to soil surface temperatures with any changes
in temperature affecting breeding success while reductions in grass and forb biomass result in
reductions in available food and shelter (Lenhart et al., 2015; Prather et al., 2020; Van
Wingerden et al., 1991). Decreases in grasshopper abundance and species richness during
drought could, however, also reflect survival mechanisms; for example, drought-resistant egg
pods could result in grasshopper generations skipping drought years by prolonging initial
diapause (Ingrisch, 1986; Matthée, 1951). Ant responses to drought could be very different
from other insect groups because ant colonies are comparatively sessile and movement tends
to be local once nests are established (Banschbach & Herbers, 1999; McGlynn et al., 2004;
Underwood & Fisher, 2006). Additionally, ants as a group are considered thermophilic
(Kaspari et al., 2000) and may therefore be able to take advantage of the altered conditions.
At our study site, ant species richness has been shown to decrease with decreasing grass
biomass and rainfall (Parr et al., 2004). However, abundance, species richness and
composition of ant communities are also strongly influenced by habitat openness (Gibb

et al., 2019). With drought, where rainfall is below average and temperature above average,
ground cover should decline well below what would normally be expected with low but
average rainfall (Andersen, 2019; Staver et al., 2019; Wigley-Coetsee & Staver, 2020).
Therefore, while predictions based on rainfall amount would suggest a decrease in ant
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abundance and species richness, local changes to habitat openness and microclimate during
drought could result in an overall increase in abundance and species richness.

In African savannas, the large epigeal mounds constructed by the termite genus Macrotermes
are associated with increased quantities of organic and inorganic materials relative to the
savanna matrix (Seymour et al., 2014; Turner, 2019) and are considered nutrient and moisture
hotspots (Erpenbach et al., 2013; Erpenbach & Wittig, 2016; Gosling et al., 2012). The
increase in nutrients and water availability on mounds results in distinct floral communities
(Davies, Robertson, et al., 2014; Moe et al., 2009), that also have higher nutrient
concentrations (Davies, Levick, et al., 2016; Grant & Scholes, 2006) and consequently are
attractive to both insect and mammalian herbivores (Davies, Levick, et al., 2016; Davies, Van
Rensburg, et al., 2016). Moreover, termite mounds have also been proposed to increase
ecosystem resistance to drought through benefits to plants from enhanced soil moisture and
nutrient enrichment (Ashton et al., 2019; Bonachela et al., 2015). Using a theoretical
modelling approach for a semi-arid savanna similar to our study site, Bonachela et al. (2015)
showed that the higher soil moisture on mounds could increase vegetation resistance to
drought, providing islands of refugia for the revegetation of the surrounding matrix after
drought. There has, however, been little empirical testing of this phenomenon overall, and no
assessment related to termite mounds acting as drought refugia for insect communities
specifically.

Despite several studies demonstrating the high abundance and diversity of insects in savanna
systems, faunal research on termite mounds has largely focused on large mammals rather
than insects (Braack & Kryger, 2003; Davies, Levick, et al., 2016; Gandar, 1982). Recent
research has, however, shown that there is greater insect abundance and species diversity on
mounds relative to the savanna matrix (Leitner et al., 2020), and that during the wet season
(when insects are most active), insects can consume more mound vegetation biomass than
large mammalian herbivores (Davies, Van Rensburg, et al., 2016). However, while
grasshoppers are more abundant on nutrient-rich mounds than in the savanna matrix, species
richness and assemblage composition between mounds and the matrix does not differ (Leitner
et al., 2020). In contrast, ant assemblage composition does vary between mounds and the
matrix possibly because of an increase in mammalian herbivory on mounds (Leitner

et al., 2020).

