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Abstract
Anthropogenic changes in land use threaten biodiversity and ecosystem functioning by the

conversion of natural habitat into agricultural mosaic landscapes, often with drastic conse-

quences for the associated fauna. The first step in the development of efficient conservation

plans is to understand movement of animals through complex habitat mosaics. Therefore,

we studied ranging behavior and habitat use in Dermanura watsoni (Phyllostomidae), a fru-

givorous bat species that is a valuable seed disperser in degraded ecosystems. Radio-

tracking of sixteen bats showed that the animals strongly rely on natural forest. Day roosts

were exclusively located within mature forest fragments. Selection ratios showed that the

bats foraged selectively within the available habitat and positively selected natural forest.

However, larger daily ranges were associated with higher use of degraded habitats. Home

range geometry and composition of focal foraging areas indicated that wider ranging bats

performed directional foraging bouts from natural to degraded forest sites traversing the ma-

trix over distances of up to three hundred meters. This behavior demonstrates the potential

of frugivorous bats to functionally connect fragmented areas by providing ecosystem ser-

vices between natural and degraded sites, and highlights the need for conservation of natu-

ral habitat patches within agricultural landscapes that meet the roosting requirements

of bats.

Introduction
Land-use changes are identified as the major threat to biodiversity, with the most devastating
impacts observed in tropical biomes [1]. Conversion of natural habitats to arable or commer-
cially usable land leads to habitat fragmentation and the creation of mosaic landscapes.
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Consequences for flora and fauna include community changes in species diversity or abun-
dance [2, 3] and breakdowns of relationships among plants and their dispersers, which are fol-
lowed by changes in seed bank composition [4–6]. Finally, populations experience loss of
genetic diversity and genetic differentiation [7] that may derive from altered animal movement
patterns [8].

Understanding animal movement is crucial for developing effective landscape level conser-
vation strategies, as movement is a key to successful foraging, mating, or dispersal [9]. Howev-
er, heterogeneous landscapes are composed of more or less hospitable habitat patches within a
non-uniform matrix area. Many studies have shown that the matrix is more accessible to a spe-
cies the more similar it is structurally to its natural habitat [10]. The response of animals to
habitat boundaries may vary among species that evolved either in patchy or in continuous en-
vironments and may lead to different levels of susceptibility to habitat fragmentation [8]. Such
findings are important to model probability of individuals of a species moving through com-
plex landscapes; yet, such simulations strongly depend upon real data on animal movement
and ecology to lay a biological foundation [8, 11].

Telemetry studies contribute to the understanding of human impact on animals and provide
essential base information for conservation initiatives [12]. Phyllostomid bats are especially
valuable to endangered ecosystems by providing ecosystem services, namely pollination and
seed dispersal [13]. Frugivorous phyllostomids and birds play an important role in dispersing
seeds to disturbed areas because often other more sensitive fruit-eating taxa have been reduced
in abundance by fragmentation itself or by activities such as hunting [14, 15]. Information on
habitat use of frugivorous bats is desirable to understand the consequences of human impact,
as has been accomplished for other taxa [12]. Most radio-tracking studies on phyllostomid bats
in the context of habitat fragmentation either focus on naturally fragmented habitats [16–18]
or on anthropogenically modified systems that are composed of forest islands within a strongly
contrasting water matrix [19, 20]. The latter work on smaller bats confronted with a water ma-
trix suggests that such species are limited in their foraging range and can only cross narrow
habitat disruptions. However, mark-recapture studies in agricultural landscapes provided evi-
dence that several frugivorous and nectarivorous phyllostomid bat species are able to move
through mosaic areas while heavily using riparian forests, live fences consisting of planted
posts, or corridors [21, 22]. A radio-tracking study in an anthropogenically dominated area
showed that two phyllostomid bat species are able to incorporate restored forests into their for-
aging range [23]. Shade-cocoa plantations may even harbor a more abundant and diverse bat
fauna than native forest tracts, if the agroforest sites are neighboring with forest [24]. The eval-
uation of movement patterns in the landscape context helps to gain a deeper understanding of
how bats use distinct elements within highly heterogeneous environments.

In the present study we conducted radio-tracking on frugivorous bats inhabiting an agri-
culturally dominated area in Costa Rica. We focused on the small phyllostomid bat species
Dermanura watsoni since it is a valuable organism for fragmented areas. It remains abundant
in forest fragments and feeds on fruits of a wide variety of plant species [14, 25]. Its abun-
dance and associations with a large number of plant species make it an important agent for
seed dispersal, especially in areas under human influence where large-bodied seed dispersers
(e.g., guans, agoutis, or peccaries) experience high hunting pressure [6, 14]. However, popula-
tions of D. watsoni are prone to loss of genetic diversity in such an agricultural landscape
when faced with low habitat connectivity [26]. Since gene flow requires successful movement
across a landscape D. watsonimay be limited in its movement capacity by habitat fragmenta-
tion [26]. Therefore, we investigate whether D. watsoni preferably uses natural forest rem-
nants for foraging and roosting and to what extent anthropogenically modified areas will be
visited. Furthermore, we examine the reasons for intra- and inter-individual variability in
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daily range sizes. Finally we draw conclusions from movement patterns for functional land-
scape connectivity.

Methods

Study area
Field work was carried out from January to June 2011 near Reserva Biologica Tirimbina (RBT)
in the northern Caribbean lowlands of Costa Rica (10°25’ N, 84°05’W) at elevations ranging
from 100–300 m. The landscape experienced high rates of forest clearing up until the 1980s
that caused strong fragmentation of the landscape. Since the 1990s, after the establishment of
an innovative conservation program (payments for environmental services), a significant drop
in deforestation rates has been observed [27].

