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Abstract 21 

Due to their ability to disperse over water, over half of the extant bat species occur on islands and ca. 22 

25% of these are island endemics. They are often the sole native island mammals and play key roles 23 

in the maintenance of insular ecosystems. Yet, due to increasing anthropogenic pressures, ca. 60% of 24 

island-restricted bats are now threatened. The sub-tropical island of Madeira is home to the 25 

Macaronesian endemic Pipistrellus maderensis, to Nyctalus leisleri verrucosus - an endemic 26 

subspecies to Madeira - and Plecotus austriacus. These species each represent the three main 27 

foraging guilds of insectivorous bats namely, edge space foragers, open space foragers and narrow 28 

space foragers. Despite the great conservation value and potential to provide pest suppression 29 

services, little is known about the habitat associations of Macaronesian bats. We used low-cost 30 

autonomous sensors to conduct an island-wide bioacoustic survey to investigate how Madeiran bats 31 

are affected by human-induced land-use change and orography. Overall we obtained >63,000 bat 32 

passes across 216 sites and at each site, we quantified land-use cover and altitude within a radius of 33 

250, 500 and 1000 m. Pipistrellus maderensis was the most widespread and commonly recorded 34 

species, whereas Plecotus austriacus had the most restricted distribution and lowest number of 35 

detected bat passes. We found species-specific and scale-dependent responses to land-use cover, with 36 

the activity of Pipistrellus maderensis being positively associated with landscape-scale shrubland, 37 

cropland and Laurisilva (primary forest) cover, whereas the activity of Nyctalus leisleri verrucosus 38 

and Plecotus austriacus were negatively influenced by Laurisilva and cropland cover, respectively. 39 

Furthermore, we found that altitude had a negative effect on the activity of Nyctalus leisleri 40 

verrucosus and Plecotus austriacus. This study provides the first insights into the effects of land-use 41 

type on Madeiran bats and showcases the great potential of low-cost bioacoustic detectors for island-42 

wide bat surveys. 43 

Keywords: bioacoustic detectors, Chiroptera, island bats, landscape composition, Macaronesia, 44 

Madeira Island. 45 



Introduction 46 

Islands account for less than 8% of the global terrestrial surface but due to exceptionally high levels 47 

of species endemicity contribute disproportionately to Earth’s biodiversity (Russell & Kueffer 2019). 48 

However, with >40% of the global highly threatened terrestrial vertebrates living on islands, insular 49 

ecosystems are particularly sensitive to the ongoing Anthropocene defaunation (Spatz et al 2017). 50 

Anthropogenic land-use change is a key historical and present day driver of the ongoing insular 51 

biodiversity crisis (Norder et al 2020). Indeed, the erosion of populations and extinction of species 52 

has occurred much more rapidly in insular ecosystems than in their mainland counterparts (Tershy et 53 

al 2015). Human-induced turnover of native vegetation – alongside the impact of invasive species 54 

and overexploitation – has contributed significantly to this (Nogué et al 2021). The biological 55 

uniqueness of many insular taxa greatly exacerbates the impacts of land-use change in insular 56 

settings, as evolutionary divergence due to limited genetic exchange with mainland populations and 57 

selective pressure associated with the peculiar habitat conditions of islands has often moulded 58 

communities tightly associated with native vegetation. 59 

Bats have managed to colonize a large portion of the planet’s islands. Of the over 1,400 extant bat 60 

species, ca. 60% occur on islands and around one quarter of all species are insular endemics, a 61 

proportion that is higher in bats than in mammals as a whole (Jones et al 2010; Conenna et al 2017). 62 

Indeed, due to the poor ability of most terrestrial mammals to disperse over water, bats are frequently 63 

the sole mammalian representatives in island ecosystems (Fleming & Racey 2009), where they often 64 

play key ecological roles. For example, the island-restricted Mauritian flying fox Pteropus niger is a 65 

key seed disperser of plants that constitute over half of the basal area of the remnant native forest of 66 

Mauritius (Florens et al 2017). Nonetheless, subjected to increasing human pressures, insular 67 

endemic bats are significantly more threatened than non-insular endemics (Jones et al 2010; Conenna 68 

et al 2017). 69 



 
 
 

