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Abstract

Tropical savannas are biomes of global importance that are under severe pressure from
anthropogenic change, including land-cover and land-use change. Bats, the second-most diverse
group of mammals, are critical to ecosystem functioning, but may be vulnerable to such
anthropogenic stresses. However, there is little information on the response of savanna bats to
land-cover and land-use change, especially in Africa. This limits our ability to develop
conservation strategies for bats and maintain the ecosystem functions and services they provide
in this biome. Using acoustic monitoring, we measured how guild-specific (aerial, edge, and
clutter forager) bat activity responded to both fine-scale metrics of vegetation structure and
landscape-scale metrics of land-cover composition and configuration across the wet and dry
seasons in a savanna in southern Africa undergoing rapid land-cover and land-use change. We
found that all three guilds responded more strongly to landscape metrics than fine-scale
vegetation structure, although the specific metrics varied between guilds. Aerial and edge bats
responded most strongly to the percent savanna cover and savanna fragmentation in both seasons
while clutter bats responded to percent rural cover in the wet season and percent water cover in
the dry. All three guilds responded more strongly to the landscape in the dry season than the wet
season. Our results show it is possible to conserve bats, and the ecosystem services they can
provide, in savannas undergoing anthropogenic land-use and land-cover change but strategies to
do so must consider foraging guild, large spatial scales, and seasonal variation in bat activity.
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Highlights

Bats in savannas respond to land-cover and land-use change on large spatial scales
Landscape had a greater influence on bat activity in the dry season than the wet
Aerial and edge forager activity responded to savanna cover and fragmentation
Clutter forager activity was best explained by rural and water cover

Minimizing fragmentation and maintaining water promotes bat activity in modified
savannas
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1. Introduction

Tropical savannas are biomes of global importance for people and wildlife (Bond and Parr, 2010;
Murphy et al., 2016; Parr et al., 2014). They contain high levels of biodiversity, provide essential
habitat for endemic and endangered species (Murphy et al., 2016), account for a large amount of
terrestrial net primary productivity, and store carbon (Parr et al., 2014). Savannas also provide
essential resources to people, especially in developing countries, such as pasture for livestock,
firewood, thatching materials, and medicinal plants (Egoh et al., 2009; Fensham et al., 2005;
Hoffmann et al., 2012; Parr et al., 2014; van der Werf et al., 2010).

Despite their importance, tropical savannas are generally underappreciated, understudied and
under-protected (Laurance et al., 2014; Parr et al., 2014), with less than 13% under any kind of
official protection (Jenkins and Joppa, 2009). Globally, one of the principal threats to tropical
savannas is land-cover change, particularly the conversion of savanna to agriculture, including
both low-intensity croplands and high intensity commercial production (Aleman et al., 2016;
Laurance et al., 2014).

Land-cover change has profound, often negative, impacts on wildlife (Foord et al., 2018;
Reynolds et al., 2018; Sala et al., 2000). At fine spatial scales, land-cover change alters the type
and structure of vegetation, eliminating foraging habitat or shelter (Fahrig et al., 2011; Goodwin
et al., 2002; Tscharntke et al., 2012). On larger scales, landscape composition (the different types
of land cover) and configuration (the spatial pattern of land cover) affect wildlife through
different mechanisms. Changes in landscape composition typically lead to reductions in native
habitats and the loss of resources located in them (Fischer and Lindenmayer, 2006; Tscharntke et
al., 2012). In contrast, changes in landscape configuration, regardless of the amount of cover,
affect wildlife through edge effects, patch isolation, and loss of connectivity across the landscape
(Fahrig, 2003).

Bats in savannas appear to respond to land cover changes (Mtsetfwa et al., 2018; Weier et al.,
2018) and may serve as bioindicators (Jones et al., 2009). They are the second most diverse order
of mammals (Burgin et al., 2018) and provide important ecosystem services such as pest control,
pollination, and seed dispersal (Boyles et al., 2011; Kunz et al., 2011; Maas et al., 2013; Taylor
et al., 2017; Williams-Guillén et al., 2008). There is growing evidence that in savannas in
particular, some bat species exhibit strong preferences for agricultural landscapes (Noer et al.,
2012; Toffoli and Rughetti, 2017) where they play an important role in consuming pest insects
(Bohmann et al., 2011; Puig-Montserrat et al., 2015; Taylor et al., 2013, 2018, 2017).

