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A B S T R A C T   

Deforestation and the conversion of forests to agricultural areas lead to habitat loss and often create highly 
fragmented landscapes. Permeability and quality of the surrounding matrix determine the connectivity of re
maining forest remnants. For mobile species, such as bats, the matrix is not necessarily an entirely in
surmountable obstacle. We studied the effects of fragmentation on New-World leaf-nosed bats (Phyllostomidae), 
a highly diverse keystone taxon in the Neotropics. Bats were assessed in two highly fragmented systems varying 
in matrix quality: Forested islands surrounded by the water (I) and forest fragments embedded in a matrix of 
small-scale agriculture (A) together with a continuous forest as control (C). In total, we recorded over 2 years 
5176 captures. Observed species richness was highest in continuous forest. Fragmentation reduced in both 
fragmented landscapes the bat diversity and led to characteristic changes in the bat assemblage, with gleaning 
animalivorous phyllostomids being most affected. The responses of bats to fragmentation were found to be not 
only guild - but also species-specific within the guild, a fact easily overlooked or misinterpreted when focussing 
solely on diversity indices or the response of bat guilds alone. Forest remnants can support a relatively speciose 
bat fauna, due to the heterogeneity of the inter-fragment matrix. On forested islands, however, isolation pro
cesses lead to a decline in bat diversity, resulting in strongly impoverished bat assemblages favouring highly 
mobile species and habitat generalists. Conservation of the full local bat community of phyllostomids, including 
the vulnerable gleaning animalivorous phyllostomids, however, requires the protection of old-growth forests.   

1. Introduction 

Habitat fragmentation, habitat loss and land use changes are among 
the most serious threats behind the current global biodiversity crisis 
that may lead the planet into the next mass extinction (Ceballos and 
Ehrlich, 2018). Deforestation and the conversion of forests to agri
cultural areas have created highly fragmented landscape mosaics, with 
severe consequences for tropical biodiversity (Laurance et al., 2018). 
Human population growth reaching almost 8 billion people, with rising 
per-capita consumption has direct consequences for agricultural ex
pansion, land conversion and intensification of land use (Kareiva et al., 
2007), especially in the tropics, which harbour most of Earth's biodi
versity (Myers et al., 2000). Anthropogenic habitat transformation 
fragments the remaining forests at an unprecedented velocity (Taubert 
et al., 2018). Compared to pristine habitats, fragmented landscapes 
show diminished habitat quality. For instance, abundance of resources 

is reduced due to altered vegetation composition and structure 
(Mortelliti et al., 2010). Moreover, fragmented landscapes are less 
stable in their microclimatic conditions (Broadbent et al., 2008) and 
edge effects are more pronounced (Fahrig, 2017). 

Connectivity of remaining forest remnants is heavily determined by 
the quality and permeability of the surrounding matrix (Kupfer et al., 
2006). Depending on structure and composition, the matrix can offer 
resources, e.g., food, for mobile species that can move in it, such as 
birds (Antongiovanni and Metzger, 2005). Ecology of a species and 
particularly its dispersal ability ultimately determines a species' resi
lience in modified landscapes (Ewers and Didham, 2006). The type of 
matrix also strongly influences species community dynamics within and 
between fragments through its influence on colonization processes and 
dispersal patterns. Highly mobile animals, such as bats, with the po
tential to fly over large distances, are considered to be generally more 
resilient to habitat fragmentation and hence better suited to move 
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through matrix habitats compared to less mobile mammals (Ewers and 
Didham, 2006). 

Neotropical bats provide essential ecosystem functions as long-dis
tance seed dispersers and pollinators and thus contribute to the re
generation of disturbed habitats (Melo et al., 2009). Insectivorous 
species are important predators of many arthropod herbivores (Kalka 
et al., 2008). With more than 200 species and a wide range of feeding 
habits, the New-World leaf-nosed bats (Phyllostomidae) are an extra
ordinary family, in number and ecological diversity, encompassing 
animalivorous, nectarivorous, frugivorous and sanguivorous species 
(Kunz et al., 2011). Owing to this large variation in morphology and 
foraging ecology, in combination with their high diversity, and abun
dance in many Neotropical forests they represent a group well-suited 
for studying the impact of land use changes (Medellín et al., 2000). In 
the Neotropics, bat studies are often mainly based on this speciose 
group as phyllostomids are easily captured by mist nets (Kalko, 1998). 
Moreover, captures of certain species provide direct information about 
habitat quality, as many phyllostomids have rather specialized re
quirements for food and roosting, which makes them perfect indicator 
taxa for evaluating the quality of Neotropical landscapes (Medellín 
et al., 2000). 

