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Our study highlights the erosion of phylogenetic diversity of bat assemblages associated with habitat 
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experiment. This work advances our understanding of the effects of habitat modification on bats as key 

ecosystem service providers in tropical ecosystems. 
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Abstract 19 

The traditional focus on taxonomic diversity metrics for investigating species responses to 20 

habitat loss and fragmentation has limited our understanding on how biodiversity is impacted 21 

by habitat modification. This is particularly true for taxonomic groups such as bats which 22 

exhibit species-specific responses. Here, we investigate phylogenetic alpha and beta diversity 23 

of Neotropical bat assemblages across two environmental gradients, one in habitat quality and 24 

one in habitat amount. We surveyed bats in 39 sites located across a whole-ecosystem 25 

fragmentation experiment in the Brazilian Amazon, representing a gradient of habitat quality 26 

(interior-edge-matrix, hereafter IEM) in both continuous forest and forest fragments of 27 

different sizes (1, 10, and 100 ha; forest size gradient). For each habitat category, we 28 

quantified alpha and beta phylogenetic diversity, then used linear models and cluster analysis 29 

to explore how forest area and IEM gradient affect phylogenetic diversity. We found that the 30 

secondary forest matrix harboured significantly lower total evolutionary history compared to 31 

the fragment interiors, especially the 1 ha fragments, containing bat assemblages with more 32 

closely related species. Forest fragments ≥10 ha had levels of phylogenetic richness similar to 33 

continuous forest, suggesting that large fragments retain considerable levels of evolutionary 34 

history. The edge and matrix adjacent to large fragments tend to have closely related lineages 35 

nonetheless, suggesting phylogenetic homogenization in these IEM gradient categories. Thus, 36 

despite the high mobility of bats, fragmentation still induces considerable levels of erosion of 37 

phylogenetic diversity, suggesting that the various evolutionary history might not be able to 38 

persist in present-day human-modified landscapes.  39 

Keywords: evolutionary history, environmental gradients, Amazon, matrix, secondary forests 40 

41 
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Introduction 42 

Humans have fundamentally changed the face of the Earth, with negative side-effects for 43 

biodiversity across all major biomes. Tropical forests are among the biomes impacted most 44 

heavily given the large footprint of pervasive land use changes which have resulted in 45 

widespread landscape fragmentation and loss of habitat for many species (Hansen et al. 2013; 46 

Austin et al. 2017; Barlow et al. 2018). These land use changes have been documented to 47 

have detrimental effects on the richness, abundance, and composition of many tropical taxa 48 

(Gibson et al. 2011; Alroy 2017), leading to a pattern of extensive defaunation, with 49 

cascading effects on ecosystem functioning (Young et al. 2016). 50 

Idiosyncratic responses of species to fragmentation are ubiquitous, rendering assemblage-51 

level inferences regarding fragmentation effects generally difficult (Ewers and Didham 2006; 52 

Fahrig 2017). This is mainly because the treatment of species as equal entities by neglecting 53 

their unique evolutionary history, functional roles in the ecosystem, and their association with 54 

each other within the community (Pellens and Grandcolas 2016), paints an incomplete picture 55 

of the effects of habitat fragmentation. Therefore, recent studies assessing the effect of habitat 56 

fragmentation on tropical taxa have started to incorporate evolutionary information using 57 

phylogenetic diversity metrics in addition to species richness (Riedinger et al. 2013; Frishkoff 58 

et al. 2014; Santos et al. 2014; Cisneros et al. 2015, 2016; Aguirre et al. 2016; Frank et al. 59 

2017). By doing so, these studies were able to uncover patterns previously undetected by 60 

studies with a sole focus on the taxonomic dimension of biodiversity. For example, the 61 

random pattern of plant species absence across the phylogenetic tree in a fragmented 62 

landscape, or phylogenetic over-dispersion, can potentially be linked to low phylogenetic 63 

conservatism of key life-history traits (Santos et al. 2014), suggesting that the negative effect 64 

of habitat fragmentation depends on the evolutionary history of the taxa in question. 65 

However, studies on mobile species such as birds and bats showed non-random patterns of 66 
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absence across their phylogeny in various types of disturbed habitats (Riedinger et al. 2013; 67 

Frishkoff et al. 2014; Frank et al. 2017). This pattern, often referred to as phylogenetic 68 

clustering, whereby species within an assemblage are more closely related than expected by 69 

chance, indicates a strong effect of habitat filtering. Gaining better insights into the extent to 70 

which phylogenetic diversity of assemblages is eroded as a result of habitat fragmentation 71 

therefore is critical to improve our general understanding of biodiversity persistence in 72 

human-modified landscapes. 73 

Despite their mobility, bats (Chiroptera) are among the many animal groups that are 74 

demonstrably affected by habitat loss and fragmentation (Meyer et al. 2016; Alroy 2017). 75 

