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Effects of land-cover change on insectivorous bat activity can be negative, neutral or positive, depending on foraging strategies of bats. In tropical agroforestry systems with high bat diversity, these effects can be complex to assess. We investigated foraging habitat use by three insectivorous bat guilds in forests and rubber plantations in the southern Western Ghats of India. Specifically, we monitored acoustic activity of bats in relation to (1) land-cover types and vegetation structure, and (2) plantation management practices. We hypothesized that activity of open-space aerial (OSA) and edge-space aerial (ESA) bat guilds would not differ; but narrow-space, flutter-detecting (NSFD) bat guild activity would be higher, in structurally heterogeneous forest habitats than monoculture rubber plantations. We found that bat activity of all guilds was highest in areas with high forest cover and lowest in rubber plantations. Higher bat activity was associated with understorey vegetation in forests and plantations, which was expected for NSFD bats, but was a surprise finding for OSA and ESA bats. Within land-cover types, open areas and edge-habitats had higher OSA and ESA activity respectively, while NSFD bats completely avoided open habitats. In terms of management practices, intensively managed rubber plantations with regular removal of understorey vegetation had the lowest bat activity for all guilds. Intensive management can undermine potential ecosystem services of insectivorous bats (e.g., insect pest-control in rubber plantations and surrounding agro-ecosystems), and magnify threats to bats from human disturbances. Low-intensity management and maintenance of forest buffers around plantations can enable persistence of insectivorous bats in tropical forest-plantation landscapes.
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INTRODUCTION

Tropical forest fragmentation caused by agricultural intensification and expansion of commercial agroforestry plantations is a significant threat to biodiversity (Saunders et al., 1991; Raman, 2006; Gardner et al., 2009; Kumar et al., 2010; Canale et al., 2012). Generally irreversible or one-way conversion of primary forest habitat to monoculture plantations is among the main causes of forest fragmentation (FAO and UNEP, 2020). In forest-plantation mosaics, the spatial configuration of land-cover types is an important determinant of species persistence, movement, foraging, and reproductive success (Turner, 1996; Kumar et al., 2002; Henle et al., 2004; Canale et al., 2012). Within land-cover types, habitat use by different species of small mammals, such as insectivorous bats, may be driven by vegetation structure, habitat edges, human land-uses, and management practices (Dauber et al., 2003; Henle et al., 2004; Harvey and Villalobos, 2007). Landscape-scale habitat configuration and alterations in local habitat structure can thus affect the movement and dispersal of insectivorous bats (Erickson and West, 2003; Duchamp and Swihart, 2008; Meyer et al., 2008).

Depending on the dispersal ability and ranging behavior of insectivorous bats, their responses to habitat conversion, local habitat complexity, and landscape context can vary substantially (Gorresen and Willig, 2004; Kusch and Schotte, 2007). Jones et al. (2009) suggest that bats are potential bio-indicators due to their tractable population-level responses (in terms of activity) to land-cover change. Yet, studies on bat responses to land-cover change have yielded equivocal conclusions for different bat species (Estrada-Villegas et al., 2010; Frey-Ehrenbold et al., 2013; Ducci et al., 2015). Insectivorous bat responses to habitat conversion in terms of activity can range from negative (reduced foraging activity: Estrada-Villegas et al., 2010) to neutral (no difference in activity: Davy et al., 2007) to even positive (increased activity; Ethier and Fahrig, 2011). Responses may vary by the type of biome (temperate/tropical: Erickson and West, 2003; Heer et al., 2015), degree and nature of land conversion and agricultural intensification (Gorresen and Willig, 2004; Frey-Ehrenbold et al., 2013), sampling scale (local to landscape: Erickson and West, 2003; Gehrt and Chelsvig, 2003; Meyer et al., 2008), and regional species diversity and trait distributions (Duchamp and Swihart, 2008; Meyer et al., 2008; Ducci et al., 2015).

Understanding the influence of land-cover types on insectivorous bats needs an understanding of the diversity of their foraging strategies. Bat foraging strategies can be understood as summaries of functional trait diversity in the local species pool. Insectivorous bat “foraging guilds” can be categorized by echolocation characteristics across bat species (Siemers and Schnitzler, 2004; Denzinger and Schnitzler, 2013). Accounting for functional trait diversity (and not only species diversity) can help understand the responses of different bat guilds to land-cover change and habitat fragmentation (Siemers and Schnitzler, 2004; Ober and Hayes, 2008; Klingbeil and Willig, 2009; Cadotte et al., 2011; Frey-Ehrenbold et al., 2013). For example, Estrada-Villegas et al. (2010) showed that “forest-dependent” aerial insectivores were affected negatively by forest loss unlike “open-space” foragers that were largely unaffected. Guild-level responses can also be more intuitive to understand and provide an efficient way to monitor land-cover change impacts on ecosystem services from insectivorous bats (Cadotte et al., 2011).

