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Abstract

Human activities have negatively impacted many species, particularly those with unique traits that restrict their use of
resources and conditions to specific habitats. Unfortunately, few studies have been able to isolate the individual and
combined effects of different threats on population persistence in a natural setting, since not all organisms can be
associated with discrete habitat features occurring over limited spatial scales. We present the results of a field study that
examines the short-term effects of roost loss in a specialist bat using a conspicuous, easily modified resource. We mimicked
roost loss in the natural habitat and monitored individuals before and after the perturbation to determine patterns of
resource use, spatial movements, and group stability. Our study focused on the disc-winged bat Thyroptera tricolor, a
species highly morphologically specialized for roosting in the developing furled leaves of members of the order
Zingiberales. We found that the number of species used for roosting increased, that home range size increased (before:
mean 0.14xSD 0.08 ha; after: 0.73%+0.68 ha), and that mean association indices decreased (before: 0.95+0.10; after:
0.77%0.18) once the roosting habitat was removed. These results demonstrate that the removal of roosting resources is
associated with a decrease in roost-site preferences or selectivity, an increase in mobility of individuals, and a decrease in
social cohesion. These responses may reduce fitness by potentially increasing energetic expenditure, predator exposure,
and a decrease in cooperative interactions. Despite these potential risks, individuals never used roost-sites other than
developing furled leaves, suggesting an extreme specialization that could ultimately jeopardize the long-term persistence of

this species’ local populations.
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Introduction

Current rates of habitat loss and climate change caused by
human activities have negatively impacted a large number of species
across all major biomes [l]. Specialist species appear more
vulnerable to these activities as they typically exhibit higher
extinction rates relative to generalists [2]. The use of a restricted
range of resources or habitats puts specialists at greater risk under
environmental disturbance because of an increase in competition
with generalists, failure to adapt to changing conditions, and an
inability or unwillingness to cross gaps of unsuitable habitats to
colonize isolated patches [2,3]. Moreover, compared to behavioral
specialists, or those that select specific items among a pool of
available resources, species that exhibit functional specialization are
more vulnerable to environmental changes because unique
physiological or morphological traits restrict them to only a narrow
set of resources and conditions [4,5]. If these critical resources are
depleted or lost, populations will decline because individuals are
unable to exploit alternative food items or habitats [6,7].

Mammals have been severely affected by human activities,
particularly those responsible for habitat loss and degradation,
with 25% of species for which adequate data are available
considered threatened with extinction, and accelerated rates of
population decline for at least 50% of mammal species [8].
Unfortunately, a substantial reduction in the geographic range of
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species not only places these species at greater risk of extinction,
but also implies a serious loss of ecosystem services and goods [9].
Of particular concern is the loss of services provided by many
species of bats, as they are efficient foragers that consume a large
number of potentially destructive insect pests, are effective long-
distance seed dispersers and pollinators, and provide a number of
valued products such as fertilizers [10]. At least 24% of all known
species of bats are under threat from human activities such as the
introduction of alien species, hunting, loss of foraging habitat, and
loss of roosts [11]. Bats that have specialized on specific food items,
habitats, or roosts appear to be at greatest risk [7,11,12].

Even though habitat loss and fragmentation, overexploitation,
and climate change are known to affect long-term population
persistence in bats and other organisms, the effects of these threats
on populations remain largely unknown, mostly because of the
difficulties involved in isolating their individual and combined
effects [13]. This uncertainty is considered as a major drawback in
projecting changes in biodiversity and extinction risk, and in the
design of effective conservation strategies [14—-16]. Thus, to isolate
the response of organisms to specific changes in their environment,
it 1s often necessary to sample populations before and after an
experimental or natural perturbation occurs, and to test for
changes in biologically significant parameters [17,18]. In most
experimentally or naturally occurring perturbations, the environ-
ment is not completely destroyed but rather modified in such a
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way that only a subset of resources is removed, depleted, or altered
(e.g., [19,20]). The results of such studies are not only useful in
isolating the effect of particular threats, but also because they
provide clues toward understanding how the performance of
individuals (i.e., growth, survival, reproduction) is affected by
specific resources [5], and whether these resources can be
considered critical [21]. Notwithstanding, conducting such
experiments in a natural setting is often difficult because not all
organisms can be associated with discrete, easily identifiable
landscape features occurring over limited spatial scales that would
be amenable to removal experiments. In fact, resource removal
experiments are often at odds with conservation priorities, and
tend to be very costly.

Here we present the results of a field study that examines the
short-term effects of resource loss in a specialist bat species that
uses a discrete, easily identifiable habitat feature that occurs over
limited spatial scales and is amenable to experimentation, mainly
due to the ease with which it can be temporarily removed.
Specifically, we experimentally mimicked the loss of roosting
habitat in a natural setting and monitored individuals before and
after the perturbation to determine patterns of resource use, spatial
behavior, and group stability. We investigated changes in these
parameters as they can all be used to assess mortality risks, energy
expenditure, and cooperation [22-26], and ultimately predict
resilience to habitat perturbations. Because the study species is
highly specialized for exploiting one type of roost [27], and based
on results of previous studies addressing the response of populations
to habitat loss or resource depletion (e.g., [20,28,29]) and on models
of resource selection, such as the optimal foraging theory or optimal
diet models [30-33], we hypothesize that removing roosting habitat
will decrease roost selectivity, increase mobility of individuals while
attempting to locate suitable habitat, and increase mortality. To our
knowledge, this is the first study to closely monitor the behavior of
single individuals after experimentally removing a critical resource
in a natural setting.