Over 60% of the insular endemic Chiroptera are laryngeal echolocating bats (Jones & Teeling 2006), 70 

most of which can be classified as aerial insectivores. Of these, over one quarter are assessed as 71 

Critically Endangered, Endangered, or Vulnerable by the IUCN and ca. 40% of the remaining are 72 

classified as Data Deficient (IUCN, 2021). Some “microbats” classified as Data Deficient have not 73 

been detected for >100 years (e.g., the Malagasy slit-faced bat Nycteris madagascariensis) and the 74 

Christmas Island pipistrelle Pipistrellus murrayi, the only “microbat” in Christmas Island, has 75 

recently been classified as Extinct (IUCN 2021). “Microbats” are often inconspicuous and thus 76 

population declines, and extinctions often go unnoticed. Fortunately, the increasing availability of 77 

affordable autonomous ultrasound detectors greatly facilitates large-scale surveys of echolocating 78 

bats for extended periods of time (Hill et al 2018; Gibb et al 2019), offering an opportunity to expand 79 

the knowledge regarding the distribution, habitat associations and population trends of poorly known 80 

island endemic echolocating bats.  81 

The Macaronesian biogeographic region (composed by the archipelagos of Azores, Madeira, the 82 

Canaries and Cape Verde) is an outstanding biodiversity hotspot (Whittaker & Fernandez-Palacios 83 

2007; Florencio et al 2021), particularly within the European context. It is home to three species of 84 

IUCN Vulnerable insular endemic bats, namely: the Madeiran pipistrelle Pipistrellus maderensis 85 

(present in the archipelagos of Madeira, Canaries and probably Azores), the Canary big-eared bat 86 

Plecotus teneriffae (restricted to the Canaries) and the Azores noctule Nyctalus azoreum (restricted 87 

to Azores). Furthermore, multiple bats, such as the Madeiran Leisler’s Noctule Nyctalus leisleri 88 

verrucosus, are currently classified as endemic subspecies. Yet, despite the uniqueness of the 89 

Macaronesian bat fauna, no study has yet investigated how Macaronesian bats respond to human-90 

induced land-use change. 91 

Landscape characteristics have long been recognized as important determinants of bat species 92 

persistence in modified landscapes (Heim et al. 2015; Treitler et al. 2016; Rocha et al. 2017a; Put et 93 

al. 2019; López‐Bosch et al 2021). In insular ecosystems, landscape-scale responses are constrained 94 



 
 
 

by the intrinsic boundaries that define the island. Nonetheless, similarly to their mainland 95 

counterparts (e.g., Perry et al 2008; Pinto & Keitt, 2008; Mendes et al 2017), island bats are likely to 96 

react to landscape-scale habitat composition in a scale-sensitive manner. Scale-dependent responses 97 

are likely to be associated with species-level differences in ecological traits (e.g., diet, wing 98 

morphology and home range), which are linked to the scale at which individual species perceive and 99 

interact with their environment (Pinto & Keitt 2008). Furthermore, scale-dependent responses to 100 

habitat composition might also be indicative that ecological processes that operate at larger spatial 101 

scales are influenced by smaller scale drivers (McGill 2015).  102 

Here, we use low-cost acoustic detectors to conduct an island-wide survey of aerial insectivorous 103 

bats in Madeira and investigate their response to landscape-scale land-use composition and altitude. 104 

Our capacity to investigate the influence of historical antecedents was limited by the lack of previous 105 

island-wide bat surveys and thus we have assessed the effects of land-use using a synchronic 106 

approach. Based on their capacity to forage in more or less cluttered habitat - which is closely 107 

associated with echolocation and morphological characteristics - the three bat species found in 108 

Madeira can be classified as either edge space foragers (Pipistrellus maderensis), open space 109 

foragers (Nyctalus leisleri verrucosus), or narrow space foragers (Plecotus austriacus) (Teixeira & 110 

Jesus 2009; Denzinger & Schnitzler 2013), thus representing the three main foraging guilds of 111 

insectivorous bats. Specifically, we address the following questions: 112 

i) How does landscape-scale habitat composition affects species-level relative bat activity (proxy of 113 

abundance)? We anticipated species-specific responses, with all species being benefited by native 114 

primary forest cover (Laurisilva). Furthermore, and as per the findings for other Pipistrellus species 115 

in mainland ecosystems (e.g., Fuentes-Montemayor et al 2011, 2017; Puig-Montserrat et al 2015), 116 

we expected that the activity of Pipistrellus maderensis would increase with increasing agriculture 117 

cover. 118 



 
 