Most studies investigating the response of Neotropical bats to 
fragmentation are based entirely on mist-netting of phyllostomid bats. 
Nearly all these fragmentation studies have been done in low-contrast 
systems, i.e., recently fragmented landscapes with a for some bat spe
cies permeable matrix, reviewed in Meyer et al. (2016). A recent bat 
survey in Brazil (Rocha et al., 2017) investigated how the recovery of 
matrix quality improves taxonomic (Rocha et al., 2018) and functional 
bat diversity (Farneda et al., 2018) even after 30 years of fragment 
isolation. The results highlight the conservation potential of secondary 
forest succession for Neotropical bats and demonstrate how old-growth 
specialists (i.e., gleaning animalivorous phyllostomids) are the greatest 
beneficiaries of forest maturation (Rocha et al., 2018). 

High-contrast systems, such as forested land-bridge islands em
bedded in an aquatic and to many bats rather hostile matrix, however, 
are rarely studied (Cosson et al., 1999; Meyer and Kalko, 2008a; Henry 
et al., 2010). These matrix systems offer the advantage to study frag
mentation effects on diversity and community composition separately 
from confounding matrix effects in agricultural landscape. Although the 
construction of dams, i.e., aquatic young high-contrast systems, has 
been rare 100 years ago, the current political and economic transition 
to green energy sources will boost hydropower dam constructions in 
many tropical countries over the next decades (Zarfl et al., 2015). An 
immense growth in number of hydroelectric dams, however, inevitably 
inundates large stretches of forest, creating novel archipelagic land
scapes (Lees et al., 2016). To our knowledge, only one meta-analysis 
study compared the effects of fragmentation on bat diversity and as
semblage structure between high- and low contrast matrix systems 
(Mendenhall et al., 2014). 

The area around the Panama Canal watershed and Gatun lake in 
Central Panama became largely fragmented due to forest clearing for 
cattle pastures and agriculture during the last century (Kaimowitz, 
1995). This setting permits a comparison of bat diversity and commu
nity composition between fragments in agricultural landscape and 
forest islands in the Panama Canal. Our setup allows disentangling the 
consequences for bat diversity and bat community composition asso
ciated with fragmentation based on matrix heterogeneity. On forested 
islands extinction and recolonization processes, follow classical island 
biogeography theory (MacArthur and Wilson, 1967), which differs from 
processes of extinction and colonization processes in agricultural frag
ments as bats may use matrix habitats as flight corridors or foraging 
grounds. 

Population and community responses have been examined ex
tensively on Barro Colorado Island and smaller islands in Panama Canal 
for several taxa, e.g., birds, mammals, plants, insects, and also bats 
(Karr, 1982; Adler and Seamon, 1991; Asquith et al., 1997; Meyer and 

Kalko, 2008a) and revealed a decline of species diversity in all men
tioned taxa. Species of bats occurring on the smaller islands constituted 
a highly non-random subset of the original community found in con
tinuous forests (Meyer and Kalko, 2008b). Applying standardized bat 
inventories in a fragmented landscape and a continuous forest acting as 
control, allows us to ask the following questions: How do bat diversity 
and community composition differ between forest fragments embedded 
in an agricultural matrix compared to islands embedded in an aquatic 
matrix? How do the bat communities in forest fragments in both 
landscapes differ from those in continuous forest? 

(1) We predicted that both types of forest fragments contain bat as
semblages with reduced species diversity based on edge- and iso
lation effects acting directly or indirectly on the respective bat 
communities (Meyer and Kalko, 2008a; Rocha et al., 2017).  