Methods

Study species

Our study focused on Spix’s disk-winged bat (Thyroptera tricolor),
a small (34 g), insectivorous species found in lowland Neotropical
forests from southern Mexico to southeastern Brazil [34]. T. tricolor
is morphologically highly specialized for roosting in the developing
furled leaves of members of the order Zingiberales (primarily in
the genera Helicomia and Calathea), and may be incapable of using
other types of roosts that require gripping with the claws [27]. To
attach themselves to the inner sides of the leaves while roosting,
individuals use suction disks located on their thumbs and feet [35].
The plants used by this bat species for roosting are typically found
in secondary forests and clearings, and there is extensive spatial
variation in their density [36]. The furled stage of these leaves is
suitable for use by 7. tricolor for very short periods, ranging from 5
to 31 hours [37,38]. Because 7. tricolor is highly habitat specific
and incapable of using other types of roosts, its distribution is
strongly correlated with the density and distribution of furled
leaves.

While there are no published studies specifically addressing
roost-site preferences in 7. fricolor, research suggests that this bat
uses some plant species more often than others, and that this
species may also prefer to use tubular leaves that meet specific
requirements. In south-western Costa Rica, 7. tricolor has
predominantly been found in the rolled leaves of Heliconia imbricata,
and more rarely in H. rostrata, H. latispatha, and Calathea spp.
Despite the large abundance of H. latispatha in the region, bats are
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seldom captured in this plant [37]. In north-eastern Costa Rica, 7.
tricolor 1s known to use 7 species of plants, including several species
of Heliconia, Calathea inocephala, and Musa species. The most
commonly used plant species in this region is H. pogonantha [38].
In addition to these studies that addressed use of specific plants,
field observations of occupied and unoccupied tubular leaves have
demonstrated that 7. tricolor prefers more closed and longer leaves
for roosting [37,38], probably because these leaves may provide
enhanced protection from weather or predators compared to more
opened tubular leaves.

Although there is little available data on the feeding ecology of
7. tricolor, studies on their diet [39], echolocation [40], and
morphology [41] suggest that this species is primarily a gleaner,
feeding mostly on jumping spiders and leathoppers. Their short,
broad wings are well suited for the slow, maneuverable flight
necessary for gleaning, but may also set an upper limit as to how
far they can fly during nighttime foraging bouts, potentially
making them poor dispersers [42]. In fact, our recent findings
show that 7. tricolor exhibits low emigration rates from, and long
residence times within, natal territories, coupled with high levels of
offspring retention from both sexes within natal groups [43].
Offspring natal philopatry results in the formation of mixed-sex
groups composed of up to 14 individuals, which maintain a local
distribution and small, overlapping, home ranges [44]. Despite
their spatial overlap, groups are highly cohesive for up to 22
months, without immigration of individuals from other groups or
emigration of group members [45]. Recent findings show that 7.
tricolor uses social calls to actively recruit group members to roosts
[46], suggesting that acoustic communication may play an
important role in group cohesion and in the location of roost sites.

Study sites and sampling of populations

This study was conducted at six sites, Bolivar (8°38'N,
83°04'W), Eduardo (8°41'N, 83°08'W), Desanti (8°36'N,
83°03'W), Suita, Catarata, and Rio (8°41'N, 83°07'W), located
in the lowlands of private properties located in southwestern Costa
Rica. These research areas consist mainly of dense tropical broad-
leaved evergreen lowland forests, with surrounding habitats that
include pasturelands, hardwood plantations, agricultural crops,
and human settlements. Sites were located near river beds in valley
floors, mostly within or immediately adjacent to late-secondary or
primary forests. Only one site (Bolivar) was located within a
Gmelina arborea hardwood plantation. The size and shape of
experimental plots within sites were selected based on 1. naturally-
occurring dense patches of Heliconia imbricata plants surrounded by
relatively unsuitable roosting habitats, 2. the presence of a T.
tricolor group, and 3. the size and shape of the group’s home range
before the habitat loss experiment. Patches of H. imbricata were
preferred over those of other plant species because this is the
preferred roosting resource of 7. tricolor in southwestern Costa
Rica (G. Chaverri, unpublished data; [37]).

Study plots were sampled for bats before the start of habitat
removal experiments to gather baseline data of roost species
preferences, patch use, group home range size, and group
cohesion. All tubular leaves within the plot were searched, and
bats were captured in all identified roosts by pinching the top of
the leaf and directing individuals into a cloth-holding bag. All bats
were fitted with individually numbered metal wing bands, sexed,
aged based on the degree of ossification of the metacarpal-
phalange joint [47] and their reproductive condition assessed [48].
All protocols for capturing and handling bats were approved by
the Costa Rican government (permit number R-008-2009-OT-
CONAGEBIO) and by Boston University’s Institutional Animal
Care and Use Committee (approval number 02-005).
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All sites had one social group that had been captured and/or
radiotracked several times before the habitat removal experiment.
The size of these groups ranged from 6 to 9 individuals (Table 1).
At sites B (Bolivar), S (Suita), and E (Eduardo), we sampled the
focal group 6 to 8 times during a period of 4-5 months before
experimentally removing the habitat (Table 1). Thus, data
collected from this period were treated as the “before” data. At
the other three sites, D (Desanti), C (Catarata), and R (Rio),
we captured the focal group 0 to 4 times during a period of
2 to 4 months before fitting them with transmitters. These
transmitters were attached for 5 to 7 days before removing the
habitat (Table 1). Thus, at D, C, and R, the “before” data
consisted of observations collected over a few months together
with daily data collected after attaching radiotransmitters and
before removing roosting resources.

Habitat loss experiment

To mimic habitat loss, we cut all plants that could potentially
be used as roosts in the experimental plots. This includes all species
of Heliconia, such as H. imbricata, H. latispatha, H. wrasa, and H.
stilesu; all Calathea, including C. lutea, and C. nocephala; and all Musa.
Plants were identified based on floral characteristics using field
guides [49,50]. We attempted to remove all plants that were
located not only within the home range of the focal group, as
determined by the location of roosts during the ‘“before”
observations, but also some immediately adjacent plants. Plants
were cut at a height of approximately 50 cm; this would guarantee
the removal of all leaves that could potentially be used as roosts
for the following 2-3 weeks, while securing the long-term survival
of plants.