We worked in four forest fragments. Two of these were characterized by small size and high
degree of isolation (Las Palmitas, LP; El Roble, Ro). An intermediate (Pozo Azul, PA) and a
large fragment (La Tirimbina, Ti) were better connected to neighboring forest patches
(Table 1; Fig. 1). The vegetation within the fragments was dominated by primary and old sec-
ondary forest. The surrounding matrix was composed of cattle pastures, fruit plantations,
urban structures and vegetation that remained after clear-cutting.

Study species
We addressed movement patterns of the bat species Dermanura watsoni (Phyllostomidae: Ste-
nodermatinae). This small-bodied species feeds on a wide variety of fruits of plants from early

Table 1. Summary of details on locations and telemetry results of 16 tracked bat individuals.

bat ID sex forest patch fragment size [ha] HRtot #fixes com-pactness #focus areas observation

days hours

1 M Ti 412 18.85 199 0.84 2 6 36

2 M Ro 47 12.46 273 0.79 2 6 36

3 F Ro 47 10.55 232 0.65 1 6 36

4 m LP 38 26.91 115 0.50 2 6 31

5 f LP 38 25.82 182 0.56 2 6 32

6 f PA 99 5.59 283 0.94 1 7 38

7 m PA 99 6.96 93 0.74 1 4 23

8 f Ti 412 3.97 152 0.83 1 3 18

9 m Ti 412 6.82 211 0.81 1 6 34

10 m LP 38 5.19 416 0.99 1 6 35

11 m LP 38 6.19 136 0.85 1 5 30

12 m Ro 47 5.25 330 0.91 1 6 36

13 f Ti 412 30.63 121 0.64 2 6 36

14 m PA 99 6.60 291 0.94 1 6 36

15 f Ro 47 1.69 258 0.87 1 6 36

16 m PA 99 6.53 361 0.89 1 6 36

HRtot: home range measured as 95% minimum convex polygon; compactness ratio (cf [45]); number of focal foraging areas was identified via LoCoH

50% isopleths

doi:10.1371/journal.pone.0120535.t001
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to late stages of rainforest succession. More than 50 plant species have been documented to be
dispersed by D. watsoni in Northern Costa Rica [14, 25]. Dermanura watsoni is a tent-roosting
bat and constructs its roosts by modifying leaves of common rainforest understory plants (e.g.,
Araceae, Arecaceae, Cyclanthaceae) [28].

Fig 1. Locations of the four sampled forest fragments in Northern Costa Rica. LP: Las Palmitas, Ro: El Roble, Ti: La Tirimbina, PA: Pozo Azul.Grey
indicates forested areas,white indicates non-forest cover, black indicates water (except the fragments’ framing). Modified from [65].

doi:10.1371/journal.pone.0120535.g001
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Bat capture and transmitter attachment
Wemist-netted bats using eight nets (six nets 12 x 2.5 m, two nets 6 x 2.5 m) set along trails at
ground level that were opened at dusk and closed between midnight and 1 am. We comple-
mented mist-netting with capturing animals directly from leaf-tents during the day using a cus-
tom made hand net. We kept bats in cotton cloth bags before verification of the species and
recording age, sex, and reproductive state. We classified bats as adult when no epiphyseal gaps
were visible and the phalangeal-metacarpal joints were knobby [29]. We considered female
bats as non-reproductive or in a very early stage of pregnancy when not exceeding a weight of
13 g since 12 to 13 g body weight was a common measure outside the breading season. We se-
lected only males with scrotal testes, which is the case for most adult males during this part of
the year [30] or females not exceeding 13 g for telemetry. Pregnant and lactating females were
excluded from our study in order to reduce variability in foraging patterns that may be caused
by differences in reproductive state.

We used LB-2N radio-transmitters (Holohil Systems) with a position switch that indicated
whether the bat was flying or roosting by varying pulse frequency. Total transmitter weight
was 0.7 g, corresponding to 5.3–5.8% of the body weight of the 12–13 g bats. This was close to
the 5% which were shown to have no impacts on bats [31] and well below the 10% which
should not be exceeded if transmitters are carried for more than a few days [32]. We partially
trimmed the fur between the shoulder blades and glued the transmitter to the skin (Perma-
Type Surgical Cement for 13 bats, Pattex for three bats). The bats were released at the capture
site within one hour after capture.

Radiotelemetry
We tracked a total of 16 individuals (10 males and 6 females) from four forest fragments
(Table 1). In four occasions we marked two animals simultaneously (IDs 2&3, 4&5, 6&7, 8&9,
respectively). Observation started at the day roost at sunset (around 6 pm) and ended usually
at midnight. To ensure that the bat behavior did not differ during the second half of the night,
the observation was extended until 6 am during three tracking nights. In order to estimate bat
locations via triangulation, two observers followed the bats on foot. Each observer was
equipped with an H-Antenna that carried an attached compass and was connected to a Yaesu
VR-500 receiver (modified by Wagener Telemetrieanlagen). Furthermore, equipment included
a Garmin GPSmap 60cs GPS device, a mobile radio, a digital watch, and a digital voice record-
er. We collected bearings to the closest degree in two-minute intervals, coordinated to the sec-
ond between the two observers. The observation period of individuals varied from three to
seven 6-hour-intervals, and in most cases we collected six intervals during a period of five to
nine days (Table 1). Transmitters usually fell off after five to ten days. We paused the observa-
tion from three nights before to three nights after full moon.