(2) We further expected differences in bat diversity and assemblage 
structure among forest fragments surrounded by matrices of dif
fering permeability, compared to aquatic islands surrounded by a 
water matrix which are more restrictive than the matrix between 
forest fragments in agricultural context (Mendenhall et al., 2014).  

(3) Bats with different foraging strategies should respond differently to 
land-use intensity. Thus, we predicted different responses of feeding 
guilds with animalivorous phyllostomids to be more affected by 
fragmentation than the guild of frugivorous bats (Meyer et al., 
2016). 

2. Material and methods 

2.1. Study area 

We captured bats using mist nets in three landscapes varying in the 
degree of anthropogenic disturbance and proximity to humans and li
vestock in the Panama Canal area, Central Panama, in and around the 
5400 ha protected Barro Colorado Nature Monument (BCNM). All study 
sites were situated in close vicinity to the 22,000 ha Soberania National 
Park (Fig. A1). 

The area is covered with moist lowland semi-deciduous forest in 
different stages of succession ranging from younger forests to patches of 
older forest that are 400 to 600 years old (Leigh, 1998; van Breugel 
et al., 2013). 

Forested islands (5.2–17.5 ha) isolated by water (landscape I, 7 
sites) and forest fragments (1.5–51 ha) embedded in an agricultural 
matrix (landscape A, 5 sites) were treated as disturbed landscape 
counterparts. Differences in landscapes are based on differences in in
terpatch matrix. As a control, we established continuous forest sites 
within the protected mainland of BCNM (landscape C, 6 sites). Former 
fieldwork on bats showed that BCI preserved the full regional assem
blage of New-world-leaf-nosed bats (Kalko et al., 1996; Kalko, 1998), 
thus we consider BCI large enough to serve as a continuous forest site. 

While the matrix between the islands is formed by the water, matrix 
between agricultural fragments consists of diverse land-use systems 
including active cattle pastures, fallow pastures, areas of reforestation, 
early natural succession, as well as tree plantations, small villages, and 
small-scale subsistence agriculture (van Breugel et al., 2013; Yanguas- 
Fernandéz and Hall, 2015). 

2.2. Bat sampling and data collection 

Fieldwork was conducted continuously between October 2013 and 
October 2015. Within each landscape, a minimum of five study sites, 
serving as independent replicates were investigated (Fig. A1). Each 
study site was sampled year-round using a standardized mist-netting 
design deploying six ground-level nets (6 × 2.5 m, 70/2 denier, 16 mm 
mesh size; ECOTONE, Gdynia, Poland). Sampling started at sunset and 
was performed for 6 h during which nets were revised at intervals of 
approximately 20 min. Mist netting at the same site for consecutive 
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days can lead to net shyness (Marques et al., 2013), hence capture 
events were repeated at the same site earliest 28 days after the previous 
capture. No netting took place between one day before until one day 
after a full moon to minimize the effects of lunar phobic behaviour of 
the bats due to changes in predation risk or prey availability on capture 
success (Mello et al., 2013). Capture effort was quantified in mist-net
ting hours (mnh) with 1 mnh representing one 6 m mist-net net open for 
1 h. This standardization allows a comparison of the bat activity be
tween our study sites and previous work conducted in the same area 
(Meyer and Kalko, 2008a). 

Captured bats were identified to species following Handley et al. 
(1991). Phyllostomid bats were assigned to the following feeding 
guilds: animalivorous, canopy and understory frugivorous, nectar
ivorous, omnivorous and sanguivorous (Giannini and Kalko, 2004;  
Giannini and Kalko, 2005). Abundant frugivores (i.e., Artibeus jamai
censis, Carollia perspicillata, Uroderma bilobatum) were marked in
dividually using ball-chain necklaces established by Handley et al. 
(1991). Whenever possible we collected faecal material, parasitic flies 
and wing punches (4 mm ø biopsy punch) as tissue samples (Halczok 
et al., 2018; Hiller et al., 2020). Scars from wing punches and cuts of 
hair in the back of the bats additionally allowed for the temporary re
cognition of recaptures in other species. All animals were released at 
the capturing site immediately after processing. All capture and sam
pling procedures followed Panamanian regulations (Autoridad Na
cional del Ambiente, Republica de Panamá: SE/A-75-13 to SE/A-28-17) 
and were ethically approved by the Smithsonian Tropical Research 
Institute (IACUC protocols: 2014-0101-2016 and 2016-0627-2019). 