Notwithstanding increased research effort devoted over recent years to better understand how 76 

bats respond to habitat fragmentation, studies at the assemblage level, typically comparing 77 

species richness, diversity, and assemblage composition between forest fragments and 78 

continuous forest, showed inconsistent results and highlighted the need for more research 79 

focusing on the functional and phylogenetic biodiversity dimensions (Meyer et al. 2016). Bats 80 

are a good model group to study the effect of habitat fragmentation on phylogenetic diversity 81 

given their high species richness, functional diversity, and key roles in ecosystem functioning 82 

(Kunz et al. 2011). Studies employing a phylogenetic approach to investigate bat responses 83 

towards habitat disturbance (Cisneros et al. 2015; Frank et al. 2017; Presley et al. 2018) have 84 

been made possible by the availability of phylogenetic trees of all extant bat species (Jones et 85 

al. 2002, 2005; Shi and Rabosky 2015) that can be used to calculate phylogenetic diversity 86 

metrics. 87 

Of the few studies that have investigated bat phylogenetic diversity in fragmented landscapes, 88 

none has assessed responses across the entire gradient in habitat quality typically encountered, 89 

formed by the interiors (I) and edges (E) of continuous forest and forest fragments, as well as 90 

the intervening matrix (M), or the IEM gradient (Rocha et al. 2017). Explicit consideration of 91 
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the full IEM gradient, however, is important to better understand the extent of environmental 92 

filtering that usually is regarded as the cause of phylogenetic clustering in disturbed habitats 93 

(Riedinger et al. 2013; Frank et al. 2017; Presley et al. 2018) as species persistence in 94 

fragmented landscapes may be differentially affected by this gradient in habitat quality 95 

(Ferreira et al. 2017). The observed phylogenetic richness and structure in each habitat that 96 

comprises the IEM gradient can give an indication about the amount of evolutionary history 97 

retained by the constituent habitat elements of a fragmented landscape (Cisneros et al. 2015). 98 

Moreover, exploring which habitats share similar evolutionary history or harbour lineages that 99 

are more closely related compared to other habitats may give insights into the evolution of 100 

habitat preferences (Graham and Fine 2008; Penone et al. 2016).  101 

To elucidate how habitat fragmentation affects the evolutionary dimension of bat diversity, 102 

we investigated the changes in phylogenetic alpha and beta diversity of Amazonian bat 103 

assemblages across two environmental gradients, one in habitat quality (IEM gradient) and 104 

one in habitat amount (forest size: continuous forest; fragments of 1, 10, 100 ha), in the 105 

experimentally fragmented landscape of the Biological Dynamics of Forest Fragments Project 106 

(BDFFP), the world’s largest and longest-running experimental study of habitat fragmentation 107 

(Bierregaard et al. 1992; Haddad et al. 2015). For phylogenetic alpha diversity, we expected 108 

assemblages in the secondary forest matrix to retain the least total evolutionary history due to 109 

selection of bat lineages that are best adapted to it (Rocha et al. 2018), followed by edges, 110 

while forest interiors were predicted to harbour the most total evolutionary history due to 111 

greatest resource availability (Ries and Sisk 2004). Accordingly, we predicted phylogenetic 112 

diversity to increase with forest size, and phylogenetic clustering to be associated with smaller 113 

forest fragments and strongest in the matrix. Finally, we expected that habitat filtering will 114 

leave each habitat of the IEM gradient with its own set of unique assemblages so that 115 

phylogenetic beta diversity will show that the same category of IEM gradient will contain 116 
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similar lineages and a similar amount of total evolutionary as a consequence of low 117 

phylogenetic turnover. 118 

 119 

Methods 120 

Study Area. The BDFFP spans ~1,000 km2 and is located approximately 80 km north of 121 

Manaus, Brazil (S2°30’, W60°). The area contains different-sized forest fragments separated 122 

by 80-650 m from the surrounding continuous forest that serves as experimental control 123 

(Laurance et al. 2018). Following abandonment of the cattle pastures which initially 124 

surrounded the experimentally isolated fragments after their creation in the early 1980s, 125 

Vismia- and Cecropia spp.- dominated secondary forest developed in the matrix (Mesquita et 126 

al. 2015).  127 

The forest at the BDFFP is a typical non-flooded forest of the Amazon basin (De Oliveira and 128 

Mori 1999), with approximately 280 species of trees (dbh >10 cm) per hectare (Laurance et 129 

al. 2010). The area has a relatively flat topography (80-160 m), with nutrient-poor soils. 130 

Rainfall ranges from 1,900 to 3,500 mm annually, with a moderately strong dry season from 131 