Conserving bats, and therefore maintaining the ecosystem services and functions that they
provide, requires an understanding of how bats are affected by land-cover change and at what
spatial scale these changes most affect them. Although we know that bats respond to changes in
both fine-scale vegetation structure and landscape-scale composition and configuration (Brigham
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91 etal., 1997; Fuentes-Montemayor et al., 2013; Gehrt and Chelsvig, 2003; Kalda et al., 2015;
92 Monadjem and Reside, 2008) these relationships are often a function of spatial scale (Gorresen et
93 al., 2005; Mendes et al., 2017; Pinto and Keitt, 2008). Additionally, bats’ response to land cover
94  varies greatly between regions, biomes, seasons (Ferreira et al., 2017; Klingbeil and Willig,
95  2010; Mendes et al., 2014), and species or guilds (Gorresen et al., 2005; Klingbeil and Willig,
96  2009; Mendes et al., 2017; Mller et al., 2012).
97
98 To date, most research on the impacts of land-cover change on bats has been conducted in forest
99  biomes (Estrada-Villegas et al., 2010; Ferreira et al., 2017; Pinto and Keitt, 2008; Williams-
100  Guillén and Perfecto, 2011), limiting our ability to generalize patterns. Our understanding of how
101 land-cover change affects bats in savannas, particularly in Africa, is far more limited (Meyer et
102 al., 2016; Monadjem and Reside, 2008; Mtsetfwa et al., 2018; Weier et al., 2018). There is
103  evidence that high intensity agriculture in southern African savannas can negatively affect some
104  bat species (Mtsetfwa et al., 2018), while remnant natural and semi-natural vegetation (Mtsetfwa
105 etal., 2018; Weier et al., 2018) and wetlands (Sirami et al., 2013) in these landscapes can
106  promote bat activity. However, the role of landscape configuration has not been considered. In
107  addition, the relative effects of fine-scale vegetation compared to landscape composition and
108  configuration have not been directly compared. Finally, studies in this region have only
109 compared the effects of savanna and commercial agriculture on bats (Mtsetfwa et al., 2018;
110 Sirami et al., 2013; Weier et al., 2018), while the role of rural areas and villages has been largely
111 neglected, although they comprise a large, and growing, component of the landscape (Bailey et
112 al., 2015).
113
114  In order to understand the effects of land-cover change on bats in tropical savannas, we measured
115 guild-level responses in bat activity across the wet and dry seasons to both fine-scale metrics of
116  vegetation structure and landscape-scale metrics of land cover composition and configuration
117  across northeastern Eswatini (formerly Swaziland). This region is part of the Maputaland-
118  Albany-Pondoland biodiversity hotspot (Steenkamp et al., 2005) and undergoing rapid land-
119 cover change, primarily as a result of agricultural expansion and intensification (Bailey et al.,
120  2015). Our objectives were to: 1) quantify the response of bats to variation in fine-scale
121  vegetation structure and landscape-scale land-cover composition and configuration; 2) compare
122  the variation in responses by foraging guild; 3) determine the most relevant spatial scale of the
123  response for each guild; and 4) ascertain how responses vary by season. We expected to see
124 guild-specific responses to both fine- and landscape-scale characteristics, with bats that use
125 denser vegetation and fly shorter distances responding more strongly to fine-scale vegetation
126  structure while bats that forage in open areas and fly longer distances were expected to respond
127  more strongly to landscape-scale characteristics (Ferreira et al., 2017; Fuentes-Montemayor et
128 al., 2013; Pinto and Keitt, 2008). In general, we expected to see a greater effect of landscape
129  composition than configuration on bats, as has been reported in previous studies (Arroyo-
130 Rodriguez et al., 2016; Meyer and Kalko, 2008). We also expected to see strong seasonal
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131 variation in response from all guilds (Monadjem and Reside, 2008; Mtsetfwa et al., 2018; Taylor
132  etal., 2013).

133

134 2. Materials and Methods

135 2.1 Study Area

136  This study was conducted across an area of approximately 2,300 km? in the eastern low-lying
137  region of Eswatini referred to as the “Lowveld” which is bordered by the Drakensberg

138 Mountains in the west and the Lubombo Mountains in the east (Figure 1). The area is a part of
139 the Maputaland-Pondoland-Albany biodiversity hotspot (Steenkamp et al., 2005), which

140  stretches from southern Mozambique, through eastern Eswatini, and into South Africa. This

141  region has been subject to rapid land-cover change, mainly from expansion of commercial and
142  small-holder croplands (Bailey et al., 2015). Elevation ranges from approximately 150 m to 600
143  m above sea level. The Lowveld is characterized by a warm, semi-arid subtropical climate

144  (Matondo et al. 2004). The annual mean temperature is 20-22 C, with a mean monthly

145  temperature of 26° C in January and 18° C in July (Monadjem and Garcelon, 2005). Annual

146  rainfall is 500-700 mm per year, concentrated in the summer months of October to March

147  (Matondo et al. 2004; Monadjem and Reside 2008; Knox et al. 2010).