2.3. Data analysis 

We restricted our analyses to bats of the family Phyllostomidae, 
while other Neotropical bats are only inadequately sampled deploying 
ground-level mist-nets (Kalko, 1998). Inventory completeness was 
evaluated with randomized individual-based accumulation curves. Be
sides, we assessed the number of species expected to occur in each site 
using the non-parametric species richness estimator first order Jack
knife1 (Jack1). Rarefaction was performed based on 1000 random re
arrangements and independent picking of individuals, rarefying to the 
abundance level of the site with the lowest number of captures. Dif
ferences in assemblage composition were characterized through non- 
metric multidimensional scaling (NMDS) ordination based on a Bray- 
Curtis dissimilarity matrix, using the number of captures standardized 
by the effort (bats per mnh). All analyses were computed using the 
software R (R Core Team 2017) with the packages Vegan 2.4-5 
(Oksanen et al., 2007) and BiodiversityR (Kindt and Kindt, 2017). 

3. Results 

3.1. Bat species richness and inventory completeness 

During 151 sampling days, we obtained 5176 captures belonging to 
7 families and 43 species. 383 (7.4%) of these were recaptured, so we 
caught a total of 4793 individual bats. Total mist-netting effort in 
landscape C, A and I were 2052 mnh, 970 mnh, and 2142 mnh, re
spectively. Phyllostomid bats were by far the dominant group, ac
counting for 97.8% (5059) of all captures. 

Observed species richness (Fig. 1) was highest in continuous forest 
(Sobs = 31) compared to agricultural fragments (Sobs = 22) and is
lands (Sobs = 19). Fifteen species were detected in all three landscapes. 
The highest overlap in shared species (Sobs = 20) was found for land
scape C und A (Fig. 1). Continuous forest and islands shared slightly 
fewer species (Sobs = 19). 

Species accumulation curves (Fig. 2) indicate a high level of in
ventory completeness, as curves of all three landscapes approximate 
asymptotes. Species accumulation curves for landscapes A and I show 
saturation, indicating an adequate sampling of the phyllostomid 

assemblage in the fragmented landscapes. The curves for the con
tinuous forest and fragments in agriculture are still increasing, hence 
more species can be expected. The confidence intervals of accumulation 
curves for landscapes C and A, as well as for C and I show a significant 
gap, whereas the curves for landscapes A and I overlap. Predicted 
species richness (SJack1) was close to observed species richness (Sobs), 
confirming high inventory completeness of our study. Level of in
ventory completeness reached approximately 75% (SJack1 = 24.6  ±  
3.9) for the continuous forest, 80% (SJack1 = 18.2  ±  2.4) for frag
ments surrounded by agriculture and 83% (SJack1 = 13.4  ±  4.4) for 
forested islands (Table A1). 

3.2. Relative abundance 

Overall capture rates were rather variable but showed no significant 
differences between landscapes (C: 102.4 bats/100 mnh; A: 149.2 bats/ 

Fig. 1. Observed species richness in continuous forest (green), forest fragments 
in agricultural context (yellow), and forest islands in the Panama Canal system 
(blue). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 

C

I

sp
ec
ie
s

captures

A

Fig. 2. Species-accumulation curves for bats captured in continuous forest (C) 
green, forest fragments embedded in agriculture (A) yellow, and islands (I) 
blue. The sampling order was randomized 1000 times in order to smooth the 
curve. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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100 mnh; I: 81.2 bats/100 mnh; ANOVA F (2,15) = 2.74, p = 0.118). 
Islands showed lowest capture rates, but highest variability between 
study sites, ranging from 20.5 bats/100 mnh to 186.1/100 mnh (Fig. 3). 