Data processing
We used the transverse Mercator projection andWGS 1984 datum for working on geographic
data. Magnetic declination accounted to only 0.5° and was therefore disregarded. We only con-
sidered pairs of bearings with a difference of 15–165° for further analysis. Furthermore, we
manually removed all bat positions that were further away from the observers than 400 m as
such values were exceeding the transmission range of the transmitters and hence not reliable.
We used the software LOAS 4.0 (Ecological Software Solutions LLC) to estimate animal loca-
tions. When a bat remained in the same place for more than two minutes, we only kept one
data point for further analysis in order to reduce spatial autocorrelation.
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Data analysis
Habitat selection. For determination of the total home range (HRtot) we calculated 95%

minimum convex polygons (MCPs) in Biotas 2.0a (Ecological Software Solutions). For habitat
selection analyses we calculated selection ratios wi in order to rank available habitat categories
according to their usage [33]. In absence of selection a value of 1 is expected while values be-
tween 0 and 1 indicate negative selection and positive selection is expressed by values larger
than 1. We constructed Bonferroni’s confidence intervals (CIs) in order to assess whether wi se-
lection ratios were significantly different from 1 [33]. We analyzed usage and availability at the
individual level (design 3 sensu [34]). Tests were performed in the library adehabitat [35] in R
2.15.1 [36].

We defined “available habitat” individually for each bat as the habitat in a circle around the
day roost with a radius corresponding to the maximum distance from the day roost to the line
of its 95%MCP (cf [37]). In case several day roosts were used we determined a 100%MCP of
the day roost locations and used the center of this polygon as the center for the circle. The
“used habitat” corresponds to focal foraging areas (hereafter focus areas) [38]. To define focus
areas we used 50% isopleths of fixed k-LoCoH (Local Convex Hulls; [39]). As some bats for-
aged in highly heterogeneous areas, we chose the LoCoH algorithm for used habitat based on
its superior performance in areas with hard boundaries [40]. The square root of the number of
locations determined the parameter k, which sets the number of neighbors that are included in
the construction of the convex hulls for each position [40].

On-site inspection and aerial photographs (provided by La Tirimbina Rainforest Center) al-
lowed for the categorization of available and used habitat in ArcGIS 10. During on-site inspec-
tions we screened a selection of extra forest sites visited by bats for possible food plants. We
combined the collected land-cover information with imagery from Google Earth that was up-
dated for the region in March 2011. For the calculation of selection ratios we attributed land-
cover types to the following categories based on structural diversity. “Natural” forest was char-
acterized by forest fragments of late secondary or primary forest with mainly closed canopy
and understory present. “Degraded” forest denoted early successional forest stages or loose tree
aggregations without closed canopy or understory and linear structures, e.g., remnant gallery
forests. “Farmland” indicated fruit plantations (mainly pineapple) and abandoned agricultural
land. Cattle “pastures” were characterized by grassland with scattered single trees. “Urban”
areas combined non-natural anthropogenic structures such as roads and building.

Variability of daily ranges. Daily ranges of bats could vary substantially among individu-
als and also between nights for the same individual. To examine this variability, we fitted
mixed models using the library nlme [41] implemented in the software R 2.15.1. We defined
the daily range (95%MCP of the area covered during one 6 h observation session) as the re-
sponse variable. For this purpose we selected three nights per bat with the highest contact
times which exceeded 85% of the observation time. For two wider ranging bats (IDs 3 & 4) we
included nights below that threshold in which ranging patterns matched behavior of foregoing
nights, but commuting flights over impassable terrain did not allow for reaching the 85%. For
four bats we had adequate information for only two nights.

Prior to fitting the model we applied a logarithmic transformation on the response variable
daily range in order to achieve normal distribution and data homogeneity. The fixed variables
included the proportion of degraded forest (disturbance) within the daily range to test for a re-
lationship between range size and land-cover quality. The percentage of the illuminated surface
of the moon entered in order to test for a possible effect of lunar phobia. We added the sex of
the tracked bat since males and females may behave differently [42]. The sampling day entered
as a numeric value that increases in the course of the sampling interval in order to test for
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changes in ranging behavior over time. We centered the fixed variables and checked for multi-
collinearity using variance inflation factors (VIFs) in the R library AED [43, 44]. Later versions
of R may alternatively use the package car for calculating VIFs. Finally, we added the bat identi-
ty as a random intercept to the model in order to account for repeated measurements for
individual bats.

For model selection we chose the ‘all-subset approach’ as described in [45] based on the cor-
rected Akaike’s information criterion (AICc) in the R library MuMIn [46]. We performed
model averaging, which is well suited to obtain parameter estimates in all-subset model ap-
proaches [45], based on a top-model set of Δ2 AICc as cut-off [47]. Conditional R²-values (R²c)
[48] were measured to account for the variation explained by both fixed and random effects for
all models in the averaged set in the R library MuMIn [46].

Home range geometry. We established a measure of the compactness of the total home
range for every individual bat (cf [49]). This compactness ratio gives an impression of the
home range shape. We derived the compactness ratio by calculating the perimeter of an indi-
vidual bat’s 95% MCP and dividing the area of this polygon by the area of a hypothetical circle
that has the same perimeter (MCP geometry was retrieved from ArcGIS 10). A nearly circular
MPC will result in a ratio close to 1, whereas lower values describe home range shapes that are
increasingly linear. In order to investigate whether home range shape and size influence each
other, we calculated a Pearson correlation between HRtot and the corresponding compactness
ratios. We log-transformed HRtot in order to achieve normal distribution (verified by Shapiro-
Wilk-tests; α–level = 0.2).

In five cases the 50% LoCoH isopleths were not restricted to a particular site, but revealed
two spatially separate focus areas for an individual bat. In these instances we assigned the
radio-fixes within the focus areas to the beforehand mentioned land-cover categories (natural,
degraded, farmland, pasture, and urban). Then we used Fisher’s Exact tests to test for each bat
(n = 5), whether there were differences in the distribution of fixes over the land-cover catego-
ries between the “near” focus area, which was close to the day roost, and the “far” focus area,
which was several hundred meters apart. Subsequently, a sequential Bonferroni correction ac-
counted for multiple testing.