At the time of habitat removal, we first captured the focal group
and fitted several bats at sites B, S, and E, with small
radiotransmitters (0.25 g, Blackburn Electronics, Nacogdoches,
Texas; Table 1). Bats were released at their capture site after
removing habitat, and subsequently located at their roosts for as
long as the radiotransmitter remained active and attached
(Table 1). Bats in sites B, S, and E were located in their roosts
after removing habitat a total of 7 to 8 days. Data collected during
this period were treated as the “after” data. At the remaining sites,
D, C, and R, we fitted 3 to 7 individuals with radiotransmitters
that lasted 16-17 days (0.20 g, model A2412, Advanced
Telemetry Systems, Isanti, Minnesota; Table 1). At these sites,
bats were captured, fitted with transmitters, and then released at

Table 1. Sampling protocol for each one of the six study
sites.

Group size Before After Radiotagged
Site M F RC RT RT M F
B 7 3 6 0 8 3 2
S 5 2 8 0 7 2 2
E 2 4 6 0 7 2 3
D 3 3 4 5 12 1 3
C 4 2 0 7 9 2 1
R 5 4 3 6 10 3 4

Group size refers to the number of males (M) and females (F) present in each
one of the focal groups. Sample size before and after habitat removal refers to
the number of days in which bats were located based on roost captures (RC) or
radiotelemetry (RT), with the number of males and females that were
radiotagged per focal group.

doi:10.1371/journal.pone.0028821.t001
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the same location and tracked for a few days before experimentally
removing potential roosts. After habitat removal, bats were located
in their roosts for 9 to 12 days (Table 1). During this period, data
were treated as the “after” removal of roosting habitats.

Data analysis

Before and after habitat removal, we collected data on plant
species used for roosting, location of roosts to estimate home range
size, patch use, and group composition to measure group stability.
To explore differences in the number of species used before and
after habitat removal, we used the rarefaction method. This
method is used for estimating the number of species expected in a
random sample of individuals, thus allowing us to standardize our
results to a common sample size [51]. Thus, in our study,
rarefaction curves allow us to determine the estimated number of
plant species used by the bats if sampling during the “before” and
“after” trials would have been the same. Rarefaction curves were
generated separately for both trials using EcoSim 7 [52] and
plotted together for further comparison.

All roosts recorded during the before and after trials were
located using a Global Positioning System (eTrex, Garmin
International Inc., Olathe, Kansas). We then calculated the size
of the roosting home range for each individual before and after
habitat removal by drawing 100 percent Minimum Convex
Polygons. For this purpose we used the Home Range Extension
[53] in ArcGIS 9.2 (Environmental Systems Research Institute,
Redlands, California). We log transformed measures of home
range size to meet assumptions of normality. Data were then
analyzed using a linear mixed-effects model using the restricted
maximum likelihood method in SPSS version 17.0 (SPSS Inc.,
Chicago, Illinois) to determine if there were differences in home
range size among the before and after trials while accounting for
the effect of site and the possibility that home range size may be
correlated among group members. Thus, in the model, trial was
treated as a fixed effect, while site was treated as a random effect.
We also ran a general linear model in SPSS, with trial and site as
fixed factors, to determine if there were significant differences in
home range size between trials within sites, using Bonferroni
correction for multiple pairwise comparisons.

After establishing the location of bats before and after the
removal of all potential roosts, we also mapped the study site using
ArcGIS, noting the specific locations of habitat patches, roosts
used by the focal group during the before and after trials, and
location of other social groups. The size and shape of each site
were selected according to the movement of bats before and after
the removal of roosts, such that our maps and analyses of patch
use encompass all potentially available resources in the area based
on realistic results of animal movements. Based on these maps, we
determined how bats were using roosting resources before and
after habitat removal by comparing the observed data with
five predictive models: 1) patchy resource, 2) preferred species, 3)
largest patch, 4) nearest patch, and 5) unoccupied site. To avoid
problems with pseudoreplication, we tested these models using
data from groups and not individuals. For the patchy resource model,
we predicted that bats would use clumped roosts, defined as
Heliconia spp. or Calathea spp. plants located close to each other
(ie., 1-3 m) in an area greater than 100 m?. For the preferred species
model, we predicted that bats would use H. wmbricata, their
preferred plants species in the study area, as roost sites. We also
predicted that bats would use the largest patch in the area (largest
patch model), and that they would use the patch closest to the
group’s core home range (nearest patch model). Finally, we predicted
that roosts used by the focal group would be located in a patch that
was not occupied by another group. All data were classified as yes
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or no, depending on whether groups were using a roost according
to the proposed models. Observed results of these five models were
tested against the expectation that bats would primarily (i.e., 99%
of the time) use M. imbricata roosts located in the largest and closest
unoccupied patches. Less stringent expectations (e.g., 95% of the
time) resulted in similar trends. We compared our field
observations with these expected values based on chi-squared
goodness of fit tests [54].

To determine if group stability varied as a result of habitat
removal, we first calculated the simple ratio association index
[55,56] for each individual and trial (before and after). This index
estimates the proportion of time that two individuals (or dyad) spent
in association, and ranges from 0 (no association) to one. In this
analysis, a dyad was considered to be associating if individuals were
captured or tracked at the same roost at the same time. The simple
ratio association index was calculated as X/(X+YaptYatYp),
where X is the number of observations during which bat A and bat
B were observed together in the same roost, Y g is the number of
observation periods during which A and B were observed in
separate groups, Y is the number of observation periods during
which only A was observed, and Yy the number of observations in
which only B was observed. Analyses of associations were performed
in SOCPROG version 2.4 [57]. To test for the effect of habitat
removal on group stability, we used Mantel tests with 10,000
permutations in SOCPROG to compare differences in association
indices before and after removing habitat for the six study sites
independently. In addition, to test the correlation between home
range size and association indices, we ran a linear regression with
standard errors clustered across sites and individuals [58] in Stata/
SE 10.0 (StataCorp, College Station, Texas).