The frugivore Artibeus jamaicensis was the most abundant species 
(2802 individuals or 54.13% of all captures) and accounted in the three 
landscapes for 50.1% (C), 36.2% (A) and 71.1% (I) of all captures, re
spectively (Fig. A4). The second most abundant species varied between 
the landscapes (C: Artibeus lituratus 7.5%; A: Carollia perspicillata 22.9%; 
I: Uroderma bilobatum 8.1%). Rank abundance curves (Fig. A2) differ 

substantially between continuous forest and the two forest fragments. 
Canopy frugivores (Fig. 4) were consistently the most abundant and 

most speciose guild in all three landscapes (C: 80.3 bats/100 mnh; A: 
92.0 bats/100 mnh; I: 73.7 bats/100 mnh; ANOVA F (2,15) = 0.22, 
p = 0.81). The abundance of the most common bat, the canopy frugi
vore A. jamaicensis, did not differ between landscapes (ANOVA F 
(2,15) = 0.016, p = 0.98), and neither did the abundance of the larger 
A. lituratus (Kruskal-Wallis F (2,15) = 1.11, p = 0.57). However, cap
ture rates of smaller species within this feeding guild varied highly and 

Fig. 3. Capture rates (bats/100 mnh) of the six guilds of phyllostomid bats across the three landscapes: continuous forest (green), agricultural forest fragments 
(orange), and islands (blue); Note log scale on the y-axis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 4. Species composition of bat assemblages of the 18 
sampling sites: continuous forest (green), agricultural 
fragments (orange) and islands (blue) ordinated by non- 
metric multidimensional scaling (NMDS) based on Bray- 
Curtis similarities (using root x transformed abundance 
data) of phyllostomid bat species. (For interpretation of 
the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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species-specific in the response to matrix type within the fragmented 
landscapes (Figs. A3, and A4). While U. bilobatum was common in all 
landscapes (Fig. A3; Kruskal-Wallis F (2,15) = 3.28, p = 0.19), capture 
rates of Chiroderma villosum and Vampyressa nymphaea decreased, or 
bats were completely absent from fragments (Fig. A3). The small fru
givores Dermanura rava and Dermanura watsoni responded differently 
depending on matrix type (Fig. A3) both increased in abundance in 
agricultural fragments but decreased on islands. 

Understory frugivores (Fig. 4) were very abundant in all three 
landscapes (C: 102.4 bats/100 mnh; A: 149.2 bats/100 mnh; I: 81.2 
bats/100 mnh; Kruskal-Wallis F (2,15) = 13.37, p = 0.0012). Within 
this guild, C. perspicillata was the second most abundant species in 
agricultural fragments (334 individuals or 23.13% of all captures) and 
third most abundant in continuous forests (144 individuals or 6.76% of 
all captures). Capture rate of C. perspicillata was more than four times 
and significantly higher in landscape A (34.1 bats/100 mnh) compared 
to C (7.16 bats/100 mnh; W (2) = 1, p = 0.009). Capture rate of the 
smaller C. castanea was three times higher in A (15.39 bats/100 mnh) 
compared to C (5.12 bats/100 mnh; t (6.94) = −2.86, p = 0.02). In
terestingly, both species of the genus Carollia had very low capture rates 
on islands (C. perspicillata = 0.36 bats/100 mnh; C. castanea = 1.14 
bats/100 mnh). 

Almost all animalivorous Phyllostominae (Fig. 4) decreased in re
lative abundance in both fragmented landscapes and showed highest 
capture rates in the continuous forest (C: 7.42 bats/100 mnh; A: 1.27 
bats/100 mnh; I: 3.83 bats/100 mnh; Kruskal-Wallis F (2,15) = 7.44, 
p = 0.024). Six species, all considered rare (< 5 individuals in our entire 
data set), were found exclusively in the continuous forest sites (C). 
Among these Glyphonycteris daviesi represents a new record for the BCNM 
(Kalko, 1998; Denzinger et al., 2017). Only Lophostoma silvicolum, Mi
cronycteris hirsuta, and Micronycteris microtis were regularly captured on 
islands, with the two latter species showing even higher capture rates on 
islands compared to the continuous forest sites (Fig. A3). 