In this study, we assessed the effects of (1) land-cover type (forests, rubber plantations, teak plantations, and settlements) and vegetation structure (stratification, height, and canopy cover) in forests and plantations, and (2) plantation management practices (e.g., clearing of understorey vegetation, pesticide use), on foraging habitat use by three insectivorous bat guilds in the Western Ghats biodiversity hotspot of India. These variables were expected to influence insect abundance, and the ability of bats to navigate, and in turn affect bat activity. We acoustically sampled bat activity in forests, rubber plantations, and adjacent land-cover types (teak woodlands and human settlements) in forest-plantation mosaics. We classified bat guilds as “Open-Space Aerial (OSA)” foragers, “Edge-Space Aerial (ESA)” foragers and “Narrow-Space Flutter Detecting (NSFD)” foragers, based on prey detection ranges and aerospace use (Denzinger and Schnitzler, 2013). OSA bats emit low-frequency echolocation calls with quasi-constant frequency modulations to detect flying insects in open air, ESA bats use mid-range, frequency-modulated calls to detect aerial insect prey mostly along habitat edges, and NSFD bats use mid- to high-range constant frequency calls to detect insects against cluttered vegetation (Schnitzler and Kalko, 2001; Siemers and Schnitzler, 2004; Denzinger and Schnitzler, 2013). As vegetation structure was expected to be more complex in tropical forests than rubber plantations, we expected differential activity of the three bat guilds. Accordingly, we hypothesized that the activity of OSA and ESA bat guilds would not differ between forests and rubber plantations. For NSFD bats, we expected higher activity in forest habitats than rubber plantations. Additionally, we predicted that human management of rubber plantations would alter vegetation structure and influence bat activity. Therefore, we also investigated the processes by which management practices might have affected bat activity within rubber plantations.



MATERIALS AND METHODS


Study Area

In India's Western Ghats, a major driver of forest fragmentation has been expansion of commercial plantations (e.g., coffee, rubber, oil-palm; Jha et al., 2000; Kumar et al., 2002; Anand et al., 2010). Our study was conducted in a rubber plantation-dominated agroforestry landscape surrounding the Shenduruney Wildlife Sanctuary (Lat: 8°54.084′ N, Long: 77°08.162′ E), in the Agasthyamala hills, Kerala,in the Western Ghats. The state of Kerala accounts for the bulk of natural rubber production in India. Mass conversion of forests to rubber plantations in Kerala began about 70 years ago and rubber area expansion has been over 600% in this period (Kumar, 2005). Apart from the major land-cover classes of contiguous and fragmented semi-evergreen/moist-deciduous forests and rubber plantations, the landscape includes teak plantations, fruit and spice orchards, human settlements, and matchwood plantations (Figure 1). The forests of this landscape have a remarkable diversity of plants, fishes and amphibians, including many endemics. The study area covers the western slopes of the southern Western Ghats from 65 to 1,300 m above mean sea level, of a topographically complex and rugged horst-and-graben type mountain range. The region receives an average annual rainfall of c. 2,800 mm, with the Indian summer monsoon season duration from June to September (Nair, 1991).
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FIGURE 1. Map of the study area with land-cover types and sampling locations of bat foraging activity and ecological covariates.




Study Design

We selected sampling locations corresponding with four land-cover types: forests (n = 22 locations), rubber plantations (n = 20), teak woodlands (n = 13), and human settlements (n = 11). The numbers of locations were roughly proportional to the areal extents (in km2) of land-cover types in our effective sampling region (forests: 69.19 km2, rubber: 40.13 km2, teak: 28.63 km2, and settlements: 15.6 km2). Locations were also chosen based on accessibility due to safety-based restrictions, topographic variables (e.g., steep slope), rugged terrain conditions, and thorny vegetation (e.g., canebrakes). Hence, in many forested areas, we had to follow small paths and dirt roads for sampling (Figure 1). Location coordinates were logged in a Global Positioning System (Garmin eTrex Vista HCx). We sampled bat activity and habitat variables at replicate points within each location to increase spatial coverage of the land-cover types available there. Sampling was conducted during the dry-season (December to May) on clear evenings in 2011–12, with additional site visits in the dry-season in 2014 and 2019. The dry-season was defined according to the typical duration of the Indian summer monsoon season (see study area section).



Acoustic Sampling of Bat Activity

The echolocation call rate of insectivorous bats, calculated from recordings of bat ultrasound calls, indicates relative bat activity across different habitats (Vaughan et al., 1997; Davy et al., 2007; Williams-Guillén and Perfecto, 2011). Bat activity is considered a useful index of foraging habitat use as bats generally show site fidelity (Kapfer et al., 2008; Berthinussen and Altringham, 2012). At the selected sampling locations, we recorded bat echolocation calls with a handheld D240X detector (Pettersson Elektronik AB, Uppsala, Sweden1) with high-gain automatic detection and 10× time expansion factor, and stored in a recorder (Edirol R-09HR, Roland). The sampling rate of the detector was 307 kHz and detector frequency range from 10 to 120 kHz. This sampling rate was adequate in resolution for accurate estimation of characteristics of most bat species commonly encountered in the landscape (Brigham et al., 2004). D240X detectors are thought to be highly efficient compared to similar detector types in their detection range and directionality (Sprong et al., 2012; Kerbiriou et al., 2019). Given our financial constraints and for parity with other contemporaneous studies in this region (e.g., Wordley et al., 2014, 2015), this was the best available detector.

Our pilot sampling (at 15 points across land-cover types) with the D240X detector revealed that bat activity was substantially greater in recordings in the dusk and early night hours (1830–2000 h) as compared to later night hours (2000–2230 h) at all sites. Therefore, we focused our effort on the dusk activity peak, post bat emergence from roosts (as done by Hayes, 1997; Davy et al., 2007; Skalak et al., 2012) for sampling the majority of common species in the three guilds. Sampling began half an hour after sunset and was completed over 3 h after sunset (following Berthinussen and Altringham, 2012). Due to work safety issues, overnight sampling was not possible.

Overall, within the 66 locations across land-cover types, we sampled a total of 157 spatial replicate points. We varied the number of replicate points from 2 to 4 within each location, to avoid potential oversampling of bat calls in small areas and to adequately cover larger areas (Siemers and Schnitzler, 2004; Cel'uch and Zahn, 2008; MacSwiney et al., 2008; Frey-Ehrenbold et al., 2013). The spatial replicate points within each location were at least ~200 m apart for independence (Mullin et al., 2020; Yoh et al., 2020), at distances much more than the known detection distances for D240X detectors (Sprong et al., 2012; Kerbiriou et al., 2019). Typically, two land-cover types were sampled per night, by staggering the order of sampled points among land-cover types, to allocate similar effort to both. At each point, 10-min recordings were conducted, separated on average by 20-min intervals, which was the time taken to move between points, owing to terrain conditions. Several studies (e.g., Williams-Guillén and Perfecto, 2011; Hogue and McGowan, 2018; Mullin et al., 2020) have conducted replicated recordings of 10–12 min and confirmed this temporal duration to yield reliable estimates of bat activity in habitat mosaics. Thus, we made 367 echolocation call recordings at the 157 points (mean recording time per point = 21.5 min, range 20–40 min, total effort of c. 3380 min over 60 nights).



Bat Guild Assignments and Acoustic Analyses

We searched and visited bat roosts in the landscape to visually confirm bat species identification based on morphological keys (Bates and Harrison, 1997) and regional checklists (e.g., Korad et al., 2007). We then recorded bat resting frequencies and characteristic in-flight echolocation calls from roosting individuals and emerging bats at flyways near roost exits (Biscardi et al., 2004; Brigham et al., 2004; Fraser et al., 2020). We validated our recorded calls with available information on the peak, start, and end frequencies, inter-pulse intervals, call duration, etc. of Indian bats from previous studies (Neuweiler et al., 1984; Raghuram et al., 2014; Wordley et al., 2014; Deshpande and Kelkar, 2015).

Using acoustic parameters such as Frequency with maximum Energy (FmaxE) and call structure [Constant-Frequency (CF), Frequency-Modulation (FM), and Quasi-Constant-Frequency (QCF)], calls were identified as representative or reference calls of bat species confirmed at roosts (Schnitzler and Kalko, 2001; Siemers and Schnitzler, 2004; Denzinger and Schnitzler, 2013; Frey-Ehrenbold et al., 2013). Acoustic analyses of individual calls were carried out manually in the software BatSound Pro v.3.32 (Pettersson Elektronik AB, Uppsala, Sweden). All recordings were analyzed using sampling frequency of 44.1 kHz at FFT size of 1,024 samples with 95% overlap in a hanning window. We recorded a total of 25 insectivorous bat species in all sampled foraging locations. From our reference calls, data on 23 species (sample sizes of 51–114 bat calls each) could be used for unambiguous guild assignment. Ambiguous, unclear, or interrupted calls were omitted and only calls with high signal to noise ratio were considered for further analyses. Based on spectral signatures and acoustic detection ranges of different species, we assigned all usable calls to one of three foraging guilds of insectivorous bats: “Open-Space Aerial (OSA)” foragers, “Edge-Space Aerial (ESA)” foragers, and “Narrow-Space Flutter Detecting (NSFD)” foragers (Schnitzler and Kalko, 2001; Denzinger and Schnitzler, 2013). In our study, the OSA guild included the families Emballonuridae and Molossidae, ESA included Vespertilionidae and Miniopteridae, and NSFD included Rhinolophidae (details in Table 1). For all spatial replicate points in our sampling locations, we manually calculated bat activity (echolocation call rate or bat passes per unit time) for each guild, from the software BatSound Pro.


Table 1. Description of assigned bat foraging guilds according to echolocation call signatures and included species with frequencies recorded from the study area.
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Habitat Variables

We defined four land-cover classes as (1) forests, (2) rubber plantations, (3) teak woodlands, and (4) village settlements, based on ground surveys and supervised classification of bands 2 (blue), 3 (green), and 4 (red) of Landsat OLI TIRS Level-1 images (30 m × 30 m spatial resolution) from April 2014, which was the dry-season after our main sampling period in 2011–12. The reason to not use Landsat images from 2011 to 12 was that they had a striping problem, which would have affected our classification. Our extensive ground surveys from 2011 to 2014 indicated negligible change in land-cover types since 2011 to 12, and helped us accurately classify smaller patches of land-cover types. We also used topographic maps to identify settlements and established rubber estates (1:25,000 cm; Survey of India, surveyed in 1976–77) in the region. For supervised classification, we used a Maximum Likelihood-based method from 50 training sites that were used to generate spectral signatures of forests, rubber plantations, teak woodlands, village settlements, and fruit orchards in Idrisi Selva software (ClarkLabs, 2012). Supervised classification resulted in a user accuracy rate of above 90% for the first four land-cover categories. Fruit orchards were very small in area and for analyses, thus, these locations were assigned mostly to settlements near fruit orchards. Around each acoustic sampling point (n = 157), the percent area under the above land-cover types within circular buffers of area 2 km2 (radius of 0.8 km) was extracted in Quantum GIS 2.4.0 (QGIS Development Team, 2018). The buffer area was chosen to represent approximate average daily foraging ranges of different bat guilds. No tagging studies were available for the three guilds from South or Southeast Asia, so we borrowed information on daily foraging ranges from other studies. We used studies from Europe and Australia on bats from the three guilds (NSFD: Bontadina et al., 2002; OSA: Marques et al., 2004; ESA: Gonsalves et al., 2013). Prakash et al. (2021) tagged insectivorous bats in the Western Ghats (Megaderma spasma, not included in our analyses), and found highly localized foraging activity.

Effects of percent land-cover types in surrounding buffers (representing the landscape context) were tested on bat activity recorded at each point in particular habitats (similar to Gili et al., 2020). Variables representing vegetation structure (e.g., overstorey canopy cover, tree height, presence of understorey, and lianas) and habitat edges (e.g., roads, streams, and open areas) were recorded at each acoustic sampling point (details of habitat variable measurements in Table 2). These variables were chosen in relation to our guild-specific predictions (see section Introduction). Vegetation measurements were conducted before we began acoustic recordings at dusk. The same observer conducted visual estimation of tree height and canopy cover. Visual estimates were initially calibrated with a clinometer and laser rangefinder for accuracy. Understorey vegetation, lianas, and habitat edges were recorded as categorical variables based on presence or absence, and size (e.g., for roads). At each point, we also extracted data on terrain, elevation, slope, and aspect from toposheets (1:25,000 cm; Survey of India), digital elevation models (ASTER 30 m), and satellite imagery (Landsat OLI TIRS2). We expected topographic variables to influence bat activity in interaction with local habitat conditions, so these were included later as additional covariates in analyses.


Table 2. Details of habitat variables measured in the study.
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Statistical Analyses

We computed species accumulation curves with the Jack-knife II estimator from the cumulative recording effort (Moreno and Halffter, 2000). Species accumulation curves for forests and rubber plantations indicated adequate sampling effort, although teak plantations and settlements, which were smaller in extent, did not show a clear asymptote (Figure 2).


[image: Figure 2]
FIGURE 2. Species accumulation curve based on Jack-knife II estimation of species sampled across different land-cover types.


Prior to analyses, we first standardized all point-level data on guild-wise bat activity to 10 min. We also tested for spatial autocorrelation in guild-wise bat activity as a result of proximity of replicate points, by estimating sill and range parameters of omnidirectional variogram models (Fortin and Dale, 2005). Variograms poorly fit bat activity data in relation to distances between recording points, indicating no clear effects of spatial autocorrelation or suggesting spatially localized habitat use by bats. For the three guilds, variogram range was approximately near to or above 2 km (more than twice of our buffer radius). To avoid effects of spatial autocorrelation due to any overlapping buffers, we used a randomized subsampling procedure (generating 100 sub-samples with similar sample sizes from all land-cover types) by first thinning the data to 50% of the sample size by removing points <1 km apart, and running correlation and regression analyses (Segurado et al., 2006). The poor variogram fits could also be because of the detection range of D240X detectors, and variable detection distances of different species (Kerbiriou et al., 2019) or guilds. So, we separately analyzed guild-wise activity in relation to habitat variables, to avoid biases resulting from differential detection of species upon pooling bat activity across guilds (Kerbiriou et al., 2019).

Proportional or percent (%) cover is a simple but useful indicator that can represent effects of surrounding habitat on species (Watling et al., 2011). We analyzed acoustic activity of bat guilds in relation to percent of land-cover types within buffers (effect of landscape context). We estimated bat activity in (1) rubber plantation points at different % cover of forest in the buffer, and (2) in forest points with different % cover of rubber plantations in the buffer. We performed Spearman's rank-order correlation tests and evaluated correlation coefficients for univariate associations between bat activity and percent cover for consistency in sign, magnitude, and statistical significance. We then ran multiple regression models to estimate the effects of different covariates on guild-wise bat activity. Model covariates included landscape context (% cover in 2 km2 buffer), vegetation structure (canopy, understorey, and tree height), and habitat edge variables (roads, streams, and open areas) measured at recording locations within habitat types. Only combinations of uncorrelated covariates (correlation < 0.30) were included in the model. We found high occurrence of zeroes in bat activity data (50–90%), arising both from “absence” (structural zeroes) and “no detection” of bat calls at sites (He et al., 2014). Hence, we chose zero-inflated generalized linear models with Poisson errors (ZIP GLMs). ZIP GLMs achieved better model convergence and fit over other candidate models, e.g., Poisson, negative binomial, or zero-inflated negative binomial GLMs. Model fit was additionally calculated using the Cox-and-Snell Pseudo-R2 statistic (Williams, 2019), which provides an absolute measure of model improvement after adding covariates to a null model (i.e., model without covariates). ZIP GLMs were run in the package “pscl” in the software R 3.2.3 (R Core Team, 2018). Model selection was based on Akaike weights of models calculated from the Akaike Information Criterion (AIC; Burnham and Anderson, 2002). Models with lower AIC values were selected, if the difference between AICs of the two best comparable model AICs was >2. We combined the use of pseudo-R2 and AIC for careful model selection, so that we could compare among models for their absolute fit (as improvement over null models) as well as relative fit and parsimony.


Effects of Plantation Management on Vegetation Structure and Bat Activity

We surveyed 30 rubber plantations in 19 locations to compile qualitative categorical information on the varieties of rubber planted (new: high-yielding, and mixed: new + old), and management intensity. We recorded directly visible indicators of management intensity as: (1) presence or absence of understorey vegetation, indicating frequency of clearing or removal of natural vegetation and weeding, and (2) pesticide use, from direct field observations as well as through information provided by plantation managers and workers. Based on the above factors, we classified rubber plantations as low-management, moderate-management, or high-management, reflecting management intensity. A low-management plantation was typically one with relatively intact understorey vegetation and no pesticide use, medium-intensity plantations had any one of the two indicators or intermediate levels of both (e.g., thinner understorey and occasional pesticide use), and high-management plantations had both indicators of intensive management at high levels. Pesticide application frequency and rubber tapping frequency were both higher in high-management plantations. We then compared guild-wise bat activity between these plantation management categories, using non-parametric Kruskal–Wallis tests and Dunn tests.





RESULTS


Effects of Land-Cover Type on Guild-Wise Bat Activity Within Buffers (Landscape Context)

Average activity of NSFD bats was almost 10 times greater in forests (10.06 passes/h) than in all other land-cover types (Table 3). Average ESA bat activity was higher in forests (34.1 passes/h) as compared to rubber (26.2), teak plantations (19.9), and settlements (18.7 passes/h; Table 3). Average OSA bat activity was highest in settlements and teak plantations (14 and 9.4 passes/h), followed by forests and rubber plantations (4.28 and 2.54 passes/h; Table 3). Activity of all bat guilds was positively correlated with percent forest cover and negatively with percent rubber in the surrounding buffers of 2 km2 (Table 4). Average OSA and ESA activity was highest (1.25 and 5.2 passes/h, respectively) in buffers with forest cover >25% and <75% (Figure 3). For NSFD bats, 97% of total activity was recorded in areas with >75% forest cover in buffers (Figure 3). NSFD activity was present in rubber plantations only if the buffer had over 80% forest cover (Figure 3). In contrast, if buffers had more than 50% rubber plantation cover, low bat activity was recorded (OSA: 1.1 passes/h, ESA: 14.7 passes/h, and NSFD: 0.23 passes/h).


Table 3. Bat activity (mean ± SE of bat passes per hour) of the three guilds across the four land-cover types.
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Table 4. Associations (Spearman's rank correlation coefficients) of bat guild activity with land-cover extent (***p < 0.001, **p < 0.01, *p < 0.05, and NS = Not Significant), indicating positive association with % forest cover and negative association with % rubber plantation and % settlement area in 2 km2 buffers.
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FIGURE 3. Time-standardized activity (bat passes per 10 min) of insectivorous bat guilds in rubber plantations (A) and forests (B) in relation to landscape context, i.e., % forest (A) and % rubber (B) cover in the surrounding buffer.




Effects of Vegetation Structure and Habitat Edges on Guild-Wise Bat Activity

Bat activity of all guilds, irrespective of the association with forest cover, was positively associated with the presence of understorey vegetation (Table 5; Figure 4). Across all land-cover types, OSA, ESA, and NSFD bat activity levels were thrice, twice, and 5.5 times higher in the presence of understorey vegetation (mean ± SE: 6.4 ± 1.5, 30.5 ± 5.6, and 5.5 ± 1.5 bat passes/h, respectively) than in its absence. Forest understorey was structurally heterogeneous (multi-layered) with mostly native plant species, whereas rubber understorey was homogenous (single-layered) and often composed of one or two invasive plant species like Lantana camara and Chromolaena odorata. The high activity of NSFD bats in forests with understorey vegetation was as expected, but the response of OSA and ESA bat activity to understorey vegetation was a surprise finding. Effect sizes of understorey vegetation on bat guilds varied as NSFD > ESA > OSA (Figure 4). NSFD bat activity was positively associated with old-growth forests with tall trees and dense canopy cover (Figure 4). NSFD bats were absent in open habitats such as settlements (Table 5; Figure 4), as expected. OSA and ESA bat activity were negatively associated with tree height (Table 5; Figure 4). ESA activity was positively associated with habitat edges, especially streams and small roads in forests and plantations (Table 5).


Table 5. Summaries of selected zero-inflated Poisson (ZIP) generalized linear models (GLMs) with effect sizes (parameter estimates) of habitat variables on bat activity of OSA, ESA, and NSFD bat guilds.
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FIGURE 4. Comparison of effect sizes (mean ± SE of parameter estimates: Table 5) of habitat variables on bat activity of the OSA, ESA, and NSFD guilds. Understorey vegetation positively influenced activity of all bat guilds, but other variable effects differed. Variables explaining zero bat activity are denoted by blue error bars, and variables influencing non-zero bat activity are shown with red error bars.




Effects of Rubber Plantation Management Practices

Almost no activity of OSA bats (mean ± SE: 1 ± 0.16 bat pass/h) was recorded in the 30 rubber plantations selected to test the effects of management practices. Total ESA bat activity was higher in low- (144 ± 62 bat passes/h) and moderate-management rubber plantations (120 ± 30.5 passes/h) than those with high-management intensity (27 ± 10.6 passes/h). Here, the difference between moderate- and high-management intensity categories was statistically significant [Kruskal–Wallis (K–W) test: χ2 = 3.79, df = 2, and P = 0.15; Dunn's test: moderate vs. high, P = 0.03). Total NSFD bat activity was greater in low- (17.5 ± 4.1 passes/h) and moderate-management (11 ± 2.8) than high-management rubber plantations (0.75 ± 0.39), and differences were statistically significant (K–W test: χ2 = 5.94, df = 2, P = 0.05; Dunn test: low vs. high: P = 0.02; moderate vs. high: P = 0.01; low vs. moderate: P = 0.40). Importantly, NSFD bats showed activity in rubber plantations only when understorey vegetation was present. Total ESA bat activity was higher when understorey was present in rubber (138 ± 43.4 passes/h) than in its absence (60 ± 23.7), but differences were not statistically significant (K–W test: χ2 = 0.675, P = 0.41). About 61% of the rubber plantations removed understorey vegetation during weeding operations. Total ESA activity was also significantly higher (K–W test: χ2 = 1.74, P = 0.04) in rubber plantations without pesticide use (206.4 ± 49.5 passes/h) than those with regular pesticide use (65 ± 4.1). Total ESA and NSFD bat activity was on average much greater in plantations with mixed planting of old and new rubber varieties (162 and 18 passes/h), than in monocultures of new rubber varieties alone (97.8 and 9 passes/h).




DISCUSSION


Consistent Positive Effects of Forest Cover on Activity of Bat Guilds

Activity of all bat guilds was consistently higher in forests than in rubber plantations in the Shenduruney Wildlife Sanctuary landscape of Kerala's Western Ghats. Similar positive effects of forest cover have also been reported on insectivorous bats in other plantation agroforestry regions of the Western Ghats. For instance, Molur and Singh (2009) reported higher bat activity in forest fragments than coffee plantations in the Western Ghats of Kodagu. In the Anamalai hills, Wordley et al. (2015) also reported lower bat activity in tea plantations as compared to shade-coffee plantations and natural forests. Tea plantations with forest fragments had higher activity than tea plantations without, in their study.

Commercial rubber plantations have been a major driver of forest loss in tropical Asia (Kumar, 2005; Tata, 2010; Warren-Thomas et al., 2015, 2020; Chakraborty et al., 2018). Studies from Southeast Asia have reported mostly negative effects of commercial rubber plantations (Tata, 2010; Phommexay et al., 2011; Warren-Thomas et al., 2015, 2020) and oil palm (Struebig et al., 2008, 2011; Mullin et al., 2020) on insectivorous bats. In Thailand, forest-dependent understorey-foraging bats (NSFD guild) were more diverse and abundant in forest fragments than rubber plantations (Furey et al., 2010; Phommexay et al., 2011; Warren-Thomas et al., 2015). Our findings for NSFD bats were very similar. But our hypothesis that activity of OSA and ESA bats would not differ between natural forests and plantations was not supported. This result contrasted with that of Heer et al. (2015), who reported indifferent or positive effects of rubber plantations on similar bat guilds in Brazil. This difference could be because of the much higher diversity of Neotropical bats, and also due to the structurally complex nature of secondary vegetation in “rubber-forest plantations” and mixed rubber-cacao plantations, in their study. In contrast, most rubber plantations in our study area were monocultures.

In the observed general tendency of preference for natural forests and avoidance of rubber plantations, the landscape context mattered. Different bat guilds showed variable activity across habitat types in relation to the percentage of forest cover in surrounding buffers. Responses of insectivorous bats to individual habitat types depend on whether the surrounding landscape context is bat-friendly or not (Harvey and Villalobos, 2007; Williams-Guillén and Perfecto, 2011). Faria et al. (2007) found that shade coffee and cocoa plantations in the neotropics, when adjacent to forests, supported greater bat foraging activity. Our results for NSFD and ESA bats were similar to those of Weier et al. (2021), who reported low activity of narrow-space foraging bats in macadamia monocultures of South Africa and more use of macadamia plantations with natural edges by edge-space foraging bats. In the same landscape, open-space foragers used more human-modified habitats. For rubber-dominated regions in Southeast Asia, preserving forest cover in the surrounding landscapes had positive effects on biodiversity (He and Martin, 2015; Sreekar et al., 2016).



Positive Effects of Understorey Vegetation on All Bat Guilds

Bat activity across the three guilds was generally higher when understorey vegetation was present in forests or plantations. This result is interesting and also surprising, because it highlights the importance of understorey vegetation for all bat guilds, irrespective of their foraging modes. Warren-Thomas et al. (2020) reported a strong positive effect of maintaining understorey in rubber plantations on multiple biodiversity elements. Such an overwhelming influence of understorey vegetation on bat activity across guilds could be due to higher insect abundance in undergrowth. Although, we could not sample insect abundance, understorey vegetation might significantly increase the abundance of insect prey for bats (Holloway et al., 1992; Phommexay et al., 2011). In Panama, in the dry-season, understorey vegetation had higher insect abundance than in clearings (Richards and Windsor, 2007). Rodríguez-San Pedro and Simonetti (2015) found that dense understorey in pine plantations supported higher bat activity along track edges. Understorey vegetation could lead to an aggregative effect on bats that may respond to concentration of insect prey in these habitats (Müller et al., 2012). Habitat types with understorey vegetation would thus support higher bat activity in turn. This was confirmed by our analysis of effects of rubber plantation management. Rainho et al. (2010) found that in spite of higher insect abundance in ground vegetation, dense vegetation cover might not allow bats to access insect prey in the undergrowth. Therefore, perhaps, rubber plantations that maintained moderate management levels and understorey shrub growth had higher bat activity than intensively managed plantations in our study.