148

149 2.2 Land-Cover Classification

150 Land cover at our site is savanna vegetation (open savanna and woodland), commercial

151 sugarcane plantations, and rural settlements, which included buildings, subsistence crops

152  (primarily maize) and pasture for domestic livestock (Bailey et al., 2015; Monadjem and Reside,
153  2008). Several perennial rivers run through the study area and a number of dams occur here,
154  mostly acting as reservoirs for the commercial plantations. Therefore, we classified land cover
155 across the study region into four categories: rural settlements (hereafter “rural”), savannas,

156  sugarcane plantations (hereafter “sugarcane”), and water. We used these four categories to create
157 aclassified raster of the region. First we carried out supervised classification in Google Earth
158  Engine (www.earthengine.google.com) using a cloud-free Landsat 8 8-day raw composite image
159  from March 21 — 29, 2016 at 30 m resolution. We then trained a voting support vector machine
160 (voting SVM) classifier using 193 manually drawn polygons including each of the four land-
161  cover categories. Resampling of the classified raster yielded an overall validity of 99.97%.

162

163  Because the rural land-cover class included crops and pasture that may have a similar spectral
164  signature to savanna vegetation (Prestele et al., 2016), we incorporated population density to
165  further distinguish rural areas from savanna. We used the population count raster for Eswatini
166  from WorldPop projected for 2015 (WorldPop, 2013) to identify rural areas (Linard et al., 2012).
167  We resampled this population count raster to the resolution of the classified raster using the

168 nearest-neighbor algorithm. We overlaid the population raster on the classified raster and

169 reclassified any cells with population count >1 as rural (Figure 1).

170
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171 2.3 Acoustic Sampling

172  To capture variation in landscape cover across our study site we created a grid of 3 km? (~1.73
173  km x ~1.73 km) blocks (hereafter “block”). We then overlaid this grid on the classified raster.
174  We randomly selected 30 blocks (out of a possible 780) for acoustic surveys. These blocks were
175  stratified between the three land-cover categories, with ten blocks for each type (10 rural, 10
176  savanna, 10 sugarcane). Within each block, we deployed five Anabat Express detectors (Titley,
177  Inc., Ballina, Australia) at randomly placed points (hereafter “points’) from November 2015 —
178  July 2016 (Figure 1). Each detector was attached to a tree trunk or electric pole at 1.5 m above
179 the ground. Anabat detectors were set to record starting half an hour before sunset and continued
180 recording for six hours. Each block was surveyed twice per season (wet: November — March;
181  dry: May — July) for a total of four survey nights.

182

183 2.4 Classification of Bat Calls

184  We first trained a support vector machine (SVM) algorithm to classify bat calls based on calls
185 from hand-released bats in the region (Monadjem et al., 2017). Five bat species (Mops midas,
186  Neoromicia nana, Scotophilus dinganii, Miniopterus natalensis, and Hipposideros caffer) have
187 calls that are distinctive and do not overlap in parameters with other species in the region. These
188  species could be individually identified by the SVM algorithm. Several other species exhibit
189  overlap in their call parameters (Monadjem et al., 2017) and were therefore grouped together into
190 the following three “sono-species” during classification:

191 1. Chaerephon pumilus — Mops condylurus — Taphozous mauritianus

192 2. Neoromicia zuluensis — Nycticeinops schlieffeni — Pipstrellus hesperidus — Scotophilus
193 viridis

194 3. Rhinolophus blasii — R. darlingi — R. simulator

195

196 Inaddition, we manually searched through bat files to identify calls from the two Myotis species
197  from the region (Myotis bocagii and M. tricolor), which are visually distinctive from other bat
198  species in the region, but have highly variable call parameters (Monadjem et al., 2017).

199

200 We examined the echolocation calls recorded at each point with the program ANALOOK (Chris
201  Corben, version 4.8, http://www.hoarybat.com). Calls were first filtered to remove files with
202  only noise and no bat calls. We then extracted the call parameters from those Anabat files that
203  passed the noise filter. These parameters describe each bat pulse within a pass. The SVM

204  algorithm classified bat calls at the level of the bat pulse within a pass. In order to be counted,
205  four consecutive pulses had to be classified as the same sono-species. We validated the classifier
206 by comparing a manual identification to the SVM classifier for 639 calls. SVM classification and
207  manual identification were in agreement for 98.3% of the 639 validation calls.