Permits and animal welfare
The forest fragments we worked in were privately owned and access was granted by the land-
owners. All work on live animals followed the guidelines of the Society of Mammologists
(ASM) for research on wild mammals [50] and was approved by the “Ministerio de Ambiente,
Energía y Telecomunicaciones de Costa Rica” (MINAET). Transmitter attachment for radio-
telemetry conformed to common rules regarding transmitter weight in relation to body mass
[33]. All permits were obtained from J. Guevara at MINAET (Resolutions: 004–2011-SINAC,
128–2011-SINAC).

Results

Roosting behavior
All day roosts of D. watsoni were situated within natural forests. The bats exclusively roosted in
modified leaf tents that belonged to the plant families Arecaceae, Cyclanthaceae, Rubiaceae, or
Araceae. Bats always roosted within the same forest fragment during the observation period
and returned either to the same leaf tent or roosted in close proximity (less than 50 m).
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Variability in ranging patterns
After the initial inspection of the data from all radio-fixes collected during 76 tracking nights,
we found 3653 to be reliable bat encounters during roosting and foraging. Total home range
(95%MCP) averaged at 11.3 ± 9.1 ha and varied among individual bats from 1.7 to 30.6 ha
(Table 1). We also observed considerable variability among daily ranges for single individuals.

The fixed variables that entered the mixed models had variance inflation factors that were
below 3 indicating there was no collinearity among those variables [43] (S1 Table). The all-sub-
set model approach generated a total of 16 models (S2 Table). The Δ2 AICc model set con-
tained only two models and indicated that forest disturbance was the most important variable
to explain variability in daily ranges since it was the single parameter in the top model and also
present in the second model of the averaged set (Table 2). Daily range size increased with in-
creasing amounts of degraded forest (Table 3). Daily ranges tended to decrease in the course of
the sampling period. However, the parameter sampling day was weighted much lower than the
proportion of degraded forest and the conditional standard error was high (Table 3). Sex and
moonshine seemed to have no effect, since they were not included in the top model set. Fur-
thermore, those parameters were weighted fairly low and standard errors were high when aver-
aging over all subset models (S3 Table).

We tested whether size variability in total home range was related to geometric changes in
shape. A Pearson correlation between log HRtot and the compactness ratios showed a highly
significant negative association among the two parameters, indicating that larger home ranges
become increasingly linearly shaped (r = -0.73; 95% CI = -0.90, -0.37; p = 0.001).

Habitat selection
The analysis for habitat selection revealed that the bats did not move randomly but foraged se-
lectively within the available habitat (χ2 = 340.8, df = 12, p< 0.001). Natural forest was posi-
tively selected (wi> 1, CI = 1.030, 1.471) while pastures were negatively selected (wi< 1,
CI = 0.002, 0.407; Table 4). The wi selection ratios for degraded forest and farmland were

Table 2. Multi-model inference based on the Δ2 AICc candidate model set for the effects of the proportion of degraded forest (Disturbance) and
sampling day (Day) on daily range size inDermanura watsoni (n = 44).

Candidate model K R2
c AICc ΔAICc w wacc

Disturbance 4 0.65 69.2 0 0.66 0.66

Disturbance + Day 5 0.66 70.5 1.32 0.34 1.00

R2
c (conditional R

2) is the variance explained by both fixed and random effects [44]. The identity of 16 bat individuals was fitted as random intercept.

doi:10.1371/journal.pone.0120535.t002

Table 3. Summary of the parameters proportion of degraded forest (Disturbance) and sampling day (Day) that were included in theΔ2 AICc model
set, averaged over all subset models.

Fixed variable Estimate Unconditional SE Rel. importance Confidence intervals

Lower Upper

(Intercept) 10.57 0.10 10.35 10.78

Disturbance 3.22 0.89 0.95 1.39 5.04

Day -0.43 0.39 0.38 -1.24 0.38

doi:10.1371/journal.pone.0120535.t003
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smaller than 1, but the confidence intervals contained the value 1 indicating that wi was not sig-
nificantly different from 1 [33].

In eleven bats total home ranges comprised a focus area that contained the day roost(s) of
the respective bat or was located close by. However, in five individuals the 50% LoCoH iso-
pleths showed a second, spatially separated focus area, on average 660 m (range: 330 to 1050
m) away from the particular day roost. Commutes between focus areas extended about 200 to
340 m beyond the forest border into the matrix. Those bats used to forage at first within the
near focus area close to the day roost and performed one to two foraging bouts to the far focus
area within a six-hour interval. The Fisher’s Exact tests revealed highly significant differences
between the habitat categories that corresponded to bat locations within the near vs. the far
focus area, respectively, for all five bats after sequential Bonferroni correction (p< 0.001 in all
five cases; lowest adjusted α–level: 0.05/5 = 0.01). In all five individuals the focus area that was
situated closer to the day roost was strongly dominated by natural forest, as it was in the bats
with only one focus area, whereas the second patch was dominated by natural forest only in a
single individual, and by degraded forest in four individual bats (Fig. 2). Inspection of such de-
graded sites where bats were foraging revealed that pioneer plants such as Cecropia sp. and So-
lanum sp. were present.

Discussion
Our study provides insight into how an abundant frugivorous bat species deals with a highly
heterogeneous, anthropogenically modified landscape. Roosting and foraging behavior showed
that D. watsoni strongly relies on habitat remnants that are dominated by natural vegetation.
However, the bats are also capable of entering the matrix and performing foraging bouts to de-
graded areas by traversing the matrix. This highlights their potential to functionally connect el-
ements in a fragmented landscape by commuting between natural and degraded sites.