Effects of Local Habitat Structure on Activity of Different Bat Guilds

OSA bats (families Emballonuridae and Molossidae) had higher activity in open habitat patches concurring with our hypothesis, but at the local scale. At the landscape scale, OSA activity was higher in buffers of high forest cover. This was not expected, although our result resonated with Frey-Ehrenbold et al. (2013), who found that even high-flying “long range echolocators” (similar to OSA) might be associated with vegetation structure in the landscape. We found that ESA bats (families Vespertilionidae and Miniopteridae) had the highest activity along stream or road edges at forest-plantation boundaries, vindicating their description of being edge-space foragers (Denzinger and Schnitzler, 2013). ESA bats prefer streams at plantation edges due to the high abundance of riparian insect prey (Fukui et al., 2006; Ober and Hayes, 2008). They also use thinned plantations and clearings along plantation edges (Humes et al., 1999; Hein et al., 2009; Obrist et al., 2011; Lentini et al., 2012). Ambivalent responses of the ESA bat guild to local habitat structure could also be due to the high species diversity within the Vespertilionidae. Future guild-based studies can benefit from more detailed analysis of species-level responses particularly for ESA bats (Siemers and Schnitzler, 2004). NSFD bats (family Rhinolophidae) totally avoided open habitats but used deciduous teak plantation belts along forest edges. NSFD bats are generally known to occur along wooded edges of forests (Davy et al., 2007; Goiti et al., 2008). These results together suggest variable effects of vegetation structure and habitat edges on different bat guilds (Gehrt and Chelsvig, 2003; Ducci et al., 2015), despite the consistent positive effects of forest cover at the landscape scale, and of understorey at the local scale (Figure 5).
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FIGURE 5. A schematic diagram summarizing the main results of this study.




Influence of Plantation Management Practices on Bat Activity in Fragmented Landscapes

Obrist et al. (2011) found insectivorous bat activity to be higher in managed orchards than unmanaged ones, indicating a favorable effect of plantation management. Wickramasinghe et al. (2003) reported higher bat activity in organically managed than conventional farms. Lentini et al. (2012) and Williams-Guillén and Perfecto (2011) found that lower levels of plantation management benefited bat activity, which our results concur with. Frequent removal of understorey might have contributed to low bat activity due to poor availability of insect prey in intensively managed rubber plantations (as reported by He and Martin, 2015). Intensive plantation management might have also accelerated forest fragmentation by expansion of roads and village settlements, causing disturbances to movement corridors of bats (Berthinussen and Altringham, 2012). Management practices prevalent in rubber plantations have been intensifying in our study area (authors' observations). This may negatively affect potential ecosystem services from insectivorous bats for rubber plantations. It is also likely that bats avoiding rubber plantations might forage more in adjacent forests and agro-ecosystems, resulting in positive effects in terms of insect pest control services to the latter habitats. Conversely, the spread of intensively managed rubber monocultures could also depress existing bat activity and potential for insect pest control in other habitats. Anecdotal reports from local villagers in our study area indicated higher mosquito abundances in rubber plantations. Bat activity might also be important to control mosquito abundances (Gonsalves et al., 2013) and have potential implications for associated disease risks to people. Our results thus indicate that maintaining low to moderate levels of management might enable reductions in pest activity, while allowing bats to use rubber plantations with overall low environmental impacts. Such management can maximize commercial benefits from rubber while securing insectivorous bat-generated ecosystem services (Häuser, 2016).



Implications for Bat Conservation in Forest-Plantation Landscapes

Our paper contributes evidence that forest habitats and understorey vegetation may enhance bat activity in agroforestry plantation landscapes dominated by rubber monocultures. Despite the fact that the bulk of our data was collected in 2011–12, our study remains relevant given the current state of knowledge on impacts of land-use change from forests to rubber plantations on insectivorous bats. At present there are no studies from India on this issue, even though rubber plantations are expanding in many regions (Chakraborty et al., 2018). Our study may be one among only a few to identify criteria that may allow bat guilds to use rubber plantation-dominated regions, in relation to percent of remnant forest cover in the landscape, and maintenance of understory vegetation in rubber plantations (Figure 5). By linking management practices to bat guild activity, our study provides an understanding of the conditions that may help sustain bat foraging and habitat use even in commercial rubber plantations. In Brazilian forest-rubber mosaics, intensively managed rubber-cacao plantations surprisingly had high bat diversity and abundance (Heer et al., 2015), possibly due to the mixed nature of these plantations. In our study area, plantations maintaining old rubber varieties along with new high-yielding varieties showed higher bat activity than rubber plantations with only new varieties (authors' field observations). To mitigate negative impacts of rubber plantations on bats, we suggest modification of management practices at multiple levels, including (1) protection of forest habitat buffers around rubber plantations, (2) maintenance of understorey vegetation in large, intensively managed rubber plantations, and (3) inter-cropping and organic management practices in plantations. Insectivorous bats could also benefit if their ecosystem services toward controlling insect pests are valued in eco-certification for rubber plantations (Gouyon, 2003; Tata, 2010; Warren-Thomas et al., 2020). Hence, quantifying insect pest control (especially of beetle and moth pests) by insectivorous bat guilds in rubber plantations will be important in future studies. In conclusion, our findings emphasize that ecologically sensitive management of commercial agroforestry plantations can help conserve insectivorous bats and secure bat-generated ecosystem services to tropical agroforestry landscapes (Fitzherbert et al., 2008; Häuser, 2016).
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Guild Echolocation call Range of frequency with  Family Species included in the guilds [FmaxE, mean

assignment’ structure (type) maximum energy (representative (& SE) in kHz]*
(FmaxE, in kHz) genus)
Open Space Aerial  Quasi-Constant Frequency 10-30 Molossidae Tadarida aegyptiaca (Geoffroy): 18 (+ 2);
(OSA) foragers @ch (Tadarida); Tadarida teniotis (Rafinesque): 125 (+ 1.3);
Emballonuridae Chaerephon plicatus (Buchanan): 23.3 (+ 3);
(Taphozous) Taphozous melanopogon (Temminck): 26.5 (+ 3);
unidentified Taphozous sp.
Edge Space Aerial  Frequency-Modulated 25-70 Vespertilionidae Pipistrellus cf. tenuis (Temminck): 52.5 (4 3);
(ESA) foragers. Sweep (FM-sweep) and (Pipistrellus); P ceylonicus (Kelaart): 35 ( 3);
Frequency Modulation with Miniopteridae P of. coromandra (Gray): 44.3 ( 1.7);
Quasi-Constant Frequency (Miniopterus) unidentified species of Pipistrellus and other genera;
tail (FM-QCF) Miniopterus fuliginosus (Hodgson): 52.5 (+ 2.5); M.
pusillus (Dobson): 61.5 (£ 2.5)
Narrow Space Constant Frequency (CF) 40-105 Rhinolophidae Rhinolophus beddomei (Andersen): 44 (& 1);
Flutter Detecting (Rhinolophus) R. rouxii (Ternminck): 80.5 (+ 2);
(NSFD) foragers R. indorouxil (Chattopadhyay, Garg, Kumar, Doss,

Ramakrishnan, and Kandula): 89.5 (+ 0.8);
R. lepidus (Blyth): 102 (+ 4)

#Guild assignment based on Schnitzler and Kalko (2001) and Denzinger and Schnitzler (2013). We detected, but have not included the familes Hipposidericae (NSFD foragers)
and Megadermatidae (Narow-Space Passive-Gleaning or NSPG foragers), and Myotis spp. (Edge-Space Trawling bats) in our analyses because of low sample sizes. "Species call
frequencies identified in this study. See Supplementary Material for average species-level activity by habitat type.





OPS/images/fcosc-02-751694-g003.gif
Achy of OSA Nats

Acty of E8ADS

Actiy ANSFO bats.






OPS/images/fcosc-02-751694-g004.gif
arer
§e8}





OPS/images/fcosc-02-751694-t004.jpg
Guild % Forest % Rubber % Teak % Settlement

OsA 0.10* =011 o.07Ne 001N
ESA 024 —0.20™ 0,02 —0.11""
NSFD 029" 013" —0.06" —0.25"*





OPS/images/fcosc-02-751694-t002.jpg
Variable name

Terrain and geospatial information
Location (atitude, longitude)
Dateftime

Alitude

Slope

Aspect

Ruggedness

Land-cover

Land-cover type

Vegetation structure
Presence of understorey
Presence of lianas
Overstorey canopy cover (density)
Canopy connectivity
Tree height

Habitat edges

Habitat openness
Stream edge

Stagnant water edge
Road edge

Interpretation

Degree decimals
Date and time of recording

Meters above mean sea level

Percent (%)

Directional angle 0-360°

Percent (%); extracted through analysis of Digital Elevation Model (ASTER DEM)

Derived from areas under four land-cover classes (forest, rubber, teak and settlements) in a circular buffer of area 2 km? (radius
of ~0.8 km) around sampling locations. Areas under land cover types for each buffer were calculated using Quantum GIS
software. Landsat Operational Land Imager and Thermal Infrared Sensor (OLI TIRS) (2014) images used to classify the major
land-cover types.

Presence/absence (1/0)
Presence/absence (1/0)

Percent (%)

Classified as 1 = Low, 2 = Moderate, and 3 = High based on canopy gaps
“Tree height estimated visually (in meters)

Open habitat present or absent (1/0)
Stream orders 1 10 4 (as per toposheets of 1:25000 scale), normalized to form a single continuous variable
Categorical: 1-ditch/pond, 2-village tank, 3-large storage tank, 4-dam reservoir; normalized to form a single continuous variable

Categorical: 1-mud road, 2-village road, 3-district road (tarred), 4-metalled road (highway); normalized to form a single
continuous variable
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Guild Covariates

Open Space Aerial Foragers (OSA)

Parameter estimates Mean (SE)

Count model Intercept 072(0.31)"
Understorey 1.34 (0.31)*
Openness 056 (0.22)"
Tree height —0.05 (0.015)"
Aspect ~0.002 (0.0009)#

Zeroes-model Intercept 1.32 (020
9%Rubber 1.79 (0,90

Edge-Space Aerial Foragers (ESA)

Count model Intercept —-1.49 (0.73)
Stream Edge 2.10(0.72)"
Understorey 1.80 (0.14**
Openness 094 (0.08)"**
Road Edge 0.60(0.13)"
Tree height ~0.06 (0.008)"**

Zeroes-model Intercept -0.39(0.18)"
9% Rubber 1.71 (059

Narrow-Space Flutter-Detecting Foragers (NSFD)

Count model Intercept —3.69 (1.15)**
Understorey 321 (1.4
9% Forest 096 (0.24
Canopy density 0.07 (0.004)"**
Tree Height 0047 (0,01

Zeroes-model Intercept 1.16 (026
Openness 1.2505)"

Model fit (Cox and
Snell’s Pseudo-R?)

0.18

0.28

0.44

AIC (compared to AIC of
null model)

395.0 (AIChull = 428)

1,687.4 (AICnull = 2162)

360.0 (AIChull = 496)

AIC weight

0.60

0.80

0.92

Count model covariates predict recorded bat activity and the zeroes-model covariates predlict recorded absences. Significance levels of parameter estimates (*'p < 0.001, **p < 0.01,

.05, and *p > 0.05), model fit (Pseudo-F? values) and evaluation with respect to null model (based on AIC weights) are also shown.
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