Omnivorous bats (e.g. Phyllostomus hastatus) were observed at low 
capture rates in all landscapes (C: bats 1.13/100 mnh; A: 0.87 bats/ 
100 mnh; I: 0.04 bats/100 mnh; Kruskal-Wallis F (2,15) = 5.94, 
p = 0.05). 

Capture rates of nectarivores, represented primarily by Glossophaga 
soricina, increased in agricultural fragments and on islands (C: bats 
0.20/100 mnh; A: 2.12 bats/100 mnh; I: 1.33 bats/100 mnh; Kruskal- 
Wallis F (2,15) = 7.24, p = 0.027). This species was only sporadically 
captured in continuous forest but showed relatively high capture rates 
in agricultural fragments and on islands. 

The common vampire bat Desmodus rotundus was the only sangui
vore captured. This species was only sporadically captured in con
tinuous forest (0.28 bats/100 mnh), it increased in abundance in agri
cultural fragments (0.28 bats/100 mnh) and was completely absent on 
islands (W (2) = 2, p = 0.036). 

3.3. Assemblage composition 

A two-dimensional NMDS ordination plot based on Bray-Curtis si
milarities indicates distinct differences in species composition among 
the three landscapes (Fig. 4). Stress value of 0.14 confirms an accep
table visualization of similarity between our three landscapes. Three 
distinct clusters can be distinguished. Sites from the three landscapes 
group nicely together and are separated from each other, so bat as
semblages in the three landscapes differ significantly among each other 
(ANOSIM global R = 0.31, p = 0.069), indicating a high homogeneity 
within the bat assemblages of each landscape. 

4. Discussion 

The ongoing land-use changes in the tropics call for more attention 
to the biodiversity of fragmented systems, as only small proportions of 
tropical forests are effectively protected (Schmitt et al., 2009). 

Fragmented landscapes, varying in complexity, heterogeneity and 
consequently also in the permeability of the connecting matrix are 
currently expanding all over the tropics (Taubert et al., 2018). To assess 
the effect of fragmentation we compared the assemblages of Neo
tropical leaf-nosed bats (Phyllostomidae), a highly speciose and ecolo
gically diverse keystone taxon in Neotropical forests, suitable for eva
luation of habitat quality in three landscapes varying in degree of 
habitat connectivity (Medellín et al., 2000). In the protected continuous 
forest, we captured 30 phyllostomid species, 75% of the species known 
from the area (Denzinger et al., 2017). As predicted, fragmentation 
reduced in both landscapes the bat diversity and led to characteristic 
changes in the bat assemblage, with gleaning animalivorous phyllos
tomids being most affected. 

Diversity and community composition of bats were affected by 
fragmentation, but our results demonstrate that bats' responses to 
fragmentation were mainly determined by the type of surrounding 
matrix, which ultimately represented different environmental filters for 
the local bat assemblages. Following our predictions, the heterogeneous 
matrix of an agricultural landscape results in a higher bat species 
richness and a more diverse bat species assemblage compared to the 
water surface between islands. Landscapes vary especially in the 
number of sympatric frugivorous bats, presumably due to food and 
roosting resources and vegetation, which facilitates flight paths be
tween fragments. 