208

209  We standardized the number of calls per sono-species by counting each species a maximum of
210  once per minute (Miller, 2001). Finally, we grouped classified calls from each species or species
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211  group into three foraging guilds based on their wing morphology, echolocation, and foraging
212  ecology: aerial foragers, edge foragers, and clutter foragers (Arita and Fenton, 1997; Meyer et
213 al., 2004; Monadjem et al., 2010; Monadjem and Reside, 2008; Schnitzler and Kalko, 2001).
214  Aerial foragers are adapted to fast, less maneuverable flight in open areas, while clutter foragers
215  are adapted to slower, more maneuverable flight within dense vegetation; edge foragers are

216 intermediate in terms of flight speed and maneuverability and often use vegetation at the edge of
217  more open areas (Arita and Fenton, 1997; Meyer et al., 2004; Monadjem et al., 2010; Monadjem
218 and Reside, 2008; Schnitzler and Kalko, 2001) (Table 1).

219

220 2.5 Fine- and Landscape-Scale Metrics

221  We quantified the environment at two spatial scales: a fine scale around each sampling point and
222  the landscape scale within each sampling block. At the fine scale, we measured vegetation cover
223  and structure. In order to do so, we established a 30 m transect in each of the cardinal directions
224 from the sampling point. We evaluated canopy and ground cover at the sampling point where the
225  Anabat detector was placed and at points at 10 m intervals along each 30 m transect (total of
226  thirteen measurements) while shrub cover was measured along the length of each 10 m interval
227  within each transect (total of twelve measures). We measured the canopy cover using a spherical
228  densiometer (Forestry Suppliers, Inc., Jackson MS) (Lemmon, 1956). We visually estimated
229  ground cover in 1 x 1 m quadrats. We classified ground cover as: sugarcane, crop (all crops other
230 than sugarcane), grass, bare ground, and water. We measured shrub cover, woody vegetation <2
231 m inheight (Edwards, 1983), using the line intercept method (Canfield, 1941). For each

232  sampling point, we took the mean canopy cover and ground cover from the thirteen points where
233  we took these measures and the mean shrub cover from the twelve transects around the sampling
234  point. We also measured the distance from each Anabat sampling point to the nearest water

235  source because bats are known to use and forage around water bodies and riparian corridors

236  (Monadjem and Reside, 2008; Pinto and Keitt, 2008; Sirami et al., 2013), using the function
237  “gDistance” in the package rgeos (Bivand et al., 2017).

238

239  We calculated a variety of land-cover composition and configuration metrics within each

240  sampling block (Gustafson, 1998). To account for land-cover composition, we measured the
241  percent cover of savanna, rural, sugarcane, and water. For configuration metrics, we used

242  savanna edge density because many bats use edges of natural vegetation (Chambers et al., 2016;
243  Ethier and Fahrig, 2011; Mendes et al., 2017; Miiller et al., 2012) and the savanna splitting index
244  (hereafter “savanna splitting”), to account for the connectivity of savanna land cover, which may
245  also be important for bats (Frey-Ehrenbold et al., 2013). We calculated all land-cover

246  composition and configuration metrics using the “ClassStat” function in the SDMTools package
247  (VanDerWal et al., 2014) in R version 3.3.3 (R Core Team, 2013).

248
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249  We calculated pairwise correlations between all fine-scale metrics and all landscape-scale

250  metrics using the function “rcorr” in the package Hmisc (Harrell, 2006). We found no

251  correlations >0.7 among either the fine- or landscape-scale metrics that we used in our models.
252

253 2.6 Statistical Analysis

254  2.6.1 Bat activity

255  We measured the response of aerial, edge, and clutter foragers’ activity at two scales: fine scale
256  and landscape scale. At the fine scale, we summed the total number of calls at each Anabat point
257  over all the sampling nights per season. For the landscape scale, we summed the number of bat
258  calls per season from all Anabat detectors within the block. We measured bat response separately
259  for each season (wet vs. dry) at both spatial scales because levels of bat activity are known to
260  vary between seasons due to changes in temperature, precipitation, prey abundance and water
261  availability (Cisneros et al., 2015; Ferreira et al., 2017; Klingbeil and Willig, 2010; Mendes et
262 al., 2014).

263

264  We evaluated a priori suites of models to explain bat activity at both the fine and landscape

265  scales. Each fine scale model included one of the fine-scale measures of vegetation structure:
266  canopy cover, shrub cover, sugarcane cover, bare ground cover, water cover, and distance to
267  water. We also included a null model (Table 2). To evaluate these models, we used generalized
268  linear mixed models with the function “glmer” in the package Ime4 (Bates et al., 2015), with a
269  Poisson distribution to measure the response to fine-scale covariates. We used an offset term to
270  account for the different number of sampling nights per point (Warton et al., 2015), due to

271  occasional equipment failure. We used “block” as a random effect in order to account for spatial
272  autocorrelation between points within the same block (Bailey et al., 2017).