June to October (Laurance et al. 2018).  132 

Bat Sampling. Bats were sampled with ground-level mist nets in eight primary forest 133 

fragments —three of 1 ha, three of 10 ha and two of 100 ha—and in nine control sites in three 134 

areas of continuous forest. Fragments and controls were sampled in the interior, at the edges, 135 

and in the secondary forest matrix, resulting in a total of 39 sites (for continuous forest, only 136 

three edge and matrix sites were sampled; cf. Rocha et al. 2017). Distances between interior 137 

and edge sites of continuous forest and fragments were respectively 1,118 ± 488 and 245 ± 138 

208 m (mean ± SD). Matrix sites were located ca. 100 m away from the border between 139 
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primary and secondary forest. Each sampling site was visited eight times over a 2-year period 140 

(August 2011 – June 2013). See Rocha et al. (2017) for a more detailed description. 141 

Phylogenetic Information. Analysis was restricted to the family Phyllostomidae, which can 142 

be adequately sampled with ground-level mist nets (Kalko 1998). The phylogenetic 143 

information of phyllostomid species present at the BDFFP, hereafter referred to as the local 144 

phylogeny, was extracted from the most recent species-level phylogeny of bats (Shi and 145 

Rabosky 2015) using R package `picante` (Kembel et al. 2010). We chose this particular tree 146 

as it covered more of the phyllostomid species that occur at the BDFFP compared to another 147 

frequently used bat phylogenetic tree published by Jones et al. (2002, 2005). The supertree 148 

was downloaded from TreeBASE and pruned to obtain the local phylogeny. The branch 149 

lengths of the local phylogeny represent the divergence time of the species in millions of 150 

years. As we used distance-based phylogenetic diversity metrics, the phylogenetic pairwise 151 

distance matrix was extracted from the local phylogeny using the `cophenetic.phylo()` 152 

function from R package `ape` (Paradis et al. 2004). 153 

Species that occur in the study area but were not present in the pruned tree were substituted 154 

by their congeners, following Cisneros et al. (2016). Only for two out of 43 captured 155 

phyllostomid species was this the case, i.e. Artibeus gnomus and A. cinereus, which hence 156 

were both represented by their closest congener, A. glaucus (Redondo et al. 2008).  157 

Measuring Phylogenetic Diversity 158 

Alpha Diversity. We explored variation in phylogenetic richness and structure within 159 

assemblages separately across the IEM gradient of 1, 10, and 100 ha fragments and 160 

continuous forest (CF) using Faith’s phylogenetic diversity (Faith 1992) and mean pairwise 161 

distance (Clarke and Warwick 1998; Webb 2000), hereafter referred to as PD and MPD 162 

respectively. As PD is sensitive to sample size (Vamosi et al. 2009), we rarefied the observed 163 
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values of PD when comparing different assemblages using the R package ‘BAT’(Cardoso et 164 

al. 2015). 165 

To assess the effect of phylogenetic information per se on PD, we eliminated any potential 166 

effect of species richness by calculating SESPD (standardized effect size of PD) under a 167 

‘richness’ null model (Swenson 2014). Similarly, we quantified phylogenetic structure per se 168 

by calculating SESMPD (standardized effect size of MPD) using the tip-shuffling null model 169 

(Swenson 2014). However, as the local phylogeny consisted of closely related phyllostomids 170 

with quite a balanced topology, MPD could underestimate phylogenetic clustering in the 171 

terminal part of the phylogeny. We therefore also calculated the mean nearest taxon distance 172 

(MNTD) and computed SESMNTD using the tip-shuffling null model as it is more sensitive 173 

than MPD for detecting phylogenetic clustering in the terminal part of the local phylogeny 174 

(Tucker et al. 2017). For SESMPD and SESMNTD, high quantiles (p>0.95) indicate a 175 

phylogenetically over-dispersed assemblage whereas low quantiles (p<0.05) indicate a 176 

phylogenetically clustered assemblage (Webb et al. 2002; Swenson 2014).  177 

Beta Diversity. To explore between-assemblage variation in phylogenetic richness and 178 

structure in relation to the habitat quality (IEM) and size gradients, we calculated COMDIST 179 

and phylogenetic beta diversity (Pβtotal), respectively. COMDIST is the mean pairwise 180 

phylogenetic distance (MPD) between species from different assemblages (Swenson 2011) 181 

which could help reveal which habitats along the gradient contain closely related lineages. To 182 

calculate COMDIST, we used R package ‘picante’ (Kembel et al. 2010). Phylogenetic beta 183 

diversity was partitioned into its richness (Pβrich) and replacement (Pβrepl) components to 184 

capture, respectively, the difference in shared total branch lengths between assemblages and 185 

the uniqueness of each assemblage based on the evolutionary lineages present (Cardoso et al. 186 