Our results show a highly guild-specific response of phyllostomids 
to the permeability of the matrix. Contrary to the resilience observed 
for many frugivorous and nectarivorous species, which profited from 
land conversion and increased in abundance in agricultural area, 
gleaning animalivorous phyllostomids reacted sensitively to fragmen
tation. Independent from the quality of the matrix, most gleaning ani
malivores occurred in fragments and islands only at low abundances or 
were completely absent, possibly in response to a restricted mobility 
(Norberg et al., 1987) or echolocation restrictions over open water (but 
see Macrophyllum macrophyllum, Weinbeer and Kalko, 2007), despite 
islands harbouring sufficient food sources (Arnold and Asquith, 2002) 
and availability of roosting resources in old trees (Asquith et al., 1997). 
Six species of gleaning animalivores were only captured at the con
tinuous forest sites, emphasizing the importance of large forest frag
ments for this forest-dwelling group. Similar patterns have been ob
served throughout the Neotropics (Meyer et al., 2016). However, we 
found that despite the sensitivity of gleaning animalivores towards 
fragmentation, some species were present in low abundance on islands 
and in fragments. Interestingly, the small Micronycteris microtis was 
regularly captured even on the smallest and most isolated islands, a 
consistent phenomenon also previously found by Meyer and Kalko 
(2008a). This small active gleaning animalivorous bat (Denzinger et al., 
2017) has a small home range (1–2 ha) fitting in size even the smallest 
islands in the region (Albrecht et al., 2007). Local populations on is
lands probably consist of isolated yet persisting residual colonies. Small 
body size, and great dietary flexibility of this opportunistic insect pre
dator, as well as a highly efficient foraging strategy (Geipel et al., 
2013), may explain survival on islands whereas the relatively short and 
broad wings might rather impede the ability to move large distances 
over open water (Norberg et al., 1987). 

Frugivorous bats play a pivotal role dispersing seeds over short- and 
long-distances and consequently maintain plant diversity by promoting 
forest succession both in pristine forests and human-modified land
scapes (Muscarella and Fleming, 2007). Frugivores are considered to be 
relatively resilient towards land conversion and may even thrive in 
fragmented areas and secondary forests as long as enough food plants 
are available (Willig et al., 2007). High species richness and abundance 
of sympatric understory frugivores in secondary forests, agricultural 
and successional areas have been documented for many places 
throughout the Neotropics (Meyer et al., 2016), yet our study identified 
intra-guild differences in local sympatric canopy- and understory-fru
givores depending on type of matrix. 
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Common canopy frugivores showed in all landscapes similar (e.g. 
Artibeus jamaicensis, Artibeus lituratus) or even higher capture rates in 
fragmented landscapes (e.g. Uroderma bilobatum). Long-distance flight 
capability enables this guild to exploit figs, their main fruit resources, 
which are extremely patchy in time and space (Kalko et al., 1996). 
Given a similar size and wing morphology as A. jamaicensis, the absence 
of Vampyrodes major on islands is rather surprising. Such species-spe
cific reactions within the foraging guilds indicate that some species, 
such as Vampyrodes major depend more on forests than others. 

Understory frugivores from the genera Carollia, and Dermanura were 
found to be more abundant in forest fragments compared to continuous 
forest, and yet were captured only rarely on islands or were not found at 
all. The capacity of small opportunistic frugivores not only to persist but 
to thrive in forest fragments within an agricultural matrix, is mediated 
by the heterogeneity of the matrix, which results in a high permeability 
for these animals. The agricultural matrix harboured numerous early 
succession areas with many chiropterochoric pioneer plants, e.g., 
Vismia spp., Piper spp., Cecropia spp. and Solanaceae. Small home 
ranges and the absence of preferred food plants may explain local ex
tinction and the sensitive reaction to isolation effects on islands as food 
plants were rare or absent on islands. Further, the aquatic matrix pro
vides neither food for frugivorous species nor shelter from predators. 

The study area shows only low diversity of nectivorous bats, com
pared to other sites in Central- and South America (Fleming et al., 2005). 
Only Glossophaga soricina was captured in higher numbers in fragments 
and on islands. Such higher capture rates in both fragmented landscapes 
might be explained by a higher density of food plants. Islands of Gatún 
Lake harboured locally high numbers of bat-pollinated bromeliads (e.g., 
Werauhia sanguinolenta), which offer nectar resources during the late 
rainy season (Zotz et al., 2005). High flexibility facilitates Glossophaga 
soricina to feed opportunistically on fruits and insects during times of the 
year with less abundant nectar availability (Sperr et al., 2011). 

Despite local management programs (https://www.mida.gob.pa/), 
increased abundance of the common vampire bat Desmodus rotundus 
was observed in agricultural landscape, as it is common all over the 
Neotropics around livestock (Greenhall et al., 1983). 