In African savannas, however, drought is rarely ubiquitous across the landscape and several
recent studies have shown that large mammalian grazers will move from droughted areas
with decreased herbaceous biomass to areas where rainfall and grass biomass are higher
(Abraham et al., 2019; Staver et al., 2019). In contrast to Bonachela et al.'s (2015) suggestion
that mounds create refugia for vegetation during and after drought, we test an alternative
hypothesis: during drought, preferential heavy grazing by large mammals intensifies on
mounds (Davies, Levick, et al., 2016), thereby exacerbating the effects of drought, resulting
in an overall greater decrease in grass biomass on mounds relative to the savanna matrix.
However, we predicted declines in grass biomass on and off termite mounds at both
droughted areas and drought refugia in response to declining rainfall and increased
mammalian herbivory, respectively (Abraham et al., 2019; Staver et al., 2019). Declines in
grass biomass were predicted to have consequences for insects with grasshopper abundance
decreasing and ant abundance increasing. Here, we evaluate these hypotheses in a large
African national park after 4 years of above average rainfall, in 2012, and after 4 years of
drought, in 2016.



2 MATERIALS AND METHODS
2.1 Description of the study site

The study took place at two locations in the southern region of the Kruger National Park,
South Africa in January 2012 and February 2016. The first of these locations was 12 km
southwest of Skukuza village (—25.045417, 31.509533) and the second approximately 4.5 km
southeast of Pretoriuskop rest camp (—25.207050, 31.281683). Mean annual rainfall at
Skukuza is 588 mm and at Pretoriuskop is 707 mm, although interannual variation is
significant (SANParks Scientific Services). Rainfall for 2012 was higher than average for
both Skukuza (847 mm) and Pretoriuskop (852 mm). The 4-year MAP from 2013 to 2016
was below average at Skukuza (349 mm) and Pretoriuskop (649 mm). Drought in tropical
savanna is, however, often not ubiquitous across the landscape and in 2016, rainfall was the
lowest since 1985 for Skukuza (228 mm) and just above average for Pretoriuskop (753 mm).
The consistently low, and below average, rainfall for the region over several years (2013—
2016) makes this a drought period for the entire region.

At both locations, the soils are nutrient-poor granite or gneiss derived, typically shallow, acid
sands (Venter et al., 2003). Grass assemblages on mounds are distinct both taxonomically and
functionally, being more palatable to grazers than savanna matrix grasses while also having
higher nutritional value and significantly lower C:N ratios (Davies, Robertson, et al., 2014).
The vegetation at Skukuza is categorised as Granite Lowveld, with dominant woody species
Senegalia nigrescens and Combretum apiculatum (Rutherford et al., 2006). The dominant
grasses on mounds are Panicum maximum and Urochloa mosambicensis while P. maximum,
Pogonarthria squarrosa, Digitaria eriantha and Brachiaria nigropedata dominate the matrix
(Davies, Robertson, et al., 2014). The vegetation at Pretoriuskop is classified as Pretoriuskop
Sour Bushveld, with woody species dominated by Terminalia sericea and Dichrostachys
cinerea (Rutherford et al., 2006). Dominant grasses on mounds are Cynodon dactylon and P.
maximum while dominant grasses in the matrix are Setaria sphacelata, Loudetia simplex, P.
squarrosa and Schizachyrium sanguineum (Davies, Robertson, et al., 2014).

Both locations occur in an undulating landscape with distinct uplands and bottomlands where
Macrotermes mounds are associated with hillcrests and upper sections of hillslopes (Davies,
Levick, et al., 2014; Levick et al., 2010; Venter et al., 2003). The dominant Macrotermes
species were M. flaciger and M. natalensis with mound densities >~1 mound/ha (Davies,
Levick, et al., 2014; Davies, Robertson, et al., 2014). Skukuza mound height and diameter
were 2.31 m £ 0.15 (mean and SE) and 10.73 m + 0.42, respectively, while Pretoriuskop was
1.57 m = 0.07 and 8.62 m + 0.74, respectively. Mammalian herbivore biomass on average is
greater at Skukuza (1568 kg/km?) than Pretoriuskop (838 kg/km?; Davies, Levick,

etal., 2016).