Response of a Specialist to the Loss of Resources

Results

Plants used for roosting

Before their roost habitat was removed, at most sites 7. tricolor
primarily used H. imbricata for roosting (Fig. 1). Some groups also
used other species such as C. lutea, H. latispatha, and Musa sp. The
only site in which bats predominantly used a species other than H.
imbricata before removing habitat was C, where the majority of
roosts were recorded in Musa sp. For all sites, individuals
continued to use H. imbricata in the after trial, only not as
frequently as they did during the before trial. There was no
apparent preferred plant species for roosting during the after trial.
Individuals at different sites used a minimum of one and a
maximum of three plant species for roosting during the before trial
(n=44), while in the after trial individuals used a minimum of two
and a maximum of six species per site (2 =65). Rarefaction curves
for all sites combined show that the richness of plant species used
for roosting increased once the habitat was removed (Fig. 2). With
the exception of site B, individuals at all sites used a greater
diversity of plants for roosting once their habitat had been
removed.

During the before trials, bats typically used furled leaves within
their preferred size range, height, and inclination. In the after trial,
however, we observed bats using leaves that were much wider than
usual. We also recorded individuals in smaller plants (e.g.,
openings of tubular leaves were approximately 1 magl), and we
also found individuals roosting one day in a tubular leaf whose
inclination approached a 45° angle. In our 436 bat-days of
observation, we never recorded individuals roosting in any
structure other than tubular leaves.

Before
100%
80% 7
)
5 60%
E (1]
)
O 40%
Plant
20% C.inocephala
- O c.lutea
0% Ol H.imbricata
After H.irrasa
B H./atispatha
100% K H. stitesii
R Bwmusa
80%
-
c
9 60%"
|
@
20%—7
0% T T I T T

B S E D Cc

R

Figure 1. Plant species used for roosting before and after removing habitat. Number of observations per site per trial is indicated within

the corresponding bars.
doi:10.1371/journal.pone.0028821.g001
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Figure 2. Rarefaction curves for plant species used as roosts before and after habitat removal for all sites combined (upper graph)

and for each one of the six sites (lower graphs).
doi:10.1371/journal.pone.0028821.g002

Home range size and patch use

Overall, T. tricolor showed a significant increase in home range
size after their habitat was removed (before: mean 0.14*SD
0.08 haj after: 0.73%0.68 ha; I, 46 =85.67, P<<0.001). Only 5 out
of 27 individuals exhibited a decrease in home range size after
habitat removal. A significant increase in home range size during
the after trial was observed in sites E, C, and R (Fig. 3). In all other
sites, except S, there was also a mean increase in home range size
between the before and after trials. The smallest difference in
home range size between trials was observed in S, where it
decreased by 0.04 ha after removing habitat. The largest
difference in home range size between trials was observed in E,
where average size increased from 0.10 to 1.94 ha (Fig. 3).

Before habitat was removed, all focal groups were consistently
captured in H. imbricata patches that ranged in size from
approximately 100 to 2,500 m? (Fig. 4). These patches were often
surrounded by a few sparse plants of H. imbricata and by dense
patches of C. lutea and H. latispatha, which were occasionally used
by the focal group as roosts. At all sites, surrounding dense habitat
patches of H. imbricata were typically occupied by other groups,
and were never used either before or after habitat removal by the
focal group. Bats returned to their original habitat patch as soon as
regenerating plants produced suitable furled leaves, approximately
3—4 weeks after plants were cut.

Results of our models of resource use show that observed and
expected values of the unoccupied site model provided the best fit to
the data either before or after habitat removal, as demonstrated by
the low chi-square values (Fig. 5). Models also indicate that before
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habitat removal, bats predominantly used patchy roosting
resources of their preferred plant species near their core home
range. This trend changed considerably after the habitat was
removed, as bats predominantly used more scattered and farther
roosting resources of other non-preferred species.

3.0

Home range size (ha)

B S E D c R

Figure 3. Mean home range size (in hectares) before (filled
circles) and after (open circles) removing habitat at the six
study sites. Error bars represent mean=SD.
doi:10.1371/journal.pone.0028821.g003
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Figure 4. Maps of each one of the six study sites showing patches of plant species used by T. tricolor for roosting (white: H. imbricata,
light grey: H. latispatha, dark grey: C. lutea, stippled: Musa sp., simple-hatched: mixed C. /utea and H. latispatha, cross-hatched: mixed
C. lutea and H. imbricata). Dashed line indicates the removed area. Filled and opened triangles represent location of roosts of target group before
and after habitat removal, respectively. Crosses represent location of other groups.

doi:10.1371/journal.pone.0028821.9g004

Group stability and mortality

Group composition was stable both before and after habitat
removal, with dyadic association indices ranging from 0.35 to 1.
The site with the lowest average association index during the
before trial was C (0.70%0.12; Fig. 6). In the before trials, groups
sampled at sites B, E, D, and R showed no change in the
composition of groups. Thus, all individuals at these sites were
observed together during the period before removing habitat.
Overall, a significant decrease in mean association was observed
after removing roosting habitat (before: 0.95%0.10; after:
0.77%0.18). Significant differences in mean association between
trials were observed in B, E, and R (Mantel test with 10,000
permutations: p<<0.05). The smallest decrease in mean association
was observed in R, while the largest decrease after removing
roosting habitat was observed in D. Regression analysis shows that
association indices were significantly correlated with home range
size (R?=0.18, F, 56=15.77, P<0.001).