2014). To calculate Pβtotal and its partitions, we used R package ‘BAT’ (Cardoso et al. 2015).  187 
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Phylogenetic alpha and beta diversity across the IEM and forest size gradient  188 

Alpha Diversity. We modelled phylogenetic diversity in relation to the IEM and forest size 189 

gradient to understand how the two affect the evolutionary dimension of biodiversity. While 190 

in principle the six camp locations (Colosso, Porto Alegre, Dimona, Cabo Frio, Florestal and 191 

Km 41) should be incorporated in the statistical model as a random effect to account for 192 

potential spatial autocorrelation of the response variables (Dormann et al. 2007; Bolker et al. 193 

2009), we found its effect to be negligible in practice after we fit linear mixed models using 194 

the `lme4` R package (Bates et al. 2014) (see Table S1). We therefore dropped the block 195 

effect, leaving us with a simple linear model to assess significance of the fixed effects. The 196 

linear models were fitted using the R package ‘stats’  (R Core Team 2017), with IEM gradient 197 

(interior, edge, or matrix) and forest size (CF, 100 ha, 10 ha, or 1 ha) as explanatory variables, 198 

comparing 12 types of assemblages in total. Both additive and interactive effects for IEM 199 

gradient and forest size along with the null models were evaluated based on the small sample 200 

size version of Akaike’s Information Criterion (AICc) (Burnham and Anderson 2002) as 201 

implemented in R package ‘MuMIn’ (Barton 2016). Along with AICc, we also calculated 202 

Akaike weights (wi) and Akaike differences (Δi) to gauge relative variable importance. 203 

Models with Δi ≤ 2 were considered to have substantial support (Burnham and Anderson 204 

2002). Significant effects were further evaluated via multiple comparison tests with Tukey 205 

contrasts (adjusted P values reported in Table S3) using the R package ‘multcomp’ (Hothorn 206 

et al. 2008). 207 

Beta Diversity. To detect any implicit spatial structure in Pβtotal, Pβrich, Pβrepl, and 208 

COMDIST, we visualized these metrics through UPGMA clustering (Borcard et al. 2011) 209 

using the ‘hclust’ function in R (R Core Team 2017). When applied to Pβrich, UPGMA will 210 

cluster assemblages with similar amount of phylogenetic richness whereas Pβrepl will cluster 211 

assemblages with similar lineages. For COMDIST, UPGMA will cluster closely related 212 
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assemblages. A Mantel test (Mantel 1967) was conducted using the R package ‘vegan’ 213 

(Oksanen et al. 2017) to detect any linear (Pearson correlation) or non-linear (Spearman’s 214 

rank correlation) spatial structure in Pβtotal, Pβrich, Pβrepl, and COMDIST.  215 

Results 216 

Comparison within assemblages: phylogenetic diversity is lowest in the smallest fragments 217 

Rarefied PD showed a decreasing trend from continuous forest and fragment interiors to 218 

forest edges and matrix, with the matrix sites adjacent to the 1 ha fragments harbouring the 219 

lowest PD overall (Fig. 1). In agreement with this, the model including IEM gradient and 220 

forest size as additive predictors of PD received overwhelming support (wi = 0.99) compared 221 

to the other candidate models (Table 1). The decrease in PD from interior towards edge and 222 

matrix was significant (P <0.001 for both), with edges experiencing larger decreases in PD 223 

compared to the matrix (Table S2). However, multiple comparison tests did not support any 224 

significant differences in PD between edges and matrix, irrespective of forest size (Table S3). 225 

Also, there was no significant loss in PD from larger towards smaller fragments except for 1 226 

ha fragments (P <0.001, Table S2). Multiple comparison tests confirmed the significantly 227 

lower phylogenetic richness in 1 ha fragments relative to larger fragments and continuous 228 

forest across the entire IEM gradient (Table S3). According to the local phylogeny, most of 229 

the old species lineages, i.e. those with long tree branches, do not appear in the 1 ha fragments 230 

(Fig. S1).  231 

When the effect of species richness on PD was accounted for (SESPD), only the IEM gradient 232 

emerged as the best-supported predictor in the model (wi = 0.78, Table 1). SESPD for forest 233 

fragments showed lower phylogenetic richness than expected given the number of species 234 

present, particularly for fragment edges and the matrix (Fig 2A). SESPD was also significantly 235 

lower in the matrix than in forest interiors, particularly for the 1 ha fragments (Fig 2A). 236 
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In line with PD, observed MPD of phyllostomid assemblages in most habitat types was lower 237 

than expected under the simulated null communities, particularly for the interiors of 1 ha 238 

fragments, fragment edges, and the matrix around the larger (10 and 100 ha) fragments (Fig. 239 

2B). Only the assemblages in the matrix surrounding 1 ha fragments, although characterized 240 

as relatively phylogenetically over-dispersed compared to the other assemblages based on 241 