2.2 Grass biomass sampling

In all, 10 termite mounds spaced at least 50 m apart, and often over 100 m apart, were
sampled at each of the two locations in January 2012 and February 2016. As both active and
inactive mounds are vegetated at the study sites, and because the effects of mounds on soil
properties are long lasting (Darlington, 1985; Erens et al., 2015), we did not discriminate
between these two mound classes. Grass biomass was determined non-destructively using a
Disc Pasture Meter (DPM; Bransby & Tainton, 1977). The DPM was dropped six times on
the upper sections and 10 times on the lower sections of each mound. Sampling was stratified
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by aspect, with eight drops on the north and eight on the south side of each mound. For each
termite mound, a paired matrix plot (5 x 5 m) situated 30 m from the edge of the mound, and
at least 30 m away from any neighbouring mounds, was also sampled by taking another 16
stratified DPM measurements, with each measurement at least 1 m apart. A calibration curve
established for KNP was used to convert DPM settling height to above-ground grass biomass
for both the 2012 and 2016 sampling periods:

(v/x%2,260) —3,019=kg -ha~"',
where x is the DPM settling height in cm (Trollope & Potgieter, 1986).
2.3 Insect sampling

Grasshoppers were sampled in January 2012 and February 2016 with 24 sweeps of a 40-cm
diameter sweep net on mounds for both years and off mounds at 20 m from the base around
the periphery of the mounds in 2012 and at the paired matrix plot in 2016. All life stages of
grasshoppers were used for abundance scores, but only adults were used for species
assemblage analyses because of taxonomic uncertainty in nymph identification (Leitner

et al., 2020).

Epigaeic ants were sampled using pitfall traps containing a 50% water—dipropylene glycol
solution. Ant sampling differed slightly between locations and years. In both 2012 and 2016,
10 mounds were sampled at Pretoriuskop and 6 mounds at Skukuza. In 2012, six evenly
spaced traps were placed on the upper sections of each mound and six around the base with a
further six traps equally spaced around the periphery at a distance of 20 m away from the
mound. In 2016, five evenly spaced traps were placed on the upper sections of the mound and
five around the base with a further 10 traps on the paired savanna matrix plot. Relative to the
surrounding matrix, the entire termite mound from the centre to the base has higher nutrient
levels that corresponds with unique vegetation assemblages (Davies, Robertson, et al., 2014).
All the samples from both upper section and base traps were therefore pooled per mound, as
in Leitner et al. (2020) to derive a single value per mound. The 2016 savanna matrix plot
traps were arranged in two transects (spaced 4 m apart), each consisting of five traps spaced

2 m apart. The traps were left open for 5 days in 2012 and for 3 days in 2016. Species
accumulation curves for both mound and matrix show no difference in sampling adequacy for
the different number of trap days in the 2 years (60 trap days in 2012 and 30 in 2016,

Figure S1). Despite the fewer sampling days in 2016, more species were sampled in 2016
than in 2012 and the comparable species accumulation curves (i.e. Skukuza mounds in 2012
vs. 2016) had similar slopes (Figure S1). Ants were identified to morphospecies for each
genus with species names assigned where possible, and the number of individuals counted for
each species. Army ants (4enictus spp.) and Driver ants (Dorylus spp.) were not included in
the analysis as these are nomadic with no fixed nesting sites and were therefore not deemed
representative of the resident ant community. Voucher ant specimens are held at the
Biological Sciences Department, University of Cape Town and the Zoology and Entomology
Department, University of Pretoria.

2.4 Data analysis
Drought severity differed between Skukuza and Pretoriuskop and as a result statistical
analyses were conducted for each location separately. Grass biomass at Skukuza was

compared between the time periods using two-way analysis of variance (ANOVA) after data
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were log-transformed to satisfy assumptions of normality and homogeneity of variance. At
Pretoriuskop, grass biomass was compared using the Aligned Rank Transform (ART) for
nonparametric factorial analysis of variance (Kay & Wobbrock, 2019). The predictor
variables for both the ANOVA and ART grass biomass models included treatment (mound or
matrix) and year (2012 or 2016), as well as the interactions between these variables.