While changes in group composition were mostly attributed to
individuals from the same group roosting in separate leaves at the
same time, mortality also had an important effect on measures of
group stability. In site B, a radiotagged male was found dead on
top of a leaf one day after attaching the radiotransmitter, which
suggests that this individual was unable to tolerate the additional
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mass. In fact, radiotags often exceeded by 1 or 2% the
recommended 5% relationship between the mass of radiotags
and the mass of bats [59]. Another male died in site E 6 days after
the transmitter had been attached and the habitat was removed,
and a female in D died 7 days after removing the habitat and 11
after attaching the radiotransmitter. These latter individuals were
found dead inside furled leaves, and the time elapsed since the
attachment of transmitters suggests that the extra mass may not
have been primarily responsible for their deaths. In addition, one
day after removing habitat in site C we were unable to track a
tagged female despite efforts to extend our sampling area,
suggesting either a malfunction of the transmitter, permanent
departure of the bat to a relatively distant area, or predation.
Finally, a lactating non-tagged juvenile that had been roosting
with his tagged mother since his birth in site B, disappeared by the
end of the experiment and before radiotransmitters were collected.

Discussion

Behavioral response to the loss of roosting resources
The results of our study demonstrate that, as predicted, the

removal of roosting resources within habitat patches had a

considerable effect on the behavior of individuals. In particular,
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Figure 5. Comparison of observed (solid line) and expected (dashed line) frequency of resource use before and after habitat
removal, with results from the chi-square goodness of fit test. Models tested were those that address whether bats used 1) a patchy roosting
resource, 2) their preferred plant species (H. imbricata), 3) the largest patch in the area, 4) the patch closest to the group’s core home range, and 5) a

roost located in a site that was not occupied by another group.
doi:10.1371/journal.pone.0028821.g005

we found that habitat removal was associated to a decrease in
roost-site preferences and/or species selectivity, and a change in
resource use from nearby, patchy resources to selection of more
scattered and distant roost sites. This resulted in an increase in the
mobility of individuals, and a decrease in social cohesion. These
behavioral responses were expected based on well-developed
models of resource selection, such as the optimal foraging theory
or optimal diet models, and on findings from a diversity of studies
addressing the correlation between spatial and social dynamics
and resource abundance and distribution.

In terms of resource preferences, theoretical models suggest that
animals should use a greater diversity of food items, even those of
low quality, when food is scarce, whereas individuals should
specialize on high-quality items as food becomes more abundant
[30-33]. Many empirical studies on a wide diversity of taxa
support the predictions of these foraging models (e.g., [60-62]),
and studies also show that these models can also be applied to
other resources [20]. Our study is the first to expand the
predictions of these models to roost-site selection in bats, as results
demonstrate that loss of preferred roosting resources increases the
diversity of sites used by individuals.

Because home range size is constrained by the need of
individuals to obtain sufficient resources in the smallest area
possible, the quality of the resources available to an animal
within the portion of habitat actually used is a major correlate of
its ranging behavior [63]. In this regard, several studies confirm
an increase in the size of an individual’s home range in response
to insufficient resources (e.g., [64-67]). Our results show that
bats increased the size of the areas used for roosting when
resources were depleted from a group’s home range. Interest-
ingly, while many other patches of H. imbicata were typically
located near the focal group’s home range, bats rarely occupied
these sites after their patch was removed. These patches were
always occupied by another group, which suggests that resident
groups may defend patches which are then unavailable to other
individuals.

@ PLoS ONE | www.plosone.org

The stability of social groups is affected by a number of intrinsic
and extrinsic factors, including aggression and cooperation levels,
relatedness among group members, parasite load, and group size
[68-73]. Home range size can also influence group stability if the
use of large areas implies higher rates of mortality due to an
increase in energetic demands and from an increased exposure to
predators [22,23], or if long-distance movements hinder the
transmission of signals used to coordinate social cohesion [74].
Thus, a decrease in group stability after habitat removal was
expected given the general increase in home range size and its
potential effect on mortality rates, and the fact that 7. tricolor relies
on acoustic communication to convey information about roost

location [46,75].
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Figure 6. Mean association indices before (filled circles) and
after (open circles) removing habitat at the six study sites. Error
bars represent mean=SD.

doi:10.1371/journal.pone.0028821.9g006
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Loss of roosts and fitness consequences

Diurnal roosts are a valuable resource for bats because they
protect individuals from temperature extremes and predators
[24,76], and are one of the most important venues for social
interactions [77-79]. It is no surprise then that individuals exhibit
an immediate and considerable behavioral response to the loss of
roosting resources in order to find alternative roosting sites.
Notwithstanding, we hypothesize that this response may also be
responsible for a decrease in the survival of individuals. In this
respect, our results suggest that individuals must fly over larger
areas possibly for longer periods of time to locate suitable roost
sites after the loss of roosting resources in their habitat patch,
which most likely increases daily energetic expenditure [80].
Significant increases in energetic expenditure could result in
greater mortality rates if individuals are unable to compensate this
energy loss by increasing food intake [81]. In addition, greater
energetic expenditure during lactation could result in severe
limitations to energy allocation towards dependent young and a
subsequent increase in levels of juvenile mortality [82]. An
increase in search time after the loss of roost-sites also means
that individuals could suffer from greater rates of predation [83],
and that the use of suboptimal roosts (i.e., more opened leaves)
could also render individuals more vulnerable to predators that
rely on visual cues to locate prey and to extreme fluctuations in
environmental conditions.

In addition to greater mortality rates due to increased energetic
expenditure and predator vulnerability, the loss of roosting
resources could also have detrimental effects on fitness due to
changes in cooperative interactions. Many species of bats rely on
some form of cooperative behavior to increase young survival,
defend feeding resources, share food, or locate roost sites [46,84].
Because reduced encounter rates are known to hinder reciproca-
tion [26], we speculate that a decrease in group cohesion due to
changes in the availability of roosting resources and/or changes in
home range size could hinder cooperation among group members.
If individuals rely on information transfer to locate clumped and
unpredictable resources, a decrease in cooperation rates among
group members could reduce resource acquisition efficiency,
significantly increasing search times and the risks and costs
incurred during this process.