Roosting requirements
We observed that individuals of D. watsoni spent the day roosting inside a natural forest frag-
ment, even when foraging at night outside the fragment in degraded areas. A similar depen-
dence for forest habitats for roosting in fragmented areas has been documented for the
phyllostomid bats Artibeus lituratus and Carollia perspicillata [23]. By contrast, Uroderma bilo-
batum frequently roosts in leaf-tents within anthropogenic areas such as gardens or plantations
as it even modifies leafs of cultivated coconut palms to tents [51]. Although D. watsoni is able

Table 4. Habitat selection by 16 radio-tracked bat individuals based on selection ratios (wi) for five dif-
ferent land-cover types.

Bonferroni’s confidence
intervals

wi SE Lower Upper

Natural 1.25 0.08 1.030 1.471

Degraded 0.86 0.32 0.000a 1.791

Farmland 0.54 0.21 0.000a 1.140

Pasture 0.2 0.07 0.002 0.407

Urban 0 0 - -

Standard errors (SE) and Bonferroni’s confidence intervals are shown.
a negative confidence limits have been replaced by 0.000 [33]

doi:10.1371/journal.pone.0120535.t004
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to construct its roosts from modifying leafs of a wide variety of plant species [28], we observed
it roosting in leafs of forest understory plants (Arecaceae, Cyclanthaceae, Rubiaceae) or Epi-
phytes (Araceae) that were widely missing within the degraded areas outside the forest frag-
ments. This preference for certain plants that are only present within natural forest shows that

Fig 2. Land-cover composition of focal foraging areas of 16 bat individuals. Bat IDs refer to table 1. Near focus areas were located closer to the day
roost. Far focus areas were visited by longer distance commutes. (a) averaged values of 11 bat individuals which foraged on a single focus area. n indicates
the number of radio fixes.

doi:10.1371/journal.pone.0120535.g002
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D. watsoni strongly relies on fairly natural habitats for roost construction and highlights the
value of natural forest remnants for bats in agricultural landscapes.

Foraging behavior
Selection ratios revealed that the bats foraged selectively and positively selected natural forest.
A similar pattern was reported for the phyllostomid bats A. lituratus and C. perspicillata that
preferred restored forest areas and avoided early successional forest and anthropogenically
modified land [23]. In our study, farmland and pastures that contained only few scattered trees
do not seem to be very attractive to D. watsoni, as they offer only few resources. Even if single
trees in pastures (e.g., fig trees) might bear ripe fruits, predation risk while exploiting those re-
sources might be elevated, as potential predators for bats, such as birds of prey, are frequently
associated with forest edges or matrix [52, 53]. This risk might be further increased by the lack
of suitable roosting sites for safely consuming fruits in open areas [14].

Foraging bouts to degraded areas could only be observed in a subset of individuals. In gener-
al, forest disturbance had the highest weight in our models and larger daily ranges were associ-
ated with increasing relative amounts of degraded forest. Movement studies on bats and
primates already demonstrated a negative relationship between habitat quality and home range
size, leading to smaller home ranges in mature forest [54, 55]. Similarly, two phyllostomid bat
species responded to high resource availability with a decrease in home range size [56, 57].
However, all individuals observed in our study were roosting and hence started their nightly
foraging in natural forest fragments. Two of these (La Tirimbina and El Roble) and the nearby
biological station La Selva were surveyed during dietary studies on D. watsoni, revealing more
than 50 species of small and larger seeded plants used as food resources [14, 58]. This broad
food spectrum indicates that food resources should usually not be scarce for D. watsoni in the
forest types we worked in. Still, instead of foraging on small areas within natural forest our data
suggest directed commuting flights from natural forest towards degraded areas in some indi-
viduals thus enlarging the daily range. Directional commuting behavior is indicated by the ge-
ometry of the home ranges that become more linearly shaped with increasing size, as shown by
the compactness ratio that was negatively correlated with home range size. The destination of
such commuting flights often was a second focus area that differed in habitat composition
from the first one around the day roost and was mostly dominated by degraded forest. This
highlights two different foraging behaviors: Either foraging on a rather small area inside a for-
est fragment or performing, in addition to feeding around the day roost, commutes to remote
degraded sites that are several hundred meters to more than one kilometer away. The motiva-
tion of an animal to move into the matrix strongly depends on the emerging risks and benefits
[8], where species entering more open areas may perceive elevated predation risk [59, 60].
However, elevated resource availability in combination with lower levels of competition may
offset this risk of such long-distance commutes and the exploitation of extra-forest food re-
sources might in fact increase the carrying capacity for D. watsoni, which is one of the most
abundant species in the region [26].

Potential benefits for mosaic landscapes
While commuting between two focus areas, bats extended foraging to areas within the ma-
trix which were located up to 340 m beyond the forest border. Such movements highlight the
bats’ potential for conservation and restoration processes. Tree populations in fragmented
areas face the risk of losing genetic diversity as a result of missing seed dispersal among
fragments [61], as human encroachment (e.g., land-use changes and hunting) affects
especially the larger mammalian dispersers such as agoutis or peccaries [6, 62]. Our
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observations on foraging movements show that even small bats may contribute to long-
distance seed dispersal in degraded areas. Furthermore, commutes between natural and de-
graded areas confirm assumptions that bats may not only foster establishment of early suc-
cession in pastures, but also support the reestablishment of primary forest species in more
degraded areas [63].

Conclusion
Our results show that the small frugivorous bat D. watsoni can not only persist in anthropo-
genically dominated landscape mosaics, but may also functionally connect natural and de-
graded habitat. Foraging bouts to degraded forests facilitate long-distance seed dispersal
from natural to degraded sites, and hence foster regeneration processes. However, the pres-
ence of natural forest remnants is crucial for the persistence, as roosting requires natural
habitat patches. Those findings underpin the hypothesis that forest fragments are of high
value for phyllostomid bats [64] with behavioral data and in turn emphasize the important
ecosystem functions of phyllostomid bats within mosaic landscapes. Still, to preserve those
valuable organisms, attractive fruit plants must not be scarce and remote from natural forest
patches, and habitat connectivity needs to be maintained as pointed out by the relatively
short flight distances through matrix and the avoidance of open areas recorded in our telem-
etry observations. Conservation measures that aim at preserving natural forest remnants
and reconnect them are urgently needed, as habitat connectivity is also associated with ge-
netic diversity in D. watsoni populations and negative effects may manifest within few de-
cades [26].