273

274  Landscape-scale models included one measure of landscape composition or configuration: rural,
275  sugarcane, savanna, and water cover, edge density of savanna, or savanna splitting index. We
276  also included two models with interactive effects between savanna composition and

277  configuration: savanna cover x savanna edge density and savanna cover x savanna splitting

278 (Table 2). We included interaction terms in order to determine whether savanna configuration
279  may exacerbate or mitigate the effects of reduced savanna cover (composition). We used

280  generalized linear models in base R v. 3.3.3 (www.r-project.org) with a Poisson distribution to
281  measure the response to covariates at the landscape scale. Because the landscape response was
282  aggregated at the block level, we did not include a random term to account for block. We used an
283  offset term that was the sum of the number of sampling nights from all detectors within the block
284  (Warton et al., 2015).

285

286  Within each scale and for each season, we compared models using Akaike Information Criterion
287  corrected for small sample size (AICc) using the function “model.sel” in the package MuMIn
288  (Barton, 2017). We considered models within 2 AICc units to be competing models. We then
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289  compared the point response models to each other and the best block response models to each
290 other, using AICc. We evaluated the parameters of the top models by examining their 95%

291  Confidence Intervals (Cls) and considered those that did not cross 0 to be relevant. We then

292  graphed relevant parameters to understand how activity changes across variables of interest.

293

294  Finally, we compared the fit of the overall best fine-scale models to the overall best landscape-
295  scale models using Pseudo R? (McFadden, 1974). Pseudo R measures the deviance explained by
296  agiven model compared to the null model. We used Pseudo R? because the local and landscape
297  models had different responses (e.g. activity at Anabat points vs. activity summed across all

298  Anabat points within a block, respectively) and are therefore not directly comparable.

299

300 3. Results

301 We recorded acoustic data for a total of 3,408 hours during 120 sampling nights across the 30
302  sampling blocks. During this period, we identified a total of 69,897 bat calls. These calls were
303 predominantly from aerial bats (n=48,466), followed by edge bats (n=21,361), and finally clutter
304  bats (n=70). In general, we found that all three guilds responded more to the landscape scale than
305 the fine scale and this response was stronger in the dry season than the wet season, but each guild
306  responded differently to the landscape (Table 3).

307

308 3.1 Aerial foraging guild

309 At the fine scale, the best model to explain activity of aerial foragers during both seasons was
310  water cover. Activity increased with increasing water cover during both the wet season ( = 0.09,
311 [95% confidence interval: 0.08, 0.10]) and dry season ( = 0.14 [0.13, 0.16]). There were no
312  other competing models (Table 3, Table S1, Fig. 2). The Pseudo R? for top models in both

313  seasons was relatively low, though higher in the dry (0.07 vs. 0.04) (Table 3).

314

315 At the landscape scale, the best model to explain activity in both seasons was a model with

316 interactive effects of savanna cover and savanna splitting (Table 3). There was a positive

317  relationship with activity in the wet season (savanna cover: 3 = 0.09 [0.03, 0.15]; savanna

318  splitting: = 0.66 [0.36,0.95]; interaction: p = 0.19 [0.02,0.36]) and negative relationship in the
319 dryseason ([-1.13, -0.87]; savanna splitting: B = -3.97 [-4.63, -3.31]; interaction: B = -2.47 [-
320 2.85, -2.08]). During the wet season, activity increased more quickly with increasing savanna
321  splitting where there was greater savanna cover. In the contrast, in the dry season, activity

322  decreased with increasing savanna splitting, with a more rapid decline when savanna cover was
323  higher (Fig. 2). There were no other competing models (Table 3, Table S1). Pseudo R? was over
324 twice as high for dry season models as the wet (0.28 vs. 0.12) (Table 3).

325

326 3.2 Edge foraging guild

327 At the fine scale, the best model explaining activity of edge bats during the wet season was a
328 model with percent shrub cover. Shrub cover was a relevant predictor of bat activity, which
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329  decreased with increasing cover (B =-0.23 [-0.25, -0.20]). The best model to explain bat activity
330 inthe dry season was a model with distance to water. Bat activity increased with decreasing

331 distance from water ( =-0.77 [-0.88, -0.67]). There were no other competing models to explain
332  edge bat activity during either season (Table 3, Table S1). Similar to aerial bats, Pseudo R? was
333  twice as high for dry season models as the wet (0.08 vs. 0.04) (Table 3, Table S2, Figure 3).

334

335 At the landscape scale, the best model to explain the activity of edge bats was a model with the
336 interaction between savanna cover and splitting (Table 3, Table S1). The response was similar in
337  both seasons, activity decreased with splitting and cover (wet: savanna cover: p = -1.87 [-1.98, -
338  1.76]; savanna splitting: § = -8.6 [-9.16, -8.05]; dry: savanna cover: § = -1.57 [-1.78, -1.36];

339  savanna splitting: B =-6.73 [-7.78, -5.70]). However, the decrease in bat activity with savanna
340  splitting was reduced on blocks with less savanna (wet: interaction: f = -5.1 [-5.42, -4.78]; dry;
341 interaction: p = -4.05 [-4.66, -3.45]) (Fig. 3). There were no competing models (Table 3, Table
342  S1). The dry season model (Pseudo R?=0.18) fit the data better than the wet season model

343  (Pseudo R?=0.09). (Table 3).

344

345 3.3 Clutter foraging guild

346  The best model of activity of clutter bats at the fine scale in the wet season was a model with the
347  variable grass cover, but with a 95% CI that included 0 and hence it was not a relevant predictor
348 (p=0.50[-0.04, 1.07]). The null model and a model with bare ground cover were also

349  competing models but bare ground was also not a relevant predictor (f =-0.50 [-1.31, 0.17]) In
350 the dry season the best model included the variable sugarcane cover, which was a relevant

351  predictor (B = 0.36 [0.09, 0.62]); bat activity increased with increasing sugarcane cover. A model
352 including the variable water cover was also a competing model, but it was not a relevant

353  predictor (B =-0.53 [-0.71, 0.55]) (Table 3, Table S3, Figure 4). The model fit for the top models
354  in both seasons was comparable (Pseudo R?=0.04).

355

356 At the landscape scale, the best model to explain the activity of clutter bats during the wet season
357  was the amount of rural land cover. Bat activity decreased as the amount of rural land in a block
358 increased (B =-1.36 [-3.37, -0.32]). During the dry season the best model explaining bat activity
359  was water cover, with activity increasing with increasing water (f = 1.03 [0.85, 1.22]). There
360  were no competing models at the landscape scale in either season. The top dry season model for
361 clutter foragers (Pseudo R?=0.48) fit data better than our top wet season model (Pseudo R?=0.21)
362 (Table 3, Table S3, Figure 4).

363

364 4. Discussion

365  This study demonstrates the role of both fine-scale vegetation structure and landscape-scale

366  composition and configuration in shaping bat activity within a savanna undergoing rapid land-
367 use and land-cover change (Bailey et al., 2015). Across all three bat foraging guilds, we found
368 that activity was best explained by landscape-scale characteristics rather than fine-scale
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369  vegetation parameters. Previous studies have reported that bats with larger home ranges respond
370  more strongly to broad-scale features of the landscape, while bats with smaller home ranges

371 respond more to fine-scale vegetation structure (Ferreira et al., 2017; Fuentes-Montemayor et al.,
372  2013; Klingbeil and Willig, 2010; Pinto and Keitt, 2008). Although clutter bats have much

373  smaller home ranges than edge or aerial bats, they may still fly up to 2 km per night, which may
374  explain the relevance of broader scale landscape features as reported here and elsewhere (Fenton,
375 1990; Fenton and Rautenbach, 1986; Monadjem et al., 2009). Our results suggest any

376  conservation planning or assessment of bat biodiversity in tropical African savannas should

377  consider land cover at broad scale (>3 km?). The use of inappropriate spatial scales may limit the
378 effectiveness of conservation actions or mitigation measures. Indeed, there is evidence that

379  mitigations (such as agro-environmental measures) that are implemented only at fine scales, such
380 as leaving hedgerows or small patches of natural vegetation, may be ineffective in promoting or
381 maintaining bat activity (Fuentes-Montemayor et al., 2011).

382

383  We found that these landscape characteristics explained more of the bat activity response in the
384  dry season than the wet season for all three foraging guilds. Seasonal responses in bat activity are
385 common and have been found in tropical savannas of this region (Mtsetfwa et al., 2018; Taylor
386 etal., 2013) as well as other parts of the world (Cisneros et al., 2015; Ferreira et al., 2017;

387  Klingbeil and Willig, 2010; Mendes et al., 2014). During the wet season, essential resources,
388  such as insect prey and water, are more abundant (Fukui et al., 2006; Hagen and Sabo, 2012;
389  Salsamendi et al., 2012) and therefore bats might be less constrained or affected by landscape
390 composition and configuration. The effect of landscape may be more pronounced in the dry

391 season because resources, particularly water, become scarce (Korine et al., 2016).