Behavioral and functional specializations and population
persistence

Our findings of roost-site selection before and after habitat
removal suggest that 7. tricolor exhibit behavioral specializations
in which individuals appear to select specific plant species for
roosting but may use others when the former are unavailable.
Many studies have shown that bats generally select roosts that
provide a set of conditions that favor energetic savings and
predator avoidance, even though they may be well suited to
roost at a greater range of sites and are known to do so if ideal
roosts are not available [24,85,86]. In addition to our
observations of behavioral specialization, and based on the lack
of use of other structures beside furled leaves despite their
sudden disappearance from habitat patches and their relative
scarcity at some sites, our study confirms that morphological
specializations in 7. tricolor may restrict it predominantly (or
exclusively) to the use of furled leaves. At least 5 other species of
bats have adhesive organs on their wrists and ankles [87,88], and
some appear to roost also primarily in the smooth surfaces of
developing furled leaves [89]. This suggests that they could be
equally restricted in their use of roost sites, and may exhibit
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similar behavioral responses to the loss of roosting resources as
those observed in 7. tricolor.

Most research to date shows that functional specializations may
place species at greater risk of extinction than behavioral
specializations [4,5]. While the adhesive organs of sucker-footed
and disc-winged bats have allowed them to exploit a ubiquitous
resource in many tropical habitats and avoid competition with
other species for roost sites, their extreme reliance on this type of
roost could also render them extremely vulnerable to major
changes in plant availability, particularly if there are high costs
associated with long-distance movements that would limit
colonization of alternative patches. Foliage gleaners such as 7.
tricolor [39] forage in cluttered spaces and have wing morphologies
that increase manoeuvrability at the expense of aerodynamic
efficiency and speed. Thus, compared to insectivorous species that
forage above the canopy, foliage gleaners probably incur greater
energetic expenditure during long-distance flight than bats
specialized for aerial hunting [41]. Long-distance movements
could be further constrained in species such as 7. fricolor that rely
on a patchily distributed resource because the landscape provides
little connectivity among habitat patches. This problem could be
aggravated if the species in question exhibits territorial behavior,
as this further reduces the number of resources available to
dispersing individuals.

Conclusions

Understanding the effects of disturbances on individuals,
populations, and species, makes it possible to successfully guide
conservation efforts and manage ecological resources. Unfortu-
nately, given the technical difficulties, financial cost, and conflicts
with conservation-related initiatives inherent to experimental
perturbations of natural habitats, isolating the response of
organisms to specific changes in their environment has proven
challenging. Behavioral strategies are leading indicators for
conservation purposes as they are linked to fitness and hence
can be used to forecast population dynamics, and they exhibit
immediate changes to altered environmental conditions [90]. Our
study shows that experimental perturbations to gauge the
behavioral response of a specialist mammal to specific changes
in its environment and to predict the effect of resource loss on
demographic parameters, such as dispersal and mortality, are
feasible, particularly if the study species relies on conspicuous and
easily modifiable resources. Our study also demonstrates that the
loss of a critical resource in a specialist bat elicited behavioral
responses that may reduce fitness by potentially increasing
energetic expenditure, predator exposure, and a decrease in
cooperative interactions. Despite these potential risks, and the fact
that bats faced an immediate and considerable loss of a critical
resource, individuals never used alternative roost-sites, suggesting
an extreme specialization that could ultimately jeopardize the
long-term persistence of this species’ local populations.

Acknowledgments

We thank Mike Buchalski for comments on earlier versions of the
manuscript and field assistance, and Jose Manuel Quirés, of ACOSA, and
Jose Alfredo Hernandez, of CONAGEBIO, for research permits. The
Fundacion Universidad de Golfito kindly allowed us to conduct this
research at the Golfito Field Station.

Author Contributions

Conceived and designed the experiments: GC TK. Performed the
experiments: GC. Analyzed the data: GC TK. Contributed reagents/
materials/analysis tools: TK. Wrote the paper: GC TK.

December 2011 | Volume 6 | Issue 12 | e28821



References

1.

22.

23.

24.

28.

29.

30.

31.

32.
33.

34.
35.

36.

37.

Butchart SHM, Walpole M, Collen B, van Strien A, Scharlemann JPW, et al.
(2010) Global biodiversity: indicators of recent declines. Science 328:
1164-1168.

. Clavel J, Julliard R, Devictor V (2010) Worldwide decline of specialist species:

toward a global functional homogeneization? Front Ecol Environ 8: 222-228.

. Henle K, Davies KF, Kleyer M, Margules C, Settele J (2004) Predictors of

species sensitivity to fragmentation. Biodivers Conserv 13: 207-251.

. Colles A, Liow LH, Prinzing A (2009) Are specialists at risk under environmental

change? Neoecological, paleoecological and phylogenetic approaches. Ecol Lett
12: 849-863.

. Devictor V, Clavel J, Julliard R, Lavergne S, Mouillot D, et al. (2010) Defining

and measuring ecological specialization. J Appl Ecol 47: 15-25.

. Hopkins GW, Thacker JI, Dixon AFG, Waring P, Telfer MG (2002) Identifying

rarity in insects: the importance of host plant range. Biol Conserv 105: 293-307.
Safi K, Kerth G (2004) A comparative analysis of specialization and extinction
risk in temperate-zone bats. Conserv Biol 18: 1293-1303.

Schipper J, Chanson JS, Chiozza F, Cox NA, Hoffmann M, et al. (2008) The
status of the world’s land and marine mammals: diversity, threat, and
knowledge. Science 322: 225-230.

. Ceballos G, Ehrlich PR (2002) Mammal population losses and the extinction

crisis. Science 296: 904-907.

. Kunz TH, Braun de Torrez E, Bauer D, Lobova T, Fleming TH (2011)

Ecosystem services provided by bats. Ann N'Y Acad Sci 1223: 1-38.