Supporting Information
S1 Table. Assessment of multicollinearity of the fixed variables of the full model by vari-
ance inflation factors. Values below 3 indicate no collinearity among variables [39]. Fixed var-
iables are the proportion of degraded forest (Disturbance), the sampling day (Day), the
proportion of the illuminated moon surface (Moon), and the sex of the bat individual (Sex).
(DOCX)

S2 Table. Model set generated by the ‘all-subset approach’ using mixed models.We assessed
the effect of the proportion of degraded forest within the daily range (Disturbance), sex of the
bat individual (Sex), proportion of the illuminated surface of the moon (Moon), and the day of
the sampling period (Day) on the size of daily ranges. The identity of 16 bat individuals was fit-
ted as a random intercept.
(DOCX)

S3 Table. Summary of the effects of parameters on daily range size, averaged over all subset
models. Fixed variables include the proportion of degraded forest (Disturbance), the sampling
day (Day), the proportion of the illuminated moon surface (Moon), and the sex of the bat indi-
vidual (Sex). The identity of 16 bat individuals was fitted as a random intercept.
(DOCX)

S4 Table. Primary data for fitting mixed models on variability of daily ranges.
(DOCX)

S5 Table. Data on available and used habitat that entered the habitat selection analysis.
(DOCX)

Habitat Use of Frugivorous Bats in an Agricultural Landscape

PLOS ONE | DOI:10.1371/journal.pone.0120535 April 1, 2015 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120535.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120535.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120535.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120535.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120535.s005


Acknowledgments
We thank A. Quintana of Hacienda Pozo Azul and many private land owners in the Sarapiquí
area for the permission to conduct fieldwork. For field assistance we are grateful to D. Villalo-
bos, M. Rojas, and M. Vollstädt. We thank H. Hentrich, A. Arias, and S. Letcher for plant iden-
tification and H. Baldwin and A. Cespedes for their help in improving this manuscript. We are
grateful to G. Chaverri, E. Salsamendi, and one anonymous reviewer for many well-conceived
and helpful comments. Necessary permits were obtained with the valuable assistance of J.
Guevara.

Author Contributions
Conceived and designed the experiments: SPR EKVK BRH FMMT. Performed the experi-
ments: SPR. Analyzed the data: SPR. Contributed reagents/materials/analysis tools: SPR EKVK
BRH FMMT. Wrote the paper: SPR EKVK BRH FMMT.

References
1. Sala OE, Chapin FS III, Armesto JJ, Berlow E, Bloomfield J, Dirzo R, et al. Global biodiversity scenarios

for the year 2100. Science. 2000; 287: 1770–1774. PMID: 10710299

2. Filgueiras BKC, Iannuzzi L, Leal IR. Habitat fragmentation alters the structure of dung beetle communi-
ties in the Atlantic Forest. Biol Conserv. 2011; 144: 362–369.

3. Meyer CFJ, Kalko EKV. Assemblage-level responses of phyllostomid bats to tropical forest fragmenta-
tion: land-bridge islands as a model system. J Biogeogr. 2008; 35: 1711–1726. PMID: 18561646

4. Cordeiro NJ, Ndangalasi HJ, McEntee JP, Howe HF. Disperser limitation and recruitment of an endem-
ic African tree in a fragmented landscape. Ecology. 2009; 90: 1030–1041. PMID: 19449697

5. Rodríguez-Cabal MA, Aizen MA, Novaro AJ. Habitat fragmentation disrupts a plant-disperser mutual-
ism in the temperate forest of South America. Biol Conserv. 2007; 139: 195–202.

6. Wright SJ, Hernandéz A, Condit R. The bushmeat harvest alters seedling banks by favoring lianas,
large seeds, and seeds dispersed by bats, birds, and wind. Biotropica. 2007; 39: 363–371.

7. Keyghobadi N. The genetic implications of habitat fragmentation for animals. Can J Zool. 2007; 85:
1049–1064.

8. Fahrig L. Non-optimal animal movement in human-altered landscapes. Funct Ecol. 2007; 21: 1003–
1015.

9. Zeller KA, McGarigal K, Whiteley AR. Estimating landscape resistance to movement: a review. Landsc
Ecol. 2012; 27: 777–797.

10. Eycott A, Stewart G, Buyung-Ali L, Bowler D, Watts K, Pullin AS. A meta-analysis on the impact of dif-
ferent matrix structures on species movement rates. Landsc Ecol. 2012; 27: 1263–1278.

11. Sawyer SC, Epps CW, Brashares JS. Placing linkages among fragmented habitats: do least-cost mod-
els reflect how animals use landscapes? J Appl Ecol. 2011; 48: 668–678.

12. Hebblewhite M, Haydon DT. Distinguishing technology from biology: a critical review of the use of GPS
telemetry data in ecology. Philos Trans R Soc Lond B Biol Sci. 2010; 365: 2303–2312. doi: 10.1098/
rstb.2010.0087 PMID: 20566506

13. Ghanem SJ, Voigt CC. Increasing awareness of ecosystem services provided by bats. Adv Study
Behav. 2012; 44: 279–302.

14. Melo FPL, Rodriguez-Herrera B, Chazdon RL, Medellin RA, Ceballos GG. Small tent-roosting bats pro-
mote dispersal of large-seeded plants in a neotropical forest. Biotropica. 2009; 41: 737–743.

