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“The great tragedy of science - the slaying of a 

beautiful hypothesis by an ugly fact.” 
                 

      Thomas H. Huxley, English biologist (1825 - 1895) 



 

1 

 
Summary 

Impacts of rainforest fragmentation on Neotropical bats 
Land-bridge islands as a model system 

 
 

General introduction 

The correlated processes of habitat loss and fragmentation are considered the most 

serious threats to biodiversity and the primary cause for the current extinction crisis 

(Laurance and Bierregaard 1997; Laurance and Cochrane 2001; Wilcox and Murphy 1985). 

Worldwide, particularly in tropical countries, deforestation, conversion of native forests into 

agricultural land, and urbanization, exacerbated by increasing population pressure, continue 

at alarming rates (Wright 2005), resulting in widespread habitat loss and fragmentation 

(Wade et al. 2003). Therefore, the fate of the world's tropical biota will hinge on the capacity 

of species to survive in human-modified and heavily fragmented landscapes, and on our 

ability to manage such landscapes to help mitigate the negative impacts of habitat loss and 

fragmentation on many wildlife species. As a consequence, habitat fragmentation has become 

a central issue in conservation biology (Laurance et al. 2002). 

Fragmentation research as a multi-faceted discipline has attracted much interest in 

recent decades (cf. Debinski and Holt 2000; Ewers and Didham 2006; Fahrig 2003; Laurance 

and Bierregaard 1997; Turner 1996; Watling and Donnelly 2006). Early research into 

fragmented landscapes traditionally invoked MacArthur and Wilson’s (1967) equilibrium 

theory of island biogeography (ETIB) to study distribution patterns. This theory, which 

describes species richness on islands as a result of a dynamic equilibrium between area-

dependent extinction and isolation-dependent colonization, has galvanized studies in 

ecological biogeography for over three decades (Fox and Fox 2000). 

As empirical studies increasingly show that patterns observed in nature often do not 

conform to the simplified assumptions and generalizations of the ETIB, the applicability of 

this long-standing paradigm to explain and predict diversity patterns on isolated islands and 

in terrestrial habitat fragments has been questioned (Brown and Lomolino 2000; Whittaker 

2000). This has led to calls to broaden the theory to consider additional parameters, in 

particular compositional differences, ecological differences among species (e.g. regarding 
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mobility and dispersal ability), and factors other than area and isolation such as disturbance 

and species interactions (Brown and Lomolino 2000; Fox and Fox 2000; Lomolino 2000; 

Whittaker 2000). 

Moreover, with respect to forest fragmentation research, the pervasive influence of 

island biogeography theory has led many earlier studies to focus exclusively on processes 

occurring within forest remnants without addressing how the effects of changing forest area 

and isolation are mediated by the surrounding matrix (Kupfer et al. 2006). A growing body of 

evidence suggests that matrix quality is crucially important in determining species’ responses 

to fragmentation (Antongiovanni and Metzger 2005; Debinski 2006; Ewers and Didham 

2006; Gascon et al. 1999). For instance, the quality and permeability of the matrix, together 

with ecological traits of the species such as dispersal ability and mobility, determine the 

functional connectivity among forest remnants. Moreover, the type of matrix can strongly 

influence within-remnant community dynamics through its influence on colonization and 

movement patterns of animals and hence species richness and composition within a fragment 

(Gascon et al. 1999; Laurance et al. 2002). Finally, depending on how similar the matrix is 

structurally to the original habitat, edge-effects may be more or less pronounced (Laurance et 

al. 2002), an aspect that the traditional ETIB approach to the study of habitat fragmentation 

failed to recognize (Ewers and Didham 2006; Murcia 1995). 

Differentiating islands from terrestrial fragments and incorporating patch age and 

patch-matrix contrast, Watson (2002) provided a conceptual framework for assessing 

diversity patterns in patchy landscapes. Based on his review, most fragmentation research has 

so far concentrated on recently formed systems with low fragment-matrix contrast while 

young, high-contrast systems remain relatively poorly understood. These systems, however, 

hold great potential as they allow the study of fragmentation effects largely uncoupled from 

potentially confounding matrix effects, e.g., “spill-over” of matrix species, which may 

obscure area and isolation effects (Cook et al. 2002; Cosson et al. 1999; Leigh et al. 2002). In 

fact, as recently contended by Debinski (2006), rigorously comparing fragmentation effects 

between situations where one has patches with a clean (e.g. clearcut) matrix and those with 

more messy edges of a matrix consisting of irregular regrowth of secondary vegetation can 

provide important guidance in the management of corridors and reserves. In many tropical 

regions such as throughout the Brazilian Amazon where development activities and land 

conversion is accelerating, resulting in extensive clearings for highways, road networks, 

monocultures of row crops, or cattle pastures (Laurance et al. 2001), situations with 
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comparatively high-contrast edges and a matrix unsuitable for most forest-dependent species 

are becoming increasingly common. 

 

Bats (Chiroptera), like many other groups of animals, are at risk from habitat 

destruction and fragmentation (Racey and Entwistle 2003), especially in tropical lowland 

forests where they are particularly species-rich. Bats form important components of 

Neotropical communities as they occupy a large variety of trophic niches and are locally 

often the most species-rich and abundant mammals (Kalko 1998; Patterson et al. 2003; Voss 

and Emmons 1996). The ecological importance of bats in tropical ecosystems as pollinators, 

seed dispersers, and control agents of prey populations is well appreciated. In the Neotropics, 

especially fruit- and nectar-eating bats of the family Phyllostomidae are considered keystone 

taxa because of their fundamental roles in maintaining plant diversity and their influence on 

forest dynamics through promoting secondary succession and forest regeneration (Kalko 

1998; Patterson et al. 2003; Wunderle 1997). However, in spite of their widely recognized 

ecological importance few studies have explored the impact of human-induced habitat 

fragmentation on the structure and functioning of Neotropical bat assemblages (Estrada et al. 

1993; Estrada and Coates-Estrada 2002; Faria 2006; Gorresen and Willig 2004; Sampaio 

2000). Moreover, nearly all of those studies were conducted in young low-contrast systems 

sensu Watson (2002) and comparative data from systems with high fragment-matrix contrast 

are limited to very few studies (Cosson et al. 1999; Pons and Cosson 2002). 

Consequently, many effects of habitat fragmentation on the highly diverse tropical bat 

assemblages remain poorly understood. This is particularly true with respect to the processes 

and mechanisms underlying the observed patterns, possible scale-dependence in those 

responses and how they vary depending on the level of fragment-matrix contrast of the study 

system. For instance, a large gap in our knowledge exists concerning the role sharp habitat 

boundaries and associated edge-effects play in shaping bat responses to habitat 

fragmentation. It has been shown that responses of animals to forest edges vary greatly both 

in terms of direction of response (positive, negative or no effect) as well as among and within 

taxa (Ewers and Didham 2006; Laurance et al. 2002). 

In general, determining the relative influence of local versus landscape attributes on 

patch use by animals has been considered another important, yet little explored issue in 

studies of habitat fragmentation (Graham and Blake 2001). Even though several studies have 

highlighted the importance of spatial scale for detecting ecological relationships (Hill and 

Hamer 2004), the majority of studies have typically examined faunal responses to spatial 
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attributes in fragmented landscapes at a single landscape scale (Numa et al. 2005; Villard et 

al. 1999; Watson et al. 2004). For bats, the degree to which assemblages in fragmented 

landscapes are affected by local (patch-level) versus landscape characteristics so far has not 

been examined within a single study. Furthermore, whether bats respond mainly to habitat 

loss or to the changes in landscape configuration associated with fragmentation as well as 

possible scale-dependence in those responses remains little explored. Understanding the 

relative importance of habitat loss versus habitat fragmentation per se as determinants of bat 

responses to fragmentation has important implications for bat conservation as it sets the focus 

for management actions. Recent work by Gorresen and Willig (2004) and Gorresen et al. 

(2005) provided first evidence of scale-dependent and species-specific associations between 

landscape characteristics and population- and community-level attributes of phyllostomid 

bats, highlighting the importance of multi-scale approaches to studies of bat responses to 

habitat fragmentation. 

In their quest to identify the causal processes shaping the structure of animal 

communities and hence provide the knowledge to address and predict effects of disturbance 

on those systems, ecologists focus on understanding whether communities are randomly 

assembled or if there are deterministic rules governing how species are assembled into 

communities. Since Diamond’s (1975) influential assembly rules model, which proposed that 

faunal assemblages on islands are mainly shaped by competitive interactions, the 

identification and explanation of non-random patterns in assemblage composition has become 

a central theme in community ecology (Weiher and Keddy 1999). Moreover, knowledge of 

patterns and causes of species distribution in insular biotas has been key to providing 

conservation guidelines, e.g. with respect to the design of nature reserves (Whittaker 1998). 

While studies investigating patterns of negative species co-occurrence, i.e. 

competitive structuring, have traditionally focused on oceanic islands (Gotelli and McCabe 

2002; Sfenthourakis et al. 2005), there have also been several recent attempts to apply such 

analyses within the framework of habitat fragmentation studies, e.g. on birds and beetles 

(Feeley 2003; Ulrich and Zalewski 2006; Zalewski and Ulrich 2006). 

A compositional pattern that has frequently been reported for faunal assemblages on 

islands and in terrestrial fragmented systems is nestedness, where species present at species-

poor sites constitute subsets of those present at more species-rich sites (Patterson and Atmar 

1986; Wright et al. 1998). Contrary to Diamond’s assembly rules model, nested subset theory 

does not invoke competition as the structuring mechanism underlying community assembly. 

Instead, nested patterns in species assemblages are thought to arise as a result of species’ 
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differential colonization or extinction, nested habitat structure, passive sampling (i.e., large 

areas sample both common and rare species while small areas sample only common ones), as 

well as distance or area effects (Wright et al. 1998). 

Compared to other taxa, few studies have assessed bat assemblages with respect to 

species co-occurrence patterns and nested subset structure and analyses to date have largely 

been restricted to bats on oceanic islands (Gotelli and McCabe 2002; Wright et al. 1998). By 

contrast, no study has so far investigated patterns of nestedness and species associations for 

bats in the context of habitat fragmentation and examined possible causal mechanisms. 

However, such efforts to further our understanding of community assembly patterns and their 

mechanistic basis in fragmented systems are of great relevance in an applied conservation-

oriented context. 

In order to mitigate the effects of habitat alteration on biodiversity it is not only 

necessary to understand the causal processes determining species responses to fragmentation 

but it also requires predictive models of species fragmentation sensitivity that can help to 

identify vulnerable species and aid in directing management and conservation efforts. 

Hitherto, research has established that extinction proneness depends strongly on the spatial 

and temporal scale of the study (Henle et al. 2004) and varies widely among taxa (Davies et 

al. 2000; Jones et al. 2003; Owens and Bennett 2000; Purvis et al. 2000). A suite of traits 

including small population size, high population fluctuations, rarity in the form of low 

abundance, and a high degree of habitat specialization have good empirical support as strong 

general predictors of species’ sensitivity (Henle et al. 2004). Other traits which are commonly 

hypothesized to be related to increased fragmentation sensitivity are large body size, low 

mobility, high trophic level, and low matrix tolerance (Ewers and Didham 2006; e.g., 

Laurance 1991; Purvis et al. 2000; Tscharntke et al. 2002). 

Analyses of correlates of extinction risk in bats have been restricted so far to large 

spatial scales (global, continental) (Jones et al. 2003; Safi and Kerth 2004) and no study has 

examined in detail differential vulnerabilities of bats in the context of small-scale habitat 

fragmentation. While the large-scale studies provide important insights into elucidating 

general endangering traits, they may be too broad in scope to be of practical use for species 

conservation (Fisher and Owens 2004). Quantitative assessments of trait-based differences in 

bat species responses to small-scale habitat fragmentation are therefore urgently needed. 

 In addition to such trait-based analyses risk assessments of species in fragmented 

landscapes should incorporate genetic studies (Lindenmayer and Peakall 2000). Generally, 

effective management for long-term conservation requires not only a quantitative 
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understanding of the demographic effects of habitat fragmentation on wildlife species but 

also necessitates an assessment of its genetic consequences. It is widely recognized that both 

demographic and genetic factors may affect the vulnerability of species to fragmentation, 

calling for studies integrating genetic and demographic approaches (Lindenmayer and Peakall 

2000; Srikwan and Woodruff 2000). Habitat loss and fragmentation render populations more 

vulnerable to environmental, genetic, and demographic threats because they reduce their size 

and confine the remaining subpopulations to isolated patches (Lande 1993). This typically 

results in loss of genetic diversity and an increase in genetic differentiation among 

populations due to genetic drift and reduced gene flow (Frankham 1996; Lindenmayer and 

Peakall 2000). The amount of gene flow in fragmented landscapes is determined, among 

other things, by the interplay between landscape structure and dispersal or movement ability 

of species (Keyghobadi et al. 2005). 

Neotropical bats differ widely in their movement ability (Albrecht et al. in press; 

Bernard and Fenton 2003) and may therefore exhibit differential genetic population 

structuring. However, very few studies on bats have explicitly examined the association 

between genetic structure and intrinsic ecological attributes such as mobility in bats (see 

Burland & Worthington Wilmer 2001). The relatively few studies assessing the genetic 

population structure of tropical bats mainly investigated patterns over large spatial scales 

(Carstens et al. 2004; Russell et al. 2005; Wilkinson and Fleming 1996) or examined the 

genetic structure of social groups, especially levels of colony relatedness and differentiation 

(Dechmann et al. in press; Wilkinson 1985). In contrast, the effects of habitat fragmentation 

on genetic diversity and population structure in tropical bats have not been assessed on a 

micro-geographic scale despite the profound impact fragmentation is likely to have on the 

genetic structure and persistence of bat populations. 

 

Thesis topics 

The overall objective of this study was to investigate the impact of rainforest 

fragmentation on Neotropical bats, working within a system of high fragment-matrix 

contrast, a suite of small land-bridge islands in Gatún Lake, central Panama. Based on 

extensive field survey data of bats sampled on 11 islands and at 6 mainland control sites 

obtained over the course of two years (October 2003-October 2005), I explored the following 

main research topics, summarized in four chapters, each representing a separate publication: 
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(1) “Community-level responses of bats to tropical forest fragmentation: land-bridge 

islands as a model system”. 

(2)  “Bat assemblages on Neotropical land-bridge islands: nested subsets and null 

model analyses of species co-occurrence patterns”. 

(3)  “Ecological correlates of vulnerability to fragmentation in Neotropical bats”. 

(4)  “Small-scale fragmentation effects on genetic diversity and population 

differentiation in three phyllostomid bats with different dispersal abilities”. 

 

Throughout this thesis, I focus on New-World leaf-nosed bats (family 

Phyllostomidae) because (a) they are highly speciose and numerically dominant in 

Neotropical bat assemblages, (b) they can be reliably sampled with mist nets (Kalko 1998), 

(c) they play important roles as seed dispersers, pollinators, and predators (Kalko 1998; 

Patterson et al. 2003) and (d) they are crucial indicator species for the status of Neotropical 

forests (Fenton et al. 1992; Medellín et al. 2000). 

 

Summary of chapters 

A main aim of this study was to investigate how diversity and assemblage structure of 

phyllostomid bats are affected by small-scale habitat fragmentation and to determine how bat 

assemblages respond to forest edges and heterogeneity in vegetation structure (Chapter 1). 

Due to the hostile nature of the matrix I predicted isolation effects to be stronger than in 

systems with lower fragment-matrix contrast. Forest-dependent species with low mobility 

such as most gleaning animalivorous bats were expected to be less common on isolated 

islands while I anticipated that they would still be used as temporary foraging grounds by 

some of the more mobile frugivorous bats. Moreover, I hypothesized that matrix-tolerant 

species, i.e. those with better movement abilities and not reluctant to cross open water, also 

exhibit high edge-tolerance. Finally, I predicted that the mostly younger forest on the wind-

exposed islands should generally favor species better adapted to habitat disturbance (e.g. 

some frugivores) and disfavor those that rely more on undisturbed, mature forest (e.g. 

gleaning animalivores). 

Using a combination of ground- and (sub)canopy-level mist netting, I sampled bats 

over a 2-year period (125 nights of sampling between October 2003 and October 2005) on 11 

islands in Gatún Lake as well as at forest edge (n = 3) and interior sites (n = 3) in continuous 

forest on adjacent mainland peninsulas, resulting in > 8,200 captures belonging to 30 species 

of phyllostomid bats. 
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Overall, the islands harbored a less diverse (21 species compared to 30 species on the 

mainland) and structurally simplified bat fauna where far islands were especially species-

poor (15 species). This marked decline in species richness with increasing isolation was 

associated with compositional shifts towards assemblages strongly dominated by a few 

frugivores with good movement capabilities: Artibeus jamaicensis, A. lituratus, and 

Uroderma bilobatum, were by far the most abundant species, accounting for 86.1% of all 

captures. Artibeus jamaicensis and especially U. bilobatum showed a pronounced increase in 

capture rate on islands relative to mainland interior sites. Two understory fruit-eating bats 

common in mainland forest, Carollia perspicillata and C. castanea, on the other hand, had 

overall lower capture rates on islands. Contrasting abundance patterns for these species have 

been observed in landscapes with low fragment-matrix contrast in Brazil where forest 

remnants are surrounded by regrowth that provides additional food resources, augmenting the 

abundance of shrub frugivores like Carollia (Faria 2006; Sampaio 2000). 

My results thus confirm the notion that matrix quality and a species’ ability to utilize 

resources in the matrix can profoundly alter the intensity of observed fragmentation effects 

(Ewers and Didham 2006). Capture rates for the nectarivorous Glossophaga soricina, which 

was infrequently caught at mainland interior sites increased greatly from edge sites over near 

to far islands, corroborating other studies that this species can adapt well to disturbed and 

fragmented habitats, probably as a result of its rather generalized habitat requirements and 

dietary flexibility (Clarke et al. 2005a; Estrada and Coates-Estrada 2002). In contrast, 

gleaning animalivores were much less common on islands or completely absent, supporting 

previous studies with respect to the particular sensitivity of this group to forest disturbance, 

e.g. logging, and fragmentation (Clarke et al. 2005a; Pons and Cosson 2002). 

Likely causes for this increased fragmentation sensitivity include various factors 

possibly acting together, including insufficient resources in fragments, often specialized 

foraging strategies and, for certain species, specific roosting requirements (e.g. Kalko et al. 

2006), as well as limited mobility due to morphological constraints (Clarke et al. 2005b; 

Estrada and Coates-Estrada 2002). Although overall species composition was not 

significantly altered, similar trends were already apparent at continuous forest edge sites 

where species richness was significantly lower compared to interior sites and capture rates for 

many species, particularly animalivorous bats, declined relative to forest interior plots. 

Edge-related effects observed on the level of individual species or guilds may result 

from species-specific responses to changes in the abundance or distribution of certain 

resources, an explanation that remains to be tested as pertinent data are largely lacking. 
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Variation in vegetation structure among sites was found to be important to a certain extent in 

separating island and mainland assemblages whereas variation in structural heterogeneity 

among mainland edge and interior sites was low and hence was found to be unrelated to bat 

species composition. 

Another as yet poorly understood facet regarding the effects of forest fragmentation 

on tropical bat assemblages concerns the processes and mechanisms underlying the observed 

patterns and possible scale-dependence in those responses. A second focus of Chapter 1 

therefore was on determining the causal factors associated with bat community-level 

attributes in terms of the relative influence of local (patch)-level versus landscape attributes 

and the importance of habitat loss and landscape configuration in shaping bat community 

organization. As the detection of ecological relationships is determined, in part, by the focal 

scale at which characteristics are measured (Gorresen et al. 2005), I expected the importance 

of factors to vary with spatial scale. 

To this end, I explored correlations between bat species richness and assemblage 

composition, respectively, and a suite of local- and landscape-level characteristics. 

Restricting inference to a subset of plausible models selected a priori, local-scale variables 

were modeled separately and in combination with landscape metrics for each of the three 

spatial scales. 

Model selection based on Akaike’s Information Criterion (AIC) revealed distance 

from the mainland and amount of forest cover in the landscape as the best predictors of 

phyllostomid richness and species composition. As assumed, responses were found to be 

scale-dependent, supporting recent findings that responses of bats to landscape characteristics 

are sensitive to spatial scale (Gorresen et al. 2005). At the smallest spatial scale, species 

richness was found to be independent of island area but positively correlated with island 

isolation. The lack of a species-area relationship at this scale may be evidence for a “small 

island effect”, i.e. the tendency for species-area relationships to be weak or non-significant 

for groups of small isolates (Lomolino and Weiser 2001). It likely also reflects the hostile 

nature of water as matrix as a result of which area effects might be partly masked or not be 

strong enough to become apparent at the patch level. 

By contrast, community-level attributes were most strongly associated with forest 

cover at larger spatial scales suggesting that many species typically make use of multiple 

fragments. Overall, the modeling results point to habitat loss rather than fragmentation effects 

per se, i.e. the breaking apart of habitat and associated changes in landscape configuration, 

being the main process after isolation underlying phyllostomid bat responses on Gatún Lake 
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islands. It has been contended that in most studies the effects of fragmentation per se are 

absent or too weak to be detected or may only become apparent at low levels of habitat 

amount (Fahrig 2003). 

 

In Chapter 2 I approached the question which processes mainly determine bat 

assemblage composition on Gatún Lake islands from another perspective, using extensive 

null model analyses to test for patterns of non-randomness in presence-absence matrices of 

20 species of phyllostomid bats. Specifically, I examined whether island bat assemblages are 

structured with respect to two frequently tested community assembly models: (1) faunal 

nestedness and (2) negative species co-occurrence reflecting competitive species interactions. 

I investigated possible mechanisms underlying the observed patterns and explored the 

use of a series of weighting factors (island area, island isolation, species abundance) on the 

outcome of co-occurrence analyses. I performed separate analyses for the whole species set 

and different species submatrices reflecting differences in species’ trophic position 

(phytophagous versus animalivorous) and vagility (high versus low mobility). 

Unweighted analyses revealed a significant negative co-occurrence pattern for the 

whole phyllostomid assemblage and when considering phytophagous bats alone. Weighting 

analyses by island isolation retained a pattern of species segregation for all species but also 

detected non-randomness in submatrices of animalivorous bats and less mobile species 

whereas the pattern for phytophagous and highly mobile species was not significant. The use 

of island area or relative abundance as weighting factors, in contrast, suggested random co-

occurrence patterns as the null hypothesis was not rejected for any of the species matrices. 

Thus, the results indicate that island isolation but not area had to some degree confounded 

unweighted analyses, a finding in line with a marked species-distance effect and absence of a 

significant species-area relationship at local scales (Chapter 1). The results further 

demonstrate that incorporating weighting factors into co-occurrence analyses may improve 

the detectability of non-random patterns in species presence-absence matrices (Jenkins 2006). 

Deviation from randomness was detected in incidence matrices of highly mobile 

species, which underscores the importance of taking differences in dispersal and movement 

abilities among species into account in co-occurrence analyses. My findings hence 

corroborate other studies regarding the importance of dispersal ability as a key trait shaping 

the structure of insular communities (Azeria 2004; Zalewski and Ulrich 2006). However, 

standardized effect sizes for incidence matrices which indicated significant deviation from 

randomness were low compared to those reported for other taxa (Gotelli and McCabe 2002). 
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Overall, co-occurrence analyses did hence not provide strong evidence for species 

composition of phyllostomid bats on Gatún Lake islands being highly structured by negative 

interspecific interactions. This is in agreement with the findings of meta-analyses of various 

bat assemblages and functional groups throughout the New World which also found little 

evidence for competitive structuring in most cases (Stevens and Willig 1999; 2000). This 

may reflect the fact that in studies conducted over large areas high heterogeneity and 

variability in environmental conditions may prevent competitive interactions from inducing 

deterministic structure in a ubiquitous way (Moreno et al. 2006; Stevens and Willig 2000). 

My results suggest that this applies equally well to heterogeneous fragmented landscapes. 

Nested subset patterns have been documented for many different island and 

fragmented systems and a variety of taxa (cf. Wright et al. 1998) and phyllostomid bat 

assemblages on Gatún Lake islands also exhibited significant nestedness, regardless of 

whether the entire phyllostomid assemblage or different species submatrices were analyzed. 

The mechanism underlying faunal nestedness on land-bridge islands in many studies has been 

shown to be selective extinction driven by area effects (Feeley 2003; Patterson and Atmar 

2000). Conversely, isolation-dependent, selective colonization appears to be the likely cause 

of nestedness in this study. Differential colonization can produce nestedness if highly mobile 

species are present even on the most isolated islands and less mobile species are restricted to 

the closer islands. This finding was supported insofar as this pattern seems to be mainly 

driven by differential movement ability between generally more mobile phytophagous bats 

and comparatively less vagile animalivorous species. 

In conclusion, I found that bat assemblages on Gatún Lake islands are most strongly 

shaped by isolation effects and species’ differential movement and colonization ability while 

there was only weak evidence for negative interspecific interactions congruent with niche-

based community assembly. 

 

A further objective of my thesis was to determine which ecological traits of species 

are associated with high fragmentation sensitivity (Chapter 3). I approached this topic using 

distribution and abundance data on 23 bat species obtained as part of the 2-year netting study 

(Chapter 1). Nine well-defined and commonly used ecological characteristics and taxon-

specific traits were selected a priori to explore their importance as predictors of species 

vulnerability to fragmentation: (1) natural abundance in continuous forest, (2) body mass, (3) 

trophic level, (4) dietary specialization, (5) vertical stratification, (6) edge-sensitivity, (7) 

mobility, (8) wing morphology (aspect ratio and relative wing loading), and (9) ecologically 
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scaled landscape indices (ESLIs). These explanatory variables were derived either from the 

capture data or gleaned from the literature and used separately or in combination for model 

fitting. 

Generalized linear model analyses on standardized phylogenetically independent 

contrasts (Felsenstein 1985) were conducted to assess the relationship between predictor 

variables and two measures of fragmentation sensitivity, species prevalence, i.e. the 

proportion of islands occupied by a particular species, and an alternative index describing the 

change in abundance on islands relative to mainland interior sites. I employed modern 

information-theoretic model selection methods based on Akaike’s Information Criterion to 

compare and rank the models. This analytical approach allowed me to take model selection 

uncertainty into account (Burnham and Anderson 2002), an aspect typically neglected in 

similar studies. 

Overall, edge-sensitivity was identified as the best correlate of vulnerability to 

fragmentation. Natural abundance in continuous forest and mobility or traits linked to 

mobility (relative wing loading and ESLI) received limited support as predictors. 

My findings indicate that gleaning animalivorous bats are particularly vulnerable to 

small-scale forest fragmentation so that they may require special attention in conservation 

and wildlife management programs. The higher vulnerability of this group is probably a 

consequence of specific trait combinations acting together, such as typically high sensitivity 

to habitat edges, low natural abundance, and possibly to some extent lower mobility as 

reflected in wing morphology (comparatively low aspect ratios and wing loadings). My 

findings emphasize a local-scale approach in developing predictive models of species 

fragmentation sensitivity and indicate that risk assessments of Neotropical bats could be 

based on species edge-tolerance and mobility-related traits. 

 

While the studies in the first chapters examined how Neotropical bats are affected by 

fragmentation mainly at the community level, in Chapter 4 I took a focal species approach 

and explored the effects of small-scale habitat fragmentation by linking genetic with 

ecological and demographic data. 

For this analysis, I selected three species of phyllostomid bats (Uroderma bilobatum, 

Carollia perspicillata, and Micronycteris microtis), which, based on mark-recapture, radio-

tracking, and wing morphological data, differ in their movement abilities and that had been 

shown to exhibit differential demographic responses to fragmentation (Chapter 1). I assessed 

genetic diversity and differentiation within and among island and mainland populations, 
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based on mitochondrial DNA sequence variation. I assumed that comparatively isolating 

matrix types - like water in the present study system - should translate into particularly low 

levels of gene flow, leading to genetic erosion in isolated island populations and increased 

levels of population subdivision. Furthermore, I tested the hypothesis that genetic 

differentiation within and between mainland and island populations will be a function of 

geographical distance (isolation by distance) and that such an effect will be lower for the 

species with high movement ability than for the less mobile species. 

Indeed, the results indicated loss of genetic variation on islands, as predicted as a 

result of fragmentation, in all three species. Genetic diversity and, except in U. bilobatum, 

also allelic richness were lower in island compared to mainland populations. Furthermore, 

populations of all three species were significantly differentiated based on FST and exhibited a 

pattern indicative of isolation by distance. As hypothesized, population subdivision was 

lowest in the species with the highest movement ability, U. bilobatum (FST = 0.01), moderate 

in the somewhat less mobile C. perspicillata (FST = 0.06), and highest in the rather sedentary 

M. microtis (FST = 0.18) where genetic exchange may be limited to infrequent natal dispersal 

events. 

It is remarkable that loss of genetic variation was detectable in all three study species 

over such a rather small spatial scale (ca. 12 x 12 km) and in spite of the relatively short 

period of time, ca. 90 years, since the islands had become isolated. This shows that loss of 

genetic variation can manifest itself even after fairly short periods of time following 

fragmentation. Consistent with previous findings on other bat species (Burland et al. 1999; 

Newton et al. 2003), the results suggest that a species’ movement ability can serve as a good 

predictor of population genetic differentiation and, more generally, indicates that explicitly 

linking intrinsic attributes to population structure may serve as a useful predictive framework 

for population genetic analyses. Interestingly, even U. bilobatum and M. microtis, which both 

occurred at much higher abundances on the islands than in continuous mainland forest 

(Chapter 1), showed signs of genetic erosion and significant population genetic 

differentiation. This highlights the fact that relying exclusively on demographic data when 

assessing species’ vulnerability to fragmentation may not be sufficient, in line with other 

authors’ findings (Lindenmayer and Peakall 2000; Srikwan and Woodruff 2000). 

 

General conclusions 

Overall, this study provides several lines of evidence that Neotropical bats are 

strongly affected by small-scale habitat fragmentation, at the community-, population-, 
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individual species-, and genetic level. My study clearly emphasizes the need for paying 

attention to the effects of spatial scale and the strength of the matrix effect in examining how 

bats and animals in general respond to fragmentation. Differences with respect to bat 

community-level attributes between assemblages in unfragmented forest and on Gatún Lake 

islands were strongly determined by island isolation rather than area or habitat structure at the 

patch scale whereas area effects were prominent at larger spatial scales encompassing several 

islands. In agreement with these findings, nestedness- and co-occurrence analyses hinted at 

isolation-dependent, differential colonization linked to species-specific differences in 

mobility as the main factor governing species composition on islands. In this context, my 

study highlights the importance of considering both structural and functional connectivity in 

determining species’ responses to fragmentation. 

Functional connectivity is greatly influenced by the ability and willingness of species 

to traverse habitat edges or, more generally, by their degree of edge-tolerance, which, in turn, 

depends in part on the nature of the matrix. Although the results at the community-level were 

inconclusive, I was able to demonstrate that certain bat species and foraging guilds exhibited 

high edge-sensitivity. My results further stress that bats respond mainly to habitat loss rather 

than the changes in landscape configuration associated with fragmentation suggesting that 

conservation efforts that attempt to minimize fragmentation for a given amount of habitat 

may often be inadequate and that conservation actions should focus on habitat preservation. 

The study islands surrounded by a homogeneous aquatic matrix can be viewed as 

analogs of anthropogenic landscapes with patches of forest embedded in, e.g., cattle pasture 

or row crop fields. As such my findings can be regarded to represent a ‘worst-case’-scenario. 

However, I found that islands close to the mainland still retained surprisingly species-rich bat 

assemblages. This suggests that, provided a low degree of remnant isolation and spatial 

proximity to larger tracts of continuous forest (as in this case Soberanía National Park with > 

22,000 ha), small habitat remnants may act as stepping stones, enhance exchange of 

individuals and permit local population persistence of phyllostomid bats even when these 

fragments are embedded in a hostile matrix. This finding has important ramifications for 

reserve design and conservation planning. First, it underscores the importance of patch 

connectivity for the maintenance of a species-rich bat fauna in fragmented landscapes. 

Secondly, it adds to the growing evidence that small habitat remnants can be of substantial 

conservation value for a variety of animals including mobile groups such as bats. As a 

complement to preserving larger areas of continuous forest it is thus important to incorporate 

small habitat patches into conservation and management plans for Neotropical bats. 
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In my thesis, I presented the first comprehensive study linking ecological traits of bat 

species with their vulnerability to small-scale habitat fragmentation. My findings suggest that 

management efforts in fragmented landscapes should aim at minimizing the amount of edge-

habitat and reducing the degree of fragment-matrix contrast to mitigate the strength of edge-

effects. I conclude that from a conservation perspective, comparative analyses with a narrow 

geographic focus are the most valuable for developing predictive models of species 

fragmentation sensitivity crucial for directing research efforts and devising efficient 

management strategies. 

The importance of focusing on local geographic scales is also highlighted by the 

genetic analyses. Further comparative studies across a range of ecologically different bat 

species focusing on micro-geographic scales are undoubtedly needed to broaden our 

knowledge as to the genetic consequences of habitat fragmentation on bat populations. The 

fact that two species which did not show negative demographic responses already revealed 

loss of genetic variation as a consequence of fragmentation, underlines the need for jointly 

considering demographic and genetic data in fragmentation studies. Effective conservation 

efforts and management strategies can only be successfully implemented by taking such an 

integrative approach. 
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Zusammenfassung 

Effekte von Habitatfragmentierung auf neotropische Fledermäuse 
Landbrückeninseln als Modellsystem 

 
 

Allgemeine Einleitung 

Die eng miteinander korrelierten Prozesse von Habitatverlust und -fragmentierung 

stellen, insbesondere vor dem Hintergrund der weiter wachsenden Bevölkerung und dem 

daraus resultierenden zunehmenden Druck auf Landnutzungsformen, Urbanisierung sowie 

steigender Industrialisierung, kollektiv die größte Bedrohung für die Biodiversität dar. 