SESMPD, showed terminal clustering based on its significantly lower SESMNTD (Fig. 2C). 242 

Patterns of MPD were best explained by a model that included only the IEM gradient as 243 

explanatory variable (wi = 0.33, Table 1). There was, however, substantial model selection 244 

uncertainty, with the null, size, and IEM + size models also being supported as plausible 245 

(ΔAICc <2, Table 1). According to the single variable models IEM gradient and size (Table 246 

S2), MPD was significantly reduced in the matrix (P = 0.03) and 1 ha fragments (P = 0.04), 247 

respectively, suggesting that the matrix around 1 ha fragments contains more closely related 248 

lineages as indicated by its significantly lower SESMNTD. For SESMPD, the effect of the IEM 249 

gradient was even more tenuous (wi = 0.36) as the null model received the strongest support 250 

(wi = 0.57, Table 1).  251 

Comparison between assemblages: no clear pattern of lineage replacement 252 

Dendrograms based on the total evolutionary history shared between assemblages (Pβtotal, 253 

Pβrich, and Pβrepl) were substantially different from the one based on relatedness between 254 

lineages within assemblages (COMDIST). UPGMA clustering based on total phylogenetic 255 

beta diversity (Pβtotal) suggested that the interiors of continuous forest and forest fragments 256 

harbour similar amounts of phylogenetic richness, except for the 1 ha fragments (Fig 3A), 257 

further confirming the phylogenetic erosion of 1 ha fragments. The similarity in total 258 

phylogenetic richness between the interiors of continuous forest and larger forest fragments 259 

(10 and 100 ha) was maintained after Pβtotal was partitioned into Pβrich and Pβrepl. For Pβrich, 260 

however, the interior sites of the larger fragments clustered together, unlike Pβtotal which 261 
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grouped the interior of continuous forest closer together with that of 100 ha fragments (Fig 262 

3B). For Pβrepl, the interior sites were completely dispersed (Fig 3C), suggesting that the 263 

difference in Pβtotal compared to Pβrich is caused by different lineages contained within the 264 

interiors. The position of the IEM habitat categories in the Pβrepl dendrogram are unlikely due 265 

to their geographic proximity as there was no significant relationship between Pβrepl and 266 

geographic distance based on the Mantel test (Pearson’s Mantel statistic r = 0.031, P = 0.299, 267 

Table S4).  268 

UPGMA clustering of COMDIST revealed that the investigated assemblages were closely 269 

related and were not clustered according to either the same IEM gradient or the same forest 270 

size categories (Fig. 4). The sites within the interior of 1 ha fragment are more closely related 271 

to the matrix and edges of forest fragments and continuous forest. The position of the interior 272 

sites of 1 ha fragments distant from those of larger fragments and continuous forest, 273 

underscores the distinct composition of bat lineages in the assemblages of 1 ha fragments. 274 

When the local phylogeny was annotated with information on species’ presence across the 275 

two environmental gradients, different lineages were present within the same IEM category 276 

except for the interior of continuous forest and the larger forest fragments (Fig. S1). The 277 

interiors of 1 ha fragments were distinct from other interior sites whereas there was no clear 278 

pattern of lineage distribution at forest edges and in the matrix adjoining continuous forest 279 

and fragments. This is also unlikely due to spatial effects as there was no significant 280 

relationship between COMDIST and geographic distance (Pearson’s Mantel statistic r = 281 

0.055, P = 0.230, Table S4).  282 

Discussion 283 

Using metrics of phylogenetic alpha and beta diversity, we showed that there was not only a 284 

disproportionate reduction of phylogenetic richness in the smallest forest fragments (1 ha) but 285 
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also phylogenetic homogenization of assemblages at forest edges and in the matrix as 286 

assemblages in these categories of the IEM gradient contained closely related bat lineages. 287 

Whereas the two environmental gradients investigated in this study explained quite well the 288 

observed variation in total phylogenetic richness (PD), they could not adequately account for 289 

how closely related lineages clustered in small forest fragments (MPD). Additionally, the 290 

results of the clustering analysis based on phylogenetic beta diversity metrics were counter to 291 

our predictions since the resulting dendrograms did not clearly cluster assemblages from the 292 

same category of habitat quality and forest size together. 293 

Environmental filtering is strongest in the matrix surrounding small forest fragments 294 

Across the full disturbance gradient of interior-edge-matrix, phylogenetic richness was 295 

curtailed in both edge and matrix habitats, especially in the case of the 1 ha fragments. Thus, 296 

habitat fragmentation at the BDFFP does not only reduce bat taxonomic and functional 297 

diversity in the small forest fragments, edges, and matrix as we have previously shown 298 