 

ii) How does the relationship between relative bat activity and environmental metrics vary across 119 

multiple spatial scales? We predicted that responses would be scale-dependent for all three species, 120 

but particularly so for Plecotus austriacus since its relatively low wing loading values and aspect 121 

ratio values (7.9 N m-2 and 6.1, respectively; Norberg & Rayner 1987) suggests P. austriacus to be 122 

the less mobile of all three Madeiran bats. 123 

iii) Are Madeiran bats equally affected by the island’s orography? We hypothesized that due to the 124 

occurrence of Plecotus austriacus and Nyctalus leisleri in colder environments at more northern 125 

latitudes throughout their mainland ranges, the activity levels of these two species would be less 126 

negatively affected by altitude than that of Pipistrellus maderensis, which is restricted to more 127 

southern latitudes. Additionally, we antecipated that for some land-use types, the relationship 128 

between bat activity and land-use might be mediated by altitude.  129 

 130 

Material and methods  131 

Study Area 132 

Our study was carried out in the Portuguese Island of Madeira, a volcanic island with a maximum 133 

elevation of 1,889 m a.s.l., located in the north-eastern Atlantic Ocean (32º30’N and 16º30’W; 134 

Carvalho & Brandão, 1991). The island is climatically and ecologically diverse having a subtropical 135 

climate up to 1,300 m a.s.l. and a temperate climate above that altitude (Carvalho & Brandão, 1991). 136 

Also, due to prevalent north-eastern trade winds, the northern parts of the island are more humid and 137 

colder, while the southern and eastern parts are arider and hotter (Jesus et al., 2009). Madeira is 138 

characterized by a mosaic of built-up areas (16% of the island), native and non-native vegetation. 139 

The dominant native vegetation encompasses the subtropical laurel forest (Laurisilva; 16%), 140 

shrublands (17%) and woodlands (10%), while the non-native vegetation is mostly composed by 141 

cropland (13%; mostly vineyards, banana and sugarcane plantations), production forests (10%; 142 



 
 
 

mostly composed by Eucalyptus and Pinus), and (invasive) Acacia woodland (5%) (Figure 1). The 143 

Laurisilva of Madeira is home to numerous endemic plants and animals and is currently classified as 144 

a Natural World Heritage Site by UNESCO (Claudino-Sales 2019). 145 

 146 

Figure 1 – Map of Madeira Island classified according to landscape composition and divided by 147 

grids of 1 km2 . Sampled grids are denoted in black. Areas in white correspond to unclassified 148 

habitats (see Table A.1 and Massetti et al (2016) for details regarding land-use categories and 149 

classification methodology). 150 

 151 

Bioacoustic survey 152 

To ensure that all land-use types were adequately sampled across the different altitudinal levels, we 153 

divided Madeira into 1 km2 grid cells and conducted stratified random sampling by the main land-154 

use type and altitude. Seventy-five grid cells were selected for sampling, representing ~ 9% of the 155 

area of Madeira Island (Figure 1). Following Newson et al. (2015) each grid cell was sampled for 3 156 

consecutive nights and detectors were moved to different sites within the same grid each night. The 157 

deployment of the recorders was constrained by accessibility and the rugged terrain, but our aim was  158 



 
 
 

to select sites that covered as much as possible the habitat heterogeneity of the cell. Hence, distances 159 

between sites within each grid ranged from 100 to 800 m, while altitudinal differences within each 160 

cell varied from 0 to 328 m. The highest altitude of a sampling site was 1,581 m, while the lowest 161 

was 67 m a.s.l. In total, we conducted 225 sampling nights (75 grids x 3 sampling nights). However, 162 

only 216 sampling nights were included in our analyses, due to technical problems and vandalism.  163 

Bats were recorded between mid-August to late-September of 2016 (mid- to late-summer; survey 164 

period was selected so to minimize potential sampling issues associated with rainfall) using an early 165 

prototype of the AudioMoth acoustic logger, that used the same audio front-end and microphone as 166 

the later released AudioMoth 1.0.0 and 1.1.0 models (Hill et al. 2018), but used a Silicon Labs Giant 167 