. Racey PA, Entwistle AC (2003) Conservation ecology of bats. In: Kunz TH,

Fenton MB, eds. Bat Ecology. Chicago: The University of Chicago Press. pp
680-743.

. Boyles JG, Storm JJ (2007) The perils of picky eating: dietary breadth is related

to extinction risk in insectivorous bats. Plos One 2.

. Mora C, Metzger R, Rollo A, Myers RA (2007) Experimental simulations about

the effects of overexploitation and habitat fragmentation on populations facing
environmental warming. Proc R Soc B 274: 1023-1028.

. Myers RA, Barrowman NJ, Hutchings JA, Rosenberg AA (1995) Population

dynamics of exploited fish stocks at low population levels. Science 269:
1106-1108.

. Worm B, Myers RA (2004) Managing fisheries in a changing climate. Nature

429: 15.

. Novacek M, Cleland EE (2001) The current biodiversity extinction event:

scenarios for mitigation and recovery. Proc Natl Acad Sci USA 98: 5466-5470.

. Underwood AJ (1991) Beyond BACI: experimental designs for detecting human

environmental impacts on temporal variations in natural populations. Aust ] Mar
Freshw Res 42: 569-587.

Smith EP, Orvos DR, Cairns J (1993) Impact assessment using the before-after-
control-impact (BACI) model: concerns and comments. Can J Fish Aquat Sci 50:
627-637.

. Rezsutek MJ, Cameron GN (1998) Influence of resource removal on

demography of Attwater’s pocket gopher. ] Mammal 79: 538-550.

. Aitken KEH, Martin K (2008) Resource selection plasticity and community

responses to experimental reduction of a critical resource. Ecology 89: 971-980.

. Balsom S, Ballard WB, Whitlaw HA (1996) Mature coniferous forest as critical

moose habitat. Alces 32: 131-140.

Johnson CA, Fryxell JM, Thompson ID, Baker JA (2009) Mortality risk increases
with natal dispersal distance in American martens. Proc R Soc B 276:
3361-3367.

Panzacchi M, Linnell JDC, Odden M, Odden J, Andersen R (2009) Habitat and
roe deer fawn vulnerability to red fox predation. J Anim Ecol 78: 1124-1133.
Ferrara IJ, Leberg PL (2005) Characteristics of positions selected by day-
roosting bats under bridges in Louisiana. ] Mammal 86: 729-735.

. Lumsden LF, Bennett AF, Silins JE (2002) Selection of roost sites by the lesser

long-eared bat (Nyctophilus geoffroy) and Gould’s wattled bat (Chalinolobus gouldii) in
south-eastern Australia. J Zool (Lond) 257: 207-218.

5. Ferriere R, Michod RE (1996) The evolution of cooperation in spatially

heterogeneous populations. Am Nat 147: 692-717.

. Riskin DK, Fenton MB (2001) Sticking ability in Spix’s disc-winged bat,

Thyroptera tricolor (Microchiroptera: Thyropteridae). Can J Zool 79: 2261-2267.
Bancroft JS, Turchin P (2003) An experimental test of fragmentation and loss of
habitat with Oryzaephilus surinamensis. Ecology 84: 1756-1767.

Siffezyk C, Brotons L, Kangas K, Orell M (2003) Home range size of willow tits:
a response to winter habitat loss. Oecologia 136: 635-642.

MacArthur RH, Pianka ER (1966) On optimal use of a patchy environment. Am
Nat 100: 603-609.

Pyke GH (1984) Optimal foraging theory: a critical review. Annu Rev Ecol Syst
15: 523-575.

Pulliam HR (1974) On the theory of optimal diets. Am Nat 108: 59-75.
Emlen JM (1966) The role of time and energy in food preference. Am Nat 100:
611-617.

Wilson DE, Findley JS (1977) Thyroptera tricolor. Mamm Species 71: 1-3.
Wimsatt WA, Villar B (1966) Functional organization of sucker discs in bat
Thyroptera tricolor. Anat Rec 154: 495-&.

Levey DJ (1988) Tropical wet forest treefall gaps and distributions of understory
birds and plants. Ecology 69: 1076-1089.

Findley JS, Wilson DE (1974) Observations on the neotropical disk-winged bat,
Thyroptera tricolor Spix. ] Mammal 55: 562-571.

@ PLoS ONE | www.plosone.org

38.

39.

40.

41.

42.

46.

47.

48.

49.

50.

51.

52.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

Response of a Specialist to the Loss of Resources

Vonhof M]J, Fenton MB (2004) Roost availability and population size of
Thyroptera tricolor, a leaf-roosting bat, in northeastern Costa Rica. J Trop Ecol 20:
291-305.

Dechmann DKN, Safi K, Vonhof MJ (2006) Matching morphology and diet in
the disc-winged bat Thyroptera tricolor (Chiroptera). ] Mammal 87: 1013-1019.
Fenton MB, Rydell J, Vonhof M]J, Eklof J, Lancaster WC (1999) Constant-
frequency and frequency-modulated components in the echolocation calls of
three species of small bats (Emballonuridae, Thyropteridae, and Vespertilioni-
dae). Can J Zool 77: 1891-1900.

Norberg UM, Rayner JMV (1987) Ecological morphology and flight in bats
(Mammalia;Chiroptera): wing adaptations, flight performance, foraging strategy
and echolocation. Philos T Roy Soc B 316: 335-427.

Entwistle AC, Racey PA, Speakman JR (2000) Social and population structure
of a gleaning bat, Plecotus auritus. ] Zool (Lond) 252: 11-17.

. Chaverri G, Kunz TH (2011) All-offspring natal philopatry in a neotropical bat.

Anim Behav 82: 1127-1133.

. Vonhof MJ, Whitehead H, Fenton MB (2004) Analysis of Spix’s disc-winged bat

association patterns and roosting home ranges reveal a novel social structure
among bats. Anim Behav 68: 507-521.

. Chaverri G (2010) Comparative social network analysis in a leaf-roosting bat.