(Farneda et al. 2015; Rocha et al. 2017), but also negatively affects the total evolutionary 299 

history preserved. However, the magnitude of loss of phylogenetic richness at fragment edges 300 

and in the adjacent matrix relative to the interior of continuous forest was only slight, 301 

probably due to the low structural contrast between matrix (tall secondary forest) and edges 302 

during the sampling period (Rocha et al. 2017). In accordance with other studies comparing 303 

phylogenetic richness between various human-modified habitats of different levels of 304 

forest/vegetation complexity (Riedinger et al. 2013; Frishkoff et al. 2014; Edwards et al. 305 

2015, 2017; Frank et al. 2017; Martins et al. 2017; Pereira et al. 2018), the observed decrease 306 

in total evolutionary history in a structurally less complex habitat such as the secondary forest 307 

matrix is not surprising. Phylogenetic diversity is often associated with canopy cover (Frank 308 

et al. 2017; Martins et al. 2017), which decreased along our IEM gradient (cf Table S2, Rocha 309 

et al. 2017). This phenomenon is often attributed to environmental filtering, whereby species 310 
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with particular characteristics are not well adapted to and thus unable to persist in all parts of 311 

an environmental gradient (Cisneros et al. 2016; Frank et al. 2017; Grimshaw and Higgins 312 

2017).  313 

Through the use of SESMPD and SESMNTD, we further detected that edge and matrix 314 

assemblages were phylogenetically clustered, whereby the matrix of 1 ha fragments was 315 

characterized by especially closely related lineages, pointing towards stronger environmental 316 

filtering compared to the edge. Matrix sites surrounding 1 ha fragments are impoverished with 317 

respect to lineages with long evolutionary history, i.e. Lampronycteris brachyotis and several 318 

Micronycteris species (Fig S1), and contain lineages that are phylogenetically clustered in the 319 

terminal branches. Nevertheless, it is important to note that matrix sites adjacent to the larger 320 

fragments (10 ha and 100 ha) did not differ much from their edges in terms of phylogenetic 321 

richness and structure, indicating that the habitat quality gradient investigated in this study 322 

represents a strong environmental filter in both large (≥10 ha) and small (1 ha) forest 323 

fragments.  324 

Our model selection results, however, did not provide strong support for the environmental 325 

gradient investigated in this study to explain the observed phylogenetic clustering, which was 326 

weak as the values of SESMPD and and SESMNTD did not deviate much from the 5th and 95th 327 

quantiles of the null model. This is potentially due to the influence of landscape-level 328 

attributes which encompass wider environmental gradients (Rocha et al. 2017; Tinoco et al. 329 

2018) and are responsible for the ability of the large fragments to retain more distantly related 330 

lineages than the small forest fragments. The low structural contrast between secondary 331 

regrowth in the matrix and the forest interiors during the sampling period could also attenuate 332 

any strong phylogenetic structure of bat assemblages along the interior-edge-matrix gradient; 333 

Patrick and Stevens (2016) for instance found that environmental variables have a weaker 334 

effect upon phylogenetic structure when assemblages experience less harsh environmental 335 
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conditions. Additionally, the environmental filtering that is responsible for phylogenetic 336 

clustering could possibly result from non-linear responses (Smith and Lundholm 2010; Stegen 337 

and Hurlbert 2011) that we were unable to detected using linear models. Stronger support of 338 

an effect of the IEM gradient in explaining phylogenetic structure may have been received if 339 

we had considered abundance-based metrics and quantitative variables such as seasonal 340 

temperature (Stevens and Gavilanez 2015) or elevation (Cisneros et al. 2014). Nonetheless, 341 

our findings still confirm our expectations that the low resource availability in the matrix 342 

apparently selects for frugivorous bat lineages that not only have traits favourable by the 343 

existing environmental filter (Farneda et al. 2015). 344 

There is a possibility that the phylogenetic clustering documented in small fragments also 345 

reflects biotic filtering through competitive exclusion of species with low competitive ability 346 

in addition to abiotic filtering through selection by the IEM gradient (Mayfield and Levine 347 

2010). However, we consider this unlikely to be the case for phyllostomid bats which are 348 

known to have a high diversification rate compared to other bat families (Monteiro and 349 

Nogueira 2011; Santana et al. 2012). The wide array of feeding strategies exhibited by 350 

phyllostomids likely eliminates the need for strong competition between species as pre-351 

requisite of inferring biotic filtering. For bats at the BDFFP in particular, traits associated with 352 

fragmentation sensitivity such as trophic level, body mass, and wing morphology were 353 

phylogenetically conserved (Farneda et al. 2015) so that the observed clustering could be 354 

related to environmental filtering. 355 

By investigating two measures of phylogenetic alpha diversity simultaneously (PD and 356 