Gecko micro-controller, rather than the Silicon Labs Wonder Gecko micro-controller, and 3 x AAA 168 

rather than 3 x AA batteries for power. Detectors were attached to poles at ca. 1 m above the ground 169 

with the microphone pointed perpendicularly to the substrate (Figure A.1) and programmed to record 170 

at mid gain with a 192 kHz sample rate from sunset until sunrise for 1 min. in every 5 min. Since the 171 

detectors were left unattended in public areas, a personal message explaining the purpose of study 172 

and with the respective contacts, was attached to each pole to reduce the chances of vandalism and 173 

theft (Clarin et al 2014). During the sampling period only two persons contacted the researchers and 174 

only one case of vandalism occurred. 175 

 176 

Bioacoustic analysis 177 

Our unit of measure for bat activity was a ‘bat-pass’, defined as two or more pulses of a single 178 

species detected in a 5-second recording (see e.g., Torrent et al. 2018). AudioMoth wav recordings 179 

were split into 5-second long files using Kaleidoscope v.1.1.1. software (Wildlife Acoustics, USA). 180 

Using the Kaleidoscope pulse detection algorithm, files containing bat calls were separated from 181 

those without any call. We selected recordings containing pulses with a frequency of maximum 182 



 
 
 

energy between 10 and 96 kHz, with a minimum pulse length of 2 ms and a maximum of 500 ms. 183 

When two or more sonotypes were identified in one 5-second file, a single bat pass for each sonotype 184 

was counted. File tagging was conducted manually using Avisoft SasLab Pro 5.2.12 software 185 

(Avisoft Bioacoustics, Germany) and, to optimise the process and manage the files, all 5-second files 186 

were clustered according to their similarity using a custom R script (following Tuneu-Corral et al., 187 

2020). Species identification followed Teixeira & Jesus (2009; see Table 1 for echolocation call 188 

characteristics). 189 

 190 

Environmental variables 191 

Landscape-scale land-use metrics were obtained from a 6.5 m spatial resolution land-use map based 192 

on RapidEye multispectral vegetation mapping of Madeira for August 2011 (Massetti et al., 2016). 193 

For this study, the map was classified into the 10 major land cover types in our study area: 194 

"Cropland", "Laurisilva forest", "Production forest", "Native woodland", "Acacia woodland", 195 

"Shrubland", "Grassland", "Water bodies", "Non-vegetated area" and "Built-up area" (see Table A.1 196 

and Massetti et al. (2016) for additional information about land-use categories). To assess scale-197 

dependency in bat responses to landscape-scale land-use composition, we used buffers of three 198 

different sizes (250, 500 and 1000 m) centred on each of the 216 sampling sites. Buffer scales were 199 

selected to try to encompass the home range of the target species, while considering the complex 200 

orography of the island and at the same time minimizing the spatial overlap between neighboring 201 

buffers. For each of the three focal scales, we calculated the area in hectares occupied by each land 202 

cover type using the R package “landscapemetrics” (Hesselbarth et al., 2019). We also measured 203 

altitude based on DIVA-GIS (Hijmans et al. 2004) and distance to the sea (DTTS) for each sampling 204 

site using the QGIS v3.16.3 software (QGIS.org, 2021).  205 

 206 



 
 
 

Statistical analysis  207 

The effects of land-use type and altitude on Madeira Island bats were assessed at three different focal 208 

scales using Poisson general linear mixed-effects models (GLMMs). Prior to the analysis, all 209 

variables were standardized to a mean of zero and a standard deviation of one. Spearman's rank 210 

correlation coefficient and variance inflation factors (VIF) were calculated to test for 211 

multicollinearity (Dormann et al 2013), whereby we considered variables with VIF ≥ 3 and/or with a 212 

Spearman correlation >0.7 to be collinear, justifying their exclusion from the analysis. We therefore 213 

excluded the DTTS, which was negatively correlated with Altitude, and Built-up areas, which was 214 

negatively correlated with Laurisilva. Different sets of models were defined for each species and 215 

spatial-scale, using bat activity (number of bat passes per night) as a dependent variable. In addition 216 

to containing all non-correlated land-use categories mentioned above, full models also contained 217 

interaction terms between altitude and land-use category, to compensate for possible within-habitat 218 

altitudinal differences in abiotic conditions. Models included a random effect term accounting for the 219 

nested sampling design (i.e., sampling site within grid) and an offset with a site’s total recording 220 

hours. We performed backwards model selection using Likelihood Ratio Tests on fully nested 221 

models (LRTs, cut-off probability P > 0.1). We used minimal adequate models (i.e., models 222 

containing only the variables and interactions which removed led to a significant decrease in 223 

explained variation) to estimate coefficients. Models were evaluated for overdispersion, zero-224 

inflation and spatial autocorrelation using the package DHARMa (Hartig 2020). All GLMMs were 225 

run using the package glmmTMB (Brooks et al. 2017) in R v4.0.3 software (R Core Team 2020).   226 

 227 

Results 228 

From a total of 151,380 sound files, we identified 63,669 bat passes. Bats were recorded in all 75 229 

grids, and in 212 of the 216 sampling sites. Pipistrellus maderensis was the most recorded species 230 



 
 
 

(55,788 bat passes in 210 sampling sites) and Plecotus austriacus had the lowest number of 231 

detections (418 bat passes in 51 sampling sites) (Table 1; Figure A.2). For all three species, activity 232 

peaked within the first two hours after sunset (Figure A.3). 233 

Table 1 – Echolocation call characteristics, foraging guild and numbers of bat passes and sampling 234 

sites where detected, for the three bat species recorded.  235 

Species 
Call 

type1 

FMaxE 

(kHz) 

Duration 

(ms) 

Foraging 

guild 

Nº of bat 

passes (%) 

Nº of sampling 

sites (%) 

Pipistrellus 

maderensis 

QCF or 

FM-QCF 
41-52 2.1-9.5 

Edge space 

forager 

55,788 

(87.7%) 
210 (97%) 

Nyctalus leisleri 

verrucosus 

QCF or 

FM-QCF 
20-37 2.9-13.6 

Open space 

forager 

7,388 

(11.6%) 
147 (68%) 

Plecotus 

austriacus 
FM 24-39 1.7-6.5 

Narrow space 

forager 
418 (0.7%) 51 (24%) 

1 FMaxE = Frequency of Maximum Energy; FM = Frequency modulated; QCF = Quasi-constant 236 

Frequency. 237 

 238 

Responses to land-use cover were scale-sensitive and varied according to the species analysed 239 

(Figure 2; Figure A.4-A.7 and Table A.2). Although results were scale-dependent, when a given 240 

predictor was included in the minimum adequate model of different scales for any of the three 241 

considered species, it normally indicated consistent associations between the predictor and activity 242 

level across scales. GLMMs residuals were not significantly spatially autocorrelated for 16 models 243 

out of 24 (based on Moran's I p-value < 0.05; Table A.3), and none of the models were overdispersed 244 

or zero-inflated (Table A.4 and A.5).   245 

The activity of Pipistrellus maderensis was largely consistent across scales and showed a strong 246 

positive association with shrubland, cropland and Laurisilva cover (Figure 2; Figure A.5 and Table 247 

A.2). However, the response of P. maderensis to shrubland was highly sensitive to altitude, with the 248 



 
 
 

number of recorded bat passes decreasing with increasing altitude. To a lesser extent, the activity of 249 

P. maderensis was also positively associated to native woodland at the 250 m scale, and positively 250 

associated with production forest at larger scales (500 and 1000 m). Contrary to P. maderensis, the 251 

response of the activity of Nyctalus leisleri verrucosus to landscape features was very sensitive to the 252 

spatial scale, exhibiting a strong negative association with the cover of Laurisilva. However, this 253 

association was altitude-dependent and exhibited contrasting patterns with scale, with the number of 254 

recorded bat passes interacting negatively with altitude for the 250 m spatial scale but positively at 255 

the two larger scales (500 and 1000 m) (Figure 2; Figure A.6 and Table A.2). Furthermore, the 256 

activity of N. l. verrucosus was positively associated with shrubland at the smallest scale but 257 

negatively associated at the largest spatial scale. The response to Acacia woodland cover was 258 

particularly variable with scale, with the direction of the relation changing between all three spatial 259 

scales analysed. Lastly, production forest was positively associated with the activity of N. l. 260 

verrucosus at the two smallest scales, with the responses to this predictor being influenced by 261 

altitude. For Plecotus austriacus the low number of detections made it difficult to unequivocally 262 

evaluate the influence of the considered predictors. However, the species’ activity displayed a 263 

positive association with native woodland and production forest cover for all three considered scales 264 

and a negative association with Acacia woodland and cropland cover at the 1000 m spatial scale. 265 