Grasshopper and ant abundance (number of individuals) at Skukuza and ant abundance at
Pretoriuskop were compared using generalised linear models (GLMs). The models were
fitted using quasi-Poisson error distributions because the response variables were
overdispersed count data (O’Hara & Kotze, 2010). Grasshopper abundance at Pretoriuskop
and ant species richness at Skukuza and Pretoriuskop were compared using two-way
ANOVA. Treatment (mound or matrix) and year (2012 or 2016), and the interactions
between them, were predictor variables for all insect models. Model simplification, for all
grass and insect models, was performed using backward step selection, with the highest-order
non-significant interaction removed until the minimal adequate model was determined. For
all grass and insect models, the year 2012 and mound were used as the baselines for the
temporal (2012-2016) and treatment (mound—matrix) contrasts, respectively.

Both the 2012 and 2016 grasshopper species data were used to analyse species composition
between the mound and matrix communities. However, because of the large proportion of
nymphs sampled (81%) in 2012, for which absolute identifications were difficult, the 2012
and 2016 grasshopper data could not be collated and were instead analysed separately. At
both Skukuza and Pretoriuskop, the effect of treatment (mound vs. matrix) during the drought
year (2016) on the grasshopper species assemblage, and the effect of treatment (mound vs.
matrix) interacting with year (2012 vs. 2016) on the ant species assemblages were evaluated
using semi-parametric permutational multivariate analysis of variance (PERMANOVA;
Anderson, 2001) with 1,000 permutations and using the Bray—Curtis dissimilarity index. To
aid the interpretation of the ant PERMANOVA, canonical analysis of principal coordinates
(CAP) ordination was also performed (Anderson & Willis, 2003). The canonical correlations
were tested using 1,000 permutations. Similarity percentage (SIMPER) values, using the
Bray—Curtis dissimilarity index, were calculated to evaluate the relative contributions of
individual species to the discrimination between mound and matrix as well as between years.
All statistical analyses were carried out in R version 3.3.3 (R Core Team, 2017), using the
packages ARTOOL, EMMEANS, GGPLOTZ, HH and VEGAN.

3 RESULTS
3.1 Effects at the high drought severity location, Skukuza

Grass biomass declined substantially at this location, with a fourfold decline observed on
mounds and 3.5-fold decline in the matrix from 2012 to 2016 (two-way ANOVA,
F=103.95, p <0.001). There was no clear difference in biomass between the mound and
matrix plots in either year (Figure 1a).
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FIGURE 1. Means and standard error for (A) grass biomass, (B) grasshopper, (C) ant abundance and (D) ant
species richness per mound and in the comparative matrix in 2012 and during the drought in 2016 at the high

drought severity site, Skukuza. Letters indicate significant differences between sampling years while asterisks
denote significant differences between mound (black bars) and matrix (white bars)

There was a 3.4-fold decrease in grasshopper abundance on the mounds and a 1.9-fold
decrease in the matrix (GLM, f=—1.15, t=-4.96, p < 0.001), but there was no clear
difference in grasshopper abundance between mound and matrix plots in either year
(Figure 1b). There also was no clear difference in grasshopper assemblage composition
between mound and matrix plots in 2012 (Leitner et al., 2020) or in 2016.