MPD), we showed that assemblages that have a relatively lower amount of phylogenetic 357 

richness (PD) compared to those of the interior of continuous forest also are made up of more 358 

closely related lineages as shown by the relative increase in phylogenetic clustering (MPD). 359 

This is consistent with Frank et al (2017) and Riedinger et al (2013) who pointed out the 360 
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tendency of closely-related bat species to respond similarly to habitat disturbance due to the 361 

similarity in traits that are evolutionarily conserved.  362 

Variation in phylogenetic diversity between assemblages is not related to habitat quality 363 

Phylogenetic beta diversity metrics further corroborate the weak effect of habitat quality on 364 

between-assemblage differences in phylogenetic richness and lineage composition. There was 365 

no clear-cut pattern with regard to the relatedness and phylogenetic richness of bat 366 

assemblages in relation to IEM and forest size gradients. Except for 1 ha fragments, the 367 

interiors of the forest fragments and continuous forest contain a large number of distantly 368 

related species and harbour a similar amount of total evolutionary history, but not the same 369 

bat lineages. Larger forest fragments (10 ha) may therefore act as important repositories for 370 

preserving the total evolutionary history of bat assemblages in fragmented landscapes. In 371 

contrast, the marked changes in phylogenetic richness and structure of 1 ha fragment interiors 372 

and similarity to their edges in terms of preserved evolutionary history, suggests that patterns 373 

of phylogenetic diversity are fundamentally driven by the pervasive negative edge effects that 374 

commonly plague fragments of this size (Santos et al. 2010; Laurance et al. 2018). We 375 

probably did not detect any spatially implicit structure between different habitat categories of 376 

the IEM gradient due to the predominant effect of dispersal ability in the absence of 377 

contrasting environmental gradients (Moreno and Halffter 2001). 378 

The distribution of edge and matrix sites associated with the larger forest fragments and 379 

continuous forest across the dendrograms are possibly the result of phylogenetic 380 

homogenization. Assemblages of these two categories of the IEM gradient did not differ 381 

markedly in phylogenetic richness and structure according to the phylogenetic alpha diversity 382 

metrics, and UPGMA clustering further confirmed that they are closely related to each other 383 

(Fig. 4). Thus, despite the ability of large forest fragments to retain amounts of total 384 
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evolutionary history similar to the interior of continuous forest, the level of forest degradation 385 

at the edges and in the matrix still has a negative effect on the phylogenetic diversity of bats at 386 

the BDFFP.  387 

New insights gained from a focus on the phylogenetic biodiversity dimension 388 

A focus on the phylogenetic dimension of biodiversity has allowed us to complement our 389 

previous analyses that approached bat responses to landscape fragmentation at the BDFFP 390 

from taxonomic and functional perspectives (Rocha et al. 2017; Farneda et al. 2018). The 391 

reduction of total evolutionary history in the smallest fragments, particularly in the 392 

surrounding matrix, was apparently selective and resulted in assemblages comprised of 393 

closely related bat lineages with similar traits due to environmental filtering. This adds more 394 

significance to the term “biodiversity loss” in fragmented landscapes as losing a lineage of 395 

species usually means losing a unique evolutionary history which may be irreplaceable for a 396 

particular habitat and disrupt ecosystem processes therein. The non-significant decrease of 397 

phylogenetic richness in larger fragments (10 ha and 100 ha) compared to continuous forest 398 

indicates that fragments of that size still serve as important refuges for the overall lineage 399 

pool in the BDFFP landscape. Although the habitat quality and size gradients investigated in 400 

this study could not entirely explain the pattern of phylogenetic beta diversity, cluster analysis 401 

showed their constituent categories to harbour distinct assemblages that are probably shaped 402 

by a specific assembly mechanism. 403 

Any environmental filtering detected in this study, however, may not be generalizable to other 404 

fragmented landscapes. The BDFFP as an experimentally controlled fragmented landscape is 405 

a best-case scenario as levels of disturbance are reduced in relation to most real-world 406 

landscapes (Laurance et al. 2018). Additionally, forest fragments are surrounded by a benign 407 

matrix dominated by forest regrowth (Mesquita et al. 2015), and which is largely free from 408 

human disturbances which could interact additively or synergistically with fragmentation 409 
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(Laurance et al. 2018). The matrix was dominated by tall secondary forest regrowth at the 410 

time of study (Rocha et al. 2017), resulting in a rather homogenous makeup of the overall 411 

landscape which could promote random placement in bat assemblages (Morlon et al. 2011). 412 

Nonetheless, the most challenging part in investigating environmental filtering using 413 

phylogenetic diversity metrics is deciding which aspect of the environment actually matters 414 

for the taxa in question and on which ecological and evolutionary scale to better understand 415 

the evolutionary consequences of habitat fragmentation. 416 

Phylogenetic diversity summarizes species characteristics that are not covered by taxon and 417 

functional diversity (Flynn et al. 2011; Cisneros et al. 2014), especially the ecological 418 

redundancies and complementarity of organisms (Cadotte et al. 2013). Our choice of 419 

incidence-based metrics, however, was limited to assess among-species variation and could 420 

not account for within-species variation that is better captured by abundance-based metrics. 421 