Although the activity of P. austriacus decreased with altitude for all the spatial scales considered, it 266 

interacted positively with Acacia woodland at the largest spatial scale (1000 m) (Figure 2; Figure A.7 267 

and Table A.2). 268 



 
 
 

 269 



 
 
 

Figure 2 – Poisson regression coefficients for the effects of the landscape cover, altitude, and their 270 

interactions on the bat activity of Pipistrellus maderensis, Nyctalus leisleri verrucosus and Plecotus 271 

austriacus in Madeira Island, Portugal. Points represent standardized conditional estimates from 272 

predictors presented in minimum adequate models. Error bars represent 95% confidence intervals. 273 

For more details on the models’ results see Table A.2.  274 

 275 

Discussion 276 

Given an increasing human population, a key question is how bat biodiversity can be safeguarded in 277 

expanding human-modified landscapes. Owing to their reduced landmass, isolation and high degree 278 

of endemic species and subspecies, this challenge is particularly acute in oceanic islands (Conenna et 279 

al. 2017). Here, we provide the first insights into the responses of Macaronesian bats to human-280 

induced land-use change. Our results revealed that although all three Madeiran bats can be found 281 

across the island’s natural and anthropogenic habitats, they exhibit species-specific and scale-282 

dependent responses to altitude and landscape-scale land-use cover. 283 

The adaptability of aerial insectivorous bats to land-use change is largely mediated by functional 284 

traits such as echolocation call structure and wing morphology (Davies et al 2016; Jung & Threlfall 285 

2016; Núñez et al 2019; Huang et al 2019). Edge space foragers such as Pipistrellus maderensis 286 

normally echolocate between 30-60 kHz and have calls with a frequency-modulated beginning 287 

followed by a constant-frequency component. They tend to forage along forest edges and meadows, 288 

locating their prey against the background. On the other hand, open space foragers such as Nyctalus 289 

leisleri verrucosus tend to have low frequency, far-reaching calls and narrow wings, thus being well-290 

equipped to capturing prey in open air space. In contrast, narrow space foragers such as Plecotus 291 

austriacus have broad wings and tendentially hunt in cluttered spaces, capturing prey directly from 292 

the vegetation surface (Dietz & Kiefer 2016). Considering these distinct adaptations, it is somewhat 293 



 
 
 

unsurprising that the three bat species found in Madeira displayed distinct responses to landscape-294 

scale habitat composition. Our results indicate that the activity of P. maderensis is positively 295 

associated with forest and shrubland habitats, whereas the activity of N. l. verrucosus is negatively 296 

associated with Laurisilva and, at least at some spatial scales, positively associated with the less 297 

densely vegetated production forest and shrubland habitats. This is largely in agreement with what 298 

would be expected based on the species’ foraging guilds. Partly due to the reduced number of bat 299 

passes (< 1% of the total recorded), the results to P. austriacus are not as clear. Nonetheless, the 300 

positive association between the species activity and native woodland also agrees with the 301 

expectations based on the species’ foraging guild.     302 

Pipistrellus maderensis is restricted to the oceanic archipelagos of Madeira, the Canary Islands and 303 

possibly Azores (Portugal) (Rocha in press). Despite being one of Europe’s most threatened bats and 304 

exhibiting synanthropic habits, little is known about its ecology and natural history. Our results 305 

revealed that the species is widespread throughout Madeira, being particularly associated with 306 

shrubland cover. The species’ activity was also positively influenced by the cover of cropland across 307 

all three spatial scales considered, and with the cover of Laurisilva for the spatial scales of 250 and 308 

500 m. Although no additional studies are available regarding the habitat associations of P. 309 

maderensis, these results are largely in agreement with findings for other Pipistrellus species (e.g., 310 

Russo & Jones (2003) and Mendes et al (2017) found Pipistrellus spp. to explore a wide array of 311 

woodland and open habitats, and Puig-Montserrat et al (2015) found Pipistrellus pygmaeus to be 312 

highly associated with cropland (rice paddies); but see e.g., Fuentes-Montemayor et al (2011) for an 313 

example of a negative association between the activity of Pipistrellus pipistrellus and farmland 314 

cover). Interestingly, although mounting evidence suggests that P. kuhlii, the sister taxa of P. 315 

maderensis, benefits from urbanization (Ancillotto et al 2016), our results indicate that the activity of 316 

P. maderensis is likely to be negatively influenced by the landscape-level coverage of built-up areas 317 

(for all three spatial scales considered, the activity of P. maderensis increased with the percentage 318 



 
 
 

coverage Laurisilva, which was negatively correlated with the percentage coverage of built-up 319 

areas). This seems to suggest that although P. maderensis exhibits synurbic characteristics – e.g., it 320 

often forages at streetlights (Rocha in press) – its tolerance to urban environments might not be as 321 

considerable as that of P. kuhlii. 322 

Although the Leisler’s bat is distributed across most of mainland Europe, the Near East, and North 323 

Africa, the subspecies Nyctalus leisleri verrucosus is restricted to Madeira (Boston et al in press). 324 

Nyctalus leisleri has a fast flight but poor maneuverability (aspect ratio 7.0; Norberg & Rayner 325 

1987), and despite typically associated with deciduous and coniferous woodlands, it can also be 326 

found in a wide array of natural and anthropogenic open habitats (e.g., water bodies and urban areas) 327 

(Boston et al in press). Our results indicate that N. l. verrucosus is positively associated with 328 

production forest but negatively associated with evergreen Laurisilva habitats. Laurisilva has a high 329 

density of old trees, a feature typically favoured by the species (Ibáñez et al. 1992). However, its 330 

understory might be too cluttered for a species with relatively low maneuverability, which might 331 

prefer to forage in more open habitats. 332 

Plecotus austriacus is widespread throughout Europe and has successfully colonized several islands, 333 

including the Balearic Islands, Sardinia, Corsica and Madeira (Razgour in press). The habitat 334 

selection of P. austriacus seems to vary throughout its range in mainland Europe, being closely 335 

associated with urban areas in Central Europe, but not so much in Southern Europe, where it favours 336 

more open landscapes (Gaisler & Bauerova 1985; Horácek et al 2004; Razgour in press). In Madeira, 337 

we have found that the activity of P. austriacus was negatively affected by the landscape-scale 338 

coverage of cropland, while being positively influenced by the coverage of production forest and 339 

native woodland. This somewhat contrasts to results from Switzerland, in which the species was 340 

found to be associated with cropland (orchards and vineyards), while being negatively associated 341 

with forest habitats (Rutishauser et al. 2012). However, it is in line with findings from Germany, 342 



 
 
 

Belgium, and Catalonia, in which radio-tracked P. austriacus positively selected deciduous 343 

woodlands and conifer woods (Kiefer 1996; Motte 2011; López-Baucells et al 2021).  344 

Agriculture can affect insectivorous bats through a diversity of pathways, including direct and 345 

indirect changes in prey availability and reductions to roosting habitat (Treitler et al 2016; Williams-346 

Guillén et al 2016; Kemp et al 2019). Agriculture-induced shifts to arthropod prey diversity and 347 

abundance are largely dictated by pest management regimes and the physical structure of the 348 

agricultural habitats that replace native vegetation (Fuentes-Montemayor et al 2011, 2013; Puig-349 

Montserrat et al 2021). Unfortunately, due to the absence of data describing pesticide use and the 350 

physical structure of local-scale vegetation structure (e.g., tree density, canopy cover and vegetation 351 

clutter), we were unable to investigate how these might have affected the responses of bat activity to 352 

landscape-scale habitat composition. As previous studies suggest that vegetation structure might 353 

mediate or even act as a better predictor of the activity of forest-dwelling aerial insectivorous bats 354 

than landscape-level characteristics (Erickson & West 2003; Charbonnier et al. 2016; Froidevaux et 355 

al 2021 but see Froidevaux et al 2017), future studies assessing how the activity of island bats is 356 

affected by land-use features should aim to disentangle the effects of local- and landscape-scale 357 

characteristics.    358 

Altitude had a negative influence on the activity of Plecotus austriacus and Nyctalus leisleri 359 

verrucosus but, contrary to our expectations, it displayed a less pronounced effect on the activity of 360 

Pipistrellus maderensis. Numerous taxa are predicted to shift their distributional ranges to higher 361 

elevations in response to climate change (Freeman et al 2021) and, for many bats species, climate 362 

and land-use change are anticipated to act synergistically, leading to a considerable reduction of 363 

environmental suitability across the species’ range (Zamora-Gutierrez et al 2018). The contrasting 364 

responses of the three Madeiran bat species to altitude may thus suggest that the different species 365 

might react differently to future environmental shifts associated with climate change in Madeira. 366 



 
 
 

It is important to note that the fieldwork for this study spanned a short period of time (ca. two 367 

months). We recognize that bat activity may change substantially with lunar phase, season and 368 

within years (Barlow et al 2015; Ferreira et al 2017; Rocha et al 2017b; Appel et al 2021) and as 369 

such our research does not capture any temporal variability in the response of bat activity to land-370 

use. Furthermore, sound propagation can be attenuated by vegetation and aerial insectivorous bats - 371 

including the species found in Madeira - emit lower intensity echolocation calls in cluttered 372 

environments (Teixeira and Jesus 2009). The interpretation of our results should therefore consider 373 

that we have not tested differences in ultrasound attenuation between the sites in which the recorders 374 

where deployed and thus it is possible that the strength of the relationships detected may be either 375 

overestimated (in open habitats) or underestimated (in cluttered habitats). Nonetheless, most of the 376 

significant relationships detected are ecologically relevant and fit with expectations of the species 377 

echolocation and morphological characteristics. Additionally, our analyses did not account for 378 

eventual differences in detectability between the three species considered. Here, we highlight that 379 

Plecotus austriacus produces low intensity echolocation calls, which can only be detected from short 380 

(ca. < 5 m) distances (Russ 2012; Razgour in press). As such, our results should not be used to 381 

compare the three species occurring in Madeira in terms of their rarity.  382 

Conclusions 383 

Most island endemic bats suffer from a chronic lack of knowledge that can support evidence-based 384 

conservation (Conenna et al 2017; Oleksy et al 2018). However, the growing availability of 385 

affordable autonomous ultrasound recorders is considerably expanding our ability to conduct bat 386 

ecological research (Hill et al. 2018; Gibb et al. 2019). Low-cost, open-source sensors such as 387 

AudioMoths allow for efficient, non-invasive acoustic surveys and are particularly well-suited to 388 

investigate aerial insectivorous bats that commonly evade capture (Gibb et al. 2019). Here, we show 389 

that such detectors can effectively survey insular bat communities and provide valuable information 390 

about poorly known island endemic bats. The use of passive acoustic methods to survey bats in 391 



 
 
 

oceanic islands such as Madeira further benefits from the typically low number of echolocating bat 392 

species found in islands, when compared to mainland ecosystems. This will hopefully facilitate the 393 

use and development of classifiers for acoustic identification of insular bats (e.g., Walters et al 2012; 394 

Stathopoulos et al 2018; Mac Aodha et al 2018; López-Baucells et al 2019), which combined with 395 

low-cost autonomous ultrasound recorders can be used to monitor temporal changes in the activity 396 

and distribution of island bat species. 397 

Appendices  398 

Figure A.1 Photos demonstrating how Audiomoths were deployed during fieldwork. 399 

Figure A.2 Total bat activity recorded for each bat species per sampling grid cell. 400 

Figure A.3 Variation in bat activity throughout the night for all species. 401 

Figure A.4 Scatter plot with regression line for all bat species. 402 

Figure A.5 Scatter plot with regression line for Pipistrellus maderensis. 403 

Figure A.6 Scatter plot with regression line for Nyctalus leisleri verrucosus. 404 

Figure A.7 Scatter plot with regression line for Plecotus austriacus. 405 

Table A.1 Description of land-use categories 

Table A.2 Summary results of the minimum adequate models investigating relationships between 406 

bat activity and landscape cover. 407 

Table A.3 Results of Moran's I test for the residuals of the full and minimal adequate models  408 

Table A.4 Results of overdispersion test for the residuals of the full and minimal adequate models. 409 

Table A.5 Results of zero-Inflation test for the residuals of the full and minimal adequate models. 410 
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