In contrast, there was a clear 5.7-fold increase in ant abundance per mound and a 10.9-fold
increase in the matrix from 2012 to 2016 (GLM: year, f = 1.85, t=4.05, p = 0.001;
treatment, f = —0.87, t = —2.54, p = 0.02; Figure 1¢). There was also a 1.3-fold increase in ant
species richness per mound and a 1.6-fold increase in the matrix between 2012 and 2016
(two-way ANOVA, F=35.72, p <0.001; Figure 1d). There was, however, no clear
difference in ant species richness on and off mounds in either year. Ant assemblage
composition differed between years (2012 and 2016) and treatments (mound vs. matrix), with
distinct mound and matrix assemblages sampled in each year (PERMANOVA: year,
F=9.58, p=0.001; treatment, ' =4.67, p = 0.001). The interaction between year and
treatment was also clear (F = 2.23, p = 0.04). The CAP analysis revealed that ant
assemblages between treatments (mounds and matrix plots) were separated by the first CAP
axis, and assemblage differences between 2012 and 2016 were separated by the second CAP
axis (F'=5.49, p = 0.001; Figure 2a).
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Similarity percentage (SIMPER) results revealed that seven ant species in 2012 and four in
2016 accounted for 70% of the discrimination in ant assemblages between mound and matrix
plots (Table 1). In both years, Monomorium junodi dominated mound assemblages,
contributing to roughly half of the discrimination (Table 1). There was a 4.3-fold increase in
M. junodi individuals per mound from 2012 to 2016, while a Pheidole spp. (Pheidole MOT-
ZA03) increased 56-fold per mound from 2012 to 2016. Both these species occurred much
less frequently off termite mounds, with a mean of <10 individuals per matrix plot in both
years for both these species. Combined, M. junodi and the Pheidole spp. accounted for 54%
of the cumulative change in 2016 (Table 1).

TABLE 1. Similarity percentage (SIMPER) results for the Skukuza ant assemblage per mound and comparative
matrix for 2012 and 2016 including mean abundance and cumulative percentage of the species contribution to
assemblage differences in community assembly

Species

2012
Monomorium junodi
Monomorium MOT-ZA04
Pheidole MOT-ZAO7
Ocymyrmex MOT-ZA01
Pheidole MOT-ZA03
Monomorium damarense
Tapinoma MOT-ZAQ1
Pheidale MOT-ZA02

2016
Maonomaorium junocdi
Pheidole MOT-ZA03
Pheidole MOT-ZA14
Anoplolepis custodiens
Tapinoma MOT-ZA01

Abundance mounds

21417
1183
9
9
533
8.33
05
233

916.83
2795
79
117
6.83

0.34
2167
233
483
017
3.67
517
3.67

917
5717
146.17
74.83

Abundance matrix

Cumulative (%)

34
43
49
56
61
65
49
72

39
54
63
69
74



3.2 Effects at the low drought severity location, Pretoriuskop

Grass biomass decreased to a lesser extent at this location, with a twofold decrease on the
mounds and a 1.4-fold decrease in the matrix plots from 2012 to 2016 (two-way ART,
F=19.17, p <0.001; Figure 3a). Again, there was no clear difference between mound and
matrix plot biomass in either year.
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FIGURE 3. Means and standard error for (A) grass biomass, (B) grasshopper, (C) ant abundance and (D) ant
species richness per mound and in the comparative matrix before (2012) and during the drought (2016) at the
low drought severity site, Pretoriuskop. Letters indicate significant differences between sampling years while
asterisks denote significant differences between mound (black bars) and matrix (white bars)

In 2012, termite mounds showed a 3.2-fold increase in grasshopper abundance compared to
the savanna matrix; however, in 2016, there was no clear difference between mound and
matrix plots (two-way ANOVA: treatment x year, F'= 14.75, p < 0.001, Figure 3b). The clear
interaction between treatment and year was due to an increase in grasshopper abundance in
the matrix and a decrease on the mounds from 2012 to 2016 (two-way ANOVA: treatment,
F=17.95, p=0.008; year, F=4.67, p = 0.04, Figure 3b). There was, however, no clear
difference in mean species richness between the mounds (3 + 0.56 species) and the matrix

(3 £ 0.49 species) in 2016. While there was no difference in grasshopper assemblage
composition between mound and matrix communities in 2012 (Leitner et al., 2020), a clear
difference was observed in 2016 (PERMANOVA: F' =2.46, p = 0.008).