Tropische Regenwälder sind die biologisch reichsten terrestrischen Ökosysteme unseres 

Planeten, die jedoch weiterhin mit unverminderter Geschwindigkeit durch anthropogene 

Einflüsse in ihrer Struktur und ihrem Artenreichtum verändert werden. Eine unausweichliche 

Folge der großflächigen Landdegradation und -konversion ist die zunehmende 

Fragmentierung des Lebensraumes von Wildtierpopulationen. Es ist daher besonders wichtig, 

Folgeabschätzungen dieser Veränderungen zu erstellen, um daraus effektive 

Managementpläne abzuleiten, die einen größtmöglichen Erhalt von Diversität und Funktion 

bei gleichzeitiger nachhaltiger Nutzung der jeweiligen Ökosysteme ermöglichen. 

Neuere Studien deuten zunehmend darauf hin, daß Fragmentierungseffekte 

maßgeblich von der Art der Matrix, in der Fragmente eingebettet sind, abhängen. So 

bestimmt die Qualität und Permeabilität der Matrix zusammen mit ökologischen 

Arteigenschaften wie Mobilität die funktionelle Konnektivität von Fragmenten. Desweiteren 

determiniert die Matrix in entscheidendem Maße die Diversität, Artenzusammensetzung und 

Dynamik von Gemeinschaften innerhalb von Fragmenten und beeinflußt, in Abhängigkeit 

vom Fragment-Matrix-Kontrast, die Stärke von Randeffekten, das heißt Änderungen in den 

biotischen und abiotischen Parametern und ökologischen Prozessen an Habitaträndern im 

Vergleich zu Kernhabitaten. 

Die Schwerpunkte von Fragmentierungs-Studien lagen bisher hauptsächlich auf 

jungen, rezent isolierten und von einer meist wenig kontrastierenden Habitat-Matrix (z.B. 

Sekundärvegetation in verschiedenen Sukzessionsstadien) umgebenen Waldfragmenten. 

Demgegenüber sind Fragmentierungseffekte in Systemen mit hohem Fragment-Matrix-
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Kontrast noch vergleichsweise wenig untersucht worden. Eine Einbeziehung solcher Systeme 

in Fragmentierungsstudien ist jedoch vor dem Hintergrund einer zunehmenden Verschärfung 

der Matrix-Kontraste und damit der Isolationseffekte in vielen tropischen Regionen durch 

landwirtschaftliche Nutzungsformen wie z.B. riesige Soja-Monokulturen sowie wachsende 

Urbanisierung und Industrialisierung besonders wichtig. Landbrückeninseln stellen in diesem 

Zusammenhang ein besonders geeignetes Modellsystem dar, denn die homogene aquatische 

Matrix ermöglicht es einerseits, Fragmentierungseffekte entkoppelt von Matrix-Effekten zu 

untersuchen, andererseits spiegeln sie die aktuelle Lage vieler Gebiete in den Tropen wider, 

wo starke Matrix-Kontraste existieren, die die effektive Isolation von Habitatfragmenten 

verstärken. 

Aufgrund ihres hohen Artenreichtums, ihrer trophischen Diversität und ihrer 

bedeutenden Rolle innerhalb tropischer Ökosysteme als Samenausbreiter, Pollinatoren und 

Prädatoren herbivorer Insekten sind Fledermäuse besonders für Untersuchungen geeignet, bei 

denen die Frage im Vordergrund steht, inwieweit sie dazu in der Lage sind, Habitatverlust 

und –fragmentierung zu tolerieren. Mit Blick auf diese Fragestellung fehlen uns jedoch noch 

zahlreiche Erkenntnisse, vor allem bezüglich der Prozesse und Mechanismen, die den 

beobachteten Mustern zugrundeliegen, der möglichen Skalenabhängigkeit von 

Fragmentierungseffekten und wie diese mit dem Fragment-Matrix-Kontrast des untersuchten 

Systems variieren. 

In der vorliegenden Arbeit untersuchte ich den Einfluß von Habitatfragmentierung auf 

neotropische Fledermäuse am Beispiel eines solchen Systems mit hohem Fragment-Matrix-

Kontrast anhand ausgewählter Landbrücken-Inseln im Gatún-See in Panama. Basierend auf 

umfangreichen Fangdaten, die über den Zeitraum von zwei Jahren (125 Fangnächte zwischen 

Oktober 2003 und Oktober 2005) auf 11 Inseln und an 6 Standorten (je 3 forest edge und 

forest interior-Flächen) auf dem umliegenden Festland erhoben wurden, bearbeitete ich in 

meiner Dissertation die folgenden Themen, die in vier Kapiteln zusammengefaßt sind: 

 

(1) Effekte von Regenwaldfragmentierung auf tropische Fledermausgemeinschaften: 

Landbrückeninseln als Modellsystem. 

(2) Fledermausgemeinschaften auf neotropischen Landbrückeninseln: „nested subsets“ 

und Nullmodell-Analysen von „co-occurrence“-Mustern. 

(3) Ökologische Korrelate von Fragmentierungs-Sensitivität bei neotropischen 

Fledermäusen. 
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(4) Genetische Effekte kleinräumiger Habitatfragmentierung auf drei Fledermausarten 

unterschiedlicher Mobilität. 

 

Im Fokus meiner Arbeit standen Neuwelt-Blattnasenfledermäuse (Familie 

Phyllostomidae), da sie (1) sehr gut über Japannetzfänge inventarisiert werden können, (2) 

sehr artenreich und in neotropischen Fledermausgemeinschaften numerisch dominant sind, 

(3) ihnen bedeutende Rollen als Samenausbreiter, Bestäuber und Prädatoren zukommen und 

sie (4) wichtige Indikatorarten für den Störungsgrad neotropischer Wälder sind. 

 

Zusammenfassung der Kapitel 

Im Mittelpunkt des 1. Kapitels stand die vergleichende Dokumentation von Diversität 

und Gemeinschaftsstruktur von Phyllostomiden auf Inseln und in zusammenhängenden 

Waldgebieten auf dem Festland sowie die Frage, ob und inwieweit Fledermäuse auf 

Randeffekte reagieren, die durch Waldfragmentierung verursacht werden. Ein weiteres 

Hauptaugenmerk lag auf den kausalen Faktoren, die den gefundenen Mustern hinsichtlich 

Artenreichtum und Artenzusammensetzung der Insel-Fledermausgemeinschaften 

zugrundeliegen. Speziell untersuchte ich in diesem Zusammenhang den Einfluß von lokalen 

Faktoren (z.B. Vegetationsstruktur, Inselgröße) versus Landschaftscharakteristika (z.B. 

Anteil der Waldbedeckung oder Dichte von Habitat-Patches in der Landschaft) und 

inwieweit sich die relative Bedeutung dieser Faktoren als Determinanten von Artenreichtum 

und Gemeinschaftsstruktur in Abhängigkeit von der räumlichen Skala ändert. Dies sollte 

unter anderem Rückschlüsse erlauben hinsichtlich der Frage, auf welche der zwei 

Komponenten von Fragmentierung, Habitatverlust oder Fragmentierung per se, das heißt 

Änderungen in der Landschaftskonfiguration, Fledermäuse hauptsächlich reagieren. 

Die umfangreiche Arteninventarisierung mit Grund- und Hochnetzen auf allen 

Untersuchungsflächen resultierte in mehr als 8200 Fängen von Phyllostomiden. Die 

Inselgemeinschaften waren mit 21 Phyllostomidenarten im Vergleich zum Festland (30 

Arten) durch geringere Diversität charakterisiert, wobei stark isolierte Inseln mit maximal 15 

Arten besonders artenarm waren. Die deutliche Abnahme in der Artenzahl mit zunehmender 

Isolation vom Festland ging mit starken Änderungen in der Artenzusammensetzung einher. 

So waren die lokalen Gemeinschaften der am weitesten vom Festland entfernten Inseln von 

wenigen frugivoren Arten mit guter Ausbreitungsfähigkeit dominiert. Artibeus jamaicensis, 

A. lituratus und Uroderma bilobatum stellten dabei mit Abstand die meisten Individuen und 

machten 86.1% aller Fänge aus. Artibeus jamaicensis und U. bilobatum zeigten eine starke 
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Abundanzzunahme auf den Inseln im Vergleich zum Festland. Dies galt ebenso für die 

nektarivore Glossophaga soricina. Im Gegensatz dazu zeigten die frugivoren Piper-

Spezialisten Carollia perspicillata und C. castanea ein umgekehrtes Muster. Gleanende 

animalivore Arten, die Nahrung von Oberflächen absammeln, waren auf den Inseln sehr 

selten oder fehlten ganz. Obwohl die Unterschiede hinsichtlich der Artenzusammensetzung 

nicht signifikant waren, gab es ähnliche Trends für alle Phyllostomiden in den forest edge-

Flächen auf dem Festland, die signifikant weniger Arten als forest interior-Flächen 

aufwiesen. Zudem waren sie für viele Arten, vor allem den animalivoren Gleanern, durch 

niedrigere Fangraten relativ zu den interior-Flächen charakterisiert. 

Von den 11 untersuchten lokalen und Landschafts-Variablen erwiesen sich 

Entfernung zum Festland und Anteil der Waldbedeckung in der Landschaft als beste 

Prädiktoren für Artenzahl und –zusammensetzung der Phyllostomidengemeinschaften auf 

den Inseln im Gatún-See, wobei die relative Bedeutung dieser Faktoren sich in Abhängigkeit 

von der räumlichen Skala änderte. So gab es auf lokaler Ebene einen starken Arten-Distanz-

Effekt. Im Gegensatz dazu gewannen auf größerer räumlicher Skala Flächeneffekte 

zunehmend an Bedeutung. Dies deutet darauf hin, daß viele Arten eine verhältnismässig hohe 

Mobilität aufweisen und mehrere Inseln als Jagdgebiete nutzen. Insgesamt zeigen meine 

Ergebnisse, daß zusätzlich zu dem Faktor Isolation die untersuchten Insel-

Fledermausgemeinschaften hauptsächlich auf Habitatverlust und nicht primär auf 

Änderungen in der Landschaftskonfiguration reagieren. 

Im 2. Kapitel näherte ich mich der Frage nach den strukturienden Mechanismen, die 

der beobachteten Artenverteilung auf den Inseln zugrunde liegen, aus einer anderen 

Perspektive und untersuchte die Inselgemeinschaften anhand von Nullmodell-Analysen im 

Hinblick auf zwei community assembly-Modelle: (1) nestedness und (2) negative species co-

occurrence, das heißt konkurrenzbasierte Gemeinschaftsstrukturierung. Die Analysen führte 

ich sowohl für Inzidenzmatrizen aller Arten als auch für verschiedene Submatrizen durch 

(phytophage versus animalivore Fledermäuse sowie Arten mit hoher versus niedriger 

Mobilität). Ferner untersuchte ich, welchen Einfluß verschiedene Gewichtungsfaktoren 

(Inselgröße, Isolation, Abundanz) auf die Ergebnisse der co-occurrence-Analysen haben. 

Insgesamt zeigten diese Analysen, daß die Verteilung der Fledermäuse auf den Inseln am 

stärksten durch Isolationseffekte und artabhängige, differentielle Mobilität bestimmt wird, 

wohingegen es keine starken Hinweise darauf gab, daß interspezifische Konkurrenz eine 

bedeutende Rolle bei der Strukturierung der Insel-Fledermausgemeinschaften spielt. 



                                                                                                                        Zusammenfassung                         

27 

Im 3. Kapitel untersuchte ich, welche ökologischen Charakteristika von Arten mit 

hoher Fragmentierungs-Sensitivität assoziiert sind. Hierbei nutzte ich moderne informations-

theoretische Modell-Selektionsverfahren, um, nach phylogenetischer Korrektur, den 

Zusammenhang zwischen zwei Sensitivitäts-Indizes und neun a priori ausgewählten 

Prädiktorvariablen zu evaluieren, die ich direkt aus meinen Fangdaten oder publizierten 

Daten ableitete: (1) natürliche Abundanz in zusammenhängenden Waldgebieten, (2) 

Körpermasse, (3) trophische Position, (4) Nahrungsspezialisierung, (5) vertikale 

Stratifizierung, (6) Sensitiviät gegenüber Randeffekten, (7) Mobilität, (8) Flügelmorphologie 

und (9) ökologisch-skalierte Landschafts-Indizes (ESLIs). Sensitivität gegenüber 

Randeffekten zeigte die stärkste Assoziation mit den beiden Indizes der 

Fragmentierungssensitivität. Natürliche Abundanz und Mobilität oder mobilitäts-bezogene 

Faktoren (Flügelmorphologie und ESLIs) erhielten geringere Unterstützung als Prädiktoren 

von Vulnerabilität gegenüber Fragmentierung. Meine Ergebnisse legen nahe, daß sich die 

Sensitivität einer Art gegenüber Randeffekten als ein gutes Charakteristikum eignet, um die 

Vulnerabilität tropischer Fledermäuse im Zusammenhang mit Fragmentierung zu evaluieren. 

Meine Ergebnisse zeigen ferner, daß gleanende animalivore Fledermausarten besonders stark 

von kleinräumiger Habitatfragmentierung betroffen sind und somit im Fokus von 

Naturschutz- und Management-Programmen stehen sollten. Die hohe Fragmentierungs-

Sensitivität dieser Gruppe resultiert wahrscheinlich aus dem Zusammentreffen verschiedener, 

in dieser Analyse als bedeutsam identifizierter Arteigenschaften, wie typischerweise 

Sensitivität gegenüber Randeffekten, geringe natürliche Abundanz sowie zu einem gewissen 

Grad geringe Mobilität, welche sich in der Flügelmorphologie widerspiegelt. Gleanende 

animalivore Fledermäuse sind durch kurze, breite Flügel und ein niedriges Verhältnis von 

Körpermasse zu Flügelfläche gekennzeichnet (geringe aspect ratios und wing loadings), 

wodurch sie besonders an langsamen Flug in hindernisreicher Vegetation angepaßt sind, 

längere Strecken jedoch nicht effizient zurücklegen können. 

Das 4. Kapitel schließlich beschäftigt sich mit den Konsequenzen von kleinräumiger 

Habitatfragmentierung auf genetischer Ebene am Beispiel von drei Phyllostomiden-Arten 

(Uroderma bilobatum, Carollia perspicillata, Micronycteris microtis), die sich in ihrer 

Mobilität und demographischen Antwort auf Fragmentierung unterscheiden. Dabei 

untersuchte ich die genetische Diversität und Differenzierung innerhalb und zwischen Insel- 

und Festlandpopulationen und testete die Annahme, daß die genetische Differenzierung 

innerhalb und zwischen Insel- und Festlandpopulationen einem Muster von Distanzisolation 

folgt. Aufgrund der Unterschiede in der Mobilität der Arten postulierte ich ferner, daß das 
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Maß an Populationsdifferenzierung eine Funktion der Mobilität der jeweiligen Art darstellt, 

wobei die am wenigsten mobile Art am stärksten genetisch differenziert sein sollte. Basierend 

auf Analysen mitochondrialer DNA war bei allen drei Arten ein Verlust genetischer 

Variabilität feststellbar. Die Populationen aller drei Arten waren signifikant genetisch 

differenziert und zeigten ein Muster von Distanzisolation (isolation by distance). In Einklang 

mit meiner Hypothese wies die Art mit der höchsten Mobilität (U. bilobatum) die geringste 

Populationsdifferenzierung auf (FST = 0.01). C. perspicillata war als Art mit intermediärer 

Mobilität geringfügig stärker differenziert (FST = 0.06) im Gegensatz zu Populationen der am 

wenigsten mobilen Art M. microtis, die im Vergleich zu den beiden anderen Arten am 

stärksten differenziert waren (FST = 0.18). Besonders hervorzuheben ist, daß genetische 

Erosion trotz der Kleinräumigkeit der Studie (ca. 12 x 12 km) und des relativ geringen 

Isolationszeitraums (ca. 90 Jahre) bei allen drei Arten feststellbar war. Meine Ergebnisse 

zeigen, daß die Mobilität einer Art als guter Prädiktor für genetische 

Populationsdifferenzierung herangezogen werden kann. Die Tatsache, daß selbst U. 

bilobatum und M. microtis, die in dieser Studie auf den Inseln durchgehend weitaus höhere 

Abundanzen erreichten als auf dem Festland, solche ausgeprägten genetische Effekte zeigten, 

demonstriert eindrucksvoll die Notwendigkeit der Integration von genetischen und 

demographischen Studien im Zusammenhang mit der Abschätzung der 

Fragmentierungssensitivität von Arten. 

 

Schlußfolgerungen und Ausblick 

Zusammenfassend zeigt meine Arbeit, daß neotropische Fledermäuse in vielfältiger 

und komplexer Weise von einer Fragmentierung ihres Lebensraums betroffen sind. Diese 

Effekte reichen von tiefgreifenden Veränderungen auf der Gemeinschaftsebene, über 

artspezifische Reaktionen bis hin zu genetischen Konsequenzen. Meine Ergebnisse betonen, 

daß bei der Untersuchung von Fragmentierungseffekten neben der strukturellen auch die 

funktionelle Konnektivität von Fragmenten mitberücksichtigt werden muß. Letztere hängt 

stark von der Fähigkeit von Arten ab, Habitatgrenzen zu überwinden und von ihrer Toleranz 

gegenüber Randeffekten. Obwohl die Ergebnisse in dieser Hinsicht auf Gemeinschaftsebene 

nicht eindeutig waren, konnte ich zeigen, daß einzelne Arten und Nahrungsgilden sensitiv auf 

Randeffekte reagieren und scharfe Habitatgrenzen meiden. Effekte von Habitatverlust stellten 

sich im Vergleich zu Fragmentierungseffekten per se, das heißt Änderungen in der 

Landschaftskonfiguration, als weitaus bedeutsamer heraus. Dies impliziert, daß 

Naturschutzprogramme, die darauf abzielen, das Maß an Fragmentierung per se für eine 
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bestimmte Flächengröße zu minimieren, oft inadäquat sind und daher primär Habitat-

Präservation im Fokus von Naturschutzbemühungen für neotropische Fledermäuse stehen 

sollte. 

Aufgrund der stark isolierenden aquatischen Matrix des Untersuchungssystems 

müssen die gewonnenen Ergebnisse als „worst-case scenario“ interpretiert werden. Da der 

potentielle Nutzwert reiner Wasserflächen für waldlebende Fledermausarten einen der am 

wenigsten geeigneten Typen von Matrix-Habitaten darstellt, liefern Landbrückeninseln einen 

realistischen Vergleich in bezug auf stark anthropogen modifizierte Landschaften, in denen 

Waldfragmente durch monotones Weideland, Ackerflächen oder Straßen voneinander 

getrennt sind. Die Tatsache, daß nahe am Festland gelegene Inseln trotz der unwirtlichen 

Matrix immer noch eine relativ diverse Fledermausfauna aufwiesen, unterstreicht die 

Bedeutung von Fragmentkonnektivität in fragmentierten Landschaften und zeigt, daß selbst 

kleine Habitatfragmente bei entsprechender Nähe zu größeren, zusammenhängenden 

Waldflächen, im vorliegenden Fall der Nationalpark Soberanía mit > 22000 ha, von hohem 

naturschutzbiologischen Wert sein können und dementsprechend bei der Planung von 

Schutzgebieten mitberücksichtigt werden sollten. 

In meiner Arbeit beleuchtete ich das erste Mal in einem umfassenden Ansatz, welche 

ökologischen Eigenschaften von neotropischen Fledermausarten hohe Vulnerabilität 

gegenüber kleinräumiger Habitatfragmentierung bedingen. Mit Blick auf den Naturschutz 

sind vergleichende Analysen mit einem engen geographischen Fokus besonders nützlich, um 

prädiktive Modelle bezüglich der Fragmentierungs-Sensitivität von Arten zu erstellen und um 

daraus effektive Management-Strategien abzuleiten. Die Bedeutung einer Fokussierung auf 

lokale geographische Skalen zeigte sich auch im Zusammenhang mit den genetischen 

Analysen, die eine überraschend deutliche Differenzierung bei den drei ausgewählten Arten 

zeigten. Um weiterreichende Aussagen machen zu können und um ein besseres Verständnis 

der genetischen Konsequenzen kleinräumiger Habitatfragmentierung für Fledermäuse zu 

erreichen, sind weitere vergleichende Studien an ökologisch möglichst unterschiedlichen 

Arten unabdingbar. 
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Abstract. - Many effects of habitat fragmentation on diverse assemblages of 
tropical vertebrates are poorly understood, particularly with respect to the processes 
underlying the observed patterns, possible scale-dependence in those responses and 
how they vary depending on the level of fragment-matrix contrast. Working within a 
system with high fragment-matrix contrast, a set of land-bridge islands in Gatún 
Lake, Panama, we investigated the relative influence of local-scale (vegetation 
structure, patch-level metrics such as island area, shape, isolation distance) vs. 
landscape characteristics (e.g., forest cover, patch density) and the importance of 
spatial scale in determining species richness and composition of phyllostomid bats 
on islands. We further assessed patterns of species loss and changes in species 
composition on islands relative to mainland assemblages and possible edge-related 
gradients in these attributes between interior and edge sites in continuous forest. 
Bats were sampled over a 2-year period on 11 islands as well as at forest edge (n = 
3) and interior sites (n = 3) on the adjacent mainland, resulting in > 8,400 captures. 
Overall, the islands harbored a less diverse and structurally simplified bat fauna 
where far islands were especially species-poor. This decline in species richness was 
associated with compositional shifts towards assemblages strongly dominated by 
frugivores with good dispersal abilities while members of other feeding guilds, most 
importantly gleaning animalivores, were much less common or absent. Although 
overall species composition was not significantly altered, similar trends were 
already apparent at continuous forest edge sites where species richness was 
significantly lower compared to interior sites. Distance from the mainland and 
amount of forest cover in the landscape were the best predictors of species richness 
and assemblage composition of bats on our study islands. Responses were scale-
dependent. At the local scale, species richness was found to be independent of island 
area but positively correlated with isolation. This may be evidence for a “small 
island effect” or reflect the inhospitable nature of the matrix as a result of which area 
effects might be partly masked at the patch level. By contrast, area effects became 
more important at larger spatial scales suggesting that many species typically make 
use of multiple fragments. 
 
Key words: area and isolation, assemblages, bats, conservation, edge-effects, forest 
fragmentation, Gatún Lake, land-bridge islands, landscape structure, Panama, 
Phyllostomidae, spatial scale 
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Introduction 
Changes in land use have been identified as key drivers of current and future 

biodiversity loss, particularly in tropical regions where the extent of habitat modification is 

projected to be most pronounced (Sala et al. 2000) and where deforestation continues at 

unprecedented rates (Whitmore 1997, Laurance et al. 2001, Wright 2005) as does conversion 

into agricultural lands, pastoralization, and urbanization (Sala et al. 2000, Wade et al. 2003). 

Hence, the fate of the world's tropical biota will be largely governed by the capacity of 

species to survive in fragmented landscapes, and depend on our ability to manage such 

landscapes to help mitigate the effects of habitat loss and isolation (Laurance et al. 2002).  

One key finding of recent fragmentation studies is that species’ responses to 

fragmentation are profoundly influenced by the type of the matrix (Gascon et al. 1999, 

Antongiovanni and Metzger 2005, Ewers and Didham 2006), which will determine to a large 

degree an animal’s ability to exploit it. At the extreme end of the spectrum are forest-

dependent species, which react negatively even to very small habitat disruptions, such as 

Neotropical understory birds which are reluctant to cross even small road clearings (Develey 

and Stouffer 2001, Laurance et al. 2004). On the other hand, many species readily cross 

matrix composed of secondary growth or a mosaic of agricultural vegetation (e.g. Estrada and 

Coates-Estrada 2002, Antongiovanni and Metzger 2005). Thus, the quality and permeability 

of the matrix, together with ecological traits of the species such as dispersal ability, are 

essential in determining the functional connectivity among forest remnants and ultimately 

control species’ persistence in patchy and fragmented landscapes. Moreover, the type of 

matrix is a strong determinant of within-remnant community dynamics through its influence 

on colonization and movement patterns of animals and hence species richness and 

composition within a fragment (Gascon et al. 1999, Laurance et al. 2002). Finally, depending 

on how similar the matrix is structurally to the original habitat, edge-related gradients in 

physical and biotic variables will be more or less pronounced (Murcia 1995, Laurance et al. 

2002). In particular, changes in plant community composition and structure associated with 

forest edges (Harper et al. 2005) may strongly affect abundance patterns and composition of 

animal assemblages as has been demonstrated for tropical birds (Beier et al. 2002, Watson et 

al. 2004b). 

To date, most fragmentation research has concentrated on recently formed systems 

with low fragment-matrix contrast while young, high-contrast systems, as exemplified by 

islands in reservoirs, remain relatively poorly understood (see review by Watson 2002). Yet, 
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these systems hold great potential as they allow the study of fragmentation effects separately 

from potentially confounding matrix effects, e.g., “spill-over” of matrix species, which may 

obscure area and isolation effects (Cosson et al. 1999, Leigh et al. 2002). Population- and 

community-level responses have been examined in such systems mainly for plants, birds, and 

rodents (e.g. Adler and Seamon 1991, Leigh et al. 1993, Terborgh et al. 1997, Sieving and 

Karr 1997, Adler 2000, Lambert et al. 2003, Asquith and Mejía-Chang 2005) and have led to 

important new insights, particularly regarding the importance of top-down vs. bottom-up 

regulation of tropical ecosystems (Terborgh et al. 2001). For bats, on the other hand, nearly 

all of the few published studies on fragmentation effects save those of Cosson et al. (1999) 

and Pons and Cosson (2002) have been conducted in rather young, low-contrast systems 

sensu Watson (2002) (e.g.Estrada et al. 1993, Sampaio 2000, Schulze et al. 2000, Pons and 

Cosson 2002, Estrada and Coates-Estrada 2002, Gorresen and Willig 2004). 

Bats are an ideal model taxon for evaluating responses to habitat fragmentation as 

they are ecologically highly diverse and mobile animals with the potential to move over 

extensive areas of fragmented landscapes. Furthermore, differences in species-specific 

ecological traits suggest differential vulnerability to habitat disturbance. A previous study in 

Panama found surprisingly little differences in the structure of bat assemblages between 

Barro Colorado Island (BCI), a 1,600 ha forest isolate in Gatún Lake, and Soberanía National 

Park (22,000 ha) on the adjacent mainland (von Staden 2002) - in stark contrast to the 

striking changes observed in the avifauna (Robinson 1999). We conclude that BCI is large 

enough and/or close enough to continuous forest to preserve the full complement of regional 

bat diversity. Many tropical landscapes, however, are increasingly dominated by much 

smaller (< 100 ha) fragments, which, nonetheless, may continue to serve important ecological 

functions (Turner and Corlett 1996). Here, we assess how processes associated with forest 

fragmentation affect bat assemblages on smaller Gatún Lake islands. 

We examined sensitivity of bat assemblages to edge effects, and focused on the 

relative importance of patch-level (e.g., vegetation structure, area, shape, isolation distance) 

vs. landscape characteristics (e.g., forest cover, patch density) in shaping bat responses at 

various spatial scales. Determining the relative influence of local versus landscape attributes 

on patch use by animals has been considered an important yet little explored issue in studies 

of habitat fragmentation (Graham and Blake 2001). Moreover, even though several studies 

have highlighted the importance of focal scale for detecting ecological relationships (Hill and 

Hamer 2004), the majority of studies have typically examined faunal responses to spatial 

attributes in fragmented landscapes at a single landscape scale (Villard et al. 1999, Watson et 
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al. 2004a, Numa et al. 2005). Recent research by Gorresen and Willig (2004) and Gorresen et 

al. (2005) in fragmented Atlantic forest of Paraguay revealed scale-dependent and species-

specific associations between landscape characteristics and bat abundance as well as 

community attributes and stresses the importance of multi-scale approaches to studies of bat 

responses to habitat fragmentation. 

We focus in our study on phyllostomid bats because a) they are highly speciose and 

numerically dominant in Neotropical bat assemblages, b) they are easily sampled with mist 

nets (Kalko 1998), c) they play pivotal roles as seed dispersers, pollinators, and predators 

(Kalko 1998, Patterson et al. 2003) and d) they may be crucial indicator species for the status 

of Neotropical forests (Fenton et al. 1992, Medellín et al. 2000). 

We evaluated differences in diversity and structure between mainland and island bat 

assemblages on the species and functional group level. Specifically, we asked:  

(1) Do species richness and assemblage structure change in a predictable way from 

mainland forest interior towards sites at the forest edge? Here we predict that matrix-tolerant 

species, i.e. those with better dispersal abilities, are also better adapted to forest edges. 

(2) Which species and foraging guilds are affected by fragmentation? Due to the 

hostile nature of the matrix we predicted stronger isolation effects than in systems with lower 

fragment-matrix contrast. Forest-dependent species with low mobility such as most gleaning 

animalivores should be less common on or even be absent from isolated islands while they 

may still be used as temporary feeding grounds by some of the larger and more mobile 

frugivores. 

(3) What is the contribution of heterogeneity in vegetation structure among sites in 

relation to the observed patterns of species richness and composition? We hypothesized that 

the mostly younger forest on the wind-exposed islands should favor species better adapted to 

habitat disturbance (e.g. some frugivores) and disfavor those that rely more on undisturbed, 

mature forest (e.g. gleaning animalivores). 

(4) Which local attributes (vegetation structure, patch-level metrics) and landscape 

characteristics constitute the best predictors of bat species richness and assemblage 

composition on islands? Here we expected the importance of factors to vary with spatial 

scale. 
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Material and methods 
Study area 

Damming of the Chagres River during construction of the Panama Canal created an 

artificial reservoir, Gatún Lake. Lake formation was completed in 1914, isolating numerous 

hilltops resulting in over 200 islands ranging in size from < 1 ha to Barro Colorado Island 

(BCI) with 1,560 ha (Adler and Seamon 1991). Together with five adjacent mainland 

peninsulas, BCI forms the 5,400 ha Barro Colorado Nature Monument (BCNM) that is 

contiguous with Soberanía National Park, 22,000 ha of forest stretching along the eastern side 

of the canal (Fig. 1). All study sites are covered with lowland tropical moist forest (Holdridge 

1967). 

 

Figure 1. Map of the study area in the Canal zone in central Panama (inset). Highlighted in black 
are the locations of the 11 study islands in Gatún Lake and of the six mainland sites (■) in 
continuous forest on the three peninsulas Bohio, Gigante, and Peña Blanca within the Barro 
Colorado Monument. 

 

The study area experiences a strongly seasonal climate with an 8-month rainy season 

and a severe dry season from mid-December to April or May (Windsor 1990). The dry season 

is characterized by strong trade winds, which have a pronounced drying effect especially on 

the small exposed islands in Gatún Lake (Leigh et al. 1993). Forest on these islands is 
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typically shorter in stature and tree species diversity lower compared to more sheltered or 

larger islands. Storm systems frequently hit the exposed islands and likewise alter forest 

structure through formation of treefall gaps (Leigh et al. 1993). Vegetation on these islands 

also varies in age as some islands were forested prior to isolation and hence contain patches 

of older forest while most are covered with younger, secondary forest that has regenerated 

following isolation (Adler and Seamon 1991, Leigh et al. 1993, Adler 2000). 

 

Site selection 

We selected 11 islands that differed in size and levels of isolation and 6 mainland sites 

(Table 1, Fig. 1). Islands were grouped into two categories depending on their shortest 

distance from the mainland: “near” islands (< ca. 500 m) and “far” islands (> ca. 1.5 km, 

Table 1). Mainland sites were located on three peninsulas (Bohio, Gigante, and Peña Blanca) 

within the BCNM. To investigate potential edge-effects, a paired design with one forest edge 

and one forest interior site at each of these mainland locations was adopted (Fig. 1). Interior 

sites were situated 312 ± 42 (SE) m from the forest edge, i.e. beyond the distance at which 

commonly observed edge-effects are known to be most pervasive (Laurance et al. 2002, 

Harper et al. 2005). Due to their irregular shape and rather small size, islands consisted 

almost exclusively of edge habitat according to our definition. 

 

Bat sampling 

Field work was conducted between October 2003 and October 2005 and encompassed 

two dry and three rainy seasons. At each island and mainland site bats were sampled in a 

standardized manner with mist nets (6 x 2.5 m, 70/2 denier, 16 mm mesh size, five shelves; 

Vohwinkel, Avifaunistische Untersuchungen, Velbert, Germany) set within ~ 0.5 ha, 

typically rectangular (100 x 50 m) transects. We avoided netting 2 days before to 1 day after 

full moon to minimize potential bias in capture success due to lunar phobic behavior (e.g. 

Morrison 1978). During each survey night we used six nets erected at ground level and 

spaced ~ 50 m apart. To also sample bats flying in higher forest strata, we set up a net wall 

typically consisting of four stacked nets using a rope-and-pulley-system modified after 

Humphrey et al. (1968). Nets were always deployed for entire nights from shortly before 

dusk until dawn. Captured bats were removed from the nets, temporarily kept in soft cloth 

bags and identified using a dichotomous key (Handley et al., unpublished). Standard 

measurements and demographic data were collected following Handley et al. (1991). Most 

bats (species > 10 g, excluding juveniles) were marked with individually numbered ball-chain 
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necklaces or, in case of larger gleaning insectivores/carnivores, with passive, subcutaneous 

transponders (pit-tags, EURO-ID, Weilerswist, Germany). Bat nomenclature follows 

Simmons (2005). We assigned bats to one of the following broad feeding guilds (ensembles 

sensu Fauth et al. (1996)), depending on their main diet: frugivores, gleaning animalivores, 

nectarivores, omnivores, and sanguivores (Stevens and Willig 2000, Patterson et al. 2003, 

Giannini and Kalko 2004, 2005). 

 

Environmental variables 

Fruit abundance 

To link abundance of frugivorous phyllostomids with resource level we conducted a 

census of fruit availability focusing on tree species important to bats (Handley et al. 1991, 

Kalko et al. 1996, Giannini and Kalko 2004): Ficus spp., Calophyllum longifolium, Dipteryx 

panamensis, Spondias spp., Anacardium excelsum, and Cecropia spp. At each site, individual 

trees > 10 cm dbh were identified and mapped. For islands up to ~ 3 ha, the census was done 

for the whole island. For larger islands and all mainland sites, fruit abundance was 

determined for an equivalent area surrounding the respective netting transect. We conducted 

the fruit census the day preceding the respective netting session by recording the number of 

fruiting trees and estimating fruit abundance for each fruiting tree on a relative scale from 0-4 

following Chapman et al. (1994) and Stashko & Dinerstein (1988). Number of fruiting trees 

and the mean rank of fruit abundance multiplied by the number of fruiting trees were used as 

measures of fruit availability. 

 

Vegetation structure 

For each of the 17 sites we quantified vegetation characteristics using protocols 

adapted from various sources (Schemske and Brokaw 1981, Schmiegelow et al. 1997, Raman 

and Sukumar 2002). For each transect, we assessed density and basal area of trees > 10 cm 

diameter at breast height (dbh) and the density of poles (stems 2-10 cm dbh). In addition, we 

recorded or estimated the following parameters within nine 5 x 5 m subplots nested in each 

transect: (1) number of saplings < 2 cm dbh, (2) average canopy height using a Leico DistoTM 

rangefinder (Leico Geosystems, Heerbrugg, Switzerland), (3) canopy closure measured as the 

mean of four spherical densiometer (Forestry Suppliers, Inc., Jackson, MS) readings taken at 

the center of each subplot, (4) vertical foliage structure by noting the presence or absence of 

foliage at several height intervals (0-1, 1-2, 2-4, 4-8, 8-16, 16-24, 24-32, > 32 m) directly 

above and in a 0.5 m radius around the center of each subplot. 
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Table 1. Overview of site characteristics and capture data obtained for phyllostomid bats mist-netted on islands in Gatún Lake and mainland peninsulas of the 
Barro Colorado Nature Monument, Panama. Relative abundance is given as bats/100 mist-net hours (mnh). Observed (Sobs) and estimated species richness 
based on the first-order Jackknife estimator (SJack) are presented for each of the study sites and for each site category along with percent inventory 
completeness. 

Location Site 
category 

Island area 
(ha) 

Distance to 
mainland (km) 

No. 
captures# 

Capture effort 
(mnh)* 

Relative 
abundance 

Sobs SJack1 
(±SD) 

% 
completeness 

Islands          
Cacao Near 12.8 0.16 371 749 49.52 12 16.3±1.71 73.7 
Chicha Near 2.8 0.51 296 793 37.31 11 12.7±1.11 86.5 
Mona Grita Near 5.9 0.25 304 794 38.28 12 15.6±1.78 77.1 
Piña Near 4.4 0.02 284 809 35.12 14 16.6±1.21 84.5 
Tres Almendras Near 3.4 0.15 417 778 53.59 16 20.3±2.16 78.9 
 Total   1672 3923 42.62 21 23.9±1.63 87.8 
Guacha Far 16.3 1.42 278 600 46.31 8 8.9±0.86 90.3 
Guanabano Far 7.2 2.25 910 739 123.09 5 5.0±0 100 
Guava Far 2.5 1.93 830 682 121.97 7 8.7±1.11 80.4 
Leon Far 50 1.54 703 744 94.50 13 14.7±1.11 88.4 
Pato Horqueta Far 11.4 3.4 788 773 101.97 14 18.3±1.71 76.5 
Trinidad Far 17.3 2.02 632 674 93.41 8 8.9±0.86 90.3 
 Total   4141 4213 98.29 15 16.0±0.98 93.9 
Islands pooled    5813 8136 71.45 21 22.0±0.99 95.5 
Mainland          
Bohio Interior   548 820 66.86 22 25.5±2.65 86.3 
Gigante Interior   245 934 51.56 23 30.0±3.50 76.7 
Peña Blanca Interior   436 902 26.24 23 27.4±1.84 84.0 
 Total   1229 2656 46.28 28 31.8±2.26 88.0 

Bohio Edge   544 850 63.98 16 19.5±1.87 82.1 
Gigante Edge   429 832 66.86 18 21.5±1.87 83.7 
Peña Blanca Edge   279 920 51.56 23 30.9±2.45 74.5 
 Total   1254 2603 48.18 27 32.8±2.08 82.4 
Mainland pooled    2483 5258 47.22 30 32.9±1.66 91.1 
     # without same-night recaptures; * one mist-net hour (mnh) equals one six-meter net open for one hour 
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Patch- and landscape-level metrics 

For each study island we measured the following patch-level characteristics using 

ArcView GIS 3.2a (Environmental Systems Research Institute, Inc., Redlands, California) 

based on a GIS coverage of the study area (central Panama GIS v1.1, compiled by D. A. 

Kinner and R. F. Stallard, US Geological Survey): (1) island area, (2) total edge length, (3) 

shape index (a measure of complexity of patch shape compared to a standard shape (circle) of 

the same area), and (4) nearest straight-line distance to the mainland. We considered as 

mainland any landmass in our study area that was not completely surrounded by water, 

including Juan Gallegos Island which is connected to the mainland by a causeway (Fig. 1). 

Furthermore, to investigate whether bat responses to fragmentation were scale-dependent, we 

delimited the surrounding landscape as a nested set of concentric circles of 0.5, 1, and 1.5-km 

radii centered on each island. Choice of these focal scales was based on considerations to 

encompass the expected home ranges of different-sized bat species (Gorresen and Willig 

2004) as well as to minimize spatial overlap between neighboring islands. For each of the 3 

focal scales per island, the following landscape-level metrics were calculated: (1) mean patch 

size, (2) patch density, (3) edge density (total length of edge per landscape area), (4) shape 

index, and (5) forest cover. Because measures such as forest cover do not take isolation of 

focal patches from other forest fragments into account, we also computed (6) availability of 

forest cover in the landscape as ∑ ∗= )
10log ij(-D

ji eAI (Hanski et al. 1994). Here, Ii is the 

isolation of the focal patch, Aj denotes the area of forest cover within the respective radius of 

fragment j, and Dij is the minimum edge-to-edge distance between focal patch i and fragment 

j. 

 

Data analysis 

Bat inventory completeness 

We evaluated inventory completeness with randomized (1,000 x) sample-based 

species accumulation curves. Sample-based accumulation curves take spatial heterogeneity 

among samples into account and are therefore preferable over individual-based curves 

(Gotelli and Colwell 2001). In addition, we assessed the number of species expected to occur 

at each site using non-parametric species richness estimators. Based on the estimator choice 

framework developed by Brose and Martinez (2004), which takes movement heterogeneity of 

mobile animals such as bats into account, we chose the first-order Jackknife (Jack1) to 

estimate species richness. This estimator has also been shown to perform best in recent 
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simulation studies (Brose et al. 2003, O'Hara 2005, Sampaio et al. submitted). Species 

accumulation curves and richness estimators were computed using EstimateS software 

(Colwell 2005). 

 

Species diversity, abundance, and bat assemblage structure 

We used the ‘Species Diversity’ module of the program EcoSim (Gotelli and 

Entsminger 2001) with 1,000 iterations and independent sampling of individuals from the 

capture pool to compare rarefied species richness, evenness and dominance among site 

categories (mainland interior, mainland edge, near islands, far islands) and between mainland 

and island assemblages. Evenness was calculated as Hurlbert’s probability of interspecific 

encounter (PIE), i.e. the probability that two randomly sampled individuals from an 

assemblage represent two different species (Hurlbert 1971). Dominance was assessed with 

the Berger-Parker index as the proportional abundance of the most abundant species in a 

sample (Magurran 2004). In each case statistical significance was determined based on the 

simulated 95% confidence intervals generated by the program (Gotelli and Entsminger 2001). 

Kolmogoroff-Smirnov two-sample tests were used to compare rank-abundance curves 

among bat assemblages. To allow for a comparison of distributions which are not entirely 

continuous and include ties, P-values were determined through Monte Carlo simulations 

(1,000 bootstraps). Capture rate (bats per mist net hour (mnh), where one mnh equals one 6-

m net open for one hour) was used as standard measure of relative abundance. Same-night 

recaptures were excluded from analyses. Differences in nightly capture rates (log-

transformed, captures from ground and high nets combined) among the four site categories 

and between seasons were assessed with a nested ANCOVA (individual sites nested within 

site categories), with fruit abundance and number of fruiting trees as covariates. Post hoc 

comparisons were made using Tukey’s HSD test. 

We compared the number of species and captures in guilds among the four site 

categories with r x c contingency tables whereby the number of species and captures at 

mainland interior sites was used to generate expected values. Significance was determined 

through a randomization approach (1,000 iterations) where the observed table was compared 

to a set of randomly generated r x c tables with the same row and column totals (Manly 

1997). 

We used the Bray-Curtis coefficient to describe dissimilarity in terms of species 

composition between pairs of sampling sites. Non-metric multidimensional scaling (NMDS) 

was then employed to ordinate sites and to evaluate inter-site differences in bat assemblage 
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structure both on the species and functional group level. NMDS is a robust, non-linear 

ordination technique regarded as an effective ordination method for ecological community 

data (McCune and Grace 2002). Prior to analysis, data were standardized and, since 

ordination results can be overly sensitive to rare species, only those species with at least five 

first captures were included in the analysis. Composition differences among the four site 

categories were assessed with an analysis of similarity (ANOSIM), a non-parametric 

multivariate permutation procedure broadly analogous to standard univariate ANOVA, which 

tests for differences between a priori defined groups of community samples based on a 

(dis)similarity matrix (Clarke 1993). 

 

Vegetation structure 

For each transect we calculated tree density and basal area. Average values across 

replicated subplots were calculated for all other vegetation variables, i.e. sapling density, 

canopy height, and percent canopy closure. Vertical foliage structure was determined as 

average number of strata with foliage across the nine subplots sampled in each transect. 

Following Raman & Sukumar (2002) we used the coefficient of variation of this index as a 

measure of horizontal heterogeneity in foliage structure. 

Vegetation structure variables were log(x+1) transformed and NMDS on a matrix of 

normalized Euclidean distances was used to generate axes representing gradients in forest 

structure among sites. The importance of individual forest structure variables in generating 

differences among sites was assessed using vector fitting, a procedure that determines the 

direction and strength of the correlation of the independent variables with the ordination 

scores (McCune and Grace 2002). Vector fitting was also used to examine the relationship 

between forest structure variables and the arrangement of bat assemblages in ordination 

space. 

 

Bat fauna – environment modeling 

We examined correlations between bat species richness and assemblage composition, 

respectively, and local- and landscape-level characteristics using generalized linear models 

(GLMs). For species richness, data were counts and a Poisson error distribution and log link 

function was used. For species composition, as represented by the scores of the first NMDS 

axis that explained most of the variation among sites, GLMs with a normal error distribution 

were appropriate. 
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Landscape metrics can be correlated with habitat area (Villard et al. 1999, Fahrig 

2003). Since it is important to separately assess the influence of habitat loss and the 

configurational effects of fragmentation (Fahrig 2003), we statistically controlled for the 

correlation between forest cover and the various landscape configuration indices by using the 

residuals of linear regressions as values for the explanatory variables (Villard et al. 1999, 

Gorresen et al. 2005). Furthermore, because of multicollinearity among both local and 

landscape variables, pairwise comparisons of predictor variables were made using Spearman 

rank correlations and, where pairs of variables were significantly correlated, one of the 

variables was eliminated. This resulted in a final set of N = 8 explanatory variables. Local-

scale variables were forest structure (NMDS axes 1 and 2), as well as island size (log-

transformed), total edge (significantly correlated with shape index), and distance to the 

mainland (log-transformed). Landscape metrics retained in the final analysis were mean patch 

size (significantly correlated with patch density, shape index and Hanski’s I), edge density 

(significantly correlated with Hanski’s I), and forest cover (log-transformed). 

In preference to frequently applied stepwise selection procedures whose use is 

statistically problematic (Quinn and Keough 2004) we employed an information-theoretic 

model selection approach to analyze bat fauna-environment relationships (Burnham and 

Anderson 2002). Rather than testing all potential models, we restricted inference to a subset 

of plausible models selected a priori (see Appendix F; Burnham and Anderson 2002, Johnson 

and Omland 2004), modeling local-scale variables in combination with landscape metrics 

separately for the three focal scales. For each model we calculated the second-order version 

of Akaike’s Information Criterion corrected for small sample size (AICc) following Burnham 

and Anderson (2002). Candidate models were then compared and ranked by rescaling the 

AICc values such that the model with the minimum AICc has a value of 0, i.e. Δi = AICi - 

AICmin. Models for which Δi ≤ 2 are considered to have substantial support, values of 4-7 

have considerably less support and those with Δi ≥ 10 have essentially no empirical support 

(Burnham and Anderson 2002). In addition, we calculated the Akaike weights (wi) for each 

candidate model which provide approximate probabilities that model i is the actual best 

model in the set of candidate models (Burnham and Anderson 2002). The relative likelihood 

of model i versus model j can be judged by the ratio of the Akaike weights of the best model 

and the second ranked model (i.e., wi/wj). Model fit was assessed using the relevant statistics 

(percent deviance explained and R2, respectively). 
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Unless stated otherwise all data analyses were performed using the R statistical 

package (version 2.2.0, R Development Core Team 2006). 

 

Results 
Forest structure 

There was pronounced overall variation in vegetation attributes among sites 

(Appendix A). A two-dimensional ordination (Fig. 5a, stress = 4.92) showed that this was 

largely due to variation among islands while mainland sites clustered together indicating high 

structural similarity. Vector fitting revealed significant correlations between ordination scores 

and tree density, basal area, and canopy height as well as number of poles and saplings (P ≤ 

0.001, Appendix A). Mainland sites were characterized by high basal area and canopy height 

as were two islands that contained more mature, high-stature forest, Pato Horqueta and Tres 

Almendras. In contrast, variation in forest structure among the remaining islands was mainly 

related to tree and understory density (Fig. 5a). Differences in forest structure variables 

among site categories were significant for tree density (one-way ANOVA, F = 5.27, P = 

0.013) and marginally significant for canopy height (F = 3.39, P = 0.051) and canopy cover 

(F = 3.34, P = 0.053, Appendix A). 

 

Bat species richness, evenness, and dominance 

A total of 8,447 captures representing 5 families, 30 genera, and 39 species were 

obtained during 125 sampling nights (Appendix B). Phyllostomid bats made up the majority 

of all captures (98.2%). Species-accumulation curves approximated an asymptote and 

indicated a high level of inventory completeness for phyllostomids (> 91% for mainland and 

> 95% for island assemblages; Table 1, Appendix C). 

Overall, more species of phyllostomids were recorded for the mainland (Sobs = 30) 

than for the islands (Sobs = 21). A similar number of species was captured at mainland interior 

(Sobs = 28) and at edge sites (Sobs = 27). Twenty one species were detected on near islands 

while observed species richness dropped to 15 species on far islands (Table 1). For all site 

categories, estimates of predicted species richness (SJack1) were close to observed species 

richness (Table 1), corroborating the adequacy of our sampling protocol. 

Rarefied species richness differed significantly (as indicated by the 95% confidence 

intervals) between mainland and island assemblages as well as among site categories (Fig. 

2a). Species richness was highest at mainland interior sites, slightly lower at edge sites, and 
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substantially declined from near to far islands. This pattern is consistent with our results on 

observed species richness. Both evenness and dominance differed significantly among site 

categories with island assemblages being characterized by lower evenness and higher 

dominance compared to mainland assemblages (Fig. 2b,c). Interestingly, mainland edge sites 

had significantly lower evenness and higher dominance than assemblages on near islands. 
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Figure 2. Rarefied species richness, 
evenness, and dominance. Comparisons 
between mainland sites and islands were 
made at the abundance level of the former, 
those among site categories are based on 
the abundance of mainland interior sites. 

 

Rank-abundance distributions (Fig. 3) for forest interior and edge sites did not differ 

significantly from one another (D = 0.3, P = 0.252), however, both differed drastically from 

the curve for bat assemblages on far islands (D ≥ 0.65, P = 2.2E-16). Rank-abundance curves 

for near islands differed significantly from curves for mainland interior sites (D = 0.45, P = 

0.017) and marginally significantly from those for edge sites (D = 0.4, P = 0.064). 
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Distribution of species’ abundances between assemblages on near and far islands were also 

marginally significantly different (D = 0.35, P = 0.083). 
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Figure 3. Rank-abundance plots based on captures of phyllostomid bats in 
continuous forest (mainland interior and edge sites) and on near and far islands in 
Gatún Lake, Panama. 

 

Relative abundance 

Artibeus jamaicensis, A. lituratus, and Uroderma bilobatum, all frugivores, were the 

three most abundant species and accounted for 86.1% of all captures. Artibeus jamaicensis 

and especially U. bilobatum showed a pronounced increase in capture rates on islands relative 

to mainland interior sites (Fig. 4a). Similarly, capture rates for the nectarivorous Glossophaga 

soricina, which was infrequently caught at mainland interior sites increased greatly from 

edge sites over near to far islands. The majority of other species, in contrast, most notably 

almost all of the gleaning animalivores, either substantially decreased in relative abundance 

from forest interior over forest edge sites to near and far islands or were absent from the 

islands altogether (Fig. 4a,b). None of the larger gleaning animalivores that were rather 

common on the mainland, namely Lophostoma silvicolum, Tonatia saurophila and Trachops 

cirrhosus, were captured on far islands. The small Micronycteris microtis was the only 

exception with higher capture rates on islands than on the mainland. Many gleaners are
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Figure 4a. Percent change in relative abundance relative to mainland interior sites. See Appendix B for species abbreviations. 
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    Figure 4b. Percent change in relative abundance relative to mainland interior sites. See           

    Appendix B for guild abbreviations. 

 

sensitive to forest edges as evidenced by highly reduced capture rates relative to forest 

interior sites (Fig. 4a,b). 

Nested ANCOVA revealed significant differences in capture rates among site 

categories, seasons, and individual sites after controlling for variation in fruit abundance 

(multiple R2 = 0.66, F34,74 = 4.26, P < 0.001; Table 2). Capture rates for far islands (98.3 

bats/100 mnh) were more than twice as high and differed significantly (Tukey HSD test, P < 

0.001) from near islands (42.6 bats/100 mnh) and both mainland edge (48.2 bats/100 mnh) 

and interior sites (46.3 bats/100 mnh), which were characterized by overall very similar 

relative abundances (Table 1). There was a strong seasonal effect with more bats being 

caught in the wet than in the dry season, and a significant interaction between site and season 

reflected in a pronounced increase in capture rates on islands towards the wet season. 
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Table 2. Results of a nested ANCOVA model examining seasonal and site-related 
variation in bat abundance with number of fruiting trees and fruit abundance as covariates. 
The latter was not retained in the minimal adequate model after model simplification. 

Predictors df SS MS F P 

No. of fruiting trees 1 2.70 2.70 7.80 0.0066 

Site category 3 15.37 5.12 14.79 1.23E-07 

Season 1 3.91 3.91 11.28 0.0012 

Site(Site category) 13 16.15 1.24 3.59 0.0002 

Site(Site category) × Season 16 12.01 0.75 2.17 0.0135 

Residuals 74 25.63 0.35   

 

Assemblage structure 

Examination of the stress values of an ordination of study sites by NMDS showed that 

a two-dimensional solution was sufficient to achieve low stress (final stress = 10.33). Three 

distinct clusters could be distinguished representing a gradient in species composition from 

mainland sites to near and far islands along dimension 1 (Fig. 5b). Overall, mainland sites 

clustered together, indicating high similarity in assemblage structure. Near islands and two of 

the far islands, León and Pato Horqueta, formed a second cluster, clearly separated from the 

remaining far islands which grouped to the far right. Vector fitting identified three variables 

describing variation in forest structure to be significantly (basal area: r2 = 0.38, P = 0.031; 

canopy height: r2 = 0.42, P = 0.028) or marginally significantly (number of poles: r2 = 0.31, 

P = 0.067) correlated with inter-site variation in species composition, mainly along the 

second NMDS axis (Fig. 5b, Appendix D). The observed variation in bat assemblage 

composition along NMDS axis 2 hence largely reflects a gradient in vegetation structure 

among sites from low-stature forest dominated by high densities of small trees to older and 

more mature forest with higher mean basal area and a higher canopy. Assemblage 

composition differed significantly among site categories (ANOSIM, global R = 0.698, P < 

0.001). Pairwise tests showed no significant compositional differences between mainland 

edge and interior sites (R = -0.037, P = 0.6) as well as between edge sites and near islands (R 

= 0.313, P = 0.107), whereas all other comparisons were significant (R > 0.672, P < 0.018). 

The ordination plot of species scores (Fig. 5c) showed one cluster encompassing 

species characteristic of continuous forest that were either completely absent or substantially 

less abundant on islands (Fig. 4a). Those were, except for M. microtis, all of the insectivorous 

gleaners, a few of the smaller frugivores (Carollia castanea, Artibeus watsoni, Vampyressa 
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nymphaea) and the omnivorous Phyllostomus hastatus. Glossophaga soricina, A. 

jamaicensis, U. bilobatum, and M. microtis, all species with much higher capture rates in 

remnants than in continuous forest, formed a second group while the remaining fraction of 

species showed no tight clustering. 

 

Figure 5. Ordination of (a) vegetation structure, (b) study sites, (c) species, and (d) feeding guilds along 
non-metric multidimensional scaling axes. Forest structure variables significantly correlated with 
ordinations are plotted as vectors. (●) mainland interior sites, (○) mainland edge sites, (▲) near islands, (∆) 
far islands. See Appendix B for species abbreviations. 

 

 

(a) (b) 

(c) (d) 



Bats on Neotropical land-bridge islands                                                                      Chapter 1 

 50

Guild richness and composition 

Frugivores accounted for the majority of captures (> 90%) and comprised the most 

speciose guild throughout all site categories, followed by gleaning animalivores (Appendix 

E). Mainland edge and both near and far islands did not differ significantly from mainland 

interior sites in terms of number of species per guild (χ2 < 2.86, P > 0.5 for all comparisons). 

In contrast, the number of bat captures within guilds differed significantly between mainland 

interior sites and all other site categories (χ2 > 43.10, P < 0.001). The differences were largely 

attributable to the pronounced increase in the capture rates of frugivores and nectarivores as 

well as the decrease in capture rates of gleaning animalivores at these sites relative to interior 

plots in continuous forest (Fig. 4b). 

In a two-dimensional NMDS plot of sites in functional group space (Fig. 5d; stress = 

6.18), mainland sites exhibited greater variation along both axes than based on species 

composition. Islands overall grouped loosely together. However, there was some overlap 

between near and far islands as the largest of the far island group, León, was closer in 

ordination space to near islands and one of the near islands, Chicha, had a guild composition 

typical of far island assemblages (Fig. 5d). ANOSIM revealed significant differences in guild 

composition among site categories (global R = 0.45, P = 0.002). Pairwise comparisons 

indicated significant compositional differences between mainland interior assemblages and 

both near (R = 0.64, P = 0.036) and far islands (R = 0.98, P = 0.012) as well as between 

mainland edge and far islands (R = 0.63, P = 0.012). 

 

Bat fauna-environment modeling 

Generalized linear modeling revealed that different variables were important at 

different spatial scales in determining both species richness and species composition of bats 

on Gatún Lake islands. Overall, we found area effects to become more important and distance 

effects less pronounced at larger spatial scales. For species richness, comparison of Δi values 

indicated that distance from the mainland received the strongest support for a model set that 

included local-scale variables (i.e., vegetation structure and patch-level metrics) and 

landscape metrics of the smallest (0.5 km) focal scale (Table 3, see Appendix F for a 

complete table of modeling results). Edge density likewise had considerable support (Δi = 

1.85), suggesting that phyllostomid assemblages react to habitat boundaries to some degree, 

however, this model was about 2.5 times less likely based on Akaike weights and also had a 

much lower regression coefficient (Table 3). For model sets incorporating 1-km and 1.5-km
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Table 3. Best approximating generalized linear model sets (wi > 0.1) for assessing the association between, respectively, bat species richness and assemblage 
composition on Gatún Lake islands, and local-scale characteristics and landscape-level metrics for three different focal scales. For each model, the number of 
estimable parameters (K), log-likelihood (Log-L), sample-size adjusted Akaike Information Criterion (AICc), Akaike differences (Δi), Akaike weights (wi) as 
well as parameter estimates (β) and their standard errors are presented. Model fit for the most highly parameterized model in each set is given as deviance 
explained or R2, respectively. See Appendix F for complete modeling results. 

Model description K log(L) AICc Δi wi  β0 SE β1 SE β2 SE β3 SE 

Species richness                
0.5 km-landscape (% dev. = 0.73)               
     Distance to mainland 2 -24.67 54.83 0 0.569  3.182 0.368 -0.150 0.059     
     Edge density 2 -25.59 56.68 1.85 0.226  2.245 0.099 -0.014 0.007     
1 km-landscape (% dev. = 0.81)               
     Forest cover 2 -23.70 52.90 0 0.661  0.514 0.650 0.451 0.162     
     Distance to mainland 2 -24.67 54.83 1.93 0.252  3.182 0.368 -0.150 0.059     
1.5 km-landscape (% dev. = 0.88)               
     Forest cover 2 -23.46 52.42 0 0.710  0.871 0.516 0.300 0.106     
     Distance to mainland 2 -24.67 54.83 2.41 0.212  3.182 0.368 -0.150 0.059     

Species composition               
0.5 km-landscape (R2 = 0.81)               
     Distance to mainland 3 0.13 9.17 0 0.518  -0.790 0.345 0.170 0.052     
     Edge density 3 -0.37 10.16 0.99 0.316  0.298 0.083 0.017 0.006     
     Edge density + mean patch  
     size + forest cover 

5 4.79 12.42 3.24 0.102  0.773 0.340 0.024 0.005 0.032 0.012 -0.170 0.119 

1 km-landscape (R2 = 0.84)               
     Forest cover 3 4.46 0.51 0 0.982  2.239 0.334 -0.511 0.088     
1.5 km-landscape (R2 = 0.86)               
     Forest cover 3 5.08 -0.74 0 0.989  1.781 0.243 -0.329 0.053     
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landscape metrics besides local-scale variables, the best ranking model was amount of forest 

cover in the landscape. It was also the most likely with Akaike weights of 0.661 and 0.710, 

respectively, compared to the model ranked second in terms of Δi, distance to the mainland 

(wi = 0.252 and 0.210, respectively). For species composition, amount of forest cover was the 

single best model selected receiving overriding support (wi > 0.98) at the two larger spatial 

scales examined. In contrast, at the 0.5-km scale, distance from the mainland was again the 

best predictor of species composition on islands (wi = 0.518). However, there were two other 

plausible models in this set, one single-process model containing edge density that was only 

1.6 times less likely (wi = 0.316) and one model examining additive effects among landscape 

characteristics that also received some degree of support (wi = 0.102) but was about 5 times 

less likely than the top ranked model. 
 

Discussion 
General aspects 

Our analyses revealed strong contrasts in bat assemblages between continuous forest 

and islands in terms of species abundance patterns and community-level attributes and 

identified isolation as the main factor underlying phyllostomid bat responses. Sites in 

continuous forest were characterized by higher species richness and evenness while islands 

harbored a less diverse and structurally simplified bat fauna, a pattern consistent with 

previous studies in other disturbed or fragmented systems (Cosson et al. 1999, Sampaio 2000, 

Medellín et al. 2000). Isolated islands far away from the mainland were especially species-

poor and this decline in species richness was associated with a marked shift in species 

composition. The influence of isolating distance on species richness has earlier been 

demonstrated by Estrada et al. (1993) for forest remnants in agricultural habitats, i.e. systems 

with low fragment-matrix contrast. Similarly, we found that near islands still retained 

surprisingly species-rich assemblages. This suggests that, provided a low degree of remnant 

isolation and spatial proximity to larger tracts of continuous forest, small habitat remnants 

may act as stepping stones, enhance exchange of individuals and permit local population 

persistence of phyllostomid bats even when these fragments are embedded in a hostile matrix 

(Albrecht et al. in press). 
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Assemblage patterns 

Compared to studies conducted in systems with low fragment-matrix contrast our 

study revealed some interesting differences despite broadly similar patterns with respect to 

bat community-level attributes. Responses, as hypothesized, were often stronger probably 

due to the particular nature of the matrix. Gleaning animalivores were the most adversely 

affected supporting other studies (Fenton et al. 1992, Sampaio 2000, Schulze et al. 2000, 

Pons and Cosson 2002, Clarke et al. 2005). The majority of species were markedly reduced in 

abundance or absent altogether from the islands and several species showed a negative 

response even toward edge habitats in continuous forest (see below). Causes for this 

fragmentation sensitivity may include a variety of factors likely acting in concert, including 

insufficient resources in fragments, often specialized foraging strategies and, for certain 

species, specific roosting requirements (e.g. Kalko et al. 2006), as well as limited mobility 

due to morphological constraints (Estrada and Coates-Estrada 2002, Clarke et al. 2005). The 

latter may be the primary reason why none of the larger gleaning animalivores was caught on 

far, isolated islands as these species are adapted for slow maneuverable flight inside dense 

vegetation. This makes prolonged commuting flights over an unsuitable matrix habitat 

energetically costly. Limited dispersal capacity has also been considered a key factor 

determining the sensitivity of insectivorous birds to fragmentation (Sekercioglu et al. 2002). 

Micronycteris microtis, a small 5-7 g bat, was the only gleaning animalivore not 

negatively affected. On the contrary, it was much more frequently caught on islands than in 

continuous forest (Fig. 4a). Radiotracking indicates that M. microtis has very small area 

requirements, probably due to its very effective foraging strategy (Albrecht et al. in press). 

This and the presence of colonies of M. microtis on some of the islands suggests that these 

bats may be able to persist in small, isolated habitat remnants for quite a long time. 

In contrast to gleaning animalivores we found frugivores to be much more abundant 

on the islands than on the mainland. This was almost entirely due to a pronounced increase in 

the capture rates of A. jamaicensis and U. bilobatum both of which were particularly common 

on far islands (Fig 4a). This corroborates several other studies that have demonstrated an 

increase in the abundance of a few frugivorous species following fragmentation or 

disturbance (Sampaio 2000, Medellín et al. 2000, Clarke et al. 2005) but contrasts with the 

findings of Cosson et al. (1999) who studied phyllostomid bat assemblages on land-bridge 

islands in French Guiana. They reported an overall large reduction in bat abundance after 

fragmentation and no noticeable increase in the abundance of any particular species. As 

Cosson et al. (1999) examined short-term responses of bats immediately following 
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fragmentation the time frame may not have been long enough for fragmentation effects to be 

fully exhibited. Empirical evidence is mounting that short- to medium-term time lags in 

species responses are ubiquitous (Ewers and Didham 2006). Although no comparative data 

are available for bats, community-relaxation has been estimated to occur over time scales of 

several decades for other long-lived taxa such as birds (Ferraz et al. 2003). While bat 

assemblages on Gatún Lake islands, which are > 90 years old, have likely reached an 

equilibrium species richness and composition, bat assemblages on the islands studied by 

Cosson et al. (1999) are probably still undergoing relaxation, which might explain, at least in 

part, the contrasting responses observed in terms of species abundances. 

Schulze et al. (2000) also reported lower capture rates of large frugivorous 

phyllostomids in forest fragments near Tikal, Guatemala, and attributed this to reduced 

abundance of mature forest tree species and hence fruit availability. Our data, in contrast, 

suggest that the study islands constitute profitable resource patches at least for the more 

mobile frugivorous bats. Figs (Ficus spp.), which form the core diet of many frugivorous 

phyllostomids (Giannini and Kalko 2004), occur on the islands at high densities (C. Meyer, 

unpublished data). On numerous occasions a single fruiting fig tree was responsible for 

attracting hundreds of bats, predominantly A. jamaicensis, to a particular island. This is 

reflected in the fact that presence or absence of fruiting trees rather than the index of fruit 

abundance was found to be a significant covariate associated with nightly capture rates. 

In frugivorous phyllostomids long-range detection of fruiting fig trees is likely 

mediated by olfaction whereby the bats are attracted by the distinct odor plume associated 

with the synchronous production of large fruit crops (e.g. Kalko et al. 1996). One could 

speculate that fruiting trees that occur in small, distinct habitat patches may be easier to detect 

than those in larger expanses of continuous forest, which could explain why the bats made 

such extensive use of the islands. A high proportion of extra-site recaptures in A. jamaicensis 

(C. Meyer, unpublished data) points to frequent movements across the fragmented landscape 

and suggests that these bats regularly include multiple fragments in their foraging range, as 

has been suggested by other authors (Estrada et al. 1993, Schulze et al. 2000). 

Limited mobility probably is the main factor responsible for the low capture rates of 

many of the smaller frugivorous bats such as Chiroderma villosum, A. watsoni, V. nymphaea 

and V. pusilla on far islands. Two understory fruit-eating bats common in mainland forest, 

Carollia perspicillata and C. castanea, which specialize to different degrees on fruits of 

Piper spp. (Thies and Kalko 2004), also had overall lower capture rates on islands. However, 

the smaller C. castanea was much more affected by habitat isolation as it was never caught 
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on any of the far islands except the largest one, León, while C. perspicillata was caught 

occasionally even on the most isolated islands. This difference in mobility is supported by 

our recapture data and radiotracking studies (e.g. Bernard and Fenton 2003). The fact that 

Piper is rather uncommon on most islands (C. Meyer, unpublished data) may hence be a 

direct consequence of limited seed dispersal events because of the bats’ reluctance to traverse 

the hostile matrix although constraints regarding abiotic conditions may also contribute to 

this pattern. Contrasting abundance patterns have been observed in fragmented landscapes in 

the Amazon lowland where forest remnants are surrounded by regrowth that provides 

additional food resources, augmenting the abundance of shrub frugivores like Carollia 

(Sampaio 2000). Our results thus confirm the idea that matrix quality and a species’ ability to 

utilize resources in the matrix can alter the intensity of observed fragmentation effects (Ewers 

and Didham 2006). 

Strikingly higher capture rates on islands relative to mainland interior sites 

substantiate previous findings that the nectarivorous G. soricina is able to adapt well to 

disturbed and fragmented habitats as has already been documented for other sites, although 

quantitatively not to this extent (Estrada and Coates-Estrada 2002, Clarke et al. 2005). The 

notion that disturbed, secondary forest on the islands may sustain overall higher levels of 

flower production compared to mainland forest seems an unlikely explanation for the 

observed abundance pattern given that most G. soricina were caught during the rainy season 

when flower production is low. However, like most frugivores, nectarivorous phyllostomids 

have rather generalized habitat requirements and are dietary generalists, often with the ability 

to adapt to seasonal changes in the availability of their main food types (Patterson et al. 

2003). This flexibility is probably a preadaptation that enables them to survive well in 

human-modified landscapes (Estrada and Coates-Estrada 2002, Clarke et al. 2005). 

Our results hint at limited dispersal being a major cause underlying the decline of 

many bat species on our distant study islands. It has been proposed that habitat fragmentation 

may lead to local selection pressures that simultaneously favor both ends of the spectrum of 

dispersal ability (Ewers and Didham 2006) as has for instance been demonstrated for 

butterfly species (Thomas 2000). Our findings agree with this insofar as highly mobile 

species like A. jamaicensis or U. bilobatum on the one end, and species with very small home 

ranges such as M. microtis, on the other end were not negatively affected by fragmentation. 

In the case of the latter species this may simply reflect that fact that due to its foraging 

strategy it is able to acquire sufficient resources even within small fragments and hence 

doesn’t have to move. In contrast, we found species with intermediate mobility like many 
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larger gleaning animalivores whose resource requirements cannot be met on a particular 

island or some of the smaller frugivores, which feed on patchily distributed resources to be 

more likely to decline in abundance, especially on isolated islands. These species may be 

more prone to dispersal-related mortality, e.g. due to increased predation risk in open areas. 

 

Response to forest edges 

Responses of animals to forest edges vary greatly both in terms of direction of 

response (positive, negative or no effect) as well as among and within taxa (Laurance et al. 

2002, Ewers and Didham 2006). While our data show marked changes in bat species richness 

and assemblage structure between islands and the mainland, our results provide only limited 

evidence for a distinct edge-interior-gradient in continuous forest with respect to bat 

assemblage attributes. Standardized species richness was significantly higher for mainland 

interior compared to edge sites, however, rank-abundance distributions were 

indistinguishable and no significant differences were found for species composition. 

Similarly, Campi & MacNally (2001), studying responses of bird assemblages to forest-

agricultural land edges in large forest blocks in southeastern Australia, found abrupt changes 

in species richness and assemblage composition from open country to forest but only little 

evidence of an avifaunal gradient from interior to edge habitats. Changes in species 

composition might generally be hard to detect due to the fact that they are a composite of 

individual species responses, which can be extremely varied (Ewers and Didham 2006). 

Certain bat species and foraging guilds indeed appeared to respond to forest edges. 

Species that exhibited high matrix tolerance also were edge-tolerant, consistent with our 

predictions, whereas species that were absent or less common on islands typically also had 

lower capture rates at edge sites. Some gleaning animalivores, most notably T. saurophila, T. 

cirrhosus, M. hirsuta and L. silvicolum seem to be edge-sensitive as indicated by an often 

pronounced decrease in capture rates relative to forest interior sites (Fig. 4). Lampronycteris 

brachyotis was exclusively caught at interior sites, however, too few captures were obtained 

for this to be conclusive evidence of edge-avoidance. On the other hand, of the species for 

which data were sufficient, the frugivores U. bilobatum and A. jamaicensis as well as the 

nectarivorous G. soricina can be classified as edge-preferring based on their higher capture 

rates at edge sites (Fig. 4).  

While comparative studies on bats are lacking, our findings are largely congruent with 

results from studies on tropical birds which have also reported lower species richness at edges 

and a more or less pronounced shift in guild composition with frugivores and nectarivores 
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typically being more abundant and many gleaning insectivores being less common at forest 

edges (Restrepo and Gomez 1998, Dale et al. 2000, Laurance et al. 2004, but see Watson et 

al. 2004b). In birds, changes in habitat structure and concurrent alterations in microclimatic 

conditions at forest edges have been shown to be linked to edge-sensitivity (Watson et al. 

2004b). In the present study, however, mainland interior and edge sites were characterized by 

similar forest structure and variation in structural heterogeneity among those sites was found 

to have little influence on bats, at least at the assemblage level. The observed effects on the 

level of individual species or guilds may therefore be a corollary of species-specific 

responses to changes in the abundance or distribution of certain resources rather than 

structural features of the habitat. For gleaning insectivores, changes in the densities of their 

preferred arthropod prey, e.g. katydids, with distance from the forest edge could underlie the 

particular edge-sensitivity exhibited by this group. 

Edge effects have been shown to change over various temporal scales (Restrepo and 

Gomez 1998, Laurance et al. 2002). Further insight into how bats are affected by habitat 

edges may therefore be gained by addressing the influence of edge dynamics in future 

studies. 

 

Bat fauna – environment associations: Importance of local vs. landscape characteristics 

and scale dependence 

Our results corroborate the findings of Gorresen & Willig (2004) and Gorresen et al. 

(2005) that responses of bats to characteristics of fragmented landscapes are sensitive to 

scale. Species richness and structure of phyllostomid assemblages on the study islands were 

most strongly determined by distance from the mainland and the amount of forest cover in 

the surrounding landscape, with the former being the prominent factor at the smallest spatial 

scale examined and the latter becoming more important toward larger spatial scales. Fahrig 

(2003) argued that negative edge effects could translate into a negative effect of 

fragmentation per se at the landscape scale because it increases the amount of edge in the 

landscape. Our modeling results agree with this notion to some degree on the smallest spatial 

scale as edge density, although being less likely than the most likely factor, distance from the 

mainland, still received considerable support. Our finding of a lack of a clear species-area 

relationship and overall dominant distance effect in governing species richness on islands at 

local scales may be explained by at least two, likely interacting effects. First, our results 

support the existence of a “small island effect”, i.e. the tendency for species-area 

relationships to be weak or non-significant for groups of small isolates (Whittaker 2000, 
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Lomolino 2000, Lomolino and Weiser 2001, Turner and Tjørve 2005). Small island effects 

may become apparent at a range of island sizes where resource levels are insufficient to 

maintain populations of most species and where habitat characteristics, episodic disturbances, 

and isolation are much more likely to determine how many and which species are able to 

maintain populations (Lomolino 2000, Lomolino and Weiser 2001). In our study system, the 

range of island sizes compared to levels of isolation was rather small (the largest island 

sampled being 50 ha and most islands being < 20 ha), hence supporting the idea of a small 

island effect in our particular case. Secondly, the fact that isolation distance was found to be 

much more important than island area in determining bat species richness at the patch-level 

may also be directly related to the type of matrix in this study. Due to the inherent 

inhospitableness of water, i.e. its property to act as a fine-pored selective filter, which only a 

subset of the more mobile forest-dependent bat species appear to be able to pass, area effects 

might be partly masked and not be strong enough to manifest themselves at local scales. 

Interestingly, our findings contrast with those for birds in the same study system for which 

species richness has been found to be positively correlated with island area (R. Moore, pers. 

comm.). Bat species richness was positively associated with area, i.e. the amount of forest 

cover in the surrounding landscape, at larger spatial scales. Many species appear to have 

minimum area requirements, which, however, for the majority of tropical bat species, have 

not been estimated quantitatively or remain poorly known. Nonetheless, larger areas can 

generally be expected to meet the minimum area requirements of more species, resulting in 

increases in species richness with area (Lomolino 2000, Turner and Tjørve 2005). 

Although local vegetation structure has been documented to be a potentially strong 

determinant of species diversity and composition in many study systems and for a variety of 

different taxa including bats (Schmiegelow et al. 1997, Raman and Sukumar 2002, Erickson 

and West 2003, but see Graham and Blake 2001), we found no evidence for bats on our study 

islands to respond to structural heterogeneity with respect to community-level attributes, 

probably because overall variation in vegetation structure among islands was low. However, 

variation in forest structure was important to a certain degree in separating mainland from 

island bat assemblages. Islands that contained relatively mature forest (Tres Almendras, Pato 

Horqueta, León) were more species-rich and resembled more closely mainland assemblages 

in terms of species composition than islands with younger forest (Fig. 5b). 

Overall, our modeling results point to habitat loss rather than fragmentation effects 

per se, i.e. the breaking apart of habitat and associated changes in landscape configuration 

(Fahrig 2003) such as increased edge density, being the main process after isolation 
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underlying phyllostomid bat responses on Gatún Lake islands. This concurs with the findings 

from a recent review by Fahrig (2003) who argued that in most studies the effects of 

fragmentation per se are absent or too weak to be detected or may only become apparent at 

low levels of habitat amount suggesting that conservation efforts that attempt to minimize 

fragmentation for a given amount of habitat may often be inadequate. 

 

Implications for conservation 

The forested islands surrounded by a homogeneous aquatic matrix can be viewed as 

analogs of anthropogenic landscapes with patches of forest embedded in heavily grazed 

pasture without trees or bushes, i.e. can be construed to represent a ‘worst-case’-scenario. 

The fact that even small islands embedded in such a hostile matrix can support a relatively 

diverse bat fauna, provided a low degree of patch isolation and spatial proximity to larger 

blocks of continuous forest, has important ramifications for reserve design and conservation 

planning. Our findings add to the growing evidence that small habitat remnants are of 

substantial conservation value for a variety of animals including mobile groups such as bats 

(Turner and Corlett 1996, Gorresen and Willig 2004). Furthermore, our study emphasizes the 

importance of considering both structural and functional connectivity in determining 

responses to fragmentation (see, e.g., Uezu et al. 2005). Long-term metapopulation 

persistence in fragmented landscapes requires individuals to cross habitat boundaries and 

disperse between remnant patches. Those phyllostomid bats that exhibit high mobility and are 

not reluctant to move through deforested areas around fragments can link small populations 

that would otherwise be isolated and prone to local extinction, enhance the “rescue-effect” 

(Brown and Kodrick-Brown 1977), therefore improve the survival chances of many forest-

dependent bats in fragmented neotropical landscapes and assure the continued functioning of 

ecosystem services provided by these animals. 
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Appendices for Ecological Archives 

Appendix A: Summary of the vegetation characteristics of the study islands in Gatún Lake and adjacent mainland sites. Given are summary statistics (mean ± 
SE) for all sites as well as separately for each site category. Significant differences (P < 0.05, ANOVA, Tukey’s HSD) among site categories are denoted as 
superscripts. Also given are the results of vector fitting of individual forest structure variables on NMDS ordination axes (P-values based on 1,000 
permutations). 
  

Variable Mean Min Max  Mainland Islands F P  Vector fitting 

 (SE)    Interior Edge Near Far    r2 P 

Tree density/ha 441.9 

(33.5) 

271.1 676.6  343.3 

(50.3)a 

365.6 

(31.0)a 

591.6 

(45.2)b 

404.5 

(50.2)a 

5.27 0.013  0.65 0.001 

Basal area (m2/ha) 31.7 

(3.0) 

15.2 56.7  30.0 

(4.8) 

37.0 

(4.0) 

32.4 

(6.4) 

29.3 

(6.3) 

0.25 0.860  0.89 <0.001 

No. of poles/ha 1124.7 

(96.0) 

608.0 1867.3  876.8 

(93.2) 

825.2 

(42.4) 

1315.2 

(162.8) 

1239.6 

(199.8) 

1.73 0.211  0.70 <0.001 

No. of saplings/subplot 17.0 

(1.5) 

5.4 24.7  19.9 

(0.9) 

19.5 

(1.9) 

15.1 

(3.9) 

15.8 

(2.8) 

0.54 0.661  0.88 <0.001 

Canopy height (m) 19.8 

(0.9) 

13.9 25.1  23.6 

(0.6) 

22.1 

(1.6) 

16.9 

(1.4) 

19.1 

(1.6) 

3.39 0.051  0.74 <0.001 

Canopy cover (%) 95.5 

(0.3) 

93.1 97.6  94.2 

(0.7) 

95.3 

(0.7) 

95.2 

(0.5) 

96.4 

(0.3) 

3.34 0.053  0.15 0.332 

Vertical heterogeneity 4.2 

(0.2) 

2.8 5.2  4.3  (0.8) 4.7  (0.2) 4.0 (0.3) 4.1 (0.2) 0.59 0.635  0.29 0.097 

Horizontal heterogeneity 0.3 

(0.0) 

0.1 0.6  0.3  (0.1) 0.2  (0.1) 0.3 (0.0) 0.3 (0.0) 0.62 0.612  0.04 0.742 
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Appendix B: List of bat species recorded and number of captures obtained in this study. Also presented 
are captures of non-phyllostomid bats, which were not included in the analyses. Taxonomy follows 
Simmons (2005). 
Taxon Abbreviation Guild# Mainland  Islands Total 

   Interior Edge  Near Far  

Phyllostomidae         

   Carolliinae         

     Carollia brevicauda Cbre FRUG 1 1  0 0 2 

     Carollia castanea Ccas FRUG 57 36  12 2 107 

     Carollia perspicillata Cper FRUG 41 18  13 59 131 

   Desmodontinae         

     Desmodus rotundus Drot SANG 3 4  0 0 7 

   Glossophaginae         

     Glossophaga soricina Gsor NECT 6 8  27 136 177 

   Phyllostominae         

     Lampronycteris brachyotis Lbra OMNI 4 0  0 0 4 

     Lophostoma silvicolum Lsil GLAN 24 16  7 0 47 

     Mimon crenulatum Mcre GLAN 9 5  0 0 14 

     Micronycteris hirsuta Mhir GLAN 10 2  3 3 18 

     Micronycteris microtis Mmic GLAN 3 3  7 20 33 

     Micronycteris schmidtorum Msch GLAN 0 1  0 0 1 

     Phylloderma stenops Pste FRUG 7 2  0 0 9 

     Phyllostomus discolor Pdis NECT 1 2  1 0 4 

     Phyllostomus hastatus Phas OMNI 6 10  1 1 18 

     Trachops cirrhosus Tcir GLAN 12 2  0 0 14 

     Trinycteris nicefori Tnic GLAN 3 1  2 0 6 

     Tonatia saurophila Tsau GLAN 34 7  7 0 48 

     Vampyrum spectrum Vspe GLAN 1 0  0 0 1 

   Stenodermatinae         

     Artibeus jamaicensis Ajam FRUG 718 869  1010 3560 6157 

     Artibeus lituratus Alit FRUG 120 116  235 143 614 

     Artibeus phaeotis Dpha FRUG 7 10  11 10 38 

     Artibeus watsoni Dwat FRUG 72 41  36 12 161 

     Centurio senex Csen FRUG 1 1  7 6 15 

     Chiroderma villosum Cvil FRUG 12 6  42 2 62 

     Lonchophylla robusta Lrob NECT 0 1  0 0 1 
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Appendix B: continued       

Taxon Abbreviation Guild# Mainland  Islands Total 

   Interior Edge  Near Far  

     Platyrrhinus helleri Phel FRUG 6 0  33 8 47 

     Uroderma bilobatum Ubil FRUG 20 39  143 170 372 

     Vampyrodes caraccioli Vcar FRUG 30 28  26 0 84 

     Vampyressa mymphaea Vnym FRUG 6 9  4 0 19 

     Vampyressa pusilla Vpus FRUG 15 16  45 9 85 

Emballonuridae         

     Centronycteris maximiliani Cmax AEIN 0 1  2 0 3 

     Cormura brevirostris Cbrev AEIN 0 0  3 0 3 

     Diclidurus albus Dalb AEIN 0 0  0 1 1 

     Saccopteryx bilineata Sbil AEIN 3 10  4 8 25 

     Saccopteryx leptura Slep AEIN 1 5  3 1 10 

Mormoopidae         

     Pteronotus parnellii Ppar AEIN 24 8  5 18 55 

Noctilionidae         

     Noctilio leporinus Nlep TRIN 0 0  0 2 2 

Vespertilionidae         

     Lasiurus ega Lega AEIN 1 0  0 0 1 

     Rhogeessa tumida Rtum AEIN 3 0  2 0 5 

 
#AEIN = aerial insectivore, FRUG = frugivore, GLAN = gleaning animalivore, NECT = nectarivore, 

OMNI = omnivore, SANG = sanguivore, TRIN = trawling insectivore/piscivore 
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Appendix C: Species-accumulation curves for bats captured on islands in Gatún Lake and at 
mainland sites. The sample order was randomized 1,000 times to smooth curves. Also indicated is the 
estimated mean number of species (± SD) based on the Jackknife 1 estimator. 
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Appendix D: Results of vector fitting of forest structure variables on non-metric multidimensional 
scaling axes of the ordination of bat assemblages (P-values are based on 1,000 permutations). 
NMDS1 and 2 are the direction-cosines of the vectors. 
 

Variable NMDS1 NMDS2 r2 P 

Tree density 0.235 0.972 0.11 0.432 

Basal area -0.260 -0.966 0.38 0.031 

No. of poles 0.380 0.925 0.31 0.067 

No. of saplings -0.376 0.927 0.15 0.340 

Canopy height -0.701 -0.713 0.42 0.028 

Canopy closure 0.974 0.224 0.23 0.150 

Vertical heterogeneity -0.980 -0.198 0.03 0.820 

Horizontal heterogeneity -0.047 0.999 0.10 0.487 

 
 
 
 
Appendix E: Guild species richness (S), number of bat captures (N) and percent relative abundance 
(corrected for sampling effort) of bat guilds in continuous forest and on islands in Gatún Lake, 
Panama. 
 

Mainland  Islands 

Interior  Edge  Near  Far 

Guild# 

S N %  S N %  S N %  S N % 

FRUG 15 1113 91  14 1192 95  13 1617 97  11 3981 96 

GLAN 8 96 8  8 37 3  5 26 2  2 23 1 

NECT 2 7 1  3 11 1  2 28 2  1 136 3 

OMNI 2 10 1  1 10 1  1 1 0  1 1 0 

SANG 1 3 0  1 4 0  0 0 0  0 0 0 

# FRUG = frugivore, GLAN = gleaning animalivore, NECT = nectarivore, OMNI = omnivore,  

SANG = sanguivore 
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Appendix F: Generalized linear model selection results for examining the association between, 
respectively bat species richness and assemblage composition on Gatún Lake islands, and local-scale 
characteristics and landscape-level metrics for three different focal scales. For each candidate model, 
the number of estimable parameters (K), log-likelihood (Log-L), sample-size adjusted Akaike 
Information Criterion (AICc), Akaike differences (Δi), and Akaike weights (wi) are presented. 
 

Model description K log(L) AICc Δi wi 

Species richness       
0.5 km-landscape      
     Distance to mainland 2 -24.67 54.83 0 0.569 
     Edge density 2 -25.59 56.68 1.85 0.226 
     Total edge 2 -26.65 58.80 3.97 0.078 
     Mean patch size 2 -27.44 60.37 5.54 0.036 
     Forest cover 2 -27.48 60.47 5.64 0.034 
     Island area 2 -27.55 60.61 5.78 0.032 
     Landscape-level metrics 4 -23.86 62.39 7.56 0.013 
     Patch-level metrics 4 -24.35 63.36 8.53 0.008 
     Forest structure 3 -27.41 64.25 9.42 0.005 
     Patch-level metrics+Forest structure 6 -23.08 79.16 24.33 0.000 
     Patch-level metrics+landscape-level metrics 7 -23.82 98.98 44.15 0.000 
1 km-landscape      
     Forest cover 2 -23.70 52.90 0 0.661 
     Distance to mainland 2 -24.67 54.83 1.93 0.252 
     Total edge 2 -26.65 58.80 5.90 0.035 
     Island area 2 -27.55 60.61 7.71 0.014 
     Edge density 2 -27.65 60.81 7.91 0.013 
     Mean patch size 2 -27.66 60.81 7.91 0.013 
     Landscape-level metrics 4 -23.66 61.98 9.08 0.007 
     Patch-level metrics 4 -24.35 63.36 10.46 0.004 
     Forest structure 3 -27.41 64.25 11.35 0.002 
     Patch-level metrics+Forest structure 6 -23.08 79.16 26.26 0.000 
     Patch-level metrics+landscape-level metrics 7 -23.40 98.13 45.23 0.000 
1.5 km-landscape      
     Forest cover 2 -23.46 52.42 0 0.710 
     Distance to mainland 2 -24.67 54.83 2.41 0.212 
     Total edge 2 -26.65 58.80 6.39 0.029 
     Edge density 2 -27.53 60.56 8.14 0.012 
     Island area 2 -27.55 60.61 8.19 0.012 
     Mean patch size 2 -27.62 60.75 8.33 0.011 
     Landscape-level metrics 4 -23.26 61.18 8.76 0.009 
     Patch-level metrics 4 -24.35 63.36 10.94 0.003 
     Forest structure 3 -27.41 64.25 11.83 0.002 
     Patch-level metrics+Forest structure 6 -23.08 79.16 26.75 0.000 
     Patch-level metrics+landscape-level metrics 7 -22.99 97.31 44.89 0.000 
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Appendix F: continued      

Model description K log(L) AICc Δi wi 
Species composition      
0.5 km-landscape      
     Distance to mainland 3 0.13 9.17 0 0.518 
     Edge density 3 -0.37 10.16 0.99 0.316 
     Landscape-level metrics 5 4.79 12.42 3.24 0.102 
     Total edge 3 -2.63 14.69 5.51 0.033 
     Forest cover 3 -3.94 17.30 8.13 0.009 
     Mean patch size 3 -4.09 17.61 8.44 0.008 
     Island area 3 -4.10 17.62 8.45 0.008 
     Patch-level metrics 5 1.73 18.53 9.36 0.005 
     Forest structure 4 -3.61 21.90 12.72 0.001 
     Patch-level metrics+forest structure 7 8.12 35.10 25.92 0.000 
     Patch-level metrics+landscape-level metrics 8 4.96 78.08 68.91 0.000 
1 km-landscape      
     Forest cover 3 4.46 0.51 0 0.982 
     Distance to mainland 3 0.13 9.17 8.66 0.013 
     Landscape-level metrics 5 5.13 11.74 11.23 0.004 
     Total edge 3 -2.63 14.69 14.17 0.001 
     Island area 3 -4.10 17.62 17.11 0.000 
     Mean patch size 3 -4.11 17.64 17.13 0.000 
     Edge density 3 -4.13 17.68 17.17 0.000 
     Patch-level metrics 5 1.73 18.53 18.02 0.000 
     Forest structure 4 -3.61 21.90 21.38 0.000 
     Patch-level metrics+forest structure 7 8.12 35.10 34.58 0.000 
     Patch-level metrics+landscape-level metrics 8 5.90 76.19 75.68 0.000 
1.5 km-landscape      
     Forest cover 3 5.08 -0.74 0 0.989 
     Distance to mainland 3 0.13 9.17 9.91 0.007 
     Landscape-level metrics 5 5.65 10.69 11.43 0.003 
     Total edge 3 -2.63 14.69 15.42 0.000 
     Edge density 3 -3.87 17.16 17.90 0.000 
     Island area 3 -4.10 17.62 18.36 0.000 
     Mean patch size 3 -4.13 17.68 18.42 0.000 
     Patch-level metrics 5 1.73 18.53 19.27 0.000 
     Forest structure 4 -3.61 21.90 22.63 0.000 
     Patch-level metrics+forest structure 7 8.12 35.10 35.83 0.000 
     Patch-level metrics+landscape-level metrics 8 6.78 74.45 75.19 0.000 
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The study islands in Gatún Lake:  
• View from Barro Colorado Island towards the Las 

Brujas archipelago (top left) 

• Part of the Tres Almendras island group with Juan 
Gallegos in the back (top right) 

• View of Isla Guanabano during the dry season 
(above) 

• Secondary forest on Isla Guanabano (right) 
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A motor boat was used to reach the study sites and to transport field equipment (top left). Bats were captured 
using a high net wall to sample bats flying in higher forest strata (top right and middle left) in combination with 
several mist nets set in the forest understory (middle right), a method that proved very effective (bottom left). 
Captured bats were transported to the field camp and kept in cloth bags until further processing (bottom right). 
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Potpourri of bat species caught during 
the study. Top left to bottom right:  
• Artibeus jamaicensis (2x) 
• Artibeus lituratus  
• Trinycteris nicefori  
• Dermanura phaeotis 
• Diclidurus albus  
• Mimon crenulatum 
• Dermanura watsoni 
• Lasiurus ega  
• Micronycteris microtis 
• Vampyrodes caraccioli 
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Bat assemblages on Neotropical land-bridge islands: nested subsets and 

null model analyses of species co-occurrence patterns 
 

Christoph F. J. Meyer1 & Elisabeth K. V. Kalko1,2 
1Experimental Ecology, University of Ulm, Albert-Einstein Allee 11, 89069 Ulm, Germany 

2Smithsonian Tropical Research Institute, P.O. Box 0843-03092, Balboa, Panama 
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Abstract. - A fundamental goal of ecology is to understand whether ecological 
communities are structured according to general assembly rules or whether 
community organization is essentially dictated by random processes. In the context 
of habitat fragmentation, understanding community assembly patterns and their 
mechanistic basis also has important implications for conservation. Using 
distribution data of 20 phyllostomid bat species collected on a set of 11 land-bridge 
islands in Gatún Lake, Panama, we employed null model analysis to test for patterns 
of non-randomness in presence-absence matrices with respect to two assembly rule 
models: nestedness and negative species co-occurrence. We examined the causal 
basis for the observed patterns and conducted separate analyses for the entire 
assemblage and for various species submatrices reflecting differences in species’ 
trophic position (phytophagous vs. animalivorous) and mobility (high vs. low). 
Furthermore, we explored the influence of weighting factors (island area, isolation, 
abundance) on co-occurrence analyses by comparing different alternative 
randomization algorithms. Unweighted analyses revealed a significant negative co-
occurrence pattern for the entire assemblage and for phytophagous bats alone. 
Weighting analyses by island isolation retained a pattern of species segregation for 
the whole assemblage but nullified the non-random structure for phytophagous bats 
and suggested negative species associations for animalivores and species with low 
mobility. Area- and abundance-weighted analyses always suggested random 
structuring. Phyllostomid bat distributions followed a nested subset structure across 
islands, regardless of whether all species or different submatrices were analyzed. 
Rank correlations between matrix reorganization vectors and extrinsic factors 
showed that nestedness was in all cases unrelated to island area but weakly 
correlated with island isolation for incidence matrices of all species, phytophagous 
bats, and mobile species. Overall, our findings indicate that bat assemblages on our 
study islands are most strongly shaped by isolation effects and species’ differential 
movement and colonization ability. On the other hand, evidence for negative 
interspecific interactions indicative of competitive effects was weak, corroborating 
previous studies based on ecomorphological analyses. 
 
Key-words: assembly rules, bats, Chiroptera, community organization, habitat 
fragmentation, land-bridge islands, nested subsets, null models, Panama, species 
co-occurrence 
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Introduction 
The question whether communities are shaped predominantly by biotic interactions 

such as competition or are randomly assembled from species pools has been pondered by 

ecologists for decades (Weiher and Keddy 1999). Ever since Diamond (1975) in his seminal 

paper on assembly of insular communities posited that faunal assemblages are competitively 

structured, the identification and explanation of non-random patterns in assemblage 

composition has been a central theme in community ecology. Moreover, knowledge of 

patterns and causes of species distribution in insular biotas has been central in providing 

guidelines to biodiversity conservation, e.g. concerning reserve design (Whittaker 1998). 

Diamond’s controversial assembly rules model has been the focus of a long-standing and 

intense debate centered mainly around theoretical and statistical aspects (cf. Gotelli and 

McCabe 2002). In a recent meta-analysis, Gotelli and McCabe (2002) demonstrated for a 

variety of taxa that species co-occurrence is usually less than expected by chance hence 

lending support to Diamond’s proposition that competitive interactions play a generally 

important role in structuring many species assemblages. Most recently, tests for patterns in 

biogeography and species co-occurrence have also been extended to include neutral models 

(Ulrich 2004; Gotelli and McGill 2006), which posit ecological equivalence among species 

and argue for random processes shaping local and regional community structure (Hubbell 

2001). Apart from Diamond’s assembly rules a range of other patterns of community non-

randomness has been suggested and examined, including Fox’s favored states model (Fox 

and Brown 1993), core-satellite organization (Hanski 1982; Ulrich and Zalewski 2006), and 

species nestedness (Patterson and Atmar 1986; Wright et al. 1998). 

Nestedness is a pattern frequently reported for faunal assemblages in natural or 

anthropogenically fragmented systems and has been documented for a broad range of taxa 

(cf. review by Wright et al. 1998). Assemblages exhibit a nested distributional pattern when 

the species present at species-poor sites constitute subsets of those from progressively 

species-rich sites, rather than a random draw of those present in the entire regional species 

pool (Patterson and Atmar 1986). Nested subset theory has received considerable attention 

regarding its relevance to biodiversity management and conservation, concerning its potential 

to identify fragmentation-sensitive species, but particularly as it relates to the SLOSS-debate 

(single large or several small) regarding reserve design where its utility, however, appears to 

be limited (Patterson 1987; Boecklen 1997; Fischer and Lindenmayer 2005; Martínez-

Morales 2005). 
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In contrast to Diamond’s assembly rules model, nested subset theory does not invoke 

competition as the structuring mechanism underlying community assembly. Instead, nested 

patterns in species assemblages are thought to arise as a result of species’ differential 

colonization or extinction, nested habitat structure, passive sampling, as well as distance or 

area effects (Wright et al. 1998). Nestedness appears to be particularly characteristic of 

extinction-dominated systems such as habitat fragments or land-bridge islands undergoing 

faunal relaxation, where species loss has been observed to occur in a predictable order based 

on species’ differential extinction vulnerability (Patterson and Atmar 1986; Wright et al. 

1998). 

In this study, we used null model analyses (Gotelli and Graves 1996) to test for 

patterns of species co-occurrence and nestedness in presence-absence matrices of 

phyllostomid bats sampled as part of a comprehensive project investigating fragmentation 

effects on Neotropical bats within a landscape of small land-bridge islands in Gatún Lake, 

Panama (Meyer and Kalko submitted). Compared to other taxa, few studies have assessed bat 

assemblages with respect to species co-occurrence patterns and nested subset structure and 

analyses to date have largely been restricted to bats on oceanic islands (Wright et al. 1998; 

Gotelli and McCabe 2002; Watling and Donnelly 2006). By contrast, to our knowledge no 

study has so far investigated patterns of nestedness and species associations for bats in the 

context of habitat fragmentation. In view of their high functional significance in Neotropical 

ecosystems as pollinators, seed dispersers, and arthropod predators (Kalko 1998; Patterson et 

al. 2003) it is important to evaluate whether fragmentation still allows conclusions to be 

drawn concerning predictable structuring of phyllostomid bat assemblages in fragmented 

habitats. 

We explored possible mechanisms underlying the observed distribution patterns of 

bats on islands and examined the use of a series of weighting factors (island area, island 

isolation, species abundance) on the outcome of co-occurrence analyses. In addition to 

conducting analyses for the whole species assemblage, we were particularly interested in 

investigating differences in the outcome of co-occurrence and nestedness analyses for 

different subsets of species. In the case of analyses testing for negative species associations 

this was predicated on the assumption that non-random co-occurrence patterns are less likely 

to be detected at the assemblage-level, i.e. in data sets that include a large number of 

ecologically disparate species that obviously do not compete for resources. In contrast, at the 

level of functional groups (ensembles sensu Fauth et al. 1996) interactive effects among 

species can be expected to be stronger, a point that has recently been demonstrated for 
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phyllostomid bats based on ecomorphological analyses (Moreno et al. 2006). We therefore 

contrasted incidence matrices of phytophagous and animalivorous phyllostomid bats in our 

analyses. 

It is conceivable that in the context of habitat fragmentation, alterations in the 

resource base (food, roost sites) as a result of fragmentation may disrupt effects of species 

ecological interactions even at the functional group level, making the detection of 

deterministic structure less likely. Dispersal or mobility is another factor that may play an 

important role in shaping patterns of species co-occurrence and nestedness, a fact that has 

recently been brought attention to by Zalewski & Ulrich (2006), but so far has not been 

explicitly considered in bat studies. Even within a trophic level, if species differ in their 

ability to colonize new patches, then they will be differentially affected by fragmentation, 

suggesting that differential mobility should influence patterns of species distribution. 

In addition to conducting separate analyses for phytophagous and animalivorous bats, 

we therefore divided species based on differences in mobility (high versus low mobility 

species). High species mobility can be expected to randomize faunal composition and should 

hence lead to random co-occurrence patterns. In contrast, we predicted an underdispersed 

pattern of species co-occurrence, i.e. negative species associations for incidence matrices of 

less vagile species (cf. Zalewski and Ulrich 2006). 

 

Material and methods 
Study area 

Lake Gatún is a large artificial reservoir, which was created in 1914 following the 

damming of the Chagres River as part of the construction of the Panama Canal. Lake 

formation isolated numerous former hilltops, resulting in a large number of forested islands 

ranging in size from < 1 ha to the 1560 ha Barro Colorado Island (BCI) (Adler and Seamon 

1991). We surveyed the bat fauna of a total of 11 islands that ranged in size from 2.5 to 50 ha 

and that were located between 0.02 and 3.4 km from the mainland (Table 1). Islands in the 

lake are covered with semi-deciduous lowland tropical moist forest (Holdridge 1967), which 

is typically shorter in stature and less diverse in tree species composition than on the adjacent 

mainland (Leigh et al. 1993). The climate is highly seasonal with a long rainy season 

punctuated by a severe 4-months dry season (Windsor 1990). 
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Table 1. Characteristics of the study islands in Gatún Lake, Panama. Island isolation is given as 
distance to the nearest mainland. For each island the number of phyllostomid bat species in each of 
the four species submatrices used in the co-occurrence and nestedness analyses is given. 

ID# Island Area Isolation  Number of species 

  (ha) (km)  phytophagous animalivorous high 

mobility 

low 

mobility 

1 Guava 2.5 1.93  5 1 3 3 

2 Chicha 2.8 0.51  10 0 4 6 

3 Tres Almendras 3.4 0.15  12 3 5 10 

4 Piñaa 4.4 0.02  11 3 5 9 

5 Mona Grita 5.9 0.25  9 3 7 5 

6 Guanabano 7.2 2.25  4 1 3 2 

7 Pato Horqueta 11.4 3.40  10 3 5 8 

8 Cacao 12.8 0.16  11 1 5 7 

9 Guacha 16.3 1.42  6 1 3 4 

10 Trinidad 17.3 2.02  6 1 3 4 

11 Leon 50 1.55  11 2 4 9 

a island #8 in Adler & Seamon (1991) 

 

Bat sampling 

On each island, bats were sampled in a standardized manner using at each site six 6-m 

mist nets set at ground level and one net wall consisting of four stacked 6-m nets, reaching 

subcanopy or canopy level depending on the height of the forest. Each island was sampled for 

7 entire nights between October 2003 and October 2005 with a minimum time interval of 30 

days between netting nights to reduce possible net-shyness of the bats. Standard 

measurements and demographic data were collected following Handley et al. (1991). For a 

full account of sampling procedures see Meyer & Kalko (submitted). Species accumulation 

curves and species richness estimators indicated a high level (> 95%) of inventory 

completeness for all study islands (Meyer and Kalko submitted). In total, we obtained 8,447 

captures of 39 species belonging to 5 families (Meyer and Kalko submitted). 

 

Data analysis 

Species matrices 

For the purpose of this study we excluded all non-phyllostomid species, since they 

cannot be adequately sampled with mist nets (Kalko 1998) as well as one species, Centurio 



Nestedness and co-occurrence patterns                                                                       Chapter 2 

 84

Table 2. Phyllostomid bat species captured on Gatún Lake islands, Panama, and used in 
nestedness and species co-occurrence analyses. Nomenclature follows Simmons (2005). 

ID# Species (acronym) Number of islands 

occupied (Nmax = 11) 

Trophic levela Mobility 

1 Artibeus jamaicensis (Ajam) 11 P High 

2 Artibeus lituratus (Alit) 11 P High 

3 Artibeus phaeotis (Apha) 4 P Low 

4 Artibeus watsoni (Awat) 6 P Low 

5 Carollia castanea (Ccas) 5 P Low 

6 Carollia perspicillata (Cper) 10 P Low 

7 Chiroderma villosum (Cvil) 7 P High 

8 Glossophaga soricina (Gsor) 10 P Low 

9 Lophostoma silvicolum (Lsil) 2 A Low 

10 Micronycteris hirsuta (Mhir) 3 A Low 

11 Micronycteris microtis (Mmic) 9 A Low 

12 Phyllostomus discolor (Pdis) 1 P High 

13 Phyllostomus hastatus (Phas) 2 A High 

14 Platyrrhinus helleri (Phel) 5 P Low 

15 Trinycteris nicefori (Tnic) 1 A Low 

16 Tonatia saurophila (Tsau) 2 A Low 

17 Uroderma bilobatum (Ubil) 11 P High 

18 Vampyrodes caraccioli (Vcar) 4 P High 

19 Vampyressa nymphaea (Vnym) 1 P Low 

20 Vampyressa pusilla (Vpus) 9 P Low 
a P: phytophagous; A: animalivorous (Giannini and Kalko 2004; 2005) 

 

senex, that occurred only seasonally in the study area. This resulted in a total of 20 

phyllostomid species for analysis (Table 2) for which we constructed a species (rows) by site 

(columns) matrix. We additionally generated presence-absence matrices for four different 

species subsets as follows: first, we classified bats into phytophagous and animalivorous 

species based on dietary analyses (Giannini & Kalko (2004; 2005). Second, we employed 

principal components analysis (PCA) to divide species according to their mobility (Table 3, 

Fig. 1). Variables included in the PCA were mean and maximum recapture distances as well 

as two morphological variables, aspect ratio and wing loading, which are linked to mobility 

in bats (Norberg and Rayner 1987). 
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Table 3. Results of a principal components analysis on four variables 
related to species mobility, showing the loadings for each variable and the 
proportion of variance explained by the first two components (PC1 and 
PC2). 

Variable PC1 PC2 

Maximum recapture distance (dmax) -0.48 0.56 

Mean recapture distance (dmean) -0.58 0.04 

Aspect ratio -0.37 -0.84 

Wing loading -0.55 0.05 

Variance explained (%) 67.0 21.1 
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Fig. 1. Ordination of 20 phyllostomid bat species in the principal components space of a set of 
variables related to species mobility. For full species names see Table 2. 
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Recapture distances were calculated based on a large data set collected as part of the 

BCI long-term bat project with > 40.000 capture/recapture data (Kalko et al. 1996; 

unpublished data). Values for aspect ratio and wing loading (Nm-2) were taken from Meyer et 

al. (accepted) and von Staden (2002). Based on the ordination diagram two clusters of species 

characterized by high and low mobility, respectively, could be distinguished (Fig. 1). This 

categorization (Table 2) was subsequently used for the construction of separate incidence 

matrices for nestedness and co-occurrence analyses. 

 

Co-occurrence patterns 

Co-occurrence indices. - We calculated two metrics of co-occurrence, the 

checkerboard score (C-score) introduced by Stone & Roberts (1990) and the variance ratio 

(V-ratio) popularized by Schluter (1984). The number of checkerboards and the number of 

species combinations, two other commonly employed co-occurrence measures, have been 

shown to be prone to Type II errors and may not reveal significant patterns in noisy data sets. 

Conversely, the C-score and the V-ratio are based on the average co-occurrence and 

covariance, respectively, of all species pairs and are therefore relatively insensitive to noise in 

the data (Gotelli 2000). The C-score in particular has been demonstrated to be superior to the 

other indices with respect to Type I and II error rates. For a detailed account of the statistical 

properties and performance of these indices see Gotelli (2000). The C-score measures the 

extent to which species are segregated across sites but does not require perfect checkerboard 

distributions (Gotelli 2000). For any two species, the number of “checkerboard units” (CU) is 

defined as CU = (Ri-S)/(Rj-S), where Ri and Rj are the number of occurrences (= row totals) 

for species i and j, respectively, and S denotes the number of co-occurrences. The C-score is 

the average number of checkerboard units over all possible pairs of species in the matrix. 

The V-ratio measures the variability in the number of species per site and represents 

the ratio between the variance in species richness per site (= variance of column sums), and 

the sum of the variances of species occurrence over sites (= sum of row variances) (Schluter 

1984; Gotelli 2000). The ratio equals 1 if the average covariance between species pairs is 0. 

In the case of positive or negative covariance between species pairs, the V-ratio is smaller or 

greater than 1, respectively (Gotelli 2000). In an assemblage structured by negative species 

interactions, the C-score should be significantly larger than expected by chance, while the 

opposite should be true for the V-ratio (Gotelli 2000; Gotelli and McCabe 2002). 

Null models and randomization algorithms. - We calculated the above indices and 

compared them to those of 5,000 randomly assembled communities using the software 
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EcoSim 7.72 (Gotelli and Entsminger 2006). The outcome of species co-occurrence analyses 

is sensitive to the selection of appropriate null models and choice of the randomization 

algorithm. We used the sequential swap algorithm to generate random null matrices (Gotelli 

2000; Gotelli and Entsminger 2001). Although use of the swap algorithm has been subject to 

criticism (Sanderson et al. 1998; Manly and Sanderson 2002), re-evaluation (Gotelli and 

Entsminger 2003) confirmed its overall good statistical properties and performance. We 

compared three alternative null models, differing in the way row and column totals are 

treated: 

(1) Fixed-fixed (FF). With this algorithm both the row and column totals of the 

original matrix are fixed, thus preserving differences in occurrence frequencies among 

species (row sums) and differences in species richness among sites (column sums). Gotelli 

(2000) advocated these constraints particularly for island data sets. As the V-ratio is 

exclusively determined by the row and column totals of the matrix, it cannot be derived for 

this null model (Gotelli 2000). 

 (2) Fixed-weighted (FW). Results of co-occurrence analyses can be strongly affected 

by the use of weighting factors, although this approach so far has only infrequently been 

applied (but see Gotelli and Ellison 2002; Jenkins 2006). Column weighting adjusts the 

probability of a species occurring at a particular site during randomization using factors 

thought to contribute to inter-site differences in community composition. Here, we explored 

the influence of two weighting factors, island area and island isolation (distance from the 

mainland), on the outcome of null model analyses. 

(3) Weighted - fixed (WF). Co-occurrence scores may be affected by sampling 

artifacts due to differences in species abundances or detection probabilities (MacKenzie et al. 

2004; Peres-Neto 2004; Ulrich and Zalewski 2006). We explored the possible influence of 

such sampling errors by using a null model with fixed column totals but weighting the row 

totals by setting the occurrence frequency of each species proportional to its total relative 

abundance across all sites. 

To allow for meaningful comparisons of our results with those from other studies we 

calculated a standardized effect size (SES) as ([observed score – mean simulated 

score]/standard deviation of simulated scores), which indicates the number of standard 

deviations that the observed index is above or below the mean index of simulated matrices 

(Gotelli and McCabe 2002; Gotelli and Entsminger 2006). 
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Quantification of nestedness 

A variety of different methods are available for calculating the nestedness of 

presence-absence matrices (reviewed by Wright et al. 1998). Of these, Atmar & Patterson’s 

Nestedness Temperature Calculator (NTC; Atmar and Patterson 1995) is currently the most 

popular and widely used in biogeographical studies and analyses of habitat fragmentation. 

The matrix temperature T calculated by the NTC is a measure of unexpected species 

presences and absences or system “disorder” where 0º corresponds to a perfectly nested 

matrix and 100º indicates a random species distribution pattern. However, recent research 

cautions against use of the NTC as it has been demonstrated to have a number of important 

shortcomings relating to the definition of the isocline of perfect order, the way of matrix 

reorganization, the robustness of the packing algorithm, and choice of an appropriate null 

model (Fischer and Lindenmayer 2002; Rodríguez-Gironés and Santamaría 2006). 

Here we used the binary matrix nestedness temperature calculator (BINMATNEST) 

recently developed by Rodríguez-Gironés & Santamaría (2006), which overcomes these 

difficulties. BINMATNEST implements an isocline of perfect order that is unambiguously 

defined, is based on robust genetic algorithms to determine the reordering of rows and 

columns that leads to minimum matrix temperature, and provides a set of three alternative 

null models to assess the statistical significance of matrix temperature (Rodríguez-Gironés 

and Santamaría 2006). Following the authors’ recommendations we used null model 3 in 

evaluating statistical significance as it has been shown to be associated with the smallest 

Type I error. Reported P-values are based on 5,000 random matrices. To evaluate the causal 

role of colonization and extinction in shaping community structure we used a Spearman rank 

correlation between the matrix reorganization vectors, i.e. island rank order in the maximally 

packed matrix, and island isolation and area, respectively (Patterson and Atmar 2000; 

Rodríguez-Gironés and Santamaría 2006). 

 

Results 
Co-occurrence patterns 

Results of analyses depended considerably on the type of null model algorithm 

employed (Table 4). For the FF-model, the observed C-score for the incidence matrix of the 

entire assemblage and for the submatrix of phytophagous bats was significantly higher than 

expected by chance, suggesting a negative pattern of species co-occurrence. Conversely, for 

the submatrices of animalivorous bats and species of both high and low mobility, the C-score 
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Table 4. Summary of species co-occurrence analyses of phyllostomid bats with observed and simulated 
co-occurrence metrics, standardized effect sizes [SES], and associated tail probabilities (in parentheses) 
for each of the different species presence-absence matrices and null model algorithms. For details see 
text. Significant and marginally significant results are highlighted in bold. n.a.: the V-ratio cannot be 
tested with the fixed-fixed null model. 

Index Species matrix Score     

  obs simFF simFW-area simFW-isolation simWF 

All species 1.368 1.245 (0.026) 1.417 (0.554) 0.915 (0.033) 1.513 (0.634) 

  [2.28] [-0.16] [1.93] [-0.38] 

Phytophagous 0.890 0.764 (0.041) 1.311 (0.878) 0.710 (0.256) 1.366 (0.869) 

  [2.14] [-1.15] [0.64] [-1.13] 

Animalivorous 2.267 2.399 (0.679) 1.693 (0.222) 1.493 (0.076) 3.686 (0.902) 

  [-0.49] [0.83] [1.59] [-1.23] 

High mobility 0.143 0.143 (1.000) 0.613 (0.923) 0.453 (0.876) 0.456 (0.818) 

  [0.00] [-1.29] [-1.04] [-0.82] 

Low mobility 1.821 1.733 (0.188) 1.863 (0.535) 1.166 (0.048) 2.288 (0.761) 

C-score 

[SES] 

  [0.88] [-0.09] [1.79] [-0.74] 

All species 4.053 n.a. 3.746 (0.661) 5.021 (0.083) 4.128 (0.432) 

   [0.37] [-1.42] [-0.27] 

Phytophagous 3.819 n.a. 2.808 (0.946) 4.005 (0.406) 3.624 (0.814) 

   [1.55] [-0.32] [0.82] 

Animalivorous 1.264 n.a. 1.785 (0.253) 1.811 (0.151) 1.201 (0.753) 

   [-0.91] [-1.21] [0.45] 

High mobility 2.119 n.a. 1.529 (0.956) 1.694 (0.927) 1.954 (0.839) 

   [1.40] [1.15] [0.82] 

Low mobility 3.157 n.a 3.022 (0.609) 4.066 (0.070) 3.054 (0.712) 

V-ratio 

[SES] 

 
 
 
 
 
 

   [0.19] [-1.55] [0.46] 

 

did not deviate from null model expectations, indicating random species co-occurrence. 

Using island isolation as column constraint in the analysis (FW-isolation) partly produced 

contrasting results. This model detected significant non-randomness in species co-occurrence 

again for all species but also for the subsets of animalivorous bats and less mobile species 

whereas the pattern for phytophagous and highly mobile species was not significant (Table 

4). The use of island area as weighting factor (FW-area), on the other hand, suggested 

random co-occurrence patterns as the null hypothesis was never rejected for any of the 

species matrices. This was similarly true for the abundance-weighted (WF) model (Table 4). 
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The V-ratio detected marginally significant deviations from null expectations only for 

the FW-model weighted by island isolation and when either all species or bats characterized 

by low mobility were considered. In the remainder of the cases the V-ratio did not differ 

significantly from random expectations (Table 4). 

 

Nestedness 

Phyllostomid bat assemblages on Gatún Lake islands were highly significantly nested 

when all species were considered (P < 0.0001, Table 5, Fig. 2). The bat distribution across 

islands remained more significantly nested (P ≤ 0.001) than expected by chance using 

incidence matrices of phytophagous species alone or based on the data sets comprising 

species of both mobility classes. For gleaning animalivores, the difference between observed 

and expected nestedness temperature was marginally significant (P = 0.062) (Table 5). 

Spearman rank correlations between row order in the maximally nested matrix with causal 

factors suggested that island isolation was an important determinant of nestedness in 

phyllostomid bat distributions for incidence matrices of the whole phyllostomid assemblage 

(rs = 0.62, P = 0.046), phytophagous bats (rs = 0.58, P = 0.063), and mobile species (rs = 

0.54, P = 0.091) but not for animalivorous (rs = 0.47, P = 0.141) or less vagile species (rs = 

0.51, P = 0.110). In contrast, the nested order of islands was unrelated to the rank order of 

island areas for all five species matrices (Table 5), indicating that island area is not causally 

linked to nested structure in our study system. 

 

Table 5. Results of nestedness analyses conducted on the species by site matrix for all phyllostomid 
bats and for different subsets of phyllostomid species caught on 11 islands in Gatún Lake, Panama. 
Given are observed matrix temperatures (Tobs), expected nestedness temperatures (Texp), as well as 
Monte Carlo derived probabilities that the matrix was randomly generated. Also indicated are the 
results of Spearman rank correlations of island rank order in the maximally nested matrix with the 
rank order of island area and isolation. 

Species matrix Tobs Texp (SD) P Rank correlation with island 

    area  isolation 

    rs P  rs P 

All 14.80 37.40 (5.36) < 0.0001 0.109 0.745  0.618 0.046 

Phytophagous 10.47 28.71 (6.45) 0.001 -0.073 0.839  0.582 0.063 

Animalivorous   9.16 21.48 (8.63) 0.062 0.100 0.765  0.473 0.141 

High mobility   0.83 19.63 (7.38) < 0.0001 0.100 0.765  0.536 0.091 

Low mobility 14.04 33.78 (6.38) 0.0004 -0.064 0.860  0.509 0.110 
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 Sites 
ID 3 4 5 7 11 8 2 10 9 1 6 

1 1 1 1 1 1 1 1 1 1 1 1 
17 1 1 1 1 1 1 1 1 1 1 1 
2 1 1 1 1 1 1 1 1 1 1 1 
8 1 1 0 1 1 1 1 1 1 1 1 
6 1 1 1 1 1 1 1 1 1 1 0 

11 1 1 1 1 1 0 0 1 1 1 1 
20 1 1 1 1 1 1 1 1 1 0 0 
7 1 1 1 1 1 1 1 0 0 0 0 
4 1 1 0 1 1 1 1 0 0 0 0 

18 1 1 1 0 0 1 0 0 0 0 0 
5 0 1 1 0 1 1 1 0 0 0 0 

14 1 1 0 1 1 1 0 0 0 0 0 
3 1 0 0 1 1 0 1 0 0 0 0 

16 1 1 0 0 0 0 0 0 0 0 0 
10 1 0 0 1 1 0 0 0 0 0 0 
9 0 0 1 0 0 1 0 0 0 0 0 

13 0 0 1 1 0 0 0 0 0 0 0 
12 0 0 1 0 0 0 0 0 0 0 0 
15 0 1 0 0 0 0 0 0 0 0 0 

Sp
ec

ie
s 

19 1 0 0 0 0 0 0 0 0 0 0 
 

Fig. 2. Maximally nested presence-absence matrix of phyllostomid bat 
distributions on Gatún Lake islands, Panama. Island and species ID 
numbers refer to Tables 1 and 2, respectively. 

 

 

Discussion 
Co-occurrence patterns 

Overall, co-occurrence analyses did not provide strong evidence that species 

composition of phyllostomid bats on Gatún Lake islands is highly structured by negative 

interspecific interactions. Corroborating recent findings by Jenkins (2006) the outcome of 

analyses was sensitive to the use of weighting factors, adding further support to the notion 

that, whenever possible, co-occurrence analyses should incorporate weights for important 

factors likely to contribute to the observed patterns, such as in our case, island isolation. 

Moreover, as expected, different results emerged depending on whether the whole 

assemblage or particular species subsets were considered. Unweighted analyses based on the 

C-score showed a negative pattern of co-occurrence indicating mutually exclusive species 

distributions for the entire assemblage as well as for phytophagous species whereas a random 
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pattern was suggested for all other species matrices examined. Area- and abundance-

weighted analyses always indicated random assemblage structure for both co-occurrence 

indices and irrespective of the species matrix analyzed. Weighting analyses by island 

isolation, however, retained a non-random pattern for the whole species set but rendered the 

result non-significant for phytophagous bats. 

By contrast, we found that less vagile bats, and based on the C-score also 

animalivorous species, tended to occur together less often than expected by chance, whereas 

our results suggest random structuring for species with high mobility. This finding is 

consistent with our initial hypothesis that high species mobility should lead to random 

assemblage composition while incidence matrices of less mobile species should be more 

likely to exhibit non-random structure. This is because colonization rates compared to local 

persistence should be higher in mobile species whereas those with limited mobility should be 

more affected by local extinction processes (Zalewski and Ulrich 2006). Our results generally 

support Zalewski and Ulrich’s (2006) call for taking species’ differential dispersal abilities 

into account when analyzing patterns of community assembly. Moreover, our results indicate 

that island isolation but not area had to some degree confounded unweighted analyses, a 

finding in line with a marked species-distance effect and absence of a significant species-area 

relationship at local scales (Meyer and Kalko submitted). 

A meta-analysis by Gotelli & McCabe (2002) of nearly one hundred species presence-

absence matrices of a diverse array of invertebrate and vertebrate taxa revealed that 

assemblages of plants, ants, birds, bats, and non-volant mammals exhibited non-random 

patterns of species co-occurrence consistent with Diamond’s (1975) assembly rules model 

stressing the importance of competitive interactions. Non-random matrices are characterized 

by having standardized effect sizes (SES) for the C-score > |2.0| (Gotelli and McCabe 2002). 

These authors reported strong deviations from randomness as based on average SES values 

for birds (3.65) and non-volant mammals (3.10). Particularly strong effects of species 

segregation were also indicated for three presence-absence matrices of bats (average SES > 

4.0). In the present study, incidence matrices which showed significant or marginally 

significant deviation from randomness had absolute SES values between 1.42 and 2.28 (Table 

4), i.e. values closer to those found for herps and most invertebrate assemblages (average 

SES < 1.5) (Gotelli and McCabe 2002). Spatial scale of the study may have a strong effect on 

C-scores and SES obtained in co-occurrence analyses (Jenkins 2006). As Gotelli & 

McCabe’s (2002) analysis for bats was exclusively based on presence-absence matrices of 

bats on oceanic islands the discrepancy between studies likely indicates different structuring 
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mechanisms prevailing on old oceanic islands vs. recently isolated land-bridge islands. More 

specifically, it possibly reflects fundamental differences between these systems regarding 

geographic scale, size, age, habitat diversity, and resource abundance and echoes the 

importance of evolutionary processes and historical events in shaping patterns of species 

distribution on oceanic islands (Drake et al. 2002). 

Ulrich (2004) and Bell (2005) recently evaluated whether patterns of species co-

occurrence could be accounted for by invoking a neutral community model in which species 

are regarded as being ecologically equivalent and local assemblage structure is determined by 

random colonization, migration, and extinction (Hubbell 2001). Interestingly, they found that 

non-random patterns of species segregation may indeed be generated just as well by neutral 

ecological drift models as by traditional null models. By analogy with genetic drift, zero-sum 

ecological drift models imply that relative abundances of species that are ecologically 

equivalent should change only owing to chance events (Hubbell 2001). However, in Ulrich’s 

(2004) analysis SES values generated by the neutral model for the C-score were 

comparatively low (ca. 0.5). Therefore, it has been argued that the strong negative co-

occurrence patterns found by Gotelli & McCabe (2002) for some taxa cannot be accounted 

for solely on the basis of a neutral model (Gotelli and McGill 2006). This may also be 

because neutral theory is mainly concerned with resident organisms and neutral models may 

therefore have limited applicability for mobile animals (Chave 2004). Moreover, because 

many of the important parameters in neutral models can rarely be measured directly this 

greatly limits their utility as a null hypothesis for testing empirical patterns (Gotelli and 

McGill 2006). Finally, in a more applied context, it has been contended that neutral theory 

cannot adequately address the question of how fragmentation will differentially alter the 

composition of species and their interactions with other species in the community (Chase 

2005). This is because the neutral theory explicitly disregards differences in species traits 

even though species are known to be differentially affected by fragmentation based on their 

traits (Henle et al. 2004). Mobility in our case apparently plays an important role in 

determining assemblage structure, which would be generally congruent with a neutral model. 

However, whether the non-random patterns observed to some degree in our analyses reflect 

competitive interactions or are attributable mainly to stochastic processes, remains an open 

question. 

Competitive interactions could result in ecomorphological size divergence via 

character displacement. Alternatively, competition may not be sufficiently strong to effect the 

local extinction of species but may reduce the abundance of those species that experience 
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more competitive pressure, a phenomenon known as density compensation (Patterson et al. 

2003). Meta-analyses that evaluated the degree to which each of five ensembles (aerial 

insectivores, frugivores, gleaning animalivores, molossid insectivores, and nectarivores) from 

15 bat assemblages throughout the New World show signs of competitive species 

interactions, have provided little support for pervasive and consistent deterministic 

structuring across most locations based on these two independent lines of evidence, although 

non-randomness was detected in a few cases (Stevens and Willig 1999; 2000). This may 

reflect the fact that in studies conducted over large areas high heterogeneity and variability in 

environmental conditions may prevent competitive interactions from inducing deterministic 

structure in a ubiquitous fashion (Stevens and Willig 2000; Moreno et al. 2006). 

Our results suggest that this probably applies equally well to heterogeneous 

fragmented landscapes. Nevertheless, certain evidence for effects of ecological interactions 

on bat community assembly mechanisms comes from a recent study by Moreno et al. (2006). 

Also following an ecomorpholocigal approach and focusing on the local habitat scale, they 

detected significant non-random patterns at the ensemble level for frugivorous phyllostomid 

bats, indicating that when environmental conditions are sufficiently homogeneous, 

interspecific interactions may to some degree structure local bat assemblages. 

 

Nestedness 

According to our analysis, assemblages of phyllostomid bats on Gatún Lake islands 

exhibit a highly nested structure such that species that occur on depauperate islands are also 

found on larger, more species-rich islands. While nested subset patterns seem to be 

ubiquitous in ecological systems, comparative assessments indicate that nestedness is 

particularly prevalent in systems that are mainly shaped by extinction processes mediated 

through area effects (Patterson and Atmar 1986; Wright et al. 1998; Patterson and Atmar 

2000; Feeley 2003; Watling and Donnelly 2006). Land-bridge islands or habitat fragments 

are such systems where species loss occurs in most cases selectively and in a predictable 

order based on species’ differential extinction vulnerability, e.g. due to differences in area 

requirements, resulting in a nested subset structure. Such a mechanism of area-related 

extinction during faunal relaxation has for instance been reported for resident bird 

assemblages on islands in Lake Guri, an artificial reservoir in Venezuela (Feeley 2003), 

where islands were isolated only 20 years ago. 

By contrast, we found that island nested rank order was significantly or marginally 

significantly correlated with the rank order of island isolation but not island area for the entire 
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assemblage as well as for phytophagous and highly mobile species. This mainly reflects, and 

is in agreement with the finding of a strong effect of island isolation on species richness and 

lack of a significant species-area relationship at the local scale (Meyer and Kalko submitted). 

Thus, isolation-dependent, selective colonization appears to be the likely cause of nestedness 

and dominant process structuring phyllostomid bat assemblages on our study islands. The 

reason for this may also be that bat assemblages on Gatún Lake islands, which are > 90 years 

old, have likely reached an equilibrium species richness and composition, whereas avian 

assemblages on Lake Guri islands are probably still undergoing relaxation, whereby local 

extinction continues to be the dominant structuring process (Feeley 2003). This may explain, 

at least in part, the contrasting patterns observed with respect to the causal factors underlying 

nestedness in both systems. 

Differential colonization can produce nested subset patterns if highly mobile species 

are present even on the most isolated islands and less vagile species occupy only the closer 

islands. Our findings support this notion insofar as this pattern seems to be mainly driven by 

differential mobility between generally more mobile phytophagous bats and comparatively 

less vagile animalivorous species. This suggests that factors related to species’ fragmentation 

sensitivity can be important in determining patterns of faunal nestedness and assemblage 

composition in fragmented landscapes. 

Martínez-Morales (2005) advocated the use of nestedness analyses as a potentially 

valuable tool to identify species sensitive to fragmentation as he found certain groups of 

tropical cloud forest birds suspected to be sensitive to fragmentation to exhibit a nested 

structure significantly correlated with fragment area. This contrasts with our findings as 

phytophagous bats, which showed a nested arrangement correlated with island isolation, can 

generally be considered relatively fragmentation-tolerant compared to animalivores (Meyer et 

al. accepted) and suggests that such an approach may not be generally applicable and needs to 

be explored further in future studies. Also, responses to fragmentation are often species-

specific, with some species being negatively affected and others benefiting from 

fragmentation. Therefore, because of their focus on a unidirectional change in species 

composition nestedness analyses may not be an ideal tool to identify fragmentation-sensitive 

species (Fischer and Lindenmayer 2005).  

Nested habitat distributions may also produce nested subsets if many species are 

habitat specialists, however, this is unlikely to contribute to the observed pattern of 

nestedness in our case as habitat heterogeneity is relatively low across the study islands 

(Meyer and Kalko submitted). Recently, Higgins et al. (2006) showed that stochastic 



Nestedness and co-occurrence patterns                                                                       Chapter 2 

 96

processes, such as the random placement of individuals according to different species-

abundance and island-size distributions can by itself result in nested subset structure. Their 

study demonstrated that in interactive systems in which the species-abundance distribution of 

each island is determined largely by colonization dynamics rather than in situ dynamics 

individual-based processes become important in generating non-random patterns of species 

composition such as nestedness. For bats, our study islands can clearly be regarded as such an 

interactive system suggesting that random processes may, at least in part, account for the 

strong degree of nestedness detected in our analyses. 

 

Conclusions 

In summary, our analyses of patterns of nestedness and species co-occurrence indicate 

that assemblage composition of phyllostomid bats on Gatún Lake islands is in large part 

determined by isolation-dependent, differential colonization reflecting differences in species 

mobility. Evidence for negative species associations congruent with niche-based community 

assembly invoking competitive interspecific interactions was limited. In line with previous 

findings our results suggest that deterministic structuring may be hard to detect in situations 

with high heterogeneity in environmental conditions such as in fragmented landscapes. 
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Summary 
1. In the face of widespread human-induced habitat fragmentation identification of 
those ecological characteristics that render some species more vulnerable to 
fragmentation than others is vital for understanding, predicting, and mitigating the 
effects of habitat alteration on biodiversity. We addressed this topic using 
distribution and abundance data collected on 23 species of Neotropical bats to 
compare hypotheses on the causes of interspecific differences in fragmentation 
sensitivity. 
2. Bats were captured over a 2-year period on 11 land-bridge islands in Gatún Lake, 
Panama, and on the adjacent mainland. We derived a series of explanatory variables 
from our capture data and from the literature: (1) natural abundance in continuous 
forest, (2) body mass, (3) trophic level, (4) dietary specialization, (5) vertical 
stratification, (6) edge-sensitivity, (7) mobility, (8) wing morphology (aspect ratio 
and relative wing loading), and (9) ecologically scaled landscape indices (ESLIs). 
After phylogenetic correction, these variables were used separately and in 
combination to assess their association with two indices of fragmentation sensitivity, 
species prevalence (proportion of islands occupied) as well as an index of change in 
abundance. 
3. Model selection based on Akaike’s Information Criterion identified edge-
sensitivity as the best correlate of vulnerability to fragmentation. Natural abundance 
and mobility or traits linked to mobility (relative wing loading and ESLI) received 
limited support as predictors. Vulnerability of gleaning animalivorous bats is 
probably caused by a combination of these traits. 
4. Synthesis and applications. Our findings emphasize the importance of a local-
scale approach in developing predictive models of species fragmentation sensitivity 
and indicate that risk assessments of Neotropical bats could be based on species 
tolerance to habitat edges and mobility-related traits. We suggest that in order to be 
effective, management efforts should aim at minimizing the amount of edge-habitat 
and reducing the degree of fragment-matrix contrast. Moreover, if a maximum of bat 
diversity is to be preserved in fragmented Neotropical landscapes, conservation 
measures regarding reserve design should assure spatial proximity to source 
populations in larger tracts of continuous forest and a low degree of remnant 
isolation. 
 
Key-words: Chiroptera, habitat fragmentation, ecological traits, land-bridge islands, 
Panama, sensitivity, vulnerability 
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Introduction 
Human-induced habitat loss and fragmentation continue at an alarming pace and 

threaten the survival of wildlife species worldwide and particularly in tropical regions (Wade 

et al. 2003). Identifying which species traits are advantageous in the face of habitat 

alterations, and why, is an important prerequisite for the development of effective 

conservation strategies to minimize future biodiversity losses (Laurance 1991; Kotiaho et al. 

2005) and hence has become a pressing need for conservation biologists. Extinction 

proneness depends on the spatial and temporal scale of the study (Henle et al. 2004) and 

varies widely among taxa (Purvis et al. 2000; Davies, Margules & Lawrence 2000; Jones, 

Purvis & Gittleman 2003). Moreover, empirical evidence suggests differential sensitivities of 

species to habitat fragmentation (Laurance 1991; Swihart et al. 2003b; dos Anjos 2006). 

Even though a wealth of factors has been linked to increased vulnerability to 

extinction on theoretical grounds, a recent review by Henle et al. (2004) suggests that only a 

limited suite of traits including small population size, high population fluctuations, rarity in 

the form of low abundance, and a high degree of habitat specialization have good empirical 

support as strong general predictors of species’ sensitivity. Other traits that are commonly 

hypothesized to increase a species’ susceptibility to fragmentation are large body size, low 

mobility, high trophic level, and low matrix tolerance (e.g., Laurance 1991; Purvis et al. 

2000; Tscharntke et al. 2002; Ewers & Didham 2006). However, the relative importance of 

these traits is much less clear as analyses are often confounded by a high degree of 

collinearity or synergistic interactions among traits (Henle et al. 2004; Davies, Margules & 

Lawrence 2004). 

Bats are well-suited for evaluating sensitivity to habitat fragmentation as they are 

mobile animals with the potential to readily move over extensive areas of fragmented 

landscapes. At the same time, they are ecologically highly diverse suggesting differential 

vulnerability contingent upon species-specific ecological traits (Medellín, Equihua & Amin 

2000). Because of their diversity and high abundance bats are important components of 

tropical faunas where they fulfill crucial roles as pollinators, seed dispersers, and arthropod 

predators (Kalko 1998; Patterson, Willig & Stevens 2003). 

Analyses of correlates of extinction risk in bats have been largely restricted to large 

spatial scales (global, continental) and to our knowledge no study has examined in detail 

differential vulnerability of bats in the context of habitat fragmentation. Jones et al. (2003) 

identified small geographic ranges and low wing aspect ratio as significant global correlates 
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of extinction proneness in bats. Safi & Kerth (2004), focusing on temperate-zone bats, 

likewise found that wing morphology as a measure of habitat specialization in bats is 

correlated with extinction risk, whereas dietary specialization was unrelated to extinction 

vulnerability. While these studies provide important insights into elucidating general 

endangering traits, they may be too broad in scope to be of practical use for species 

conservation (Fisher & Owens 2004). Here we present a quantitative assessment of trait-

mediated differences in species responses of Neotropical bats to small-scale habitat 

fragmentation and discuss how determinants of extinction vulnerability compare to those 

identified by Jones et al. (2003) and Safi & Kerth (2004). 

We used data on species prevalence and abundance collected in a two-year study on 

23 species of bats in a fragmented landscape of small land-bridge islands in Gatún Lake, 

Panama. We selected a priori nine well-defined and commonly used ecological 

characteristics and taxon-specific traits to explore their significance as potential predictors of 

species vulnerability to fragmentation: 

(1) Natural abundance. - Based on theory and empirical evidence species that occur naturally 

at low abundance should be more susceptible to fragmentation due to an increased risk of 

stochastic extinction (Davies et al. 2000; Henle et al. 2004). 

(2) Body size. - Larger species are often attributed a higher extinction risk than small-bodied 

ones as they tend to have smaller populations, slower life histories, and larger home ranges 

because of greater energy requirements (Purvis et al. 2000; Tscharntke et al. 2002). In line 

with this reasoning, we hypothesized larger species to be more vulnerable to fragmentation. 

(3) Edge-sensitivity. - The proportion of habitat edges increases with fragmentation and 

studies have shown differential responses of species to a range of edge-effects (Harper et al. 

2005; Ewers & Didham 2006). Long-term persistence in fragmented landscapes requires 

individuals to regularly cross habitat boundaries and disperse between remnant patches. We 

therefore predicted edge-avoiding species which depend on the core habitat of forests to 

exhibit higher fragmentation sensitivity. 

(4) Trophic level. - Theory predicts that species at the top of food chains are more extinction-

prone than those at lower trophic levels due to more unstable population dynamics (Henle et 

al. 2004). We hence expected animalivorous bats to be more negatively affected by 

fragmentation than phytophagous species. 

(5) Dietary specialization. - Dietary specialists are thought to be more extinction-prone as 

they should become more susceptible to an increased variation in the availability of particular 

food resources as a consequence of fragmentation. Higher diversity of available resources 
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and degree of specialization may lead to an increased importance of this trait for tropical 

compared to temperate-zone bats (cf. Safi & Kerth 2004). 

(6) Vertical stratification. - Bat species which forage mainly in the canopy and mostly 

depend on patchily distributed resources should also be more mobile and hence be less 

fragmentation sensitive than species with limited mobility like understory bats, which 

primarily forage on spatio-temporally predictable, but often more locally restricted food 

resources (Kalko 1998; Bernard 2001; Kalko & Handley 2001). Additionally, we expected 

generalists that opportunistically use all forest strata to be least fragmentation sensitive 

because they are likely to quickly adjust to alterations in forest structure. 

(7) Mobility. - We test the prediction that species with high mobility are more likely to persist 

in fragmented landscapes than less mobile species (Henle et al. 2004; Ewers & Didham 

2006). 

(8) Wing morphology. - In bats, wing morphology has been shown to be an important 

predictor of many ecological characteristics including foraging habitat, foraging strategy, 

dispersal ability, and home range size (Norberg & Rayner 1987; Arita & Fenton 1997). Bats 

characterized by high wing loading and long and narrow wings (high aspect ratio) are fast 

and energy-efficient flyers while those with shorter and broader wings have higher 

maneuverability in cluttered habitats but increased costs for commuting over longer distances 

(Norberg & Rayner 1987). Wing morphology may hence limit movements in fragmented 

landscapes and we expected fragmentation sensitivity to be negatively related to wing loading 

and aspect ratio. 

(9) Ecologically scaled landscape indices (ESLIs). - Species persistence in fragmented 

landscapes may not only depend on biological characteristics of the target species but 

ecological attributes can be expected to interact with landscape attributes thus influencing 

patterns of species occurrence and abundance in patchy landscapes (Vos et al. 2001). ESLIs 

are measures which explicitly link ecologically relevant characteristics of species such as 

mobility to landscape structure and hence provide a more sound alternative to general 

landscape indices (Vos et al. 2001; Swihart & Verboom 2004).  
 

Material and methods 
Study area 

Data on bat species occupancy and abundance were collected between October 2003 

and October 2005 on several land-bridge islands in Lake Gatún, Panama (Fig. 1). Formation 

of this large artificial reservoir was completed in 1914, resulting in more than 200 forested
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Fig. 1. Map of the study region in the Canal area in central Panama (inset). Highlighted in black are 
the locations of the 11 study islands in Gatún Lake and of the six sites (■) in continuous forest on the 
mainland. 
 

islands ranging in size from < 1 ha to the 1560 ha Barro Colorado Island (BCI) (Adler & 

Seamon 1991). Together with five adjacent mainland peninsulas, BCI forms the 5,400 ha 

Barro Colorado Nature Monument (BCNM). The BCNM is contiguous with Soberanía 

National Park, 22,000 ha of forest stretching along the eastern side of the canal (Fig. 1). 

Forests in the area are classified as lowland tropical moist forest (Holdridge 1967). The study 

area experiences a strongly seasonal climate with a long rainy season punctuated by a 4-

months dry season (Windsor 1990). Strong dry-season winds have a major impact on forest 

structure and dynamics particularly on exposed islands where forest is shorter in stature and 

less diverse in tree species composition (Leigh, Wright & Herre 1993). 

We selected 11 islands that differed in size (2.5-50 ha) and isolation (0.02-3.4 km) as 

well as 6 mainland sites on three peninsulas (Bohio, Gigante, and Peña Blanca) within the 

BCNM (Fig. 1). To investigate potential edge-effects, a paired design with one forest edge 

and one forest interior site at each of these mainland locations was adopted (mean distance 

between interior and edge sites 312 ± 42 (SE) m, for details see Meyer & Kalko submitted).  
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Bat sampling 

At each island and mainland site bats were sampled in a standardized manner with 

mist nets set along the perimeter of plots of ~ 0.5 ha (typically 50 x 100 m). We used six 6-m 

nets set at ground level and one net wall consisting of four stacked 6-m nets, reaching 

subcanopy (mainland sites) or canopy level (islands). Canopy height across study sites 

averaged < 20 m and was often < 15 m on islands. Identification was based on a key for the 

bats of the lowlands of Panama (Handley et al., unpublished). The nomenclature follows 

Simmons (2005). Standard measurements and demographic data were collected following 

Handley et al. (1991). Each site was sampled for 7 to 8 nights (from dusk until dawn) over 

the 2-year period with a minimum time interval of 30 days between netting nights. Species 

accumulation curves were asymptotic and indicated that the bat fauna at each site was 

adequately sampled (Meyer & Kalko submitted). In total, we obtained 8447 captures 

representing 5 families and 39 species (Meyer & Kalko submitted). For the purpose of this 

study we excluded, except for the mormoopid bat Pteronotus parnellii, all non-phyllostomid 

species, since they cannot be adequately sampled with mist nets (Kalko 1998) as well as 

species that were captured extremely rarely (< 4 captures) on the mainland. This resulted in 

23 study species for analysis. 

 

Derivation of explanatory variables 

Values for explanatory variables for each bat species were derived from our capture 

data and/or collated from the literature. 

Natural abundance in continuous forest. - Natural abundance was calculated for each 

species as the mean capture rate (recaptures excluded) per mistnet hour (mnh; one mnh = one 

6-m net open for one hour) at mainland interior sites. 

Body mass. - We used mean adult body mass obtained from our capture data as a 

measure of body size. 

Edge-sensitivity. Following Harper et al. (2005), we calculated for each species the 

magnitude of edge sensitivity ES, i.e. the difference in captures at mainland edge relative to 

mainland interior sites, as ES = (Nedge – Ninterior)/(Nedge + Ninterior) (eqn 1). 

We used total captures excluding recaptures as capture effort was nearly the same for 

each site. The ES index can assume values from –1 (highly edge-sensitive, no captures at 

edges) to +1 (no captures in forest interior, only at edges). 
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Trophic level. - Species were assigned to one of two broad trophic groups, 

animalivorous or phytophagous, which best reflects the main trophic structure of 

phyllostomid assemblages in our study area (Giannini & Kalko 2004; 2005). All 

animalivorous phyllostomids are gleaning bats that take food from surfaces. 

Dietary specialization. - Based on the literature (see Table S1 in Supplementary 

Material), we assigned each species to one of three categories of food specialization. The 

majority of the data consisted of fecal samples but prey remains from feeding roosts also 

contributed to the food records. Dietary records were defined as one observation of a 

particular food item. First, food items were broadly divided into four categories: (a) fruit, (b) 

nectar or pollen, (c) arthropods, and (d) vertebrates. We then calculated the percent 

contribution of each food category to total dietary records for each bat species. Species were 

assigned to the least specialized category if two or more of the food categories contributed > 

10% to all food records. The second category consisted of species where one food category 

contributed > 90% to all food records. Species with an even narrower diet spectrum were 

separated further based on the relative contribution of particular food items and assigned to 

the third category. Enhanced consumption of the locally most abundant resource is not 

necessarily indicating dietary specialization of a species. For example, since there are many 

more insects than plant species providing food for bats, we considered an animalivorous 

species only as specialized if one prey order contributed more than three quarters to the food 

records. For frugivores, this proportion needed to be from one plant genus according to our 

definition. Moreover, because figs constitute the dominant portion of the diet of many 

frugivorous phyllostomids in the study region (Kalko, Handley & Handley 1996), a species 

with mainly a fig diet was considered specialized only if figs comprised more than 90 percent 

of its dietary records. 

Vertical stratification. - We derived the vertical niche of each species by calculating 

the proportion of captures in ground nets versus high nets. For this, we counted only the two 

upper nets of the net wall as „high nets“, reflecting capture heights of ca. 8 - 14 m versus 

ground nets with < 3 m. Captures were expressed as capture rate per mnh to account for 

capture effort. Species were assigned to one of three categories of vertical stratification: (U) 

understory species, < 33% of all captures in high nets; (N) opportunistic species without 

preference, 33-66% of all captures in high nets; (C) species with subcanopy/canopy 

preference, > 66% of all captures in high nets. 
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Mobility. - We derived species mobility from mark-recapture data of the BCI long-

term bat project (Kalko et al. 1996; unpublished data), consisting of nearly 50,000 captures 

and recaptures from BCI and adjacent peninsulas. We calculated the distance between 

marking and recapture site, excluding juveniles from the calculations as they may exhibit 

different movement patterns than adults. One species, A. jamaicensis, had several hundred 

recaptures in the database, so 50 recaptures were selected randomly, which was sufficient as 

variance in distances stabilized after 50 records. For the other species, all recaptures were 

included. To assess the degree of mobility (i.e. activity range), mean (excluding zeros) and 

maximum recapture distance were calculated and plotted. We then grouped the species into 

three categories of mobility (low, intermediate, high; see Table S1 and Figure S1). 

Wing morphology. - We used data on aspect ratio and relative wing loading (mass-

corrected index of wing loading, (Norberg 1998) collected by one of us (WPL) in Costa Rica 

and Panama. Values were determined from photographs (Olympus μ-II camera) taken of the 

extended left wing of each bat and analyzed with the program analySIS 3.1 (Soft Imaging 

System Corp.). Following Norberg & Rayner (1987) the head was excluded from calculations 

of wing area. 

Ecologically scaled landscape indices (ESLIs). - We calculated two ESLIs, average 

carrying capacity and patch connectivity, as proposed by Vos et al. (2001). First, average 

carrying capacity of patch i in a landscape of n patches is defined as: 

∑
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K n
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  (eqn 2), 

where Ai is the area of patch i and IARi are the individual area requirements of one 

reproductive unit (e.g., home range) of a particular species in patch i. In the same landscape, 

this index is higher for species with small individual area requirements than for species with 

greater area requirements. Secondly, Vos et al. (2001) combined a measure of patch isolation 

with individual species mobility in an index of average patch connectivity: 
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where dij is the distance between patches i and j, and α is a species-specific dispersal 

parameter. Species with good dispersal abilities, i.e. small α, therefore exhibit larger 

connectivity values than relatively poor dispersers. For CESLI , the dispersal parameter was 

calculated based on maximum dispersal distances derived from mark-recapture data of the 

BCI long-term bat project (see above). To obtain values that yield close to zero contributions 
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at distances beyond the maximum dispersal distance, α was calculated as α = - ln(0.001)/dmax 

(Vos et al. 2001; Swihart et al. 2003a). CESLI was quantified for landscapes delimited as 

circular buffer zones with a radius of 1.5 km surrounding each study island. The focal scale 

encompassed the expected home ranges of different-sized bat species and minimized spatial 

overlap between neighboring islands. For the calculation of KESLI , individual area 

requirements were taken either directly from published accounts on maximum home range 

sizes or were predicted by regressing maximum recapture distances against published data on 

maximum home range sizes (F1,7 = 8.74, P = 0.021, r2 = 0.56).  

Model set explored. - Our a priori set of candidate models consisted of a total of 13 

models. We did not consider interaction effects because of limited sample size but, in 

addition to the 9 abovementioned predictor variables, included 4 additive models, each of 

which explored the joint contribution of several factors: 

(1) Dispersal model: mobility, body mass, relative wing loading, aspect ratio, and edge-

sensitivity  

(2) Population size model: natural abundance, body mass, and trophic position 

(3) Specialization model: dietary specialization, vertical stratification, and edge-sensitivity 

(4) ESLIs: CESLI and KESLI  

 

Data analysis 

It is important to correct for the statistical non-independence of taxa in such a 

multispecies study and we therefore performed all analyses on phylogenetically independent 

contrasts (Felsenstein 1985), generated with the PDAP package implemented in Mesquite 

(Midford, Garland & Maddison 2005). Taxonomic relationships between species were 

inferred based on the phylogeny provided by Baker et al. (2003). Branches were set to equal 

length (Garland, Harvey & Ives 1992). We also conducted species-level analyses on data not 

corrected for phylogeny and for comparison provide those results in the supplementary Table 

S2. 

We conducted separate analyses to compare two measures of fragmentation 

sensitivity. First, we used the proportion of islands on which a particular species was present 

(arcsine transformed). As an alternative measure of fragmentation sensitivity we calculated 

an index of change in abundance adapted from Davies et al. (2000) as the ratio of relative 

species abundances (RA) on islands and at mainland interior sites: 

y = loge (RAislands + 0.0001/RAmainland interior + 0.0001)  (eqn 4). 
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A small number (0.0001) was added to the relative abundance of each species as several 

species had zero captures on islands. We used generalized linear models (GLMs) on 

standardized independent contrasts to examine correlates of variation in bat species 

sensitivity to fragmentation. As both response variables followed a normal probability 

distribution (Shapiro-Wilk test, P > 0.6) after phylogentic correction they were modeled 

using GLMs with a Gaussian error structure and identity link function, forcing the regression 

through the origin (Garland et al. 1992). For each response variable, goodness-of-fit was 

examined based on the global model as percent deviance explained (Crawley 2005). 

Prior to analyses, logarithmic transformations were performed on body mass, natural 

abundance, and ESLIs. In preference to traditionally applied stepwise selection procedures 

whose use is statistically problematic (Quinn & Keough 2004; Whittingham et al. 2006), 

model selection was performed using an information-theoretic approach based on Akaike’s 

Information Criterion (AIC), a measure which considers both model fit and complexity 

(Burnham & Anderson 2002). For each model, we calculated the AIC, corrected for small-

sample size (AICc), following Burnham and Anderson (2002). Alternative models were 

ranked by rescaling the AICc values such that the model with the minimum AICc had a value 

of 0, i.e. Δi = AICi –AICmin. Models for which Δi ≤ 2 are considered to have substantial 

support, values of 4-7 have considerably less support, while those with Δi ≥ 10 essentially 

have no empirical support and can be ignored (Burnham & Anderson 2002). 

To compare models, we further computed Akaike weights, which are normalized 

model likelihoods such that the values for all R models sum to 1. Akaike weights are 

approximate probabilities that model i is the actual best model in the set and in this sense 

provide an estimate of model selection uncertainty (Burnham & Anderson 2002). Akaike 

weights are additive and can be summed to provide a confidence set of models, with a 

particular probability that the best approximating model is contained within the confidence 

set (Burnham & Anderson 2002). To further incorporate model selection uncertainty into 

inference, we generated 10,000 bootstrap samples from the original data set and applied the 

model selection procedure independently to each resample by recording the proportion of 

times each candidate model returned the lowest AICc (Burnham & Anderson 2002). These 

model selection frequencies (πi) provide a measure of relative support for alternative models 

that is robust to the effects of sampling error in the original data. 

Finally, we computed weighted estimates of regression coefficients for the predictor 

variables in a confidence set as 
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where wi is the Akaike weight of model i, and +
ij ,θ̂  is the estimator of the regression 

coefficient if predictor j is included in model i, or is zero otherwise. We report these 

parameter estimates along with unconditional standard errors, which incorporate a variance 

component due to model selection uncertainty and hence better reflect the precision of a 

given model coefficient (Burnham & Anderson 2002). Analyses were performed using the R 

statistical package (R Development Core Team 2006). 

 

Results 
The 23 bat species included in the analyses exhibited considerable variation in 

sensitivity to fragmentation (Table 1). There was no obvious single best model supported by 

the data (i.e. wmax ≤ 0.9). For species prevalence, comparison of Δi values indicated the model 

incorporating edge-sensitivity to be the best approximating model in the candidate set, 

although an Akaike weight of 0.45 suggests considerable model selection uncertainty (Table 

2). Natural abundance was ranked second but based on Akaike weights was more than three 

times less likely than the best ranking model. Bootstrap selection frequencies generally 

indicated substantial uncertainty in model rankings as well. Of the 10,000 bootstrap samples 

generated, edge-sensitivity was selected as the best model in 34.9% of all cases (πi = 0.349) 

while natural abundance was ranked first only half as often (πi = 0.175). There was limited 

evidence for an effect of mobility and relative wing loading while the subsequent five models 

had similar Δi values but generally received equivocal support based on model weights and 

selection frequencies (Table 2). Overall, the first nine models formed a ~ 94% confidence set. 

Parameter estimates for the best-supported models in the confidence set (wi > 0.1, Table 3) 

indicate positive relationships between bat species prevalence and edge-sensitivity (the sign 

of the coefficient is positive because high edge-sensitivity is expressed as negative values) 

and natural abundance. However, the strength of the coefficient associated with natural 

abundance was much lower in magnitude than the one for edge-sensitivity (Table 3), placing 

relatively more importance on the latter variable in predicting patterns of bat species 

prevalence on our study islands. 
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Table 1. Responses to forest fragmentation recorded for 23 species of Neotropical 
bats in a fragmented landscape of islands in Gatún Lake, Panama. Fragmentation 
effects were estimated as species prevalence, i.e. the fraction of islands occupied, 
and using an index of change in abundance describing the decline/increase in 
species abundance relative to mainland interior sites. 

Species Fraction of islands 

occupied 

Change in abundance 

Artibeus jamaicensis 1.00 0.692 

Artibeus lituratus  1.00 -0.001 

Artibeus phaeotis 0.36 0.081 

Artibeus watsoni  0.55 -1.684 

Carollia castanea  0.45 -2.321 

Carollia perspicillata  0.91 -0.659 

Chiroderma villosum 0.64 0.154 

Glossophaga soricina  0.91 2.144 

Lampronycteris brachyotis 0.00 -2.776 

Lophostoma silvicolum 0.18 -2.462 

Micronycteris hirsuta  0.36 -1.529 

Micronycteris microtis 0.82 1.022 

Mimon crenulatum  0.00 -3.552 

Phylloderma stenops  0.00 -3.309 

Phyllostomus hastatus  0.18 -1.920 

Platyrrhinus helleri  0.45 0.779 

Pteronotus parnellii 0.91 -1.096 

Tonatia saurophila  0.18 -2.506 

Trachops cirrhosus  0.00 -3.833 

Uroderma bilobatum  1.00 1.578 

Vampyressa nymphaea 0.09 -1.209 

Vampyressa pusilla  0.82 0.159 

Vampyrodes caraccioli  0.36 -1.318 
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Table 2. Results of AIC-based model selection assessing the association between two measures of 
fragmentation sensitivity and a set of candidate GLMs. For each model, the log-likelihood (Log-L), 
number of estimable parameters (K), sample-size adjusted Akaike Information Criterion (AICc), Akaike 
differences (Δi), Akaike weights (wi), and bootstrap selection frequencies (πi) are presented. Model fit as 
evaluated based on the global model is given for each response variable as percent deviance explained 
(% dev.). Confidence sets as explained in the text are highlighted in italics. 

Response variable Model description Log(L) K AICc Δi wi πi 

Edge-sensitivity (ES) -4.01 2 12.65 0.00 0.449 0.349Species  

prevalence Natural abundance (NA) -5.19 2 15.01 2.36 0.138 0.175 

(% dev. = 44.9) Mobility (M) -6.07 2 16.77 4.12 0.057 0.045 

 Relative wing loading (RWL) -6.08 2 16.78 4.13 0.057 0.018 

 Trophic level (TL) -6.24 2 17.11 4.45 0.048 0.019 

 Vertical stratification (VS) -6.26 2 17.14 4.49 0.048 0.008 

 Dietary specialization (DS) -6.26 2 17.14 4.49 0.048 0.014 

 Aspect ratio (AS) -6.31 2 17.24 4.59 0.045 0.011 

 Body mass (BM) -6.31 2 17.25 4.59 0.045 0.020 

 Specialization (DS+VS+ES) -3.96 4 18.27 5.61 0.027 0.007 

 ESLIC + ESLIK -5.73 3 18.79 6.13 0.021 0.036 

 Population size (NA+BM+TL) -4.98 4 20.31 7.66 0.010 0.058 

 Dispersal (M+RWL+AR+BM+ES) -1.62 6 20.85 8.19 0.007 0.240 

        

Edge-sensitivity (ES) -30.78 2 66.19 0.00 0.489 0.377Change in 

abundance ESLIC + ESLIK -31.08 3 69.49 3.31 0.094 0.156

(% dev. = 45.5) Natural abundance (NA) -32.69 2 70.00 3.82 0.073 0.056 

 Trophic level (TL) -32.86 2 70.35 4.16 0.061 0.053 

 Body mass (BM) -33.05 2 70.74 4.55 0.050 0.073 

 Dietary specialization (DS) -33.28 2 71.19 5.01 0.040 0.024 

 Aspect ratio (AS) -33.33 2 71.30 5.11 0.038 0.010 

 Vertical stratification (VS) -33.34 2 71.31 5.12 0.038 0.011 

 Relative wing loading (RWL) -33.34 2 71.31 5.13 0.038 0.015 

 Mobility (M) -33.36 2 71.35 5.17 0.037 0.010 

 Specialization (DS+VS+ES) -30.65 4 71.65 5.46 0.032 0.035 

 Population size (NA+BM+TL) -32.10 4 74.54 8.36 0.007 0.035 

 Dispersal (M+RWL+AR+BM+ES) -29.29 6 76.18 10.00 0.003 0.146 
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Table 3. Parameter estimates (θ̂ ) and unconditional standard errors (SE) for each 
variable in the confidence set. 

Response variable Variable Coefficient Unconditional SE 

Species prevalence Edge-sensitivity 0.221 0.153 

 Natural abundance 0.019 0.020 

 Mobility 0.005 0.008 

 Relative wing loading -0.002 0.003 

 Trophic level -0.007 0.019 

 Vertical stratification -0.002 0.007 

 Dietary specialization -0.003 0.009 

 Aspect ratio 0.002 0.016 

 Body mass 0.001 0.007 

Change in abundance Edge-sensitivity 0.848 0.549 

 ESLIs            ( CESLI ) -0.134 0.137 

                       ( KESLI ) -0.048 0.057 

 Natural abundance -0.026 0.033 

 Trophic level -0.072 0.099 

 Body mass -0.020 0.032 

 Dietary specialization 0.010 0.026 

 Aspect ratio 0.010 0.044 

 Vertical stratification -0.004 0.018 

 Relative wing loading 0.001 0.006 

 Mobility 0.000 0.015 

 

For the index of change in abundance as response variable, edge-sensitivity was again 

the model best supported by the data (Table 2). However, with Akaike weights of 0.49 and 

bootstrap selection frequencies of 37.7% model selection uncertainty was again rather high. 

The second-ranked model focusing on the additive effects of the two ecologically scaled 

landscape indices (ESLIs) was more than 5 times less likely (wi = 0.094) and bootstrap 

support was also lower (πi = 0.156) than for edge-sensitivity. Together the first ten models 

formed a ~ 96% confidence set (Table 2). As with species prevalence, the regression 

coefficient indicated a positive association between change in abundance and edge-sensitivity 

and a negative relationship with ESLIs, whereby the strength of the coefficient implied that 

this effect was largely due to CESLI  (Table 3). 
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Discussion 
Analytical issues 

Most studies that have investigated correlates of extinction proneness (Purvis et al. 

2000; Jones et al. 2003) or sensitivity to fragmentation have typically used a conventional 

stepwise modeling approach (e.g. Laurance 1991; Davies et al. 2004; Viveiros de Castro & 

Fernandez 2004). However, stepwise regression has several limitations, among them an 

inherent bias in parameter estimation, overfitting, inconsistencies among model selection 

algorithms, and an inappropriate reliance on a single best minimum adequate model while 

ignoring model selection uncertainty (Quinn & Keough 2004; Whittingham et al. 2006). We 

therefore addressed these problems by using an information-theoretic model selection 

approach instead, which allowed us to quantify model selection uncertainty (Burnham & 

Anderson 2002). The importance of taking such an analytical approach is well illustrated by 

our findings as we did not find unambiguous support for a single best model for either 

response variable and Akaike weights and bootstrap selection frequencies indicated 

considerable model selection uncertainty. 

 

Predictors of fragmentation sensitivity 

For the set of 23 Neotropical bat species studied within a fragmented landscape of 

land-bridge islands in Panama, high vulnerability to fragmentation was most strongly 

associated with high edge-sensitivity. Low natural abundance in continuous forest also 

received some support and there was limited evidence for an effect of movement ability 

(models mobility and relative wing loading) on species prevalence. Our results also suggest a 

negative relationship between the response variable change in abundance and the index of 

patch connectivity ( CESLI ). All other ecological traits examined were much inferior 

predictors of fragmentation sensitivity. Highly parameterized models generally received very 

little support. 

The fact that edge-sensitivity, natural abundance, and variables related to species 

mobility were the top-ranked models common to the confidence sets of both measures of 

fragmentation sensitivity points to overall largely similar determinants of species 

presence/absence and change in abundance in our study system. Compared to species 

prevalence, the index of abundance change constitutes an indirect measure of fragmentation 

sensitivity, which, however, also reflects extinction risk as a species’ decline in fragments 

relative to control sites generally equates with increased vulnerability (Davies et al. 2000). 
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Species prevalence is a widely used measure of species sensitivity (Swihart et al. 2003b; 

Swihart & Verboom 2004; Viveiros de Castro & Fernandez 2004) and is regarded as a 

generally useful predictor of metapopulation viability (Vos et al. 2001). However, one 

principal problem with this measure may arise because of differences in species abundance. 

Less abundant or rare species are most likely to be absent from an island due to sampling 

effects (Wright 1991). Consequently, fragmentation sensitivity of these species could partly 

be an artifact or may also be artificially amplified if a species does not occur at each site in 

continuous forest, either because of natural rarity or as a result of clumped distribution 

(spatial heterogeneity). This problem could only be addressed properly in a pre- vs. post-

fragmentation comparison. 

As historical data on species occurrences were lacking in our study we compared data 

from islands with unfragmented controls (e.g., Davies et al. 2000). We explored this issue 

further with a null model. Assuming a poisson-distribution for species abundance at each site, 

we derived from the mainland interior capture data the probability for zero abundance at a 

particular site i. This was used as the probability of “absence from site i” in a binomial model 

of species prevalences, from which we derived the expected prevalence values for each 

species. These were significantly greater than the observed values except for five species. 

However, expected prevalence values were also significantly correlated with natural 

abundance (P < 0.001, logistic regression). This and the fact that natural abundance received 

weaker support as a determinant of species change in abundance questions the overall 

importance of this trait in our case and the suitability of species prevalence as an index of 

fragmentation sensitivity in general. 

We found no strong association between body mass as well as trophic level and 

vulnerability to fragmentation in the comparative analyses. Trophic level was, however, an 

important predictor in species-level analyses on data not corrected for phylogeny (see Table 

S2). In general, effects of body size on fragmentation sensitivity are arguable based on 

current empirical evidence, which likely reflects the fact that it is merely a surrogate for other 

traits known to influence vulnerability (Davies et al. 2000; Henle et al. 2004). Body size 

tends to be positively correlated with trophic level and species at higher trophic levels are 

often characterized by lower abundance and increased population fluctuations (Henle et al. 

2004). However, the relationship of body size and trophic position with these demographic 

parameters is not always straightforward. Scale-dependent effects and interactions among 

traits may ultimately be responsible for the observed fuzzy association between trophic 

position and body mass in relation to extinction proneness (Henle et al. 2004). 
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Contrary to expectations, neither foraging stratum as a measure of habitat 

specialization nor dietary specialization were good predictors of bat vulnerability to 

fragmentation. While tropical bird communities exhibit a high degree of vertical stratification 

(e.g. Walther 2002) and terrestrial birds have been shown to be especially susceptible to 

fragmentation (Stratford & Stouffer 1999; Laurance et al. 2002; but see dos Anjos 2006), 

studies on bats point to a more flexible use of forest strata within and among species and an 

overall less clear pattern of vertical habitat partitioning (Bernard 2001; Kalko & Handley 

2001). If habitat specialization is indeed an important trait considering fragmentation 

sensitivity in bats, vertical stratification at least does not reflect this. Regarding dietary 

specialization there is contention over its relationship with extinction risk, with conflicting 

results among studies (e.g. Laurance 1991; Swihart et al. 2003b; Safi & Kerth 2004). 

Our results corroborate the findings of Safi & Kerth (2004) who found no evidence in 

temperate-zone bats for the hypothesis that narrow dietary niche breadth is related to elevated 

extinction risk. They argued that the lack of association could be due to an insufficient 

resolution of fecal analyses, an explanation equally plausible in our case. Furthermore, 

dietary specialization in bats may vary between different localities due to differences in the 

locally most abundant food resources (Kalko, unpublished results) and tends to be generally 

less pronounced than in other taxa such as butterflies (Kotiaho et al. 2005). 

We found strong evidence that bat species which exhibit low edge-tolerance are 

predisposed to decline in forest fragments. Fragmentation causes serious habitat changes, 

especially close to forest edges, with some effects reaching several hundred meters into the 

forest (Laurance et al. 2002; Harper et al. 2005). Species may avoid edges because of 

structural habitat changes or because they often constitute significant movement barriers. 

Also, habitat edges can alter species interactions and thereby modify ecological processes 

such as competition and predation (Ewers & Didham 2006). For instance, species could be 

edge-sensitive due to vulnerability of their prey or the decline of particular food resources 

near edges. Contrary to the findings of some studies on tropical birds (e.g. Watson, Whittaker 

& Dawson 2004), changes in forest structure do not seem to underlie the edge-avoidance 

observed in some bat species of our study (Meyer & Kalko submitted). Instead, changes in 

the densities of some preferred arthropod prey, e.g. katydids, with distance from the forest 

edge could reinforce the edge-sensitivity exhibited by many of the gleaning insectivorous 

bats. Our results confirm previous findings that gleaning animalivorous bats are particularly 

prone to habitat disturbance and fragmentation effects (Fenton et al. 1992; Medellín et al. 

2000; Clarke, Pio & Racey 2005) and suggest that this is likely a corollary of specific trait 
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combinations acting in concert such as high edge-sensitivity, low natural abundance, and 

limited mobility. 

It is likely that edge-sensitive species are often habitat specialists and are thus 

vulnerable to fragmentation (Tscharntke et al. 2002; Ewers & Didham 2006). Habitat 

specialization has also been indirectly linked to extinction proneness in bats (Jones et al. 

2003; Safi & Kerth 2004) through its relationship with wing morphology. The magnitude of 

an edge-effect can be greatly moderated by the degree of contrast between fragments and the 

matrix, with the strongest effects in landscapes with high-contrast edges (Laurance et al. 

2002; Ewers & Didham 2006). This may explain why edge-sensitivity was such a strong 

predictor of fragmentation sensitivity in our case. The notion that edge-sensitivity is not a 

static trait but may vary depending on the degree of fragment-matrix contrast is supported by 

studies of bats in other fragmented Neotropical landscapes where the matrix is terrestrial 

habitat (Estrada & Coates-Estrada 2002; Bernard & Fenton 2003). 

In line with theoretical predictions and corroborating other studies, e.g. on birds in 

Mexican cloud forest fragments (Watson 2003), our findings suggest a strong effect of 

movement abilitiy on fragmentation sensitivity. The categorical variable mobility and relative 

wing loading as another measure of species vagility were among the top-ranked models for 

species prevalence, although unimportant as predictors of change in abundance. Jones et al. 

(2003) identified aspect ratio as an important correlate of extinction risk in bats at the global 

scale, while Safi & Kerth (2004), in concordance with our results, found size-independent 

measures of wing morphology (wing tip shape) to influence extinction risk in temperate-zone 

bats. 

A likely explanation for the overall lower predictive power of wing morphological 

variables in our case is that the larger data sets of those studies encompassed species foraging 

in cluttered habitats and species hunting in open space while we focused on forest-dependent 

bats. Therefore the range of variation in wing loadings and aspect ratios in our species set 

was comparatively low and wing morphology may have been a generally more important 

predictor if open-space aerial insectivorous bats had been included in the analysis. 

ESLIs have been found to be useful predictors of patch occupancy in fragmented 

landscapes (Vos et al. 2001), however, the predictive capabilities of the two ESLIs for species 

prevalence were low in this study. This could in part result from rather large variation in the 

precision of these measures among species, particularly KESLI , as home range sizes for 

many species had to be predicted from regression. Nonetheless, we found evidence for a 
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negative relationship between change in abundance and the index of patch connectivity 

( CESLI ), which links species’ mobility to landscape structure, substantiating the notion that 

movement ability is an important trait shaping species susceptibility to fragmentation. The 

fact that current formulations of ESLIs do not discriminate among different matrix types 

suggests that further refinements incorporating differential matrix permeabilities may 

improve their usefulness as predictors of species fragmentation sensitivity (Swihart & 

Verboom 2004). 

 

Conclusions 

Our study provides evidence that edge-sensitivity is a key trait influencing the 

vulnerability of Neotropical bats to local-scale fragmentation. Hence, conservation efforts for 

the preservation of bat species that are negatively affected by habitat boundaries should be 

targeted at minimizing the amount of edge-habitat and reducing the degree of fragment-

matrix contrast. This could for instance be achieved by actively promoting regrowth 

vegetation along forest edges, which would mitigate the strength of edge-effects and decrease 

the effective isolation of habitat remnants. The finding that fragmentation sensitivity was to 

some extent related to movement ability implies that risk assessments of Neotropical bat 

species could in part be based on mobility-related traits. In this regard, the utility of measures 

of functional connectivity like CESLI  which may serve as important planning tools for land-

use managers, should be explored further. 

Gleaning animalivorous bats, which are edge-sensitive, occur at low natural 

abundances and have limited mobility, may only be able to persist in heavily fragmented 

landscapes if the degree of remnant isolation and patch-matrix contrast is low and if there is 

spatial proximity to larger tracts of continuous forest - aspects that should be taken into 

consideration in managent plans and in reserve design. 

Further studies focusing on local-scale fragmentation sensitivity in bats from a wider 

range of geographic localities and including systems with different fragment-matrix contrast 

are necessary to determine whether traits identified by us as important prove useful as general 

predictors of local species decline in bats. From a conservation perspective, comparative 

analyses with such a narrow geographic focus will likely be the most valuable for developing 

predictive models of species fragmentation sensitivity which can aid in directing research 

efforts and devising efficient management strategies. 
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Table S1 Ecological attributes as well as ecologically scaled landscape indices (ESLIs) used in modeling vulnerability to habitat fragmentation in Neotropical 
forest-dependent bats. BM = body mass (g); NA = natural abundance (bats/mist net hour); ES = edge-sensitivity; MO = mobility; TL = trophic level; DS = 
dietary specialization; VS = vertical stratification; AR = aspect ratio; RWL = relative wing loading 

Species BM NA ES MO1 TL2 DS3 VS4 AR RWL ESLIC ESLIK 
Artibeus jamaicensis 48.4 0.2456 0.096 3 P 2 N 5.98 20.28 0.831 0.011 
Artibeus lituratus  70.6 0.0446 -0.022 3 P 2 C 6.23 15.78 0.834 0.011 
Artibeus phaeotis 13.2 0.0024 0.250 1 P 2 N 6.19 20.18 0.309 0.050 
Artibeus watsoni  12.1 0.0265 -0.259 2 P 2 N 6.28 16.62 0.645 0.019 
Carollia castanea  12.2 0.0186 -0.324 1 P 1 U 5.89 19.28 0.439 0.123 
Carollia perspicillata  18 0.0154 -0.379 2 P 2 U 6.01 19.44 0.505 0.051 
Chiroderma villosum 23 0.0047 -0.333 3 P 1 C 6.13 21.06 0.872 0.009 
Glossophaga soricina  10.3 0.0022 0.143 2 P 3 U 6.40 18.89 0.455 0.032 
Lampronycteris brachyotis 14.5 0.0015 -1.000 3 A 3 N 6.24 20.64 0.356 0.077 
Lophostoma silvicolum 31.5 0.0084 -0.257 1 A 2 U 5.12 15.64 0.440 0.152 
Micronycteris hirsuta  14.6 0.0038 -0.667 1 A 2 N 5.86 17.57 0.574 1.324 
Micronycteris microtis 6.1 0.0012 0.000 1 A 2 U 5.73 16.02 0.070 1.624 
Mimon crenulatum  14.8 0.0035 -0.286 1 A 2 U 6.54 15.11 0.297 0.170 
Phylloderma stenops  63.6 0.0026 -0.750 3 P 2 N 6.38 17.84 0.519 0.027 
Phyllostomus hastatus  125 0.0022 0.250 3 A 3 C 6.79 18.60 0.648 0.019 
Platyrrhinus helleri  14.2 0.0023 -1.000 2 P 2 C 6.04 21.90 0.432 0.034 
Pteronotus parnellii 22.2 0.0086 -0.484 3 A 2 U 6.46 17.11 0.790 0.012 
Tonatia saurophila  33.8 0.0118 -0.676 2 A 2 C 5.76 15.31 0.670 0.037 
Trachops cirrhosus  31.1 0.0047 -0.714 2 A 3 U 5.79 17.77 0.664 0.027 
Uroderma bilobatum  17.2 0.0076 0.298 3 P 1 N 6.18 20.93 0.688 0.017 
Vampyressa nymphaea 13.4 0.0019 0.231 2 P 1 C 5.93 22.70 0.458 0.032 
Vampyressa pusilla  7.9 0.0059 0.032 2 P 1 C 5.88 25.73 0.457 0.032 
Vampyrodes caraccioli  36.8 0.0115 -0.035 3 P 2 C 6.30 23.71 0.775 0.013 
1 Categories: 1 = low, 2 = intermediate, 3 = high; no recapture data were available for Micronycteris microtis, the species was assigned to the low mobility category based on radiotracking data (Albrecht, Meyer & Kalko in 
press). 
2 P: phytophagous, A: animalivorous (Giannini & Kalko 2004; 2005) 
3 Categories: 1 = low, 2 = intermediate, 3 = high; Sources: Fleming, Hooper & Wilson 1972; Heithaus, Fleming & Opler 1975; Willig, Camilo & Noble 1993; Zortéa & Mendes 1993; Kunz & Diaz 1995; Kalko, Handley & 
Handley 1996; Herrera et al. 2001; 2002; Giannini & Kalko 2004; Thies & Kalko 2004; 2005 (and references therein); Kalka & Kalko 2006 
4U = understory preference, N = no preference, C = canopy preference 
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Table S2. Model selection results of species-level analyses conducted on data not corrected for the effects 
of phylogeny. For each model, the log-likelihood (Log-L), number of estimable parameters (K), sample-
size adjusted Akaike Information Criterion (AICc), Akaike differences (Δi), Akaike weights (wi), and 
bootstrap selection frequencies (πi) are presented. Species prevalence was modeled using generalized linear 
models (GLMs) with a logit link function, for the index of change in abundance GLMs with a Gaussian 
error distribution were used. For species prevalence, the quasi-likelihood modification QAICc, rather than 
AICc, was used to account for overdispersion in the data. Model fit as evaluated based on the global model 
is given for each response variable as percent deviance explained (% dev.). 

Response variable Model description Log(L) K (Q)AICc Δi wi πi 

Natural abundance (NA) -88.7 3 30.16 0.000 0.298 0.126Species  
prevalence Trophic level (TL) -91.6 3 31.12 0.964 0.184 0.104
(% dev. = 64.3) Edge-sensitivity (ES) -91.85 3 31.21 1.048 0.176 0.127 

 Population size (NA+BM+TL) -74.41 5 31.67 1.515 0.140 0.002 

 Dietary specialization (DS) -98.97 3 33.57 3.416 0.054 0.119 

 Mobility (M) -100.8 3 34.19 4.037 0.040 0.101 

 Body mass (BM) -101.8 3 34.52 4.360 0.034 0.109 
 Relative wing loading (RWL) -102.8 3 34.84 4.685 0.029 0.106 

 Aspect ratio (AS) -104 3 35.23 5.071 0.024 0.118 

 ESLIC + ESLIK -100.2 4 36.93 6.768 0.010 0.034 

 Vertical stratification (VS) -103.7 4 38.1 7.938 0.006 0.054 

 Dispersal (M+RWL+AR+BM+ES) -70.14 7 38.19 8.033 0.005 0.000 

 Specialization (DS+VS+ES) -87.84 6 39.86 9.700 0.002 0.001 

        

Edge-sensitivity (ES) -40.68 3 88.62 0.000 0.363 0.137Abundance  
change Trophic level (TL) -40.68 3 88.62 0.002 0.363 0.227
(% dev. = 66.5) Relative wing loading (RWL) -42.5 3 92.27 3.652 0.058 0.030 

 Population size (NA+BM+TL) -39.43 5 92.4 3.783 0.055 0.111 

 Dispersal (M+RWL+AR+BM+ES) -35.7 7 92.87 4.254 0.043 0.346 

 Body mass (BM) -42.9 3 93.05 4.438 0.039 0.025 

 Dietary specialization (DS) -43.43 3 94.12 5.508 0.023 0.024 

 Mobility (M) -43.95 3 95.16 6.543 0.014 0.001 

 Natural abundance (NA) -44.07 3 95.41 6.790 0.012 0.001 

 Aspect ratio (AS) -44.12 3 95.5 6.889 0.012 0.005 

 ESLIC + ESLIK -42.74 4 95.71 7.094 0.010 0.063 

 Specialization (DS+VS+ES) -40.34 6 97.92 9.307 0.003 0.026 

 Vertical stratification (VS) -43.85 4 97.93 9.315 0.003 0.006 
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Figure S1 Plot used to assign species to categories of low, intermediate, and high 
mobility. For the two data points on the left labeled “few recapture data“ radiotracking 
data indicated large home ranges. Besides, if there are few recapture data, smaller 
maximum distances can be expected. 
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Abstract. - Habitat fragmentation is one of the greatest threats to biodiversity. 
Despite their importance for conservation, the genetic consequences of small-scale 
habitat fragmentation for bat populations are largely unknown. In this study, we 
linked genetic with ecological and demographic data to assess the effects of habitat 
fragmentation on three species of phyllostomid bats (Uroderma bilobatum, Carollia 
perspicillata, and Micronycteris microtis) that differ in their movement abilities and 
demographic response to fragmentation. We hypothesized that the effect of habitat 
fragmentation on levels of genetic population differentiation and diversity will be a 
function of the species’ mobility. We sequenced mtDNA from 281 bats living on 11 
small islands in Gatún Lake, Panama, isolated from the mainland since ca. 90 years, 
and in adjacent, continuous forest on the mainland. Genetic erosion as a result of 
fragmentation was detectable in all three species: gene diversity and, except in U. 
bilobatum, also allelic richness were lower in island compared to mainland 
populations. Populations of all three species showed significant genetic 
differentiation (FST) and exhibited a pattern indicative of isolation by distance. 
Consistent with our prediction, population subdivision was lowest in the highly 
mobile U. bilobatum (FST = 0.01), moderate in the somewhat less vagile C. 
perspicillata (FST = 0.06) and highest in the rather sedentary M. microtis (FST = 
0.18). Our results provide evidence for loss of genetic variation and increased 
population structuring in response to anthropogenic small-scale habitat 
fragmentation in Neotropical bat species. Moreover, our data demonstrate that 
genetic erosion can manifest itself well before any detectable onset of demographic 
decline. 
 
Key words: Chiroptera, dispersal ability, fragmentation, isolation by distance, land-
bridge islands, population genetic structure 
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Introduction 
The correlated processes of habitat loss and fragmentation constitute the greatest 

threat to biodiversity worldwide. In tropical regions habitat loss due to deforestation is 

particularly severe and conversion of native forests into human-modified landscapes 

continues unabated (Whitmore 1997; Wright 2005), resulting in widespread habitat 

fragmentation (Wade et al. 2003). Loss of suitable habitat and fragmentation make 

populations more vulnerable to environmental, genetic, and demographic threats because they 

reduce their size and confine the remaining subpopulations to isolated patches (Lande 1993). 

This results in a loss of genetic diversity and an increase in genetic differentiation among 

populations due to genetic drift and reduced gene flow (Lande & Barrowclough 1987; 

Frankham 1996; Dudash & Fenster 2000; Lindenmayer & Peakall 2000). 

Like many other groups of animals, bats (Chiroptera) are at risk from habitat 

destruction and fragmentation (Racey & Entwistle 2003), especially in tropical lowland 

forests where they are particularly species-rich. Tropical bats are among the ecologically 

most diverse mammals present in local communities, filling pivotal roles as pollinators, seed 

dispersers, and predators (Kalko 1998; Patterson et al. 2003). Recent molecular studies have 

provided a wealth of new insights with respect to population structuring in migratory versus 

non-migratory species, social organization, and effects of geographical barriers on gene flow 

(reviewed in Burland & Worthington Wilmer 2001). At macro-geographical scales it has 

been shown that, with few exceptions (e.g. Miller-Butterworth et al. 2003), migratory bat 

species typically exhibit low levels of genetic differentiation, indicating high levels of gene 

flow among populations (Wilkinson & Fleming 1996; McCracken & Gassel 1997; Petit & 

Mayer 1999; Russell et al. 2005). In contrast, for non-migratory species the majority of 

studies have demonstrated considerable genetic population structuring (Worthington Wilmer 

et al. 1994; Burland et al. 1999; Rossiter et al. 2000; Maharadatunkamsi et al. 2000; Kerth et 

al. 2000). Pronounced population divergence and isolation by distance in non-migratory bat 

species may be the result of a variety of factors, including limited dispersal ability (Burland et 

al. 1999), social factors (Kerth et al. 2002), barriers to gene flow (Castella et al. 2000; 

Carstens et al. 2004), and historical events (Ditchfield 2000; Burland & Worthington Wilmer 

2001). 

Dispersal is a fundamental life-history trait affecting gene flow, and dispersal ability 

has been demonstrated to be negatively correlated with genetic population structure across a 

range of taxonomic groups (Waser & Strobeck 1998). At the genetic level, one could assume 

that bats may be relatively unaffected by local-scale habitat fragmentation because their 
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ability to fly may allow them to move relatively easily between habitat patches, both on a 

nightly basis while foraging and during natal dispersal. A recent study on the temperate 

Bechstein’s bat (Kerth & Petit 2005), however, showed that forest fragmentation can have a 

considerable effect on the genetic population structure of bats as it creates a sex-specific 

barrier to gene flow, impeding colonization of empty patches by females. 

The relatively few studies assessing the genetic population structure of tropical bats 

mainly investigated patterns over large spatial scales (Wilkinson & Fleming 1996; Ditchfield 

2000; Carstens et al. 2004; Russell et al. 2005) or examined the genetic structure of social 

groups, in particular levels of colony relatedness and differentiation (McCracken & Bradbury 

1977; Wilkinson 1985; Dechmann et al. in press). We are not aware of any study assessing 

the effects of forest fragmentation on the genetic variation and population structure in tropical 

bats on a micro-geographic scale despite the profound impact habitat fragmentation is likely 

to have on the genetic structure and persistence of populations and the importance of forests 

for bats. 

Mark-recapture data and radio-tracking studies indicate that Neotropical bat species 

differ widely in their mobility (Bernard & Fenton 2003; Albrecht et al. in press; Meyer et al. 

accepted) and, as a consequence, may exhibit different levels of genetic population 

structuring, as has recently been demonstrated for two species of nectar-feeding bats (Newton 

et al. 2003). Comparative analyses revealed that wing-morphology and hence movement 

capabilities are correlated with extinction risk in bats at a global scale (Jones et al. 2003; Safi 

& Kerth 2004). Broad-winged, non-migratory bat species are, on average, more endangered 

than narrow-winged species, probably because the latter can more easily reach isolated 

habitat patches (Safi & Kerth 2004), but this explanation awaits further testing and may not 

necessarily be of the same importance at a small-scale (Meyer et al. accepted). 

It is widely recognized that both demographic and genetic factors may affect the 

vulnerability of species to fragmentation, calling for an integration of genetic and 

demographic approaches (Gaines et al. 1997; Lindenmayer & Peakall 2000; Srikwan & 

Woodruff 2000; Tallmon et al. 2002). Moreover, very few studies have explicitly examined 

the association between genetic structure and intrinsic ecological attributes such as mobility 

in bats (see Burland & Worthington Wilmer 2001). 

In this study, we linked demographic with genetic data to explore the consequences of 

small-scale habitat fragmentation for three syntopic species of phyllostomid bats that differ in 

their movement abilities. The three species (Uroderma bilobatum, Carollia perspicillata, and 

Micronycteris microtis) were sampled as part of a comprehensive project investigating 
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fragmentation effects on Neotropical bats within a landscape consisting of small forested 

islands in Gatún Lake, an artificial reservoir in central Panama (Meyer et al. accepted; Meyer 

& Kalko submitted). The islands in Gatún Lake offer unique advantages for a study of the 

influence of fragmentation on the genetic population structure of bats. First, the exact date of 

their origin and their history in terms of land use are known. Second, the matrix around the 

islands (water) differs drastically from the forest habitat on the islands, enhancing the 

effective isolation of the habitat patches (Ricketts 2001). Comparatively resistant matrix 

types, such as water, are likely to result in particularly low levels of gene flow, leading to 

genetic erosion in isolated populations and increased levels of population subdivision. This 

scenario is reinforced by the fact that some bat species are known to be reluctant to fly over 

open bodies of water (Castella et al. 2000; Albrecht et al. in press). 

We assessed the genetic diversity and differentiation within and among island and 

mainland populations of the three phyllostomid bats, using mitochondrial DNA. Our aim was 

to infer levels of population connectedness in a landscape that had been fragmented ca. 90 

years ago as a result of human activities. Specifically, we tested the hypothesis that genetic 

differentiation within and between mainland and island populations is a function of 

geographical distance (isolation by distance) and that such an effect will be lower for the 

species with high vagility than for less mobile species. We also tested whether the size of an 

island and its distance to the nearest mainland affect genetic diversity of bat populations 

living on these islands. 

The integrative approach taken in this study, linking demographic data with genetics, 

is particularly useful for the a priori determination of those species most vulnerable to 

fragmentation and hence for providing valuable background information pertinent to the 

development of management plans for bat conservation. 

 

Material and methods 
Study area 

In 1914, the impoundment of the Chagres River in central Panama as part of the 

construction of the Panama Canal led to the creation of a large artificial reservoir, Gatún 

Lake. Lake formation isolated numerous former hilltops, resulting in over 200 forested 

islands ranging in size from < 1 ha to the 1560 ha Barro Colorado Island (BCI) (Adler & 

Seamon 1991). Together with five adjacent mainland peninsulas, BCI forms the 5,400 ha 

Barro Colorado Nature Monument (BCNM). The BCNM is contiguous with Soberanía 
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National Park, 22,000 ha of forest stretching along the eastern side of the canal (Fig. 1). 

Forests in the Panama Canal corridor are classified as semi-deciduous, lowland tropical moist 

forest (Holdridge 1967). The study area experiences a strongly seasonal climate with a long 

rainy season punctuated by a severe dry season typically lasting from mid-December to April 

or May (Windsor 1990). Strong and persistent dry-season trade winds have a major impact on 

forest structure and dynamics particularly on exposed islands where forest is less diverse in 

tree species composition, typically shorter in stature and large trees are often scarce (Leigh et 

al. 1993). 

 

Fig. 1 Map of the study area in the Panama Canal area in central Panama (inset). The locations of 
the 11 study islands in Gatún Lake and of the six mainland sites in continuous forest on the three 
peninsulas Bohio, Gigante, and Peña Blanca within the Barro Colorado Nature Monument (BCNM) 
are highlighted in black (■). 

 

Study species 

Choice of the three focal species was mainly based on their abundance on the study 

islands in order to obtain appropriate sample sizes and on availability of quantitative data 

with regard to movement abilities. Based on these criteria, we selected Uroderma bilobatum, 

Carollia perspicillata, and Micronycteris microtis for our analysis. All three species are 

forest-dwelling bats adapted to forage in cluttered situations but otherwise differ from one 
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another in a range of ecological attributes including mobility, wing morphology, foraging 

strategy, body size, sensitivity to forest edges, as well as in their demographic response to 

fragmentation. 

Uroderma bilobatum and C. perspicillata are comparable in size (17 and 18 g, 

respectively) and frugivores (Giannini & Kalko 2004), one eating mainly fruits of Ficus sp. 

(U. bilobatum) and the other mostly Piper sp. (C. perspicillata). Micronycteris microtis is a 

small (6 g) animalivorous bat, which gleans insects and small vertebrates from the vegetation 

(Kalka & Kalko 2006; Kalko, unpublished data). In a previous study (Meyer et al. accepted), 

Uroderma bilobatum and M. microtis differed from C. perspicillata in their demographic 

response to fragmentation. They were either uncommon (U. bilobatum) or rare (M. microtis) 

on the mainland but increased substantially in abundance on the islands, whereas C. 

perspicillata was a common understory bat regularly captured in mainland forest but that 

declined in abundance on the islands, pointing to rather high fragmentation sensitivity. 

Several lines of evidence suggest that the three species differ profoundly in their 

movement ability and can be arranged along a continuum from high (U. bilobatum), through 

intermediate (C. perspicillata) to low mobility (M. microtis). Persistence in fragmented 

landscapes requires individuals to cross habitat boundaries and move between patches. Mark-

recapture data indicate that both U. bilobatum and C. perspicillata regularly fly over open 

water whereby U. bilobatum clearly is the more mobile of the two species with mean 

recapture distances being about twice as large (Table 1). In contrast to U. bilobatum, C. 

perspicillata appears to be reluctant to cross water (Meyer et al. accepted), providing further 

evidence for greater mobility in U. bilobatum. For M. microtis no recapture data were 

available but radio-tracking data suggest that this species has very small area requirements 

(mean home ranges 4 ha, core areas 0.5 ha; Table 1) and is generally very reluctant to 

traverse open areas. A regular exchange of individuals between habitat patches is probably 

very rare (Albrecht et al. in press). Limited foraging ranges and low vagility in this species 

are further supported by eco-morphological evidence. Compared to the other two species M. 

microtis has much lower aspect ratio wings and wing loadings (Table 1). Bats characterized 

by high wing loading and aspect ratio wings are typically fast and efficient flyers while those 

with short, broad wings have higher maneuverability in cluttered habitats but increased costs 

for long-distance flights (Norberg & Rayner 1987). 
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Table 1 Data on movement capabilities of the three study species. 
 

Species Recapturesa Home range size 
± SD (N)b 

Wing morphologyc ESLIc
c 

 Marked Recaptured Same-
site 

Extra-
site 

Mean distance (km) 
± SD (max) 

 Aspect ratio  
± SD (N) 

Wing loading 
± SD 

 

U. bilobatum 2134 54 17 37 1.40 ± 0.98 (3.51)  6.18 ± 0.16 (5) 11.79 ± 0.80 0.688 
C. perspicillata 1654 52 22 30 0.74 ± 0.60 (2.1)  6.01 ± 0.11 (4) 11.57 ± 0.30 0.505 
M. microtis      4.0 ± 2.0 (8) 5.73 ± 0.26 (5)   6.45 ± 1.40 0.070 
 

a this study; Kalko et al. 1996; Kalko, unpublished data 
b Minimum Convex Polygon (MCP in ha), van de Sand 2004; Albrecht et al. in press  
c Meyer et al. accepted
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Landscape connectivity, which ultimately defines relative levels of gene flow among 

habitat patches, results from the interaction between the spatial structure of the landscape and 

individual movement behavior (Keyghobadi et al. 2005). Vos et al. (2001) combined a 

measure of patch isolation with individual species mobility in an ecologically scaled 

landscape index (ESLI) of average patch connectivity, ESLIC. In the same landscape, species 

with good movement abilities generally exhibit larger connectivity values than relatively poor 

dispersers. ESLIC values previously calculated for the three study species (Meyer et al. 

accepted, Table 1) further confirm the pattern of differential movement abilities presented 

above. 

 

Sampling procedure 

Genetic samples of the three focal species were obtained from the same sites (Fig. 1) 

used for the demographic study (Meyer & Kalko submitted), 11 islands differing in size (2.5-

50 ha) and degree of geographic isolation from the nearest mainland (0.02-3.4 km) as well as 

six mainland sites located on three peninsulas within the BCNM (Bohio, Gigante, and Peña 

Blanca). Since M. microtis was very rare on the mainland, we sampled this species also on 

Barro Colorado Island (BCI). Because of its rather large size (15.6 km2) we expected BCI to 

resemble the situation of mainland populations. For our analysis, we assumed that mainland 

populations were representative of pre-fragmentation populations and provide the source pool 

for the island populations. Bats were captured with mist nets (U. bilobatum, C. perspicillata) 

or, in the case of M. microtis, were additionally caught with hand nets inside diurnal roosts. 

Upon capture, individuals were identified, weighed, sexed, and marked prior to release (for 

details see Meyer & Kalko, submitted). Wing tissue samples were collected using 5 mm 

diameter biopsy punches (Stiefel Laboratories Inc., USA) following Worthington Wilmer & 

Barratt (1996). Biopsies were stored in 96% ethanol until DNA extraction. Tissue samples 

were obtained from a total of 281 bats; the number of individuals sampled per species and the 

sampling locations are given in Table 2. 

 

DNA extraction, amplification, and sequencing 

 We extracted DNA from wing tissue samples using a salt-chloroform method 

(Müllenbach et al. 1989). Double stranded mitochondrial DNA from the control region (d-

loop) was amplified from total cellular DNA using the polymerase chain reaction with one 

primer pair (primer E: CCT GAA GTA GGA ACC AGA TG, Wilkinson & Chapman 1991; 

and primer P*: CCC CAC CAT CAA CAC CCA AAG CTG A, Wilkinson et al. 1997). To 
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obtain sequences of about 340 bp in length, 20-50 ng of mtDNA was amplified using 1x 

Amplimix buffer (Microsynth; including 1.5 mM MgCl2, and 0.2 mM dNTP mix), 0.5 units 

taq polymerase (Pharmacia), and 0.24 µM of each primer. All ingredients are given in final 

concentrations. Total reaction volume was 15.0 µL. A PTC-200 thermocycler (MJ Research) 

was programmed to perform 31 cycles of 94°C/30 s, 55°C/45 s, 72°C/60 s after an initial 

94°C/4 min step and followed by 72°C/20 min. We tested 5 µL of the PCR-product on a 

1.4% agarose gel (1 h: 4.5V/cm) stained with ethidium bromide. PCR products were purified 

using the ExoSAP-IT USB Corporation purification kit (37°C/15 min and 80°C/20 min). As a 

previous study on another phyllostomid bat species had confirmed the reliability of 

sequencing this part of the d-loop (Dechmann et al. in press), we sequenced all samples in 

only one direction (P*) using the ABI prism Big Dye Terminator cycle sequencing ready 

reaction kit (Applied Biosystems). We ran the resulting PCR products on an ABI Prism 3730 

48 capillary sequencer. Data were exported with Sequencing Analysis 3.4 (Applied 

Biosystems) and sequences were aligned and edited with Sequencher 4.1 (Gene Codes Corp). 

 

Data analysis 

We counted the number of sequence types (sequences differing by their number 

and/or pattern of variable sites) per sampled site to quantify the genetic diversity of local bat 

populations. Based on the sequence type frequencies, we estimated allelic richness and gene 

diversities, using FSTAT 2.9.3 (Goudet et al. 1996). We then compared allelic richness and 

gene diversities for each species between islands and mainland sites, using Mann-Whitney U-

tests, to investigate whether island populations had lower genetic diversity than mainland 

populations. Subsequently, we analyzed whether patch size and isolation had an influence on 

the genetic diversity of the bat populations by correlating local gene diversities and allelic 

richness of island populations with island sizes and distances from the mainland. 

 The population structure analyses were based on Weir and Cockerham’s (1984) 

estimate of FST and included all populations (mainland and islands) with more then one 

individual per site. We used a log-likelihood G-test to test for population differentiation, not 

assuming random mating. To evaluate whether sex-specific dispersal rates existed, we used a 

two-sided FST-test in all populations in which we caught more than one individual per sex. To 

test for isolation by distance and the effect of fragmentation, we performed partial Mantel-

tests. We compared matrices of pairwise FST-values of populations with more than one 

individual to matrices coding for the geographical distances and the fragmentation between 

the different sampling sites (islands were coded as fragments, mainland as continuous habitat, 
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compare Kerth & Petit 2005). All calculations were performed using FSTAT 2.9.3 (Goudet et 

al. 1996). Significance levels were estimated through 10,000 permutations. We give the P-

value for each test and, whenever available, the proportion of variance explained by the 

model. 

 To depict genetic distances between sequences we calculated mean pairwise 

differences and designed minimum spanning trees for each of our three study species, using 

Arlequin 2.0 (Schneider et al. 2000). Deletion and transition weights were set to 1 and the 

epsilon value was 10-7. We allowed for 5% of missing data and set the number of bootstrap 

replicates to 10,000. 

 

Results 
Uroderma bilobatum 

Among the 151 bats sequenced for 337 bp we detected 35 variable sites, resulting in a 

total of 43 sequence types (Fig. 2a). The mean number of pairwise distances between 

sequence types was with 4.5 ± 2.3 (range: 1-11) lower than in the other two species. On 

average, each type was present at 2.5 locations. Sequence types were not equally distributed 

among the sampled sites. The same sequence type was found in a maximum of 11 sites and 

24 of the 43 types were found only in a single site. Gene diversity (GD) but not allelic 

richness (AR) was significantly lower in the 10 island populations than in the five mainland 

populations (U-test, GD: U = 3.5, P < 0.01; AR: U = 20.5, P = 0.58; Table 2). Neither the 

size of an island nor its distance from the mainland had a significant effect on the observed 

genetic diversity found in the 10 island populations (Spearman rank correlation, island size: 

GD: rs = 0.06, P = 0.88; AR: rs = -0.06, P = 0.88; island isolation: GD: rs =-0.35, P = 0.32; 

AR: rs = -0.45, P = 0.19; Table 2). The total population (N = 15 sites) showed a low FST-

value (0.01) but was significantly differentiated (G-test, P < 0.05). We also observed a 

significant effect of isolation by distance, fragmentation, however, had no significant 

additional effect (partial Mantel-test; distance: rm = 0.25, P < 0.01; fragmentation: rm = 0.12, 

P = 0.22). Males (N = 73) and females (N = 63) showed similar FST-values (0.02 and 0.00; 

two-sided FST-test: N = 10 populations, P = 0.30) and the populations of neither of the sexes 

were significantly differentiated (males: P = 0.09; females: P = 0.65). Our data suggest that 

U. bilobatum is a good disperser and that movement patterns are not sex-biased. Distance 

between sites, however, affects population structure already over the rather small spatial scale 

of our study.  
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Carollia perspicillata 

 We detected 51 variable sites among the 81 bats sequenced for 337 bp, resulting in a 

total of 41 sequence types (Fig. 2b). The mean number of pairwise distances between 

sequence types (11.1 ± 5.4, range: 1-26) was higher than in U. bilobatum. The different 

sequence types were rather equally distributed among the sampled sites. On average, each 

type was present in 1.6 locations. The same sequence type was found in a maximum of 4 sites 

and 26 of the 41 sequence types were found only in a single site. Both, gene diversity (GD) 

and allelic richness (AR) were significantly lower in the six island populations than in the six 

mainland populations (U-test, GD: U = 4.5, P < 0.03; AR: U = 5.5, P < 0.05; Table 2). The 

size of an island but not its distance from the mainland had a significant effect on the 

observed gene diversity in the six island populations while no significant effect on allelic 

richness was observed (island size: GD: rs = -0.81, P = 0.05; AR: rs = 0.71, P = 0.11; island 

isolation: GD: rs = -0.31, P = 0.54; AR: rs = -0.55, P = 0.26; Table 2). The total population (N 

= 12 sites) showed a moderate FST-value (0.06) and was significantly differentiated (G-test, P 

< 0.02). We also observed a highly significant effect of isolation by distance and 

fragmentation (partial Mantel-test; distance: rm = 0.45, P < 0.0001; fragmentation: rm = 0.31, 

P < 0.0001). Males (N = 36) and females (N = 35) differed somewhat in their FST-values 

(0.05 versus 0.10) but this difference was not significant (two-sided FST-test: N = 9 

populations, P = 0.40). For both sexes the population was significantly differentiated (males: 

P < 0.05; females: P < 0.005). Our data suggest that C. perspicillata is a species with 

moderate to poor mobility, movement patterns are not influenced by gender, and both, 

distance and fragmentation, affect population structure.  

 

Micronycteris microtis 

Forty-eight variable sites were detected among the 344 bp sequenced in 49 bats, 

resulting in a total of 25 sequence types (Fig. 2c). The mean number of pairwise distances 

between sequence types was with 10.1 ± 4.8 (range: 1-16) larger than in U. bilobatum but 

similar to the one observed for C. perspicillata. The different sequence types were equally 

distributed among the sampled sites. On average, each type was present in only 1.2 locations 

and the same sequence type was found in a maximum of 2 sites. Nineteen of the 25 sequence 

types were found only in a single site. Both, gene diversity (GD) and allelic richness (AR) 

were lower in the 5 island populations than in the two mainland populations (including BCI; 

Table 2) but sample sizes were too low for testing. 
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Table 2 Genetic data of the three study species of phyllostomid bats sampled on 11 small islands, one large island (BCI) and at six mainland sites. Sample 
size (n bats), local gene diversity (GD), and local allelic richness (AR) are given. For islands, size and distance to the mainland is presented (see text for 
further details). 
Site Island U. bilobatum  C. perspicillata M. microtis 

Islands size (ha) 
distance from 
mainland (m) n bats  GD AR n bats  GD AR n bats  GD AR 

Cacao 12.8 155 12 0.88 3.13 1   0   
Chicha 2.8 510 10 0.93 3.34 0   0   
Guacha 7.2 2247 0   6 0.87 2.87 1   
Guanabano 16.3 1420 10 0.93 3.35 0   2   
Guava 2.5 1930 17 0.88 3.24 2 1.00 2.00 0   
Leon 50 1544 16 0.97 3.63 8 0.86 2.96 6 0.80 2.70 
Mona Grita 5.9 248 10 0.96 3.46 5 0.90 2.93 13 0.78 2.74 
Pato Horqueta 11.4 3404 14 0.88 3.21 7 0.81 2.73 3 1.00 2.00 
Piñaa 4.4 20 13 0.92 3.38 1   1   
Tres Almendras 3.4 145 11 0.93 3.36 0   1   
Trinidad 17.3 2020 4 0.50 1.79 12 0.86 3.10 9 0.56 2.07 
BCI 1560 255 -   -   8 0.96 3.43 
Mainland                       

Bohio Edge   8 0.96 3.43 4 1.00 3.14 1   
Bohio Interior   5 1.00 3.14 12 0.99 3.66 2 1.00 2.80 
Gigante Edge   16 0.95 3.54 2 1.00 2.00 1   
Gigante Interior   1   4 1.00 3.14 0   
Peña Blanca Edge   3 1.00 2.80 6 0.93 3.16 1   
Peña Blanca Interior     2 1.00 2.00 11 0.95 3.45 0     
a island #8 in Adler & Seamon (1991)
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Fig. 2 Minimum spanning tree for the three phyllostomid bat species (Uroderma bilobatum Fig. 2a, 
Carollia perspicillata Fig. 2b, and Micronycteris microtis Fig. 2c). The numbers in the circles depict 
different haplotypes. The distances are indicated by the number of black dots representing missing 
haplotypes. The radius of the circles depicts the absolute frequencies of the haplotypes in the study 
populations. 
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Neither the size of an island nor its distance from the mainland had a significant effect on the 

gene diversity and allelic richness in the 5 island populations (island size: GD: rs = -0.10, P = 

0.87; AR: rs = -0.30, P = 0.62; island isolation: GD: rs = 0.00, P = 1.00; AR: rs = -0.30, P = 

0.62). The overall population (N = 7 sites) showed a high FST-value (0.18) and was highly 

significantly differentiated (G-test, P ≤ 0.0001). The effect of isolation by distance was 

almost significant (Mantel-test: rm = 0.41, P = 0.06). We could not test for fragmentation 

because M. microtis could only be caught at very few mainland sites. Males (N = 17) and 

females (N = 13) had similar FST-values (0.23 versus 0.15; two-sided FST-test: N = 3 

populations, P = 0.76). Moreover, for both sexes the population was significantly 

differentiated (males: P < 0.001; females: P < 0.03). Overall our data suggest that, of the 

three study species, M. microtis is the least vagile species, with strongly differentiated 

populations. 

 

Discussion 
Our study elucidated the degree of genetic erosion and population subdivision in three 

species of Neotropical bats following anthropogenic local-scale habitat fragmentation. Few, 

if any, other studies appear to have investigated genetic patterns in tropical bats at a similarly 

small spatial scale (ca. 12 x 12 km). All three species showed loss of genetic diversity on 

islands, as predicted as a consequence of forest fragmentation. In the less mobile species, C. 

perspicillata and M. microtis, both gene diversity and allelic richness declined as a result of 

fragmentation. Even U. bilobatum, assumed to be a good disperser not reluctant to cross open 

water, was characterized by reduced gene diversity, albeit not allelic richness, on islands 

compared to continuous forest. This finding is particularly interesting and rather unexpected 

as U. bilobatum was much more abundant on the islands than in mainland forest. Likewise, 

M. microtis was captured more frequently on the islands than in continuous forest (Meyer et 

al. accepted). Thus, it is remarkable that loss of genetic variation was detectable in these two 

species in spite of their positive demographic response to fragmentation. Srikwan & 

Woodruff (2000), studying genetic erosion in small mammal populations on land-bridge 

islands in Thailand, similarly reported genetic erosion for a species which was favored by 

fragmentation and showed no signs of demographic decline. Our findings highlight the 

importance of jointly considering genetic and demographic data to unravel species’ responses 

to fragmentation and add to the growing number of studies, which advocate such an approach 

(Lindenmayer & Peakall 2000; Srikwan & Woodruff 2000; Tallmon et al. 2002). 
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The loss of genetic variation observed in our case probably occurred mainly due to 

genetic drift and due to an increase in population subdivision. The formation of genetic 

differentiation is regarded as an important, though sometimes neglected, early indicator of 

fragmentation effects, often likely to precede detectable loss of genetic diversity 

(Lindenmayer & Peakall 2000). Our data show significant levels of genetic subdivision in a 

landscape that has only been fragmented less than 100 years ago, pointing towards strong 

bottleneck effects. 

Populations of the canopy frugivore U. bilobatum were overall only weakly 

differentiated (FST = 0.01) while genetic subdivision was moderately higher in the understory 

frugivore C. perspicillata (FST = 0.06). These relatively low levels of genetic differentiation 

suggest that there is, at least occasionally, exchange of individuals of U. bilobatum and, to a 

lesser extent, C. perspicillata, between islands. This interpretation of ongoing dispersal is 

further supported by the significant pattern of isolation by distance observed in these two 

species but only an additional effect of fragmentation in C. perspicillata. While significant 

population differentiation and genetic isolation by distance has been documented for several 

tropical bat species at larger geographic scales (Maharadatunkamsi et al. 2000; Newton et al. 

2003), to our knowledge, only two studies on the temperate zone bats, Plecotus auritus 

(Burland et al. 1999) and Myotis bechsteinii (Kerth & Petit 2005), have described isolation 

by distance and significant population differentiation at a micro-geographical scale. 

In contrast to our two frugivorous study species, we detected marked genetic 

differentiation across populations of M. microtis (FST = 0.18) pointing to very limited 

contemporary gene flow among island populations. This notion is in accordance with 

telemetry data indicating site faithfulness during foraging behavior and very low area 

requirements in this species (van de Sand 2004; Albrecht et al. in press). The lack of a 

significant effect of isolation by distance in M. microtis may be explained by the fact that, 

irrespective of the degree of isolation, inter-island movements are very rare and may be 

limited to situations when individuals disperse from their natal patch. For comparison, 

populations of Myotis bechsteinii that lived in a fragmented landscape in Germany showed a 

stronger effect of forest fragmentation than of isolation by distance (Kerth & Petit 2005). 

Finally, the absence of a significant effect of isolation by distance could also be a 

consequence of the rather small number of samples obtained for M. microtis due to its very 

low abundance at mainland sites. 

We are not aware of any study on tropical bats at a similar spatial scale which would 

allow for comparisons with the results of our study. For most animal groups such as birds 
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(Bates 2002; Brown et al. 2004) and small non-volant mammals (Gaines et al. 1997), studies 

of habitat fragmentation have mainly focused on geographic areas much larger than the scale 

of our study, typically reporting significant levels of population subdivision. However, some 

recent studies on small mammals (Lindenmayer & Peakall 2000; Mossman & Waser 2001), 

including temperate zone bats (Kerth & Petit 2005), discovered significant inter-population 

differentiation at a scale comparable to our study. 

Although populations of all three species exhibited significant mtDNA sequence 

divergence, estimates of genetic differentiation based on FST were consistent with our 

prediction and matched the relative movement ability of the respective species estimated on 

the basis of mark-recapture, radio-tracking, and wing morphological data (Table 1). The idea 

that population structure in bats may be associated with species’ intrinsic characteristics such 

as mobility, reflected in wing morphology, was first shown for the non-migratory long-eared 

bat, Plecotus auritus (Burland et al. 1999; Entwistle et al. 2000). Since then it also been 

demonstrated for the migratory species Leptonycteris curasoae (Newton et al. 2003) and 

Miniopterus schreibersii (Miller-Butterworth et al. 2003). Our results corroborate these 

findings for non-migratory Neotropical bats and suggest that, as advocated earlier by Burland 

& Worthington Wilmer (2001), explicitly linking intrinsic attributes to population structure 

may generally serve as a useful predictive framework for population genetic analyses. Its 

further application to studies of local-scale habitat fragmentation may provide particularly 

fruitful avenues for future research. 

The explanation of differential movement abilities for the observed levels of genetic 

differentiation could be confounded by variation in the degree of female philopatry among 

our focal species. Male-biased dispersal is considered typical for mammals (Greenwood 

1980) including many bats (e.g. Kerth et al. 2000; 2002; but see Miller-Butterworth et al. 

2003; Dechmann et al. in press). Our genetic data however suggest that dispersal is at least 

not strongly sex-biased in either of our study species. This finding is supported by capture-

mark-recapture data (Meyer et al. accepted) but it is in contrast to the strong female 

philopatry observed in many temperate bat species (e.g. Burland et al. 1999; Castella et al. 

2000; Kerth et al. 2000; Rossiter et al. 2000). 

 

Conclusions 

Our analyses revealed several interesting findings. First, loss of genetic variation can 

manifest itself even after fairly short periods of time following fragmentation. Second, in 

accordance with previous findings, our results suggest that a bat species’ mobility, which is 
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typically linked to wing morphology, can serve as a good predictor of population genetic 

differentiation. Third, even species, which in terms of their demographic response were 

seemingly unaffected by fragmentation, showed signs of genetic erosion and population 

divergence. Notwithstanding the insights that demographic studies alone may reveal about 

species’ responses to habitat fragmentation, this underscores the fact that effective 

monitoring of population trends in conjunction with detailed genetic analyses are crucial if 

conservation efforts and management strategies are to be successful. Further comparative 

studies across a range of bat species focusing on local geographic scales are undoubtedly 

needed to broaden our knowledge as to the genetic consequences of habitat fragmentation on 

bat populations and are a prerequisite for the formulation of fruitful broad-scale conservation 

strategies for bats. 

 

Acknowledgements 
We are grateful to Laura Berset-Brändli, Thomas Broquet, Julie Jacquiéry, and 

Nicolas Perrin for helpful comments on the manuscript. We cordially thank Jari Garbely for 

the lab work. We are grateful to the Smithsonian Tropical Research Institute for logistical 

support and the Autoridad del Canal de Panama (ACP) for permission to work on the islands 

in Gatún Lake. We would further like to thank the following people for help with field work: 

A. Bravo, K. Bürger, S. Estrada Villegas, J. Fründ, I. Geipel, N. Herdina, A. Lang, J. Nagel, 

A. Reside, R. Rodriguez, A. Sjollema, C. Stubenrauch and C. Weise. Financial support was 

provided by a grant from the German Academic Exchange Service (DAAD) to C. Meyer and 

two grants from the German Science Foundation (DFG) to E. Kalko and G. Kerth, 

respectively. 

 

References 
Adler GH, Seamon JO (1991) Distribution and abundance of a tropical rodent, the spiny rat, 

on islands in Panama. Journal of Tropical Ecology, 7, 349-360. 

Albrecht L, Meyer CFJ, Kalko EKV (in press) Differential mobility in two small 

phyllostomid bats, Artibeus watsoni and Micronycteris microtis, in a fragmented 

Neotropical landscape. Acta Theriologica. 

Bates JM (2002) The genetic effects of forest fragmentation on five species of Amazonian 

birds. Journal of Avian Biology, 33, 276-294. 

Bernard E, Fenton MB (2003) Bat mobility and roosts in a fragmented landscape in Central 



Genetic effects of rainforest fragmentation on bats                                                     Chapter 4 

 146

Amazonia, Brazil. Biotropica, 35, 262-277. 

Brown LM, Ramey RR, Tamburini B, Gavin TA (2004) Population structure and 

mitochondrial DNA variation in sedentary Neotropical birds isolated by forest 

fragmentation. Conservation Genetics, 5, 743-757. 

Burland TM, Barratt EM, Beaumont MA, Racey PA (1999) Population genetic structure and 

gene flow in a gleaning bat, Plecotus auritus. Proceedings of the Royal Society London B, 

266, 975-980. 

Burland TM, Worthington Wilmer J (2001) Seeing in the dark: Molecular approaches to the 

study of bat populations. Biological Reviews, 76, 389-409. 

Carstens BC, Sullivan J, Davalos LM, Larsen PA, Pedersen SC (2004) Exploring population 

genetic structure in three species of Lesser Antillean bats. Molecular Ecology, 13, 2557-

2566. 

Castella V, Ruedi M, Excoffier L, Ibáñez C, Arlettaz R, Hausser J (2000) Is the Gibraltar 

Strait a barrier to gene flow for the bat Myotis myotis (Chiroptera: Vespertilionidae)? 

Molecular Ecology, 9, 1761-1772. 

Dechmann DKN, Kerth G, Kalko EKV (in press) All-offspring dispersal in a tropical 

mammal with resource defense polygyny. Behavioral Ecology and Sociobiology. 

Ditchfield AD (2000) The comparative phylogeography of Neotropical mammals: Patterns of 

intraspecific mitochondrial DNA variation among bats contrasted to nonvolant small 

mammals. Molecular Ecology, 9, 1307-1318. 

Dudash MR, Fenster CB (2000) Inbreeding and outbreeding depression in fragmented 

populations. Conservation Biology, 4, 35-53. 

Frankham R (1996) Relationship of genetic variation to population size in wildlife. 

Conservation Biology, 10, 1500-1508. 

Gaines MS, Diffendorfer JE, Tamarin RH, Whittam TS (1997) The effects of habitat 

fragmentation on the genetic structure of small mammal populations. Journal of Heredity, 

88, 294-304. 

Giannini NP, Kalko EKV (2004) Trophic structure in a large assemblage of phyllostomid 

bats in Panama. Oikos, 105, 209-220. 

Greenwood PJ (1980) Mating systems, philopatry and dispersal in birds and mammals. 

Animal Behaviour, 28, 1140-1162. 

Holdridge LR (1967) Life zone ecology. Occasional Papers of the Tropical Science Center, 

San José, Costa Rica. 

Kalka M, Kalko EKV (2006) Gleaning bats as underestimated predators of herbivorous 



Chapter 4                                                     Genetic effects of rainforest fragmentation on bats 

 147

insects: diet of Micronycteris microtis (Phyllostomidae) in Panama. Journal of Tropical 

Ecology, 22, 1-10. 

Kalko EKV (1998) Organisation and diversity of tropical bat communities through space and 

time. Zoology, 101, 281-297. 

Kalko EKV, Handley Jr CO, Handley D (1996) Organization, diversity and long-term 

dynamics of a neotropical bat community. In: Long-Term Studies in Vertebrate 

Communities (eds Cody, M. L. & Smallwood, J.), pp. 503-553. Academic Press, Los 

Angeles. 

Kerth G, Mayer F, König B (2000) Mitochondrial DNA (mtDNA) reveals that female 

Bechstein's bats live in closed societies. Molecular Ecology, 9, 793-800. 

Kerth G, Mayer F, Petit E (2002) Extreme sex-biased dispersal in the communally breeding, 

nonmigratory Bechstein's bat (Myotis beichsteinii). Molecular Ecology, 11, 1491-1498. 

Kerth G, Petit E (2005) Colonization and dispersal in a social species, the Bechstein's bat 

(Myotis bechsteinii). Molecular Ecology, 14, 3943-3950. 

Keyghobadi N, Roland J, Strobeck C (2005) Genetic differentiation and gene flow among 

populations of the alpine butterfly, Parnassius smintheus, vary with landscape 

connectivity. Molecular Ecology, 14, 1897-1909. 

Lande R (1993) Risks of population extinction from demographic and environmental 

stochasticity and random catastrophes. The American Naturalist, 142, 911-927. 

Lande R, Barrowclough GF (1987) Effective population size, genetic variation, and their use 

in population management. In: Viable populations for conservation (ed. Soulé ME), pp. 

87-123. Cambridge University Press, Cambridge. 

Leigh Jr. EG, Wright SJ, Herre EA (1993) The decline of tree diversity on newly isolated 

tropical islands: a test of a null hypothesis and some implications. Evolutionary Ecology, 

7, 76-102. 

Lindenmayer D, Peakall R (2000) The Tumut experiment - integrating demographic and 

genetic studies to unravel fragmentation effects: a case study of the native bush rat. In: 

Genetics, demography and viability of fragmented populations (eds Young AG, Clarke 

GM), pp. 173-201. Cambridge University Press, Cambridge. 

Maharadatunkamsi HS, Kitchener DJ, Schmitt LH (2000) Genetic and morphometric 

diversity in Wallacea: Geographical patterning in the horse shoe bat, Rhinolophus affinis. 

Journal of Biogeography, 27, 193-201. 

McCracken GF, Bradbury JW (1977) Paternity and genetic heterogeneity in the polygynous 

bat, Phyllostomus hastatus. Science, 198, 303-306. 



Genetic effects of rainforest fragmentation on bats                                                     Chapter 4 

 148

McCracken GF, Gassel MF (1997) Genetical structure in migratory and nonmigratory 

populations of Brazilian free-tailed bats. Journal of Mammalogy, 78, 348-357. 

Meyer CFJ, Fründ J, Pineda Lizano W, Kalko EKV (accepted) Ecological correlates of 

vulnerability to fragmentation in Neotropical bats. Journal of Applied Ecology. 

Meyer CFJ, Kalko EKV (submitted) Community-level responses of bats to tropical forest 

fragmentation: land-bridge islands as a model system. Ecological Monographs. 

Miller-Butterworth CM, Jacobs DS, Harley EH (2003) Strong population substructure is 

correlated with morphology and ecology in a migratory bat. Nature, 424, 187-191. 

Mossman CA, Waser PM (2001) Effects of habitat fragmentation on population genetic 

structure in the white-footed mouse (Peromyscus leucopus). Canadian Journal of Zoology, 

79, 285-295. 

Müllenbach R, Lagoda PJL, Welter C (1989) An efficient salt-chloroform extraction of DNA 

from blood and tissues. Trends in Genetics, 5, 391-391. 

Newton LR, Nassar JM, Fleming TH (2003) Genetic population structure and mobility of two 

nectar-feeding bats from Venezuelan deserts: inferences from mitochondrial DNA. 

Molecular Ecology, 12, 3191-3198. 

Norberg UM, Rayner JMV (1987) Ecological morphology and flight in bats (Mammalia; 

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

Philosophical Transactions of the Royal Society London B, 316, 335-427. 

Patterson BD, Willig MR, Stevens RD (2003) Trophic strategies, niche partitioning, and 

patterns of ecological organization. In: Bat Ecology (eds Kunz TH, Fenton MB), pp. 536-

579. University of Chicago Press, Chicago. 

Petit E, Mayer F (1999) Male dispersal in the noctule bat (Nyctalus noctula): Where are the 

limits? Proceedings of the Royal Society London B, 266, 1717-1722. 

Racey PA, Entwistle AC (2003) Conservation ecology of bats. In: Bat Ecology (eds Kunz 

TH, Fenton MB), pp. 680-743. University of Chicago Press, Chicago. 

Ricketts TH (2001) The matrix matters: Effective isolation in fragmented landscapes. The 

American Naturalist, 158, 87-99. 

Rossiter SJ, Jones G, Ransome RD, Barratt EM (2000) Genetic variation and population 

structure in the endangered greater horseshoe bat Rhinolophus ferrumequinum. Molecular 

Ecology, 9, 1131-1135. 

Russell AL, Medellin RA, McCracken GF (2005) Genetic variation and migration in the 

Mexican free-tailed bat (Tadarida brasiliensis mexicana). Molecular Ecology, 14, 2207-

2222. 



Chapter 4                                                     Genetic effects of rainforest fragmentation on bats 

 149

Safi K, Kerth G (2004) A comparative analysis of specialization and extinction risk in 

temperate-zone bats. Conservation Biology, 18, 1293-1303. 

Schneider S, Roessli D, Excoffier, L (2000) Arlequin ver. 2.000: A software for population 

genetics data analysis. Genetics and Biometry Laboratory, University of Geneva, Geneva, 

Switzerland. 

Srikwan S, Woodruff DS (2000) Genetic erosion in isolated small-mammal populations 

following rainforest fragmentation. In: Genetics, demography and viability of fragmented 

populations (eds Young AG, Clarke GM), pp. 149-172. Cambridge University Press, 

Cambridge. 

Tallmon DA, Draheim HM, Scott Mills L, Allendorf FW (2002) Insights into recently 

fragmented vole populations from combined genetic and demographic data. Molecular 

Ecology, 11, 699-709. 

van de Sand M (2004) Ökologie und Verhalten einer neotropischen Fledermausart: Aktivität, 

Raumnutzung und Beutefang von Micronycteris microtis in Panama. Diploma thesis, 

University of Bonn, Germany. 

Vos CC, Verboom J, Opdam PFM, ter Braak, CJF (2001) Toward ecologically scaled 

landscape indices. The American Naturalist, 157, 24-41. 

Wade TG, Riitters KH, Wickham JD, Jones KB (2003) Distribution and causes of global 

forest fragmentation. Conservation Ecology, 7, 7. 

Waser P, Strobeck C (1998) Genetic signatures of interpopulation dispersal. Trends in 

Ecology and Evolution, 13, 43-44. 

Weir BS, Cockerham CC (1984) Estimating F-statistics for the analysis of population 

structure. Evolution, 38, 1358-1370. 

Whitmore TC (1997) Tropical forest disturbance, disappearance, and species loss. In: 

Tropical forest remnants: Ecology, management, and conservation of fragmented 

communities (eds Laurance WF, Bierregaard Jr RO), pp. 3-12. University of Chicago 

Press, Chicago, London. 

Wilkinson GS (1985) The social organization of the common vampire bat. II. Mating system, 

genetic structure, and relatedness. Behavioral Ecology and Sociobiology, 17, 123-134. 

Wilkinson GS, Fleming TH (1996) Migration and evolution of lesser long-nosed bats 

Leptonycteris curasoae, inferred from mitochondrial DNA. Molecular Ecology, 5, 329-

339. 

Windsor DM (1990) Climate and moisture variability in a tropical forest: long-term records 

from Barro Colorado Island, Panama. Smithsonian Contributions to the Earth Sciences, 



Genetic effects of rainforest fragmentation on bats                                                     Chapter 4 

 150

29, 1-145. 

Worthington Wilmer J, Barratt E (1996) A non-lethal method of tissue-sampling for genetic 

studies of chiropterans. Bat Research News, 37, 1-3. 

Worthington Wilmer J, Moritz C, Hall L, Toop J (1994) Extreme population structuring in 

the threatened ghost bat, Macroderma gigas: Evidence from mitochondrial DNA. 

Proceedings of the Royal Society London B, 257, 193-198. 

Wright SJ (2005) Tropical forests in a changing environment. Trends in Ecology and 

Evolution, 20, 553-560. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 151

Acknowledgments 
 

 

This thesis was completed with the support, encouragement and contribution of many people 

to whom I owe a lot of gratitude. 

I am most grateful to my supervisor Prof. Elisabeth Kalko for offering me the opportunity to 

work on such an interesting research topic. She shared her enormous experience, knowledge 

and enthusiasm for bats with me and provided invaluable input and encouragement 

throughout all phases of my PhD research. Her helpful comments on grant applications and 

manuscripts as well as stimulating discussions on all aspects of the study are much 

appreciated. Thank you for your time, trust and support. And I should not forget to mention 

certain culinary highlights we shared throughout these years and chats over coffee or rum on 

the BCI porch, things which will certainly be remembered! 

Many thanks also to Prof. Manfred Ayasse for his readiness to read my thesis and for 

agreeing to act as second reviewer. 

Catching almost 9000 bats would have been a task impossible to accomplish alone and I am 

indebted to the many people who have decided to hang out in the woods with me and catch 

bats during countless nights: Adriana Bravo, Katharina Bürger, Sergio Estrada Villegas, 

Jochen Fründ, Inga Geipel, Nele Herdina, Juliet Nagel, April Reside, Rogelio Rodriguez, 

Angela Sjollema, and Carolin Stubenrauch. Thanks heaps for your help and the great times 

together! Christa Weise and Alexander Lang provided initial guidance on bat identification in 

the field and introduced me to the art of building cool-looking canopy nets, thank you both 

for your help. 

I am most thankful to PD Dr. Gerald Kerth, Jochen Fründ, and Willy Pineda Lizano for the 

excellent and fruitful collaborations on parts of this project. Special thanks to Jochen Fründ 

for introducing me to the fascinating world of “R”! 

I thank Bill Laurance for advice on the study design and all the people who provided helpful 

comments on manuscripts, especially Laura Berset-Brändli, Thomas Broquet, Julie Jacquiéry, 

Egbert Leigh, Nicolas Perrin, Kamran Safi, and Konstans Wells. Silke Berger, Kirsten Jung 

and Stefan Klose kindly read over and commented on parts of my thesis. 

Many people in Panama and Ulm have greatly contributed to this thesis. The Smithsonian 

Tropical Research Institute in Panama provided excellent facilities and logistical support and 



Acknowledgments                                                                                                                          

 152

thus ensured optimal working conditions. Special thanks are due to all staff, kitchen 

personnel, game wardens, and boat mechanics at the research station on Barro Colorado 

Island who helped make life pleasant and field work run smoothly: Muchas gracias! I 

particularly want to thank Oris Acevedo, Belkys Jiménez and Mélida Ruiz who were always 

there to help and to resolve whatever problem there was. Over the course of the two years I 

spent on BCI I had the luck to meet, interact with, and share many memorable experiences 

with students and scientists from all over the world, many of whom became good friends. 

Thank you all for your support, help and friendship! Special thanks to all members of the BCI 

bat lab, especially Kirsten Jung, my long-term companion in the bat lab during my time in 

Panama. The chats and get-togethers for a good cup of cappuccino on the BCI balcony after 

lunch will always be remembered! 

I would like to express my gratitude to all past and present members of the Department of 

Experimental Ecology in Ulm for encouragement, support, helpful discussions, and a very 

pleasant working atmosphere, particularly Larissa Albrecht, Heiko Bellmann, Silke Berger, 

Katrin Deufel, Njikoha Ebigbo, Jakob Fahr, Joanna Fietz, Marc Förschler, Marion 

Gschweng, Stefan Jarau, Kirsten Jung, Stefan Klose, Martin Pfeiffer, Sabine Spehn, Anna 

Sramkova, Ulrike Stehle, Johannes Stöckl, Marco Tschapka, Moritz Weinbeer, Andrea 

Weiss, Konstans Wells, and Bernhard Zimma. Thanks to Ingrid Dillon, my office neighbor 

for one year in Ulm, for solving many problems, chats about this and that and for always 

greeting me with a smile in the morning! 

The Autoridad del Canal de Panama (ACP) and the Autoridad Nacional del Ambiente 

(ANAM) kindly provided the necessary research permits to work on the islands in Gatún 

Lake. 

This work would not have been possible without the financial support from the German 

Academic Exchange Service (DAAD), which provided a 2-year Ph.D. scholarship, and a 

grant from the German Science Foundation (DFG), which is gratefully acknowledged. 

To all my friends all over the world, thank you for your support through all these years! 

Thanks to my roommates, Bogdan Buhai, Maria Ptak and Carlos Mattea for sharing 

wonderful moments and a fun time in Ulm! 

Last but not least, thanks to my family for continuous support and interest in my work. 



 

153 

Curriculum vitae 
 

 
Personal information 

Name: Christoph Meyer 
Office address: University of Ulm, Dept. of Experimental Ecology, Albert-

Einstein-Allee 11, 89069 Ulm 
Home address: Wagnerstrasse 118, 89077 Ulm 
Date and place of birth: 30th of January 1976, Frankfurt am Main, Germany 
Citizenship: German 
 
Education 

2003-present Ph.D. candidate, Department of Experimental Ecology, 
University of Ulm, Dissertation: “Impacts of rainforest 
fragmentation on Neotropical bats. Land-bridge islands as a 
model system.” (Advisor: Prof. E.K.V. Kalko) 

2002 -  2003  M.Sc. thesis (Diploma): „Ecology of a phyllostomid bat 
foraging over water: Activity patterns, foraging strategy, and 
ranging behavior of the long-legged bat, Macrophyllum 
macrophyllum, in Panama” (Advisors: Prof. E.K.V. Kalko, 
University of Ulm and Prof. K.E. Linsenmair, University of 
Würzburg) 

1999 -  2002 Study of biology at the University of Würzburg, Germany  
1998 -  1999  Exchange student at the Department of Biology, University of 

Miami, Coral Gables, Florida, USA 

1996 -  1998   Study of biology at the University of Tübingen, Germany 

June 1995  Graduation (Abitur)  
1986 -  1995  High School, Alexander-von-Humboldt Gymnasium 

Lauterbach, Germany 
1982 - 1986  Elementary School, Lauterbach, Germany 
 
Practical work 

July 1995 - August 1996  Civil Service, Eichhof Hospital, Lauterbach, Germany 

March 1997 - June 1998  Assistant at the Museum of Natural History, Reutlingen, 
Germany 

1999-2001 Scientific assistant, University of Würzburg 
May-June 2003 Scientific assistant, Universiy of Ulm 



Curriculum vitae                                                                                                                            
 

 154

Studies and research abroad 

March 1999 Field trip: „Biota and land use along an elevation gradient in 
Costa Rica” 

March/April 2000 Research assistant, Smithsonian Tropical Research Institute  
(STRI), Barro Colorado Island, Panama 

Sept. - Nov. 2000 Research stay in Ivory Coast for the project “Activity patterns  
and habitat preferences of insectivorous bats in a West African 
forest-savanna mosaic.” 

March-April 2001  Research stay at STRI, Panama, for the project “Do growth and 
survival of aerial roots limit the vertical distribution of 
hemiepiphytic aroids?” 

April-July 2002  Research stay at STRI, Panama (for M.Sc.) 

Oct. 2003-Oct. 2005  Research stay at STRI, Panama (for Ph.D.) 

 

Grants / scholarships 

2000  Travel grant, German Academic Exchange Service (DAAD); 
 State of Bavaria („Fonds Hochschule International“) 
2001 Arthur-v.-Gwinner Foundation 
2002  DAAD scholarship for diploma thesis 
2003 Travel grant, University of Ulm; 
 Student support grant, British Ecological Society; 
2003-2005 Ph.D. scholarship of the DAAD 
2004 Travel grant, GlaxoSmithKline Foundation 
2006 - 2007 Ph.D.-project funded by DFG (German Science Foundation) 
 
Publications in peer-reviewed Journals  

Meyer, C. F. J., Gallo, T., Schultz, S. T. (1999). Female dominance in captive red ruffed 
lemurs, Varecia variegata rubra (Primates, Lemuridae). Folia Primatologica 70(6): 358-
361. 

 Meyer, C. F. J., Schwarz, C. J., Fahr, J. (2004). Activity patterns and habitat preferences of 
insectivorous bats in a West African forest-savanna mosaic. Journal of Tropical Ecology 
20(4): 397-407. 

Meyer, C. F. J., Zotz, G. (2004). Do growth and survival of aerial roots limit the vertical 
distribution of hemiepiphytic aroids? Biotropica 36(4): 483-491. 



                                                                                                                          Curriculum vitae                         
 

 155

Meyer, C. F. J., Weinbeer, M., Kalko, E. K. V. (2005). Home range size and spacing patterns 
of Macrophyllum macrophyllum (Phyllostomidae) foraging over water. Journal of 
Mammalogy 86(3): 587-598. 

Weinbeer, M., Meyer, C. F. J., Kalko, E. K. V. (2006). Activity pattern of the trawling 
phyllostomid bat, Macrophyllum macrophyllum, in Panama. Biotropica 38(1): 69-76. 

Albrecht, L., Meyer, C. F. J., Kalko, E. K. V. (in press). Differential mobility in two small 
phyllostomid bats, Artibeus watsoni and Micronycteris microtis, in a fragmented 
Neotropical landscape. Acta Theriologica. 

Meyer, C. F. J., Fründ, J., Pineda Lizano, W., Kalko, E. K. V. (accepted). Ecological 
correlates of vulnerability to fragmentation in Neotropical bats. Journal of Applied 
Ecology. 

 
Meeting contributions 

Meyer, C. F. J., Weinbeer, M., Kalko, E. K. V., Linsenmair, K. E. (2003a). Ecology of a 
phyllostomid bat foraging over water: Activity patterns and ranging behavior of the long-
legged bat, Macrophyllum macrophyllum, in Panama. Poster presented at the 16th annual 
meeting of the Society for Tropical Ecology, Rostock, Germany 

Meyer, C. F. J., Schwarz, C. J., Fahr, J. (2003b). Activity patterns of insectivorous bats in a 
West African forest-savanna mosaic (Ivory Coast). Poster presented at the joint meeting of 
the Association for Tropical Biology and Conservation (ATBC) and the British Ecological 
Society (BES), Aberdeen, UK 

Meyer, C. F. J., Kalko, E. K. V. (2004). Bats in a fragmented landscape: Changes in species 
diversity and structure of bat assemblages on small land-bridge islands in central Panama. 
Talk presented at the 34th Annual North American Symposium on Bat Research, Salt Lake 
City, Utah, USA 

Albrecht, L., Meyer, C. F. J., Kalko, E. K. V. (2006). Differential mobility in two small 
phyllostomid bats, Artibeus watsoni and Micronycteris microtis, in a fragmented 
Neotropical landscape. Poster presented at the 19th annual meeting of the Society for 
Tropical Ecology, Kaiserslautern, Germany 

Fründ, J., Meyer, C. F. J., Kalko, E. K. V. (2006). Sensitivity to fragmentation in neotropical 
bats. Poster presented at the 19th annual meeting of the Society for Tropical Ecology, 
Kaiserslautern, Germany 

 
Memberships  
British Ecological Society (BES) 
Society for Tropical Ecology (GTÖ)  
Tropica Verde e.V. 
Rettet den Regenwald e.V. 

 



 

 156

 

Eidesstattliche Erklärung 

 
 

Hiermit erkläre ich, die vorliegende Dissertationsarbeit selbständig angefertigt und keine 

anderen als die in der Arbeit aufgeführten Hilfsmittel verwendet zu haben. Wörtlich oder 

inhaltlich übernommene Stellen wurden als solche gekennzeichnet. 

 

 

 

 

 

Ulm, den 20. Februar 2007 

 


	Education
	Meeting contributions
	Memberships 