Abundance-based phylogenetic diversity metrics are more sensitive to environmental 422 

gradients (Stevens and Gavilanez 2015) and could correct for stochasticity in the detection of 423 

rare taxa or sample effects that have been observed for various taxa at BDFFP (Laurance et al. 424 

2018). 425 

Our study adds to a growing body of evidence suggesting biotic homogenization in human-426 

modified landscapes is widespread not only with regard to the taxonomic facet of biodiversity 427 

but also its evolutionary dimension (La Sorte et al. 2018; Bovendorp et al. 2019; Park and 428 

Razafindratsima 2019). Despite the limitation of our methods, we showed fragmentation to 429 

result in the loss of species lineages and phylogenetic homogenization of assemblages in 430 

degraded edge and matrix habitats. This could further affect ecosystem stability as 431 

communities where species are evenly and distantly related to one another are more stable 432 

compared to communities where phylogenetic relationships are more clumped (Cadotte et al. 433 

2012). The conservation of large forest fragments and the improvement of habitat quality thus 434 
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should be priority in managing fragmented forest landscapes to conserve species with longer 435 

evolutionary history. 436 
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Fig. 1 Comparison of rarefied phylogenetic richness of bat assemblages across gradients of 

habitat quality (IEM) and habitat amount (forest size) at the Biological Dynamics of Forest 

Fragmentation Project, Brazil. Horizontal bars indicate the median of rarefied values, the 

mean of observed values for each habitat category is depicted as ‘x’. Asterisks denote 

significant differences relative to continuous forest interiors (***P<0.001; **P<0.01; *P 

<0.05). 

Fig. 2 Standardized effect size (dots) of (A) Faith’s phylogenetic diversity (PD), (B) mean 

pairwise distance (MPD), and (C) mean nearest taxon distance (MNTD) along with 5th and 

95th quantiles (dashed lines) of the simulated null communities (box and whisker plots). In the 

box plots, values of observed PD, MPD, and MNTD overlaid on the simulated null 

communities are indicated by a black diamond. 

Fig. 3 Unweighted Pair Group Method with Arithmetic Mean (UPGMA) clustering of bat 

total phylogenetic beta richness (Pβtot) (A) in the Biological Dynamics of Forest Fragments 

Project landscape, partitioned into its richness (Pβrich) (B) and replacement (Pβrepl) (C) 

components. 

Fig. 4 Unweighted Pair Group Method with Arithmetic Mean (UPGMA) clustering of 

COMDIST metric representing the divergence aspects of phylogenetic beta diversity of bats 

in the Biological Dynamics of Forest Fragments Project landscape.  
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Table 1. Results of Akaike Information Criterion (AIC)-based model selection assessing 

support for an effect of habitat quality (IEM) and habitat amount (size) on phylogenetic 

richness (PD and SESPD) and divergence (MPD and SESMPD) of bat assemblages at the 

Biological Dynamics of Forest Fragments Project, Brazil. For each model, the log-likelihood 

(Log-L), number of estimable parameters (K), sample-size adjusted AIC (AICc), Akaike 

differences (Δi), and Akaike weights (wi) are presented. 

Response 

variable 

Model K logLik AICc Δi wi 

PD IEM + size 7 -206.78 431.20 0 0.99 

 IEM * size 13 -199.86 440.30 9.09 0.01 

 IEM 4 -220.36 449.90 18.73 0 

 size 5 -220.46 452.70 21.56 0 

 null 2 -230.45 465.20 34.06 0 

  
     

SESPD IEM 4 -50.78 110.74 0 0.78 

 null 2 -54.95 114.23 3.49 0.14 

 IEM + size 7 -49.02 115.65 4.92 0.07 

 size 5 -53.49 118.79 8.06 0.01 

 IEM * size 13 -45.56 131.69 20.95 0 
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MPD IEM 4 -88.24 185.66 0 0.33 

 null 2 -90.99 186.31 0.65 0.24 

 size 5 -87.28 186.37 0.71 0.23 

 IEM + size 7 -84.54 186.70 1.04 0.20 

 IEM * size 13 -78.14 196.83 11.17 0 

  
     

SESMPD null 2 -55.84 116.01 0 0.57 

 IEM 4 -53.89 116.96 0.95 0.36 

 size 5 -54.54 120.90 4.89 0.05 

 IEM + size 7 -52.43 122.46 6.46 0.02 

 IEM * size 13 -45.75 132.06 16.05 0 
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