Mean ant abundance increased twofold on mounds relative to the matrix in 2012, but not in
2016 where no differences were observed (GLM: treatment, f =—0.72, t = —2.88, p = 0.007,
Figure 3c¢). There was also no clear difference in mean ant abundance between years
(Figure 3c). There was also an overall decrease in mean ant species richness from 2012 to
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2016, primarily driven by a 1.3-fold decrease in species richness on mounds (two-way
ANOVA: year, F=11.42, p = 0.002; Figure 3d). More species were sampled on mounds than
in matrix plots in 2012 (two-way ANOVA: treatment, F' = 19.14, p < 0.001; Figure 3d), but
not in 2016.

There was a significant difference in ant assemblage composition between mound and matrix
plots and years (PERMANOVA: treatment, F'=4.90, p = 0.001; year, £ =4.79, p = 0.001).
The interaction between year and treatment for ant species assemblage was also significant
with distinct mound and matrix assemblages maintained across years (£ = 2.09, p = 0.02).
Mound and matrix species assemblages were separated by the first CAP axis, whereas the
2012 and 2016 assemblages were separated by the second CAP axis (F=3.92, p =0.001),
with little change between mound and matrix assemblages between years (Figure 2b). Results
of the SIMPER analysis showed that nine ant species in 2012 and eight in 2016 contributed at
least 70% of the discrimination in ant species assemblage differences between mound and
matrix plots (Table 2). These results also reveal a more even distribution of ant species at
Pretoriuskop where three ant species accounted for the same amount of discrimination (39%)
as a single species, M. junodi, did at Skukuza in both sampling years (Table 2). In contrast,
the mean abundance of M. junodi on mounds at Pretoriuskop contributed only 16% and 11%
to the cumulative change in 2012 and 2016, respectively (Table 2).

TABLE 2. Similarity percentage (SIMPER) results for the Pretoriuskop ant assemblage per mound and
comparative matrix for 2012 and 2016 including mean abundance and cumulative percentage of the species
contribution to assemblage differences in community assembly

Abundance Abundance Cumulative
Species mounds matrix (56)
2012
Monomorium junodi a5 0 14
Crematogaster MOT-ZA04 84.7 15.3 29
Monamorium MOT-ZA04 791 764 39
Pheidole MOT-ZA11 394 35 47
Pheidole MOT-ZA08 312 51 53
Anoplolepis custodiens 233 54 58
Pheidole MOT-ZAQ7 264 8.1 62
Monaomorium albopilosum 244 27 66
Tapinoma MOT-ZA01 154 254 70
2016
Anoplolepis custodiens 1119 1059 18
Monomorium MOT-ZA04 959 21 30
Monomorium junodi 843 1 41
Pheidole MOT-ZA03 729 5.6 51
Crematogaster MOT-ZA03 27 438 57
Tetramoriurm baufra 13.2 325 63
Crematogaster MOT-ZA04 129 293 67
Tapinoma MOT-ZA01 201 221 70
4 DISCUSSION

Globally, climate model predictions suggest an increase in the frequency and intensity of
droughts (Cai et al., 2014; Dai, 2013; Fauchereau et al., 2003). Drought has been shown to
alter ecosystem functioning by changing vegetation structure and/or plant and animal
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community assembly (Hawkins & Holyoak, 1998; Wagner, 2020), but effects on insect
communities are almost entirely unknown. Termite mounds have been suggested to confer
resistance to drought for vegetation Bonachela et al. (2015) and are central to savanna insect
diversity because they create fine-scale environmental resource partitioning and host distinct
communities of insects relative to matrix habitats (Davies, Levick, et al., 2014; Leitner

et al., 2020). It is therefore pertinent to develop an understanding of how droughts might alter
insect communities and whether termite mounds mitigate drought impacts for insects and
other taxa.

In 2016, the drought in Kruger National Park was heterogeneous across the landscape, with
some areas experiencing >50% rainfall reduction (e.g. Skukuza) while other areas received
above average rainfall (e.g. Pretoriuskop). As forage quantity declined with a decrease in
rainfall at locations such as Skukuza, bulk grazers, including zebra Equus quagga, wildebeest
Connochaetes taurinus and buffalo Syncerus caffer caffer, migrated to areas where forage
was more abundant, such as at Pretoriuskop (Abraham et al., 2019; Smit & Bond, 2020;
Staver et al., 2019; Swemmer et al., 2018). As a result, buffalo density increased by £4.5
animals per square kilometre at the higher rainfall Pretoriuskop and decreased by 1.5
animals per square kilometre at the lower rainfall Skukuza (Staver et al., 2019). Despite no
reduction in rainfall, our results indicate that the consequence of this increase in herbivory at
Pretoriuskop was a significant decrease in grass biomass, with a proportionally greater
decrease on mounds (51%) than in the savanna matrix (29%). The greater biomass decline on
mounds corresponded with the higher nutritional value of mound grasses, which leads to
mounds being preferred grazing patches, particularly in nutrient-poor savannas such as
Pretoriuskop (Davies, Levick, et al., 2016; Davies, Robertson, et al., 2014).

Our results suggest that these patterns of mammalian herbivore movement and consequent
grazing patterns during the drought cascaded to affect grasshopper and ant communities. The
observed reduction in grass biomass in 2016 at the higher rainfall Pretoriuskop, combined
with the decrease in grasshopper abundance on mounds and significant increase off mounds,
suggests that grasshoppers moved away from mounds and into the matrix during the drought
year as grass biomass decreased on the mounds with the increased mammalian herbivory.
While we did not find any significant difference in the number of grasshopper species
between the mound and matrix plots in 2016, contrary to the findings of Leitner et al. (2020),
we did record different assemblages of grasshoppers between the two suggesting that some
species were not able to move off the mounds. However, we were only able to identify a
small proportion of the grasshoppers, due to the predominance of nymphs (61%), and
therefore grasshopper species richness and composition require further investigation (Leitner
et al., 2020).

For above-ground herbivorous insects, nutrient availability is a key driver of foraging
decisions (Behmer, 2009; Lenhart et al., 2015), and mean annual precipitation (MAP) is an
important determinant of forage quality (Branson, 2014; de Wysiecki et al., 2011). The lower
MAP at Skukuza results in less leaching of soil nutrients and higher quality vegetation
relative to Pretoriuskop (Davies, Robertson, et al., 2014; Leitner et al., 2020). Differences
between mound and matrix soils at Skukuza are therefore not as pronounced as at higher
rainfall Pretoriuskop, where matrix soils have lower nutrient concentrations than mounds
(Davies, Robertson, et al., 2014). As a result, there was little difference between mound and
matrix plots for grasshopper species richness and abundance at Skukuza either in 2012
(Leitner et al., 2020) or in 2016. Grasshopper abundance on and off mounds at Skukuza did,
however, significantly decrease from 2012 to 2016 as grass biomass declined during the
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drought, likely due to decreased rainfall and increased mammalian herbivory (Staver
etal., 2019).

At higher rainfall Pretoriuskop in 2012, there was no significant difference in grass biomass
between the mound and matrix plots, but there were significantly more grasshoppers on the
nutrient-rich termite mounds than in the matrix, likely reflecting the preference of
grasshoppers for the higher nutrient quality of grass species on mounds (Davies, Robertson,
et al., 2014; Leitner et al., 2020). Grasshopper abundance, however, is not only positively
correlated with grass nutrient quality but also with grass biomass due to increased food
availability (resulting in more opportunities to forage and decreased searching time; Prendini
et al., 1996; Zhu et al., 2020) and a reduction in predation pressure due to the increased aerial
cover (Prendini et al., 1996; Zhu et al., 2020). Our results for grasshoppers are more complex
than expected as we did not record a ubiquitous decline in grasshopper biomass with
declining grass biomass during the drought, possibly because increases in soil nutrients also
play a role in grasshopper distributions.

Grass biomass decreased most notably at the lower rainfall Skukuza in 2016 as a result of
both drought and mammalian herbivory relative to higher rainfall Pretoriuskop, where there
was no drought but an increase in mammalian herbivory (Abraham et al., 2019; Staver

et al., 2019). The consequent change in vegetation structure at Skukuza resulted in ant species
richness and abundance significantly increasing on mounds, likely as a result of the drought-
induced reduction in grass biomass and increased bare ground (see Andersen, 2019). There
was, however, no indication that either mound or matrix ant species extended their range with
more bare ground, as the ant species assemblages did not homogenise between the mound
and matrix plots. Overall, the positive response of mound and matrix ants to the drought
suggests remarkable resilience and resistance akin to their resistance to other natural
disturbances, such as fire and grazing (Andersen, 2019; Engle et al., 2008). At Pretoriuskop,
ant abundance did not increase with the decrease in grass biomass either on the mounds or in
the matrix in 2016. This suggests that the decrease in mound and matrix grass biomass at
Pretoriuskop was not substantial enough to alter habitat structure to affect ant diversity as was
the case at Skukuza. Moreover, distinct mound and matrix ant communities were maintained
across years, suggesting that the reduction in biomass from the influx of large herbivores to
Pretoriuskop during the drought had little influence on the ant communities.

While there was a general decrease in grasshopper abundance with a decline in grass biomass
at lower rainfall Skukuza, ant abundance increased with the drought as the amount of bare
ground increased. The increase in ants was, however, largely due to increases in Anopolepis
custodiens and Monomorium junodi. Both A. custodiens and M. junodi have been shown to
be behaviourally dominant at our study site (Parr, 2008; Sithole et al., 2010). Dominant ants
behave aggressively to other ants when competing for food and may have outcompeted other
species for resources (Parr, 2008). While ant abundance did not increase significantly at
Pretoriuskop, there is an increase in dominant ants at both locations. The increase in
dominance of aggressive ants at both high rainfall Pretoriuskop and low rainfall Skukuza
suggests that the predicted increase in drought frequency may have negative effects on
savanna insect diversity more broadly as ants have been shown to structure the broader
invertebrate community via predation and competition (Parr et al., 2016).
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5 CONCLUSIONS

Global change, especially in land use and cover, has been associated with a concerning
decline in insect abundance and diversity (Cardoso et al., 2020). Our results show that
predicted increases in drought frequency associated with anthropogenic change may well
contribute to these declines in tropical savanna systems. Our results do, however, suggest
different drought responses for two key invertebrate groups, with overall declines in
grasshoppers and increases in ant abundance. While ant abundance may indeed increase with
drought, our results indicate that this is primarily driven by dominant and aggressive species,
which not only results in shifts in species composition but will have consequences for trophic
interactions, ecosystem services and biodiversity. Our findings of contrasting ant and
grasshopper assemblages on and off mounds across years reaffirm the importance of termite
mounds as key resources for maintaining and contributing to insect diversity and abundance
in nutrient-poor savannas.

Our study further illustrates the indirect influence of drought beyond the immediate area
affected by a reduction in rainfall. While drought in tropical savannas is often not ubiquitous
across landscapes, a key finding of our study is that the effects of drought on insect
community structure can manifest in areas where drought did not occur (i.e. rainfall did not
decrease) because of the movement of large mammalian herbivores into drought refugia.
Moreover, rather than mitigating drought effects as suggested by Bonachela et al. (2015), our
results suggest that termite mounds experience increased mammalian herbivory during
drought that results in decreases in grass biomass with cascading effects on insect
assemblages. The importance of examining the effects of global change on insect diversity,
and the need for more research on changing insect communities beyond temperate northern
latitudes cannot be overemphasised.
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