15. Sarmento R, Alves-Costa CP, Ayub A, Mello MAR. Partitioning of seed dispersal services between
birds and bats in a fragment of the Brazilian Atlantic Forest. Zoologia (Curitiba). 2014; 31: 245–255.

16. Bernard E, Fenton MB. Bat mobility and roosts in a fragmented landscape in central Amazonia, Brazil.
Biotropica. 2003; 35: 262–277.

17. Montiel S, Estrada A, León P. Bat assemblages in a naturally fragmented ecosystem in the Yucatan
Peninsula, Mexico: species richness, diversity and spatio-temporal dynamics. J Trop Ecol. 2006; 22:
267–276.

18. Loayza AP, Loiselle BA. Preliminary information on the home range and movement patterns of Sturnira
lilium (Phyllostomidae) in a naturally fragmented landscape in Bolivia. Biotropica. 2008; 40: 630–635.

Habitat Use of Frugivorous Bats in an Agricultural Landscape

PLOS ONE | DOI:10.1371/journal.pone.0120535 April 1, 2015 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/10710299
http://www.ncbi.nlm.nih.gov/pubmed/18561646
http://www.ncbi.nlm.nih.gov/pubmed/19449697
http://dx.doi.org/10.1098/rstb.2010.0087
http://dx.doi.org/10.1098/rstb.2010.0087
http://www.ncbi.nlm.nih.gov/pubmed/20566506


19. Albrecht L, Meyer CFJ, Kalko EKV. Differential mobility in two small phyllostomid bats, Artibeus watsoni
andMicronycteris microtis, in a fragmented neotropical landscape. Acta Theriol. 2007; 52: 141–149.

20. Henry M, Kalko EKV. Foraging strategy and breeding constraints of Rhinophylla pumilio (Phylostomi-
dae), in the Amazone lowlands. J Mammal. 2007; 88: 81–93.

21. Estrada A, Coates-Estrada R. Bat species richness in live fences and in corridors of residual rain forest
vegetation at Los Tuxtlas, Mexico. Ecography. 2001; 24: 94–102.

22. Medina A, Harvey CA, Merlo DS, Vílchez S, Hernández B. Bat diversity and movement in an agricultur-
al landscape in Matiguás, Nicaragua. Biotropica. 2007; 39: 120–128.

23. Trevelin LC, Silveira M, Port-Carvalho M, HomemDH, Cruz-Neto AP. Use of space by frugivorous bats
(Chiroptera: Phyllostomidae) in a restored Atlantic forest fragment in Brazil. For Ecol Manage. 2013;
291: 136–143.

24. Faria D, Baumgarten J. Shade cacao plantations (Theobroma cacao) and bat conservation in southern
Bahia, Brazil. Biodiv Conserv. 2005; 5: 1–22.

25. Lopez JE, Vaughan C. Food niche overlap among neotropical frugivorous bats in Costa Rica. Rev Biol
Trop. 2007; 55: 301–313. PMID: 18457139

26. Ripperger S, Tschapka M, Kalko EV, Rodriguez-Herrera B, Mayer F. Life in a mosaic landscape: an-
thropogenic habitat fragmentation affects genetic population structure in a frugivorous bat species.
Conserv Genet. 2013; 14: 925–934. doi: 10.1186/1471-2164-14-925 PMID: 24373462

27. Sánchez-Azofeifa GA, Pfaff A, Robalino JA, Boomhower JP. Costa Rica's payment for environmental
services program: intention, implementation, and impact. Conserv Biol. 2007; 21: 1165–1173. PMID:
17883482

28. Rodríguez-Herrera B, Medellín RA, Timm RM. Neotropical tent-roosting bats. Santo Domingo de Here-
dia: INBio; 2007.

29. Brunet-Rossinni AK, Wilkinson GS. Methods for age estimation and the study of senescence in bats.
In: Kunz TH, Parsons S, editors. Ecological and behavioral methods for the study of bats. 2nd ed. Balti-
more: Johns Hopkins University Press; 2009. pp. 315–325.

30. Durant KA, Hall RW, Cisneros LM, Hyland RM, Willig MR. Reproductive phenologies of phyllostomid
bats in Costa Rica. J Mammal. 2013; 94: 1438–1448.

31. NeubaumDJ, NeubaumMA, Ellison LE, O´Shea TJ. Survival and condition of big brown bats (Eptesi-
cus fuscus) after radiotagging. J Mammal. 2005; 86: 95–98.

32. Amelon SK, Dalton DC, Millspaugh JJ, Wolf SA. Radiotelemetry techniques and analysis. In: Kunz TH,
Parsons S, editors. Ecological and behavioral methods for the study of bats. 2nd ed. Baltimore: The
John Hopkins University Press; 2009. pp. 57–77.

33. Manly B, McDonald L, Thomas D, McDonald T, EricksonW. Resource selection by animals: statistical
analysis and design for field studies. Nordrecht: Kluwer; 2002.

34. Thomas DL, Taylor EJ. Study designs and tests for comparing resource use and availability. J Wildl
Manage. 1990; 55: 322–330.

35. Calenge C. Package ‘adehabitat’. R package version 1.8.14. 2013.

36. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna; 2012.

37. Rodríguez-Pérez J, Larrinaga AR, Santamaria L. Effects of Frugivore Preferences and Habitat Hetero-
geneity on Seed Rain: A Multi-Scale Analysis. PLoS One. 2012; 7: e33246. doi: 10.1371/journal.pone.
0033246 PMID: 22438902

38. Aebischer NJ, Robertson PA, Kenward RE. Compositional analysis of habitat use from animal radio-
tracking data. Ecology. 1993; 74: 1313–1325.

39. Getz WM,Wilmers CC. A local nearest-neighbor convex-hull construction of home ranges and utiliza-
tion distributions. Ecography. 2004; 27: 489–505.