392

393  While we predicted that bats would respond more strongly to landscape composition than

394  configuration, we found that both composition and configuration, particularly fragmentation of
395 savanna land cover, were important for aerial and edge foraging bats. Bats have been shown to
396 exhibit both negative and positive responses to fragmentation; these responses are often species-
397  or guild-specific (Cosson et al., 1999; Estrada-Villegas et al., 2010; Ethier and Fahrig, 2011;
398 Meyer et al., 2016). While some studies have found that the amount of natural cover is more
399 important than fragmentation for bats (Meyer and Kalko, 2008), here we find an interactive

400 effect between savanna cover and fragmentation. This interaction suggests that the effect

401  fragmentation has on aerial and edge foraging bats depends on the amount of savanna cover.
402  When savanna cover is high (>50%), fragmentation results in a steep decline in bat activity. At
403 lower savanna cover (20%), fragmentation still has a negative effect, but the reduction in bat
404  activity is less pronounced, perhaps because at this level the remaining savanna essentially exists
405  in small fragments only. Alternatively, the decline in bat activity may be less pronounced at

406  lower savanna cover because the other land-cover types (e.g. sugarcane and rural) in the

407  landscape provide adequate resources, such as food, water, or roost sites.

408
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409  Bat activity tends to increase in lower intensity agricultural systems, such as agroforestry and
410 organic farms, at least in the few studies that have investigated this relationship (Cleary et al.,
411  2016; Park, 2015; Wickramasinghe et al., 2003). However, we found that clutter bats responded
412  negatively to rural cover, which is comprised of low-intensity small-holder crops, homes, pasture
413  and dirt roads. These areas are typically very open, with large areas of bare ground and few trees
414  orshrubs. The lack of dense vegetation likely limits the ability of clutter forager bats to use rural
415 areas (Monadjem and Reside, 2008; Schnitzler and Kalko, 2001). On the other hand, we found
416 that sugarcane had a significant, positive effect on clutter bats at the fine scale in the dry season.
417  During this season, sugarcane plantations may offer resources, such as water from dams or

418  irrigation canals and insects that are scarce in savannas or rural areas. In addition, sugarcane is
419  densely planted and may reach two meters in height and therefore may provide suitable habitat
420  for clutter foragers. The resemblance of vegetation structure to native vegetation in areas of

421  agricultural land use may be more important for bats than the production intensity.

422

423  We found that water was important for all three foraging guilds in the dry season, although there
424  was variation in the spatial scale at which water drove activity for each guild. Water availability
425 is important for bats in general, providing both water for drinking and insect foraging (Adams,
426  2010; Adams and Hayes, 2008; Monadjem and Reside, 2008; Sherwin et al., 2013; Sirami et al.,
427  2013). Water may play an even more important role in savannas, where availability might be
428 lower than other tropical biomes, especially during dry seasons (Korine et al., 2016), and may
429  drive bat movement and activity across the landscape (Geluso and Geluso, 2012; Rainho and
430 Palmeirim, 2011). Because savannas, especially in arid and semi-arid areas, are at risk of future
431  droughts and desertification (Engelbrecht et al., 2015; Stringer et al., 2009), water will likely
432  become increasingly scarce for bats. Artificial water sources which are available year-round,
433  such as the dams and canals within commercial agriculture areas and some villages, may provide
434  an especially important resource for bats in this human-altered landscape (Sirami et al., 2013).
435

436  There are some limitations to the use of acoustic monitoring in this study. A number of

437  echolocating species found in the region, such as Nycteris thebaica and Kerivoula lanosa cannot
438  be detected by our acoustic detectors (Monadjem et al., 2017). Similarly, non-echolocating

439  species such as the fruit bat Epomophorus wahlbergi (Shapiro and Monadjem, 2016) could also
440 not be included. In addition, many species in the region cannot be distinguished from acoustic
441  calls alone due to similarity in call parameters (Monadjem et al., 2017). While we see clear

442  patterns by foraging guild, there could also be species-specific responses within guilds (Ethier
443  and Fahrig, 2011; Fuentes-Montemayor et al., 2011; Gorresen et al., 2005; Gorresen and Willig,
444 2004; Pinto and Keitt, 2008), which we were unable to take into account.

445

446 Increasing levels of anthropogenic land-cover change around the world are cause for concern for
447  many wildlife species and biodiversity as a whole (Foley et al., 2005; Jetz et al., 2007; Venter et
448  al., 2016), including those in savannas (Laurance et al., 2014; Parr et al., 2014). However,

13


https://doi.org/10.1101/613943
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/613943; this version posted April 19, 2019. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

449  despite the pressures of land-cover and land-use change, it is possible to conserve bats, and the
450  ecosystem services they provide (Kunz et al., 2011; Taylor et al., 2018), in these changing

451  savanna landscapes. Bats in savannas have a complex relationship with the landscape that varies
452 by guild, season, and spatial scale. Therefore, any conservation or management strategies for
453  bats in tropical savannas should consider the landscape at large scales (> 3 km), minimize

454  fragmentation of existing savanna, especially in areas of high remaining coverage (>50%), and
455  maintain water sources, both natural and artificial. Doing so can promote activity of aerial, edge,
456  and clutter foragers across spatial and temporal scales.

457
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781  Table 1. Definition of foraging guilds and classification of bat species by foraging guild

Foraging Wing Echolocation Foraging Species / Species Group
guild morphology ecology
Aerial Long and Low duty-cycle - Open Chaerephon pumilus — Mops condylurus — Taphozous
narrow, high Quasi-constant spaces, mauritianus group
wing-loading frequency high Mops midas
altitudes
Edge Intermediate Low duty-cycle Edges of Neoromicia nana
length, width, frequency-modulated  dense Scotophilus dinganii
and wing loading  or frequency- vegetation Neoromicia zuluensis — Nycticeinops schlieffeni — Pipstrellus
modulated-quasi- hesperidus — Scotophilus viridis group
constant frequency Myotis bocagii — Myotis tricolor group
Miniopterus natalensis
Clutter Short and broad,  Constant frequency Dense, Rhinolophus blasii — R. darlingi — R. simulator group
low wing-loading cluttered
vegetation
782
783
784

22


https://doi.org/10.1101/613943
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/613943; this version posted April 19, 2019. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

785  Table 2. List of models used for each spatial scale. < indicates interactive term in models.

Scale of bat response  Spatial scale of model covariates Model covariates

Fine 30m Canopy cover (percent)
Shrub cover (percent)
Bare ground cover (percent)
Grass cover (percent)
Sugarcane cover (percent)
Water cover (percent)
Distance to water (m)
Null

Landscape 3 km? Rural cover (percent)
Savanna cover (percent)
Sugarcane cover (percent)
Water cover (percent)
Savanna edge density
Savanna splitting
Savanna cover x Savanna edge

density
Savanna cover x Savanna splitting
Null

786

787
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Table 3. Top model and any competing models for each guild at each spatial scale in each
season. See Supplemental Information for full model selection tables.

Guild  Scale Season Top Model Pseudo R?  Competing models
Aerial  Fine Wet Water cover 0.04 None
Dry Water cover 0.07 None
Landscape Wet Savanna cover x Savanna splitting 0.12 None
Dry Savanna cover x Savanna splitting 0.28 None
Edge Fine Wet Shrub cover 0.04 None
Dry Distance to water 0.08 None
Landscape Wet Savanna cover x Savanna splitting 0.09 None
Dry Savanna cover x Savanna splitting 0.18 None
Clutter Fine Wet Grass cover 0.04 Bare ground cover
Null model
Dry Sugarcane cover 0.04 Water cover
Landscape Wet Rural cover 0.21 None
Dry Water cover 0.48 None
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792  Figure 1. Map of the study region with sampling blocks outlined in black. The inset shows a
793  close-up of one block, with Anabat points indicated by the black circles.

794

795

25


https://doi.org/10.1101/613943
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/613943; this version posted April 19, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

>
w

ED | T T T T T T
2 =
S 70 A T 300
b= =
7] ©
<€ 60 <<
= T 250
m 50 - 11]
g 40 g
4 =
[7] @ 200 -
< <
30
1 T . T T : T 1 T t T T . T *
0 5 10 15 20 0 5 10 15 20
Percent Water Cover Percent Water Cover
" m— 2(% savannacover 600 - | 20% savanna cover
22000 m— 5% Savanna cover > 508% savanna cover
£ s §0% S 3VANNE COVET =z 500 80% savanna cover
© 1500 3 B
< % 400
& 1000 - & 300 7
K] T 200 -
S 500 5
2 2 100
J —
0 |I I T T T T 0 . T T T T T
0 200 400 600 800 1000 o 200 400 600 800 1000
796 Splitting index Splitting index

797  Figure 2. Response of aerial foraging guild bats at the fine scale in the A. wet season, B. dry
798  season and at the landscape scale in the C. wet season and D. dry season.
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Figure 4. Response of clutter foraging guild bats at A. wet season, B. dry season and at the
landscape scale in the C. wet season and D. dry season.
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