To summarize, the responses of bats to fragmentation were found to 
be not only guild- but also species-specific within a guild, a fact easily 
overlooked or misinterpreted when focussing solely on diversity indices 
or the response of bat guilds alone. Changes in species composition of the 
assemblages are better tools to evaluate how fragmentation affects local 
bat diversity. Our findings indicate a high conservation value of forest 
fragments embedded in a heterogeneous agricultural matrix in close vi
cinity of larger forested area. Forest fragments in the agricultural land
scape, offering not only food but also roosting resources, may sustain a 
rather high local bat diversity, thus preserving seed dispersal by frugi
vores, pollination by nectarivores, and herbivorous insect predation by 
remaining insectivorous bats. These ecosystem services provided by bats 
that are exceedingly important for forest succession processes, re
generation and maturation of secondary forests throughout the 
Neotropics. Conservation of the full local bat community, however, re
quires the protection of larger protected old-growth forests acting as 
species pools as only these sustain the fragmentation-sensitive gleaning 
animalivores. Seven phyllostomid species were only occurring in con
tinuous forest, and all of these are gleaning animalivores. 

Our study shows that the matrix strongly influences bat diversity, 
with an aquatic matrix being the most restrictive filter for gleaning 
animalivores but also for species commonly regarded to be more re
silient to habitat conversion, e.g., Carollia, Dermanura (Meyer et al., 
2016). Effects of fragment isolation were strongest in the archipelagic 
system of islands surrounded by water, however, agricultural areas 
cultivating crops with extremely low structural heterogeneity, e.g. 
pineapple, soy, maize or sugar cane, may form a similarly hostile ma
trix. Our results are in line with a meta-analysis comparing bat diversity 
and community composition in fragments in agricultural landscape in 
Costa Rica (Mendenhall et al., 2014) vs. the island system in Panama 

Canal (Meyer and Kalko, 2008a). However, study sites compared were 
located 350 km apart, encompassed neighbouring tropical life zones, 
were conducted four years apart and capture designs differed in the 
standardization of mist-netting approach. Mendenhall et al. (2014) 
highlight the conservation value of heterogeneous agricultural land
scape ecosystems, which may still maintain high levels of bat species 
richness and support compositionally altered but species-rich bat as
semblages. The authors argue for changing the perspective of classic 
island biogeography theory (MacArthur and Wilson, 1967) towards a 
countryside biogeography theory applied in conservation strategies to 
value heterogeneous and dynamic human-modified landscapes 
(Mendenhall et al., 2014). 

The largest impact on biodiversity caused by agriculture and hy
dropower dam construction is the direct loss of habitat with area, iso
lation, and edge effects degrading the condition of the remaining forest 
patches over the following years (Ewers and Didham, 2006). The in
hospitality of agricultural landscapes will be even enhanced under fu
ture climate change (Zamora-Gutierrez et al., 2018). Our study in the 
Panama Canal area demonstrates that larger dammed archipelagic 
systems are highly prone to biodiversity loss even of mobile species 
based on island isolation acting over a long time. Jones et al. (2016) 
concluded that artificial islands cannot reliably be used for conserva
tion of many species and should instead be included in area calculations 
for land impacted by dam creation. In general, species communities on 
such artificial islands are characterized by species of major dispersal 
ability (e.g. Artibeus jamaicensis) or represent remnant populations of 
forest-obligate species (here, e.g., Micronycteris microtis). It should be 
emphasized that we found distinct species-specific patterns in habitat 
use, and not in all cases we have a convincing explanation for the 
presence or absence of a species. The answer is probably hidden in the 
natural history of the respective species and illustrates the necessity of 
in-depth studies of individual species. 

Both fragmented landscapes resemble a best-case scenario for con
servation as both types of fragmented landscapes lay in close vicinity of 
larger protected continuous forests. Our study has important con
servation implications. It is possible to sustain elements of the local bat 
biodiversity when agricultural ecosystems are structurally hetero
geneous, incorporate elements of naturally occurring habitats, and in 
close vicinity to larger protected forests. Modern conservation strate
gies in increasingly fragmented regions should certainly continue to 
conserve large forests which sustain full species communities wherever 
possible but value conservation of heterogeneous human-modified 
countryside ecosystems into management considerations. 
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