40. Getz WM, Fortmann-Roe S, Cross PC, Lyons AJ, Ryan SJ, Wilmers CC. LoCoH: Nonparameteric Ker-
nel Methods for Constructing Home Ranges and Utilization Distributions. PLoS One. 2007; 2: e207.
PMID: 17299587

41. Pinheiro J, Bates D, DebRoy S, Sarkar D. nlme: Linear and Nonlinear Mixed Effects Models. R package
version 3.1–104. 2012.

42. Safi K, König B, Kerth G. Sex differences in population genetics, home range size and habitat use of
the parti-colored bat (Vespertilio murinus, Linnaeus 1758) in Switzerland and their consequences for
conservation. Biol Conserv. 2007; 137: 28–36.

43. Zuur AF, Ieno EN, Walker N, Saveliev AA, Smith GM. Mixed effects models and extensions in ecology
with R. New York: Springer; 2009.

Habitat Use of Frugivorous Bats in an Agricultural Landscape

PLOS ONE | DOI:10.1371/journal.pone.0120535 April 1, 2015 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/18457139
http://dx.doi.org/10.1186/1471-2164-14-925
http://www.ncbi.nlm.nih.gov/pubmed/24373462
http://www.ncbi.nlm.nih.gov/pubmed/17883482
http://dx.doi.org/10.1371/journal.pone.0033246
http://dx.doi.org/10.1371/journal.pone.0033246
http://www.ncbi.nlm.nih.gov/pubmed/22438902
http://www.ncbi.nlm.nih.gov/pubmed/17299587


44. Zuur AF. AED: Data files used in Mixed effects models and extensions in ecology with R. R package
version 1.0. 2010.

45. Symonds ME, Moussalli A. A brief guide to model selection, multimodel inference and model averaging
in behavioural ecology using Akaike’s information criterion. Behav Ecol Sociobiol. 2011; 65: 13–21.

46. Barton K. MuMIn: Multi-model inference. R package version 1.9.13. 2013.

47. Burnham KP, Anderson DR. Model selection and multimodel inference. New York: Springer; 2002.

48. Nakagawa S, Schielzeth H. A general and simple method for obtaining R2 from generalized linear
mixed-effects models. Methods Ecol Evol. 2013; 4: 133–142.

49. Franzreb KE. Implications of home-range estimation in the management of red-cockaded woodpeckers
in South Carolina. For Ecol Manage. 2006; 228: 274–284.

50. Sikes RS, GannonWL. Guidelines of the American Society of Mammalogists for the use of wild mam-
mals in research. J Mammal. 2011; 92: 235–253.

51. Sagot M, Rodríguez-Herrera B, Stevens RD. Macro and Microhabitat Associations of the Peter's Tent-
Roosting Bat (Uroderma bilobatum): Human-Induced Selection and Colonization? Biotropica. 2013;
45: 511–519.

52. Stiles F, Skutch A. A field guide to the birds of Costa Rica. New York: Cornell University Press; 1989.

53. Watson JEM, Whittaker RJ, Dawson TP. Habitat structure and proximity to forest edge affect the abun-
dance and distribution of forest-dependent birds in tropical coastal forests of southeastern Madagascar.
Biol Conserv. 2004; 120: 311–327.

54. Chaverri G, Quirós OE, Kunz TH. Ecological correlates of range size in the tent-making bat Artibeus
watsoni. J Mammal. 2007; 88: 477–486.

55. Palminteri S, Peres CA. Habitat Selection and Use of Space by Bald-Faced Sakis (Pithecia irrorata) in
Southwestern Amazonia: Lessons from a Multiyear, Multigroup Study. Int J Primatol. 2012; 33: 401–
417.

56. Charles-Dominique P. Feeding strategy and activity budget of the frugivorous bat Carollia perspicillata
(Chiroptera: Phyllostomidae) in French Guiana. J Trop Ecol. 1991; 7: 243–256.

57. Rothenwöhrer C, Becker NI, Tschapka M. Resource landscape and spatio-temporal activity patterns of
a plant-visiting bat in a Costa Rican lowland rainforest. J Zool. 2011; 283: 108–116.

58. Lopez JE, Vaughan C. Observations on the role of frugivorous bats as seed disperses in Costa Rican
secondary humid forests. Acta Chiropt. 2004; 6: 111–119.

59. Desrochers A, Hannon SJ. Gap Crossing Decisions by Forest Songbirds during the Post-Fledging Peri-
od. Conserv Biol. 1997; 11: 1204–1210.

60. LonglandWS, Price MV. Direct Observations of Owls and Heteromyid Rodents: Can Predation Risk
Explain Microhabitat Use? Ecology. 1991; 72: 2261–2273.

61. Sork VL, Smouse PE. Genetic analysis of landscape connectivity in tree populations. Landsc Ecol.
2006; 21: 821–836.

62. Stoner KE, Riba-Hernández P, Vulinec K, Lambert JE. The role of mammals in creating and modifying
seedshadows in tropical forests and some possible consequences of their elimination. Biotropica.
2007; 39: 316–327.

63. Galindo-González J, Guevara S, Sosa VJ. Bat- and bird-generated seed rains at isolated trees in pas-
tures in a tropical rainforest. Conserv Biol. 2000; 14: 1693–1703.

64. Gorresen PM, Willig MR. Landscape responses of bats to habitat fragmentation in Atlantic forest of Par-
aguay. J Mammal. 2004; 85: 688–697.

65. Sesnie SE, Gessler PE, Finegan B, Thessler S. Integrating Landsat TM and SRTM-DEM derived vari-
ables with decision trees for habitat classification and change detection in complex neotropical environ-
ments. Remote Sens Environ. 2008; 112: 2145–2159.

Habitat Use of Frugivorous Bats in an Agricultural Landscape

PLOS ONE | DOI:10.1371/journal.pone.0120535 April 1, 2015 15 / 15