Behav Ecol Sociobiol 64: 1619-1630.

Chaverri G, Gillam EH, Vonhof MJ (2010) Social calls used by a leaf-roosting
bat to signal location. Biol Lett 6: 441-444.

Brunet-Rossinni AK, Wilkinson GS (2009) Methods for age estimation and the
study of senescence in bats. In: Kunz TH, Parsons S, eds. Ecological and
Behavioral Methods for the Study of Bats. Baltimore: Johns Hopkins University
Press. pp 315-325.

Racey PA (2009) Reproductive assessment of bats. In: Kunz TH, Parsons S, eds.
Ecological and Behavioral Methods for the Study of Bats. Second Edition ed.
Baltimore: Johns Hopkins University Press. pp 249-264.

Hammel BE, Grayum MH, Herrera C, Zamora N, eds. Manual de Plantas de
Costa Rica: Gimnospermas y Monocotiledéneas (Agavaceae-Musaceae). St.
LouisMissouri: Missouri Botanical Garden Press.

Berry F, Kress WJ (1991) Heliconia: An Identification Guide. Washington:
Smithsonian Institution Press.

Krebs CJ (1999) Ecological Methodology. Menlo Park (California): Benjamin/
Cummings. 581 p.

Gotelli NJ, Entsminger GL (2010) EcoSim: null models software for ecology. 7
ed. JerichoVT: Acquired Intelligence Inc. & Kesey-Bear.

. Rodgers AR, Carr AP, Beyer HL, Smith L, Kie JG (2007) HRT: Home Range

Tools for ArcGIS. 1.1 ed. Thunder Bay, Ontario, Canada: Ontario Ministry of
Natural Resources, Centre for Northern Forest Ecosystem Research.

Sokal RR, Rohlf EJ (1995) Biometry: the principles and practice of statistics in
biological research. New York: W. H. Freeman and Company.

. Cairns SJ, Schwager SJ (1987) A comparison of association indices. Anim Behav

35: 1454-1469.

Ginsberg JR, Young TP (1992) Measuring association between individuals or
groups in behavioural studies. Anim Behav 44: 377-379.

Whitehead H (1999) Testing association patterns of social animals. Anim Behav
57: F26-F29.

Rogers WH (1993) Regression standard errors in clustered samples. Stata
Technical Bulletin 13: 19-23.

Aldridge HDJN, Brigham RM (1988) Load carrying and maneuverability in an
insectivorous bat: a test of the 5% “rule” of radio-telemetry. J] Mammal 69:
379-382.

Wimmer T, Whitchead H (2004) Movements and distribution of northern
bottlenose whales, Hyperoodon ampullatus, on the Scotian Slope and in adjacent
waters. Can J Zool 82: 1782-1794.

Fontaine C, Collin CL, Dajoz I (2008) Generalist foraging of pollinators: diet
expansion at high density. J Ecol 96: 1002-1010.

Percira MJR, Rebelo H, Rainho A, Palmeirim JM (2002) Prey selection by
Myotis myotis (Vespertilionidae) in a Mediterranean region. Acta Chiropterol 4:
183-193.

Kelt DA, Van Vuren DH (2001) The ecology and macroecology of mammalian
home range arca. Am Nat 157: 637-645.

Wauters LA, Bertolino S, Adamo M, Van Dongen S, Tosi G (2005) Food
shortage disrupts social organization: the case of red squirrels in conifer forests.
Evolutionary Ecology 19: 375-404.

5. Fisher DO, Owens IPF (2000) Female home range size and the evolution of

social organization in macropod marsupials. J Anim Ecol 69: 1083-1098.
Linders MJ, West SD, Vander Haegen WM (2004) Seasonal variability in the
use of space by western gray squirrels in southcentral Washington. ] Mammal
85: 511-516.

Herfindal I, Linnell JDC, Odden J, Nilsen EB, Andersen R (2005) Prey density,
environmental productivity and home-range size in the Eurasian lynx (Lynx lynx).
J Zool (Lond) 265: 63-71.

Lusseau D, Schneider K, Boisseau OJ, Haase P, Slooten E, et al. (2003) The
bottlenose dolphin community of Doubtful Sound features a large proportion of
long-lasting associations - Can geographic isolation explain this unique trait?
Behav Ecol Sociobiol 54: 396-405.

Langer P, Hogendoorn K, Keller L (2004) Tug-of-war over reproduction in a
social bee. Nature 428: 844-847.

December 2011 | Volume 6 | Issue 12 | e28821



76.

77.

78.

79.

80.

. Heg D, Brouwer L, Bachar Z, Taborsky M (2005) Large group size yields group

stability in the cooperatively breeding cichlid Neolamprologus pulcher. Behaviour
142: 1615-1641.

. Lewis SE (1996) Low roost-site fidelity in pallid bats: Associated factors and

effect on group stability. Behav Ecol Sociobiol 39: 335-344.

. Baglione V, Canestrari D, Chiarati E, Vera R, Marcos JM (2010) Lazy group

members are substitute helpers in carrion crows. Proc R Soc B-Biol Sci 277:
3275-3282.

Schurch R, Heg D (2010) Variation in helper type affects group stability and
reproductive decisions in a cooperative breeder. Ethology 116: 257-269.

. Bradbury JW, Vehrencamp SL (2011) Principles of Animal Communication.

Sunderland: Sinauer Associates.

. Chaverri G, Gillam EH (2010) Cooperative signaling behavior of roost location

in a leaf-roosting bat. Communicative and Integrative Biology 3: 1-4.

Lausen CL, Barclay RMR (2006) Benefits of living in a building: big brown bats
(Eptesicus fuscus) in rocks versus buildings. J Mammal 87: 362-370.

Wilkinson GS (1984) Reciprocal food sharing in the vampire bat. Nature 308:
181-184.

Wilkinson GS (1986) Social grooming in the common vampire bat, Desmodus
rotