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Abstract  19 

Understanding the impacts of habitat conversion on species assemblages across multiple 20 

biodiversity dimensions (taxonomic, functional, phylogenetic) and spatial scales is pivotal for 21 

implementing effective conservation strategies. Here, we surveyed phyllostomid bats using 22 

mist nets in riparian and unflooded forests, flooded savannahs, and conventional rice fields to 23 

investigate how changes in habitat quality affect multi-faceted diversity from two Colombian 24 

farming systems in the Orinoco Llanos: traditional farmlands with high-intensity agriculture 25 

(mainly rice production) and Civil Society Nature Reserves with greater ecosystem protection. 26 

We used a unified framework based on Hill numbers for quantifying bat taxonomic, functional, 27 

and phylogenetic diversity and modelled the relationship of these diversity facets with 28 

landscape variables (habitat cover and patch density) across three spatial scales (0.5, 1.5, 3 km) 29 

using Bayesian generalized linear mixed-effect models. Our results indicate that increasing 30 

human activity towards rice monocultures representative of traditional farmlands negatively 31 

affected all diversity facets. In contrast, forested habitats associated mainly with riparian forests 32 

within private reserves contained higher taxonomic, functional, and phylogenetic diversity than 33 

savannahs and rice fields. However, the differences between riparian forests and rice crops were 34 

significant only for phylogenetic diversity, indicating loss of evolutionary history after habitat 35 

conversion. At the landscape scale, forest cover was a significant predictor for functional (0.5 36 

and 3-km scale) and phylogenetic diversity (0.5 km), and bats responded negatively at the 3-37 

km scale to rice patch density from a functional diversity perspective. Increasing habitat quality 38 

through preserving forest cover and patches should minimize the harmful effects of habitat 39 

conversion on multidimensional bat biodiversity. Furthermore, the conservation of riparian 40 

forests and the creation of more wildlife-friendly farming, as practised in the reserves, should 41 

be prioritized to ensure high levels of bat taxonomic, functional, and phylogenetic diversity 42 

across Orinoco countryside landscapes. 43 

Keywords: Chiroptera, Colombia, environmental filters, human land-use change, landscape 44 

composition and configuration, Llanos Orientales, multiple biodiversity dimensions, multiscale 45 

analysis 46 
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1. Introduction  47 

Protecting biodiversity in complex and rapidly disappearing ecosystems is one of humanity’s 48 

most critical environmental challenges (Martin, Maris and Simberloff, 2016). One of these 49 

challenges is habitat conversion, caused mainly by agriculture and livestock expansion, 50 

representing the primary cause of species loss and ecosystem services worldwide (Semenchuk 51 

et al., 2022; Buchadas et al., 2022). However, these trends have been particularly destructive in 52 

the tropics, with an increase of 50% in primary vegetation loss between 2016 and 2020 (Weisse 53 

and Goldman, 2021). In the same period, Colombia’s rate of primary vegetation loss increased 54 

by ~118% – mostly in private areas (Weisse and Goldman, 2021). One of the most threatened, 55 

biodiverse, and poorly studied Colombian ecosystems is the Orinoco Savannah plains (Llanos) 56 

(Suárez-Castro et al., 2021; Williams et al., 2022). Unprecedented deforestation and 57 

degradation rates since the 1970s in the Llanos have resulted mainly in extensive areas of 58 

livestock production, croplands, urban settlements (Romero-Ruiz et al., 2012), and a few 59 

protected areas covering less than 15% of its original extent (Williams et al., 2022). These 60 

different human-modified habitats make the Llanos an excellent model system for 61 

understanding how land-use changes impact the structure of communities, ecosystem 62 

functioning, and services valued by humans.  63 

The capacity of the natural habitats in countryside landscapes to provide resources for 64 

various organisms, deliver ecosystem services, and conserve species is associated with the level 65 

of human land-use intensity (Daily, 1997). This means some anthropized landscapes can retain 66 

considerable biodiversity and have an associated conservation value (Pereira and Daily, 2006). 67 

Future scenarios for biodiversity conservation will be determined by our capacity to understand 68 

species’ responses in the rapidly expanding agriculture-livestock areas that increasingly 69 

dominate landscapes across the tropics (Pillay et al., 2022), and manage pristine and human-70 

modified landscapes to preserve particular evolutionary histories and functionally unique 71 

species and their ecosystems (Brose and Hillebrand, 2016). Due to growing social demand for 72 

assessing the extent to which heterogeneous agricultural ecosystems can safeguard biodiversity 73 

in the Anthropocene, biogeographic and landscape ecological studies integrating multiple 74 

dimensions of diversity (species, functional traits, and evolutionary history) are a priority 75 

avenue for research, critical for informing land management and more adequately guiding 76 

changes in conservation policy (Smiley et al., 2020; Weeks et al., 2022; Willig et al., 2023). 77 

Empirical evidence from a taxonomic diversity perspective has often been used to 78 

understand how human activity affects biodiversity-ecosystem‐function relationships in the 79 
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Neotropics (Antonelli et al., 2018). Nevertheless, traditional species counts cannot 80 

appropriately assess the functional and evolutionary differences among taxa or assemblages 81 

since they consider species as independent entities of one another (Cadotte, Albert and Walker, 82 

2013), and commonly fail to determine effective conservation units for mistaking species 83 

diversity for fixed evolutionary and niche differences (Isaac, Mallet and Mace, 2004; Zachos et 84 

al., 2013). For conservation and restoration purposes, a shift of focus from species counts to 85 

studies that embrace the interplay between the environment and multiple biodiversity 86 

dimensions is imperative (Flynn et al., 2009; Willig et al., 2023). From a conservation and 87 

diversity perspective, bats are an excellent group to study the impact of habitat conversion in 88 

the Neotropics because they exhibit a high richness/abundance of species, are sensitive to land-89 

use changes (Meyer, Struebig and Willig, 2016), and fulfill diverse and valuable ecological 90 

functions such as pollination, seed dispersal, and control of arthropod and small vertebrate 91 

populations (Kunz et al., 2011).  92 

Although the volume of research simultaneously assessing how multiple dimensions of 93 

Neotropical bat diversity are affected by human-modified landscapes has grown in the last 94 

decade (e.g., Cisneros, Fagan and Willig, 2015; Frank et al., 2017; Farneda et al., 2018; Pereira, 95 

Fonseca and Aguiar, 2018; Carrasco-Rueda and Loiselle, 2020; López-Baucells et al., 2022; 96 

Xavier et al., 2023), studies are nil for many tropical ecoregions. Furthermore, there is limited 97 

knowledge of how landscape composition and configuration may act as filters affecting 98 

multiple dimensions of bat diversity in countryside ecosystems (reviewed in Meyer et al., 2016). 99 

Landscape-scale studies have generally analysed bat richness, abundance, and community 100 

composition (e.g., Avila-Cabadilla et al., 2012; Arroyo-Rodríguez et al., 2016; Rocha et al., 101 

2017), without a clear pattern emerging about how their varied results can be generalized across 102 

ecosystems, species, and spatial scales (Presley et al., 2019). Here, we assessed how 103 

Neotropical phyllostomid bats are affected by habitat disturbance in the Colombian Llanos from 104 

a taxonomic, functional, and phylogenetic diversity perspective. Additionally, taking a multi-105 

scale approach, we assessed how compositional and configurational aspects of the landscape 106 

affect each diversity dimension. We predicted that:  107 

(i) There are negative effects on bats concerning all three diversity facets as habitat 108 

complexity decreases towards rice monocultures and savannahs due to the decline in the 109 

availability of roosts and food (Carvalho et al., 2021), leading to biotic homogenization at the 110 

assemblage level.  111 

(ii) Habitats characterized by assemblages comprised of species with closely related 112 

traits and lineages (i.e., greater functional and phylogenetic redundancy) may retain lower 113 
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levels of functional and phylogenetic richness than taxonomic richness (Willig et al., 2023). 114 

Although taxonomic, functional, and phylogenetic diversity will all be negatively affected by 115 

habitat homogenization, the taxonomic diversity dimension will manifest a comparatively 116 

greater decline from riparian forests (the most preserved habitat) to rice crops (the most 117 

modified habitat), as several Neotropical bat species are functionally or phylogenetically 118 

redundant (Oliveira et al., 2016; Hurtado-Materon and Murillo-García, 2023). 119 

(iii) For all three diversity facets, phyllostomid bats will exhibit positive relationships 120 

with forest cover and negative associations with rice cover. However, landscapes with small 121 

irregular patches have high patch density (Fahrig et al., 2011), and a high patch density is more 122 

representative of traditional farmlands in our study area. Consequently, we only predict 123 

negative effects of patch density on taxonomic, functional, and phylogenetic diversity in 124 

traditional farmland, but not in the more preserved landscapes, as in private reserves.  125 

 

2. Material and methods 126 

2.1 Study area and sampling design 127 

Our study was centred in the macro-basin of the Colombian Orinoco, in the Civil Society Nature 128 

Reserves La Esperanza (5°42'N-71°14'W) and El Boral (5°19'N-71°47'W), and in the 129 

traditional farmlands Hato California (5°39'N-71°17'W), Sinaloa (5°46'N-71°27'W), Las 130 

Acacias (5°25'N-71°46'W), and Finca Bella Vista (5°25'N-71°45'W), Casanare state, Llanos 131 

ecoregion (Fig. 1). The Llanos cover ~17 Mha in Colombia, ~15% of the total area of the 132 

country (Borghetti et al., 2020). The study region is dominated primarily by flooded savannahs, 133 

riparian and unflooded forest patches, pasture-based livestock farming, urban areas, and 134 

agricultural systems composed mainly of rice (Romero-Ruiz et al., 2012; Sánchez-Cuervo et 135 

al., 2012). The climate in the region (tropical monsoon [Am], Köppen-Geiger classification) is 136 

characterized by a unimodal seasonality pattern: a dry season between December and March 137 

(monthly accumulated rainfall < 100 mm) and a wet season from April to November (150 to 138 

600 mm), varying from a total of 1500 to 3000 mm year (IDEAM, 2015). Average annual 139 

temperatures vary from 27 to 30 °C during the dry season, and 23 to 26 °C during the wet season 140 

(Etter, 1997). 141 

La Esperanza and El Boral (~137 m a.s.l.) are private reserves that protect part of a 142 

natural ecosystem and constitute a mix of flooded savannahs that still preserve native grasses 143 

with others used for cattle grazing, pastures planted with exotic grasses (Poaceae) for cattle 144 

production, and riparian forests that vary in size and experience seasonal inundation. Hato 145 
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California, Las Acacias, Sinaloa, and Finca Bella Vista (~164 m a.s.l.) are farmlands with the 146 

understory of unflooded and riparian forest partially removed and often used as a passageway 147 

for cattle. Naturally flooded savannahs were replaced entirely by monocultures, mainly 148 

conventional rice crops which were subjected to the use of synthetic pesticides and fertilizers 149 

between three and ten years ago when the paddies were established (mean of eight years prior 150 

to this study). 151 

In all sampling sites, there is selective non-commercial logging of larger trees, and some 152 

exotic trees (e.g., Mangifera spp.) are present in riparian (La Esperanza) and unflooded forests 153 

(California). The canopy in riparian and unflooded forests is ca. 15 m tall, with occasional 154 

emergent trees reaching 20 m, and closed. Both habitats share forest pioneer species that 155 

produce fruits consumed by many frugivorous bat species, such as Cecropia spp., Ficus spp., 156 

and Vismia spp. The savannah has an open canopy composed mainly of a grassy vegetation 157 

stratum interspersed with some shrubs and trees of small diameter and stature (between 2 to 6 158 

m in height) (A. Otálora-Ardila, unpublished data).  159 

 

 

Fig. 1. Spatial distribution of the six Colombian landscapes in traditional farmlands and private 160 

reserves overlaid on a hydrographic mesh in the Orinoco Llanos ecoregion, Northern South 161 

America. The darkest area highlights the flooded (hyperseasonal) savannah. Each landscape is 162 

characterized by "Land Use Land Cover" (LULC) class and focal scales of 0.5, 1.5, and 3 km 163 

radii (as shown for Hato Sinaloa) centred on each mist net sampling site. 164 
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2.2 Bat sampling 165 

Bats were sampled in four replicate surveys per habitat (one per season and rice production 166 

stage): riparian forests (three sampling units: La Esperanza, El Boral, and Sinaloa), unflooded 167 

forests (three: California, Las Acacias, and Finca Bella Vista), flooded savannahs (three: La 168 

Esperanza [two units] and El Boral), and conventional rice crops (three: California, Las 169 

Acacias, and Finca Bella Vista). Sampling sites in savannahs and rice crops were located 170 

between 150 and 400 m from the edge of riparian and unflooded forests. Bat sampling occurred 171 

during the four main stages of rice production: land preparation (transition dry-wet season), 172 

vegetative growth (wet), grain maturation (transition wet-dry), and post-harvest (dry). 173 

Bat sampling was conducted in each habitat (riparian forests, unflooded forests, flooded 174 

savannahs, and rice crops) in all seasons: wet season in July-August 2022, transition wet-dry in 175 

November-December 2020, dry in January-February 2022, and transition dry-wet in March 176 

2021. Bats were sampled using five ground-level mist nets (12 × 2.5 m, Ecotone, Poland, 177 

intercalating conventional and monofilament nets) deployed for a total of 23 to 26 nights per 178 

habitat/season (~ 8 nights per sampling unit). Bias in capture rates due to the bats’ ability to 179 

detect the location of nets (Marques et al., 2013) was avoided by moving nets on the third night 180 

across the same site and spacing visits to the same habitat more than three months apart. Nets 181 

were deployed from dusk (~18:00 h) until 5 to 7 h after exposure (except during pouring rains) 182 

and revised at intervals of ~25 minutes. Sampling effort was roughly similar among habitats: 183 

riparian forests = 24,678 m2.h (m2.h = net area multiplied by the number of nets, exposition 184 

time, and sampling repetitions; Straube and Bianconi, 2002), unflooded forests = 22,590 m2.h, 185 

savannahs = 26,901 m2.h, conventional rice crops = 23,310 m2.h, total = 97,479 m2.h. Bats were 186 

individually marked with a unique numerical code using a tattoo in the right wing at the lower 187 

part of the plagiopatagium or with small and colored plastic rings on a plastic cable tie necklace 188 

(Sikes, 2016) and released at the capture site on the same night. These marking captures were 189 

approved by the Institutional Committee for the Care and Use of Animals (CICUA-060-21, 190 

National University of Colombia at Medellín), and bat sampling was conducted under ANLA 191 

permit (resolution 0255/2014).  192 

 

2.3 Species traits and phylogeny  193 

We selected functional traits which are independent of the response variables and the particular 194 

landscape context, and are related to species responses to habitat conversion and their ability to 195 
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provide ecosystem services: body mass (quantified with our capture data) is an important proxy 196 

for energy requirements, whereby larger Neotropical bats tend to be demographically more 197 

fragile due to smaller populations (Meyer et al., 2016), wing morphology (aspect ratio and 198 

relative wing loading calculated from our capture data) is a predictor of foraging behaviour and 199 

habitat use, affecting flight speed and maneuverability (Norberg and Rayner, 1987), trophic 200 

level (based on the literature) is a key trait associated with population dynamics since 201 

Neotropical bat species at the bottom of the food chain are less extinction-prone than those at 202 

higher trophic levels (Farneda et al., 2015), and diet (literature) is a more finely resolved 203 

categorization of dietary guilds describing the main food resources of each bat species (Cisneros 204 

et al., 2015). See Supplementary Material Table S1 for a more detailed explanation and Table 205 

S2 for individual values for each trait. 206 

To quantify the phylogenetic diversity of phyllostomid bats we used the species-level 207 

phylogeny proposed by Rojas, Warsi and Dávalos (2016) as it avoids a known mislabelling 208 

error for Phyllostomus discolor present in other phylogenies (Dávalos et al., 2012). One of the 209 

25 species (Platyrrhinus angustirostris) was not present in the phylogeny and was replaced by 210 

its closest congener (P. incarum) (Velazco and Lim, 2014). This supertree covered most of the 211 

species in the Llanos, and was pruned to obtain the local phylogeny (R package ‘picante’; 212 

Kembel et al., 2010) and the respective pairwise phylogenetic distances using the 213 

‘cophenetic.phylo’ function (R package ‘ape’; Paradis, Claude and Strimmer, 2004). See 214 

Supplementary Material Fig. S1 for the pruned phylogenetic tree depicting relationships 215 

between bat species. 216 

 

2.4 Landscape predictor variables 217 

We included only aspects of landscape composition and configuration as predictor variables to 218 

equalize the representation of environmental characteristics between all four habitat types and 219 

avoid bias from over-representation of the local vegetation structure of riparian and unflooded 220 

forest habitats (Cushman, McGarigal and Neel, 2008). We used ESRI ArcMap 10.4.1 and 221 

ERDAS Imagine 2014 software based on 2021 Sentinel-2A satellite images (10 and 20 m 222 

resolution) to assess the proportional cover of forests, savannahs, water, rice, and other crops 223 

in the landscape, with posterior verification in Google Earth Pro 7.3.4. We considered mature 224 

and secondary riparian and unflooded forests as “forest”. This simplification reduces the 225 

probability of misclassification of the different habitats in our study area and is based on their 226 

influence on the distribution and abundance of Neotropical bats (e.g., Chambers et al., 2016; 227 

Falcão et al., 2021). Circular buffers with radii of 0.5, 1.5, and 3 km centred on each sampling 228 
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site were used to calculate the landscape metrics habitat cover (composition) and patch density 229 

(configuration) of forests, savannahs, and rice crops. These metrics are frequently used in 230 

landscape-ecological studies of bats (Presley et al., 2019) and were calculated using the R 231 

package “landscapemetrics” (Hesselbarth et al., 2019). Habitat cover is represented by the total 232 

area in hectares (ha) of each habitat and patch density by the number of habitat patches per area 233 

(n/ha). Although it is acknowledged that collinearity effects between predictor variables do not 234 

necessarily constitute a problem in ecological studies (Morrissey and Ruxton, 2018), our 235 

metrics generally demonstrated low collinearity (Pearson correlation, r < 0.50 for all spatial 236 

scales, see Fig. S3). The exceptions (r > 0.80) were between rice cover and rice patch density 237 

(0.5 km scale), rice cover and savannah patch density (1.5 km scale), savannah cover and rice 238 

cover (0.5 and 1.5-km scale), savannah cover and savannah patch density (1.5 km scale), and 239 

savannah cover and rice patch density (3 km scale) (Fig. S3). While such landscape attributes 240 

can affect the distribution and abundance of tropical bats (Meyer et al., 2016), the focal scales 241 

encompass the home ranges of different-sized bat species (Jackson and Fahrig, 2015). 242 

Overlapping landscape buffers do not automatically violate statistical independence 243 

(Zuckerberg et al., 2020), but we chose to investigate these landscape metrics with radii no 244 

higher than 3 km to minimize spatial dependency between sites. See Table S3 in Supplementary 245 

Material for values and description of each landscape metric. 246 

 

2.5 Data analysis 247 

We excluded same-site recaptures and used only phyllostomid bat captures for statistical 248 

analysis since they are reliably sampled with mist nets (Kalko et al., 1996). This resulted in 25 249 

species and 668 individuals for analysis (Table S4, see Table S5 for a complete list of species 250 

captured). Continuous traits (body mass, aspect ratio, and relative wing loading) and landscape 251 

variables were logarithmically transformed to normalized values, and traits were standardized 252 

to a mean of zero and a standard deviation of one to facilitate the comparison of their relative 253 

effects. Relative abundance based on the number of individuals of each species captured with 254 

mist nets was calculated based on the sampling effort (m2.h) for each site, thus equalizing 255 

differences in capture effort between habitats. Analysis of relative abundance relies on the 256 

assumption of equal catchability of species, which is likely violated, owing to differences 257 

among bat species in traits and behaviours (Meyer et al., 2011). We consider potential 258 

implications for our results in the Discussion. Statistical analyses were performed in R software 259 

4.0.2 (R Core Team, 2020).  260 
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We calculated the taxonomic, functional, and phylogenetic diversity for each habitat 261 

using Hill numbers (Hill, 1973), which have been widely applied to compare multiple diversity 262 

facets in a wide variety of taxa (Magurran, 2021). Hill numbers are effective ecological 263 

indicators that do not require assumptions about species extinctions to detect changes in the 264 

communities, and can be directly compared across multifaceted diversity metrics due to the 265 

standardization of measures expressed in common units by the q parameter (Chao, Chiu and 266 

Jost, 2014). Each diversity dimension was calculated using q values 0, 1, and 2 (‘hillR’ package; 267 

Li, 2018): q = 0, species abundance is ignored (species richness); as q approaches 1 (for 268 

simplicity hereafter referred to as "q = 1"), species are weighted by their abundance (Shannon 269 

diversity); at q = 2, greater weight is assigned to common than rare species (Simpson diversity 270 

or inverse Simpson concentration) (Chiu and Chao, 2014).  271 

We analyzed all rice crop stages jointly because they did not differ significantly in 272 

species richness and abundance (Shapiro-Wilk test on residuals P > 0.5; Gaussian-GLM P > 273 

0.2 for both response variables). We modelled diversity concerning habitat categories and 274 

landscape variables using Bayesian generalised linear mixed-effect models (GLMMs, 275 

‘MCMCglmm’ package; Hadfield, 2010), which are valuable tools that allow the handling of 276 

data with various distributions (Bolker et al., 2009). We fitted one model for each q parameter 277 

(0, 1, and 2) of each biodiversity dimension (taxonomic, functional, and phylogenetic), with 278 

habitat type as fixed-effect and ‘sampling site’ incorporated as a random effect, totalling nine 279 

models. For the landscape analysis, we fitted one model per q parameter (0, 1, and 2) of each 280 

biodiversity facet (taxonomic, functional, and phylogenetic) for each spatial scale (0.5, 1.5, and 281 

3 km radius), with “habitat cover” and “patch density” quantified for forests, savannahs, and 282 

rice crops as fixed-effect predictors and ‘sampling site’ incorporated as a random effect, 283 

totalling 27 models (nine for each scale). The models were fitted using a “weakly-informative” 284 

inverse-gamma prior (shape and scale = 0.001) with Gaussian distribution (iterations = 50000, 285 

burn-in period = 5000, thinning interval = 10). Results are reported as posterior means, 95% 286 

credible intervals, and p-values (pMCMC < 0.05). All model estimates achieved convergence 287 

as determined through trace plots and potential scale reduction factors (< 1.1, Gelman and 288 

Rubin, 1992).  289 

 

3. Results 290 

Riparian forests harboured the greatest taxonomic, functional, and phylogenetic diversity for 291 

all three levels of q (0, 1, 2), while all three diversity facets were lowest in savannahs and rice 292 
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crops (Fig. 2). Species with more basal lineages associated with a diet composed of nectar and 293 

arthropods (e.g., Glossophaga soricina, Lophostoma brasiliense, Micronycteris minuta; Table 294 

S5) were lost in open habitats, such as rice fields. The rice crops harboured significantly lower 295 

phylogenetic diversity at all three levels of q (0, 1, 2) compared to riparian forests (Fig. 2). The 296 

Pearson correlation between net sampling effort and species richness was not significant (r = -297 

0.59, p = 0.409) as the effort was roughly similar among habitats.   298 

 

 

Fig. 2. Top: Comparison of taxonomic, functional, and phylogenetic bat diversity when only 299 

species richness is considered (q = 0), species are weighted by their abundance (q = 1), and 300 

greater weight is assigned to common than rare species (q = 2). The multiple biodiversity 301 

dimensions were quantified for phyllostomid bats sampled with mist nets in riparian forests, 302 

unflooded forests, flooded savannahs, and rice crops in the Colombian Llanos. Values represent 303 

medians (horizontal lines), lower and upper quartiles (colour bars) and maximum and minimum 304 

(vertical lines). Bottom: Predicted MCMCglmm differences between each habitat and rice 305 

crops (dashed red line), plotted with 95% credible interval and significance level ( pMCMC < 306 

0.05). See Tables S6 and S7 in Supplementary Material for more detailed information on 307 

MCMCglmm model outputs. 308 

 

The bat assemblage response to landscape-scale variables was significant at the 0.5 and 309 

3-km scale and weaker at the intermediate scale of 1.5 km (Fig. 3). Forest cover was the most 310 

prominent predictor, which had a significant and positive relationship with functional (q = 1 311 



12 
 

and 2) and phylogenetic diversity (q = 1) at the 0.5 km scale, and with functional diversity (q = 312 

1) at the 3 km scale. Functional diversity (q = 1) also responded significantly and negatively to 313 

rice patch density at the 3 km scale (Fig. 3). Savannah and rice cover, as well as savannah and 314 

forest patch density, did not show significant relationships with any of the three biodiversity 315 

dimensions (Fig. 3; Table S7). We did not find significant relationships with landscape 316 

variables for taxonomic diversity for any spatial scale, for functional diversity at the 1.5 km 317 

scale, and for phylogenetic diversity at the 1.5 and 3-km scale (Table S7). 318 

 

 

Fig. 3. Focal scales (0.5 and 3 km) with significant relationships ( pMCMC < 0.05) for 319 

functional and phylogenetic diversity (q = 1 when species are weighted by their abundance and 320 

q = 2 when greater weight is assigned to common than rare species) of phyllostomid bats and 321 

landscape predictor variables (habitat cover and patch density of forests, flooded savannahs, 322 

and rice crops) in the Orinoco Llanos, Colombia. Values represent posterior mean estimates ± 323 

95% credible intervals. See Tables S6 and S7 in Supplementary Material for a complete list of 324 

results.  325 

 

4. Discussion 326 

Throughout the tropics, landscapes are typically constituted of a mosaic of different habitats 327 

modified by human activities that have led to the extinction of several species (Pereira and 328 

Daily, 2006; Buchadas et al., 2022). To assess responses to human-modified landscapes, most 329 

bat studies have focussed on a taxonomic diversity perspective (Meyer et al., 2016; Xavier et 330 

al. 2023). Here, we show how the cross-response congruence in taxonomic, functional, and 331 

phylogenetic diversity of phyllostomid bats to landscape configuration and composition 332 

associated with different human-disturbed habitats is the result of environmental sorting 333 

(Özkan, Svenning and Jeppesen, 2013): a process by which the number of species, ecological 334 
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functions, and evolutionary history is higher in forested (riparian and unflooded forests) 335 

compared to non-forested habitats (savannahs and rice crops). Forested habitats contain a more 336 

complete set of species with functionally unique traits and particular evolutionary histories, thus 337 

leading to a positive effect in the taxonomic, functional, and phylogenetic community-level 338 

structure of bats in riparian and unflooded forests. Our results also indicated that forest cover is 339 

one of the most important landscape-scale predictors of bat functional and phylogenetic 340 

diversity. Furthermore, high-intensity agriculture acts as a strong environmental filter, shaping 341 

local bat assemblages in the Orinoco Llanos ecosystems (see Otálora-Ardila et al., 2024). 342 

 

4.1 Influence of habitat type 343 

In line with our first prediction, rice fields contained lower taxonomic, functional, and 344 

phylogenetic diversity of bats compared to forested habitats (riparian and unflooded forests), 345 

indicating loss of functionally and phylogenetically unique species (e.g., Choeroniscus minor, 346 

Lampronycteris brachyotis, Trachops cirrhosus), and likely resulting in negative impacts on 347 

evolutionary history and the provisioning of ecosystem services, such as pollination or 348 

arthropod suppression. However, contrary to our second prediction, the differences between 349 

riparian forests and rice crops were only significant for phylogenetic diversity (q = 0, 1, 2). This 350 

is an interesting result because although taxonomic and phylogenetic diversity might 351 

differentially respond to habitat conversion (Cisneros et al., 2015; Tucker et al., 2017; Willig 352 

et al., 2023), we observed that more basal evolutionary lineages (e.g., throughout the 353 

animalivorous bat clade) were missing in rice monocultures and retained only in more preserved 354 

ecosystems, such as riparian forests. The riparian forests acted as key reservoirs of bat diversity, 355 

but a higher taxonomic, functional, and phylogenetic diversity is likely only possible with the 356 

integral protection of native vegetation surrounding riparian habitats in the private reserves.  357 

Neotropical bat studies elsewhere that employed Hill numbers also provided significant 358 

evidence of multi-faceted diversity loss from more to less complex ecosystems. For instance, 359 

while taxonomic and functional diversity (q = 1, 2) of phyllostomid bats decreased from 360 

primary forest to commercial Acacia mangium plantations (Carvalho et al., 2020) and 361 

taxonomic diversity (q = 1, 2) from primary montane cloud forest to pine-oak forest (Briones-362 

Salas et al., 2019), taxonomic, functional, and phylogenetic diversity (q = 0, 1, 2) of aerial-363 

hawking insectivorous bats decreased from continuous primary forest towards late-stage 364 

secondary forests with ~30 years of regeneration (López-Baucells et al., 2022). However, the 365 

opposite was observed by Morales-Martínez, López-Arévalo and Montenegro (2020) in 366 

Colombia, i.e., a decrease in taxonomic diversity of phyllostomid and aerial-hawking 367 
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insectivorous bats (q = 2) in unflooded forests compared to casmophytic savannahs. In our 368 

study region, riparian and unflooded forests are highly complex and structurally similar habitats 369 

that possibly act together to provide connectivity, buffer the pervasive edge effects, and increase 370 

food availability (arthropods, fruits, nectar), expanding the foraging opportunities for generalist 371 

and specialist bat species (Kalcounis-Rueppell et al., 2013), and increasing multidimensional 372 

bat diversity. Riparian forest is particularly important for sustaining high landscape-scale 373 

diversity of phyllostomid bats due to the presence of water bodies, which offer vital resources. 374 

Higher complexity in vegetation structure representative of forested habitats associated with 375 

the presence of water bodies also were prerequisites for increased species richness and 376 

abundance of bats in a highly heterogeneous landscape in Colombia (Sánchez-Palomino, Pava 377 

and Cadena, 1996) and in the Brazilian Amazon (Martins et al., 2022). 378 

 

4.2 Responses to landscape‑scale predictors 379 

In accordance with the results obtained for habitat type at the local scale, scale-sensitive 380 

associations with landscape metrics also manifested for bat functional and phylogenetic 381 

diversity rather than taxonomic diversity, driven by the loss of phylogenetically and 382 

functionally more distinct species. In line with our third prediction, forest cover was a 383 

significant predictor, showing positive associations at 0.5 km for functional (q = 1 and 2) and 384 

phylogenetic diversity (q = 1), and at 3 km for functional diversity (q = 1). Our results add to a 385 

growing body of evidence (e.g., Avila-Cabadilla et al., 2012; Arroyo-Rodríguez et al., 2016; 386 

Rocha et al., 2017; Farneda et al., 2022; Carvalho et al., 2023), indicating that forest cover 387 

embedded in a high-quality matrix is pivotal for mitigating some of the adverse effects of 388 

human land-use changes on Neotropical bat communities. Notably, optimal design 389 

recommendations for the conservation of forest-dwelling species in countryside ecosystems are 390 

associated with the protection of at least 40% of forest cover (Arroyo-Rodríguez et al., 2020). 391 

Phyllostomid species also responded significantly and negatively to rice patch density 392 

at the 3 km scale from a functional diversity perspective (q = 1). An increase in patch density 393 

of forests, savannahs, and mainly rice is more representative of traditional farmlands in our 394 

study landscape, which might impose a greater barrier to the movement and foraging efficiency 395 

of some bat species. In this case, the bat assemblages in the Llanos may be structured according 396 

to the concept of area-restricted search (Dorfman, Hills and Scharf, 2022), concentrating the 397 

foraging activity in specific forested habitats that offer greater food abundance per unit effort, 398 

thereby reducing the use of rice patches for foraging. However, disturbance-tolerant bats, such 399 

as many frugivorous generalists (e.g., Artibeus lituratus, A. planirostris, Carollia perspicillata, 400 
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Uroderma bilobatum), which are more adapted to open areas in the Llanos (Morales-Martínez 401 

et al., 2020), may benefit from a high patch density.  402 

Our findings support Chambers et al. (2016), who postulate that patch density is 403 

important for predicting bat habitat selection across multiple spatial scales in tropical dry 404 

forests. Significant associations between bat diversity facets and landscape metrics were most 405 

prominent at the 0.5 km scale, followed by the 3 km scale, and were lacking at the 1.5 km scale. 406 

In the Llanos, landscape metrics quantified at the smallest scales (≤ 0.5 km) can be more 407 

representative of habitat composition and quality, as reflected in the significant effects on 408 

multiple bat diversity dimensions. On the other hand, larger scales (3 km) may better 409 

characterize landscape configuration, especially for rice paddies that occupy extensive areas. 410 

Although bat communities seem to respond at a small and large scale overall, species-specific 411 

analyses might show contrasting preferences in the home range of each species within an 412 

assemblage (Rodríguez-San Pedro et al., 2019; Martins et al., 2022). Furthermore, additional 413 

sampling effort is needed to determine whether the patterns described in the present study based 414 

on the La Niña influence (wetter periods) also occur during El Niño events and across the other 415 

ecosystems in the Orinoco Llanos, such as aeolian and highplain savannahs (see Romero-Ruiz 416 

et al., 2010). 417 

Mist nets are the go-to method for sampling phyllostomid species, however catchability 418 

varies among species as they cover a wide range of traits, including foraging strategies (Meyer 419 

et al., 2011). Although this could have potentially biased our results, we assert that the effect of 420 

interspecific differences in catchability on taxonomic, functional, and phylogenetic diversity 421 

estimates is consistent across space and thus unlikely to significantly alter our conclusions. This 422 

is supported by the fact that the same suite of frugivorous generalist species was dominant 423 

across all habitats sampled (Fig. S4). Nevertheless, future ecological studies in the Orinoco 424 

Llanos, ideally with a larger sampling effort, should try to account for differences in species 425 

catchability, e.g. through capture-recapture models. 426 

 

4.3 Conservation and management on private land  427 

Human-induced habitat modification represents one of the primary causes of biodiversity loss 428 

worldwide (Semenchuk et al., 2022), and there is a general lack of private conservation areas 429 

for protecting biodiversity against increasing environmental disturbances in the Orinoco Llanos 430 

(Aldana and Mitchley, 2013). Our study shows that for phyllostomid bats the effects of habitat 431 

conversion manifest as similar responses across all three diversity dimensions, whereby riparian 432 

forests in Civil Society Nature Reserves harboured the greatest taxonomic, functional, and 433 
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phylogenetic diversity. Bat assemblages in rice fields, in contrast, are impoverished from an 434 

evolutionary perspective. To maintain the pool of species, ecological functions, and 435 

evolutionary history within the riparian forests, our findings reinforce the irreplaceable value 436 

of surrounding native vegetation, such as flooded savannahs and unflooded forests. The long-437 

term preservation of a savannah-forest mosaic landscape in the Orinoquia is of central 438 

importance for promoting natural corridors and stepping stones and supporting all dimensions 439 

of bat diversity.  440 

The owners of private reserves have voluntarily carried out a central task of conserving 441 

natural resources commonly neglected by the Colombian and Venezuelan environmental 442 

governance (López and Arbeláez, 2016). Safeguarding the private reserves through payments 443 

for environmental services and implementing and encouraging more wildlife-friendly farming 444 

in the Colombian Orinoquia is of prime relevance if current governance is to fully realize its 445 

promise of environmental protection. Consequently, the results emerging from this potential 446 

engagement of private conservation policies (see López-Arévalo, Liévano-Latorre and 447 

Montenegro, 2021 and De Marco et al., 2023) will probably be accompanied by a significant 448 

improvement in the functional connectivity between forest and savannah patches. This may 449 

manifest in a multidimensional biodiversity increase in this ecoregion rarely safeguarded 450 

throughout protected areas (Williams et al., 2022), and with high biodiversity endangered 451 

mainly by the replacement of native vegetation by monocultures, illicit crops, and livestock 452 

(Romero-Ruiz et al., 2012). Our results support calls for promoting sustainable development in 453 

the Orinoco macro-basin to reduce trade-offs between food security and nature conservation, 454 

to improve the preservation of natural ecosystems outside protected and indigenous areas, and 455 

to stimulate scientific research to fill existing gaps in ecological knowledge. Therefore, we also 456 

recommended extending our line of research through ecological modelling to determine how 457 

scenarios of natural habitat conversion into monoculture systems, climate change, and fire 458 

management across the Orinoquia ecosystems affect bat communities. 459 

 

Acknowledgements 460 

We thank the Instituto Alexander von Humboldt, Grupo en Conservación y Manejo de Vida 461 

Silvestre and Instituto de Ciencias Naturales at the Universidad Nacional de Colombia (Sede 462 

Bogotá) for support of equipment and field supplies. The following people helped with 463 

fieldwork: Yuri Chantre, Jessica Niño Blanco, Andrés Julián Lozano, Jonatan Caro Montoya, 464 

Daniela Amórtegui, Sara Acosta Morales, Daniela Reyes, and María Fernanda Monguí. We are 465 



17 
 

grateful to Hernán Serrano for the help with cartographic analysis, Camila Valdés with the R 466 

package "landscapemetrics", Mary Choperena with the ethical endorsement, Fundación Natura 467 

Colombia with the receipt and transfer of the grant, and to landowners of the private reserves 468 

(Libia Parales and Hugo Tovar) and farmlands (Don Juan Pancho, Arturo Pérez, and Juan 469 

Puentes) for logistic support.    470 

 

Funding 471 

AOA and FZF were supported by a post-doctoral fellowship: MinCiencias call No. 848 of 2019 472 

and "Convocatoria de Estancias Posdoctorales en la Universidad Nacional de Colombia, Sede 473 

Medellín 2021", respectively. Actually, FZF is a “Bolsista CAPES/BRASIL”. Project funding 474 

was provided by the "Neotropical Grassland Conservancy" and "The Rufford Foundation 475 

(Project 35308-1)" to AOA.  476 

 

Authors’ contributions 477 

AOA and FZF designed research; AOA and FZF performed the statistical analyses and FZF led 478 

the writing of the manuscript, supported mainly by AOA and CFJM; FZF and AOA collected 479 

data; AOA and FZF carried out the funding acquisition and project administration. CGP gave 480 

support from Instituto Alexander von Humboldt and HFLA and JP from Colombia National 481 

University as project supervisors. All authors contributed critically to the drafts, gave final 482 

approval for publication, and do not have any conflict of interest to declare.  483 

 

 Supporting information 484 

Additional supporting information may be found online in the Supporting Information section. 485 

 

References 486 

Avila-Cabadilla, L.D., Sanchez-Azofeifa, G.A., Stoner, K.E., Alvarez-Añorve, M.Y., Quesada, 487 

M. & Portillo-Quintero, C.A. (2012). Local and landscape factors determining occurrence of 488 

phyllostomid bats in tropical secondary forests. PLoS ONE 7, e35228. 489 

Aldana, A.M. & Mitchley, J. (2013). Protected areas legislation and the conservation of the 490 

Colombian Orinoco basin natural ecosystems. Nat. Conserv. 4, 15-28. 491 

Antonelli, A., Ariza, M., Albert, J., Andermann, T., Azevedo, J., Bacon, C., Faurby, S., Guedes, 492 

T., Hoorn, C., Lohmann, L.G., Matos-Maraví, P., Ritter, C.D., Sanmartín, I., Silvestro, D., 493 



18 
 

Tejedor, M., Ter Steege, H., Tuomisto, H., Werneck, F.P., Zizka, A. & Edwards, S.V. (2018). 494 

Conceptual and empirical advances in Neotropical biodiversity research. PeerJ 6, e5644.  495 

Arroyo-Rodríguez, V., Rojas, C., Saldaña-Vázquez, R.A. & Stoner, K.E. (2016). Landscape 496 

composition is more important than landscape configuration for phyllostomid bat 497 

assemblages in a fragmented biodiversity hotspot. Biol. Conserv. 198, 84-92. 498 

Arroyo-Rodríguez, V., Fahrig, L., Tabarelli, M., Watling, J.I., Tischendorf, L., Benchimol, M., 499 

Cazetta, E., Faria, D., Leal, I.R., Melo, F.P.L., Morante-Filho, J.C., Santos, B.A., Arasa-500 

Gisbert, R., Arce-Peña, N., Cervantes-López, M.J., Cudney-Valenzuela, S., Galán-Acedo, 501 

C., San-José, M., Vieira, I.C.G., Slik, J.W.F., Nowakowski, A.J. & Tscharntke, T. (2020). 502 

Designing optimal human-modified landscapes for forest biodiversity conservation. Ecol. 503 

Lett. 23, 1404-1420.  504 

Bolker, B.M., Brooks, M.E., Clark, C.J., Geange, S.W., Poulsen, J.R., Stevens, M.H.H. & 505 

White, J.-SS. (2009). Generalized linear mixed models: a practical guide for ecology and 506 

evolution. Trends Ecol. Evol. 24, 127-135.  507 

Borghetti, F., Barbosa, E., Ribeiro, L., Ribeiro, J.F. & Walter, B.M.T. (2020). South American 508 

Savannas. In Savanna Woody Plants and Large Herbivores 77-122. Scogings, P.F. & 509 

Sankaran, M. (Eds.), John Wiley & Sons Inc., Hoboken. 510 

Brose, U. & Hillebrand, H. (2016). Biodiversity and ecosystem functioning in dynamic 511 

landscapes. Phil. Trans. R. Soc. B 371, 20150267.  512 

Briones-Salas, M., Lavariega, M.C., Moreno, C.E. & Viveros, J. (2019). Responses of 513 

phyllostomid bats to traditional agriculture in Neotropical Montane forests of southern 514 

Mexico. Zool. Stud. 58, e9. 515 

Buchadas, A., Baumann, M., Meyfroidt, P. & Kuemmerle, T. (2022). Uncovering major types 516 

of deforestation frontiers across the world’s tropical dry woodlands. Nat. Sustain. 5, 619-627. 517 

Cadotte, M., Albert, C.H. & Walker, S.C. (2013). The ecology of differences: assessing 518 

community assembly with trait and evolutionary distances. Ecol. Lett. 16, 1234-1244. 519 

Carrasco-Rueda, F. & Loiselle, B.A. (2020). Dimensions of phyllostomid bat diversity and 520 

assemblage composition in a tropical forest-agricultural landscape. Diversity 12, 238.  521 

Carvalho, W.D., Meyer, C.F.J., Xavier, B.S., Mustin, K., Castro, I.J., Silvestre, S.M., Pathek, 522 

D.B., Capaverde, U.D., Hilário, R. & Toledo, J.J. (2020). Consequences of replacing native 523 

savannahs with acacia plantations for the taxonomic, functional, and phylogenetic alfa- and 524 

beta-diversity of bats in the northern Brazilian Amazon. Front. Ecol. Evol. 8, 609214.  525 

Carvalho, W.D., Mustin, K., Farneda, F.Z., de Castro, I.J., Hilário, R.R., Martins, A.C.M., 526 

Miguel, J.D., Xavier, B.S. & Toledo, J.J. (2021). Taxonomic, functional and phylogenetic 527 



19 
 

bat diversity decrease from more to less complex natural habitats in the Amazon. Oecologia 528 

197, 223-239.  529 

Carvalho, W.D., Rosalino, L.M., da Silva Xavier, B., de Castro, I.J., Hilário, R.R., Marques, 530 

T.M., Toledo, J.J., Vieira, M.V., Palmeirim, J.M., Mustin, K. (2023). The relative importance 531 

of forest cover and patch-level drivers for phyllostomid bat communities in the Amazonian 532 

Savannas. Landsc. Ecol. 38, 117-130. 533 

Chambers, C.L., Cushman, S.A., Medina-Fitoria, A., Martínez-Fonseca, J. & Chávez-534 

Velásquez, M. (2016). Influences of scale on bat habitat relationships in a forested landscape 535 

in Nicaragua. Landsc. Ecol. 31, 1299-1318. 536 

Chao, A., Chiu, C-H. & Jost, L. (2014). Unifying species diversity, phylogenetic diversity, 537 

functional diversity, and related similarity and differentiation measures through Hill 538 

numbers. Annu. Rev. Ecol. Evol. Syst. 45, 297-324.  539 

Chiu, C-H. & Chao, A. (2014). Distance-based functional diversity measures and their 540 

decomposition: a framework based on Hill numbers. PLoS ONE 9, e100014.  541 

Cisneros, L.M., Fagan, M.E. & Willig, M.R. (2015). Effects of human-modified landscapes on 542 

taxonomic, functional and phylogenetic dimensions of bat biodiversity. Divers. Distrib. 21, 543 

523-533.  544 

Cushman, S.A., McGarigal, K. & Neel, M.C. (2008). Parsimony in landscape metrics: strength, 545 

universality and consistency. Ecol. Ind. 8, 691-703. 546 

Dávalos, L.M., Cirranello, A.L., Geisler, J.H. & Simmons, N.B. (2012). Understanding 547 

phylogenetic incongruence: lessons from phyllostomid bats. Biol. Rev. 87, 991-1024.  548 

Daily, G.C. (1997). Countryside biogeography and the provision of ecosystem services. In 549 

Nature and Human Society: The Quest for a Sustainable World 104-113. Raven, P. (Ed.), 550 

National Academy Press, Washington, DC. 551 

De Marco, P., De Souza, R.A., Andrade, A.F.A., Villén-Pérez, S., Nóbrega, C.C., Campello, 552 

L.M. & Caldas, M. (2023). The value of private properties for the conservation of 553 

biodiversity in the Brazilian Cerrado. Science 380, 298-301. 554 

Dorfman, A., Hills, T.T. & Scharf, I. (2022). A guide to area-restricted search: a foundational 555 

foraging behaviour. Biol. Rev. 97, 2076-2089.  556 

Etter, A. (1997). Ecosistemas de Sabanas. In Informe Nacional sobre el Estado de la 557 

Biodiversidad en Colombia. Diversidad Biológica en Sabanas 76-95. Chávez, M.E. & 558 

Arango, N. (Eds.), Instituto de Investigación de Recursos Biológicos Alexander von 559 

Humboldt, Bogotá. 560 



20 
 

Fahrig, L., Baudry, J., Brotons, L., Burel, F.G., Crist, T.O., Fuller, R.J., Sirami, C., Siriwardena, 561 

G.M., & Martin, J-L. (2011). Functional landscape heterogeneity and animal biodiversity in 562 

agricultural landscapes. Ecol. Lett. 14, 101-112. 563 

Falcão, F., Dodonov, P., Caselli, C.B., dos Santos, J.S. & Faria, D. (2021). Landscape structure 564 

shapes activity levels and composition of aerial insectivorous bats at different spatial scales. 565 

Biodivers. Conserv. 30, 2545-2564.  566 

Farneda, F.Z., Rocha, R., Aninta, S.G., López-Baucells, A., Sampaio, E.M., Palmeirim, 567 

J.M., Bobrowiec, P.E.D., Dambros, C.S. & Meyer, C.F.J. (2022). Bat phylogenetic 568 

responses to regenerating Amazonian forests. J. Appl. Ecol. 59, 1986-1996.  569 

Farneda, F.Z., Rocha, R., López-Baucells, A., Groenenberg, M., Silva, I., Palmeirim, J.M., 570 

Bobrowiec, P.E.D. & Meyer, C.F.J. (2015). Trait-related responses to habitat fragmentation 571 

in Amazonian bats. J. Appl. Ecol. 52, 1381-1391. 572 

Farneda, F.Z., Rocha, R., López-Baucells, A., Sampaio, E.M., Palmeirim, J.M., Bobrowiec, 573 

P.E.D. & Meyer, C.F.J. (2018). Functional recovery of Amazonian bat assemblages 574 

following secondary forest succession. Biol. Conserv. 218, 192-199.  575 

Flynn, D.F.B., Gogol-Prokurat, M., Nogeire, T., Molinari, N., Richers, B.T., Lin, B.B., 576 

Simpson, N., Mayfield, M.M. & DeClerck, F. (2009). Loss of functional diversity under land 577 

use intensification across multiple taxa. Ecol. Lett. 12, 22-33. 578 

Frank, H.K., Frishkoff, L.O., Mendenhall, C.D., Daily, G.C. & Hadly, E.A. (2017). Phylogeny, 579 

traits, and biodiversity of a neotropical bat assemblage: close relatives show similar responses 580 

to local deforestation. Am. Nat. 190, 200-212.  581 

Gelman, A. & Rubin, D.B. (1992). Inference from iterative simulation using multiple 582 

sequences. Stat. Sci. 7, 457-472. 583 

Hadfield, J.D. (2010). MCMC methods for Multi-Response Generalised Linear Mixed Models: 584 

the MCMCglmm R package. J. Stat. Softw. 33, 1-22.  585 

Hesselbarth, M.H.K., Sciaini, M., With, K.A., Wiegand, K. & Nowosad, J. (2019). 586 

landscapemetrics: an open-source R tool to calculate landscape metrics. Ecography 42, 1648-587 

1657. 588 

Hill, M.O. (1973). Diversity and evenness: a unifying notation and its consequences. Ecology 589 

54, 427-432.  590 

Hurtado-Materon, M.A. & Murillo-García, O.E. (2023). An integrative approach to 591 

understanding diversity patterns and assemblage rules in Neotropical bats. Sci. Rep. 13, 8891. 592 

IDEAM. (2015). Atlas Climatológico de Colombia. 593 

atlas.ideam.gov.co/visorAtlasClimatologico.html (accessed 19 April 2023). 594 

http://atlas.ideam.gov.co/visorAtlasClimatologico.html


21 
 

Isaac, N.J., Mallet, J. & Mace, G.M. (2004). Taxonomic inflation: its influence on 595 

macroecology and conservation. Trends Ecol. Evol. 19, 464-469. 596 

Jackson, H.B. & Fahrig, L. (2015). Are ecologists conducting research at the optimal scale? 597 

Glob. Ecol. Biogeogr. 24, 52-63.  598 

Kalcounis-Rueppell, M.C., Briones, K.M., Homyack, J.A., Petric, R., Marshall, M.M. & Miller, 599 

D.A. (2013). Hard forest edges act as conduits, not filters, for bats. Wildl. Soc. Bull. 37, 571-600 

576. 601 

Kalko, E.K.V., Handley, C.O.Jr. & Handley, D. (1996). Organization, diversity and long-term 602 

dynamics of a Neotropical bat community. In Long-Term Studies of Vertebrate Communities 603 

503-553. Cody, M.L. & Smallwood, J.A. (Eds.), Academic Press, San Diego. 604 

Kembel, S.W., Cowan, P.D., Helmus, M.R., Cornwell, W.K., Morlon, H., Ackerly, D.D., 605 

Blomberg, S.P. & Webb, C.O. (2010). Picante: R tools for integrating phylogenies and 606 

ecology. Bioinformatics 26, 1463-1464.  607 

Kunz, T.H., Torrez, E.B., Bauer, D., Lobova, T., Fleming, T.H. (2011). Ecosystem services 608 

provided by bats. Ann. N. Y. Acad. Sci. 1223, 1-38. 609 

Li, D. (2018). HillR: taxonomic, functional, and phylogenetic diversity and similarity through 610 

Hill numbers. J. Open Source Softw. 3, 1041. 611 

López, M.Q. & Arbeláez, F.A.A. (2016). Nature conservation on private land: Natural Reserves 612 

of Civil Society in Valle del Cauca. Apuntes Del Cenes 35, 17-48.  613 

López-Arévalo, H.F., Liévano-Latorre, L.F. & Montenegro, O.L.D. (2021). El papel de las 614 

pequeñas reservas en la conservación de mamíferos en Colombia. Caldasia 43, 354-365. 615 

López-Baucells, A., Rowley, S., Rocha, R., Bobrowiec, P.E.D., Palmeirim, J.M., Farneda, 616 

F.Z.F. & Meyer, C.F.J. (2022). Interplay between local and landscape-scale effects on the 617 

taxonomic, functional and phylogenetic diversity of aerial insectivorous Neotropical 618 

bats. Landsc. Ecol. 37, 2861-2875.  619 

Magurran, A.E. (2021). Measuring biological diversity. Curr. Biol. 31, R1174-R1177.  620 

Marques, J.T., Ramos Pereira, M.J., Marques, T.A., Santos, C.D., Santana, J., Beja, P. & 621 

Palmeirim, J.M. (2013). Optimizing sampling design to deal with mist-net avoidance in 622 

Amazonian birds and bats. PLoS ONE 8, e74505.  623 

Martin, J.L., Maris, V. & Simberloff, D.S. (2016). The need to respect nature and its limits 624 

challenges society and conservation science. PNAS 113, 6105-6112. 625 

Martins, A.C.M., Oliveira, H.F.M., Zimbres, B., Sá-Neto, R.J. & Marinho-Filho, J. (2022). 626 

Environmental heterogeneity and water availability shape the structure of phyllostomid bat 627 



22 
 

assemblages (Mammalia: Chiroptera) in the northeastern Amazon forest. For. Ecol. Manag. 628 

504, 119863. 629 

Meyer, C.F.J., Struebig, M. & Willig, M.R. (2016). Responses of tropical bats to habitat 630 

fragmentation, logging, and deforestation. In Bats in the Anthropocene: Conservation of Bats 631 

in a Changing World 63-103. Voigt, C.C. & Kingston, T. (Eds.), Springer, New York. 632 

Meyer, C.F.J., Aguiar, L.M.S., Aguirre, L.F., Baumgarten, J., Clarke, F.M., Cosson, J.-F., 633 

Villegas, S.E., Fahr, J., Faria, D., Furey, N., Henry, M., Hodgkison, R., Jenkins, R.K.B., 634 

Jung, K.G., Kingston, T., Kunz, T.H., Cristina MacSwiney Gonzalez, M., Moya, I., 635 

Patterson, B.D., Pons, J.-M., Racey, P.A., Rex, K., Sampaio, E.M., Solari, S., Stoner, K.E., 636 

Voigt, C.C., von Staden, D., Weise, C.D. & Kalko, E.K.V. (2011). Accounting for 637 

detectability improves estimates of species richness in tropical bat surveys. J. Appl. Ecol. 48, 638 

777-787.  639 

Morales-Martínez, D.M., López-Arévalo, H.F. & Montenegro, O.L. (2020). Los ensamblajes 640 

de murciélagos de la Serranía de La Lindosa son diversos y heterogéneos. Acta Biol. Colomb. 641 

25, 322-332.  642 

Morrissey, M.B. & Ruxton, G.D. (2018). Multiple regression is not multiple regressions: The 643 

meaning of multiple regression and the non-problem of collinearity. Philos. Theor. Pract. 644 

Biol. 10, 3. 645 

Norberg, U.M. & Rayner, J.M.V. (1987). Ecological morphology and flight in bats (Mammalia; 646 

Chiroptera): wing adaptations, flight performance, foraging strategy and echolocation. 647 

Philos. Trans. R. Soc. Lond., B, Biol. Sci. 316, 335-427. 648 

Oliveira, B.F., Machac, A., Costa, G.C., Brooks, T.M., Davidson, A.D., Rondinini, C. & 649 

Graham, C.H. (2016). Species and functional diversity accumulate differently in mammals. 650 

Glob. Ecol. Biogeogr. 25, 1119-1130.  651 

Otálora-Ardila, A., Farneda, F.Z., Meyer, C.F.J., López-Arévalo, H.F., Polanía, J. & Gómez-652 

Posada, C. (2024). Trait-mediated filtering predicts phyllostomid bat responses to habitat 653 

disturbance in the Orinoco Llanos. Biodivers. Conserv. 33, 1285-1302. 654 

Özkan, K., Svenning, J.C. & Jeppesen, E. (2013). Environmental species sorting dominates 655 

forest-bird community assembly across scales. J. Anim. Ecol. 82, 266-274.  656 

Paradis, E., Claude, J. & Strimmer, K. (2004). APE: Analyses of phylogenetics and evolution 657 

in R language. Bioinformatics 20, 289-290.  658 

Pereira, H.M. & Daily, G.C. (2006). Modeling biodiversity dynamics in countryside 659 

landscapes. Ecology 87, 1877-1885. 660 



23 
 

Pereira, M.J.R., Fonseca, C. & Aguiar, L.M.S. (2018). Loss of multiple dimensions of bat 661 

diversity under land-use intensification in the Brazilian Cerrado. Hystrix 29, 25-32.  662 

Pillay, R., Venter, M., Aragon-Osejo, J., González-del-Pliego, P., Hansen, A.J., Watson, J.E.M. 663 

& Venter, O. (2022). Tropical forests are home to over half of the world's vertebrate species. 664 

Front. Ecol. Environ. 20, 10-15.  665 

Presley, S.J., Cisneros, L.M., Klingbeil, B.T. & Willig, M.R. (2019). Landscape ecology of 666 

mammals. J. Mammal. 100, 1044-1068. 667 

R Core Team. (2020). R: A Language and Environment for Statistical Computing. Vienna, 668 

Austria: R Foundation for Statistical Computing. 669 

Rocha, R., López-Baucells, A., Farneda, F.Z., Groenenberg, M., Bobrowiec, P.E.D., Cabeza, 670 

M., Palmeirim, J.M. & Meyer, C.F.J. (2017). Consequences of a large-scale fragmentation 671 

experiment for Neotropical bats: disentangling the relative importance of local and 672 

landscape-scale effects. Landsc. Ecol., 32, 31-45. 673 

Rodríguez-San Pedro, A., Rodríguez-Herbach, C., Allendes, J.L., Chaperon, P.N., Beltrán, C.A. 674 

& Grez, A.A. (2019). Responses of aerial insectivorous bats to landscape composition and 675 

heterogeneity in organic vineyards. Agric. Ecosyst. Environ. 277, 74-82. 676 

Rojas, D., Warsi, O.M. & Dávalos, L.M. (2016). Bats (Chiroptera: Noctilionoidea) challenge a 677 

recent origin of extant. Syst. Biol. 65, 432-448.  678 

Romero-Ruiz, M., Etter, A., Sarmiento, A. & Tansey, K. (2010). Spatial and temporal 679 

variability of fires in relation to ecosystems, land tenure and rainfall in savannas of northern 680 

South America. Glob. Chang. Biol. 16, 2013-2023.   681 

Romero-Ruiz, M.H., Flantua, S.G.A., Tansey, K. & Berrio, J.C. (2012). Landscape 682 

transformations in savannas of northern South America: land use/cover changes since 1987 683 

in the Llanos Orientales of Colombia. Appl. Geogr. 32, 766-776.  684 

Sánchez-Cuervo, A.M., Aide, T.M., Clark, M.L. & Etter, A. (2012). Land cover change in 685 

Colombia: surprising forest recovery trends between 2001 and 2010. PLoS ONE 7, e43943. 686 

Sánchez-Palomino, P., Pava, M.P.R. & Cadena, A. (1996). Diversidad biológica de una 687 

comunidad de quirópteros y su relación con la estructura del hábitat de bosque de galería, 688 

Serranía de la Macarena. Caldasia 18, 343-355. 689 

Semenchuk, P., Plutzar, C., Kastner, T., Matej, S., Bidoglio, G., Erb, K-H., Essl, F., Haberl, H., 690 

Wessely, J., Krausmann, F. & Dullinger, S. (2022). Relative effects of land conversion and 691 

land-use intensity on terrestrial vertebrate diversity. Nat. Commun. 13, 615.  692 

Sikes, R.S. (2016). Guidelines of the American Society of Mammalogists for the use of wild 693 

mammals in research and education. J. Mammal. 97, 663-688.  694 



24 
 

Smiley, T.M., Title, P.O., Zelditch, M.L. & Terry, R.C. (2020). Multi-dimensional biodiversity 695 

hotspots and the future of taxonomic, ecological and phylogenetic diversity: a case study of 696 

North American rodents. Glob. Ecol. Biogeogr. 29, 516-533.  697 

Straube, F.C. & Bianconi, G.V. (2002). Sobre a grandeza e a unidade utilizada para estimar 698 

esforço de captura com utilização de redes-de-neblina. Chiropt. Neotrop. 8, 150-152. 699 

Suárez-Castro, A.F., Ramírez-Chaves, H.E., Noguera-Urbano, E.A., Velásquez-Tibatá, J., 700 

González-Maya, J.F. & Lizcano, D.J. (2021). Vacíos de información espacial sobre la riqueza 701 

de mamíferos terrestres continentales de Colombia. Caldasia 43, 247-260.  702 

Tucker, C.M., Cadotte, M.W., Carvalho, S.B., Davies, T.J., Ferrier, S., Fritz, S.A., Grenyer, R., 703 

Helmus, M.R., Jin, L.S., Mooers, A.O., Pavoine, S., Purschke, O., Redding, D.W., Rosauer, 704 

D.F., Winter, M. & Mazel, F. (2017). A guide to phylogenetic metrics for conservation, 705 

community ecology and macroecology. Biol. Rev. 92, 698-715.   706 

Velazco, P.M. & Lim, B.K. (2014). A new species of broad-nosed bat Platyrrhinus Saussure, 707 

1860 (Chiroptera: Phyllostomidae) from the Guianan Shield. Zootaxa 3796, 175-193. 708 

Weeks, B.C., Naeem, S., Lasky, J.R. & Tobias, J.A. (2022). Diversity and extinction risk are 709 

inversely related at a global scale. Ecol. Lett. 25, 697-707.  710 

Weisse, M. & Goldman, E. (2021). Primary rainforest destruction increased 12% from 2019 to 711 

2020. World Resources Institute. Retrieved from: https://research.wri.org/gfr/forest-pulse  712 

Williams, B.A., Watson, J.E.M., Beyer, H.L., Grantham, H.S., Simmonds, J.S., Alvarez, S.J., 713 

Venter, O., Strassburg, B.B.N. & Runting, R.K. (2022). Global drivers of change across 714 

tropical savannah ecosystems and insights into their management and conservation. Biol. 715 

Conserv. 276, 109786.  716 

Willig, M.R., Presley, S.J., Klingbeil, B.T., Kosman, E., Zhang, T. & Scheiner, S.M. (2023). 717 

Protecting biodiversity via conservation networks: taxonomic, functional, and phylogenetic 718 

considerations. Biol. Conserv. 278, 109876. 719 

Xavier, B.S., Rainho, A., Santos, A.M.C., Vieira, M.V. & Carvalho, W.D. (2023). Global 720 

systematic map of research on bats in agricultural systems. Front. Ecol. Evol. 11. 721 

Zachos, F.E., Apollonio, M., Bärmann, E.V., Festa-Bianchet, M., Göhlich, U., Habel, J.C., 722 

Haring, E., Kruckenhauser, L., Lovari, S., McDevitt, A., Pertoldi, C., Rössner, G.E., 723 

Sánchez-Villagra, M.R., Scandura, M. & Suchentrunk, F. (2013). Species inflation and 724 

taxonomic artefacts – A critical comment on recent trends in mammalian classification. 725 

Mamm. Biol. 78, 1-6. 726 

Zuckerberg, B., Cohen, J.M., Nunes, L.A., Bernath-Plaisted, J., Clare, J.D.J., Gilbert, N.A., 727 

Kozidis, S.S., Nelson, S.B.M., Shipley, A.A., Thompson, K.L. & Desrochers, A. (2020). A 728 

https://research.wri.org/gfr/forest-pulse


25 
 

review of overlapping landscapes: pseudoreplication or a red herring in landscape ecology? 729 

Curr. Landsc. Ecol. Rep. 5, 140-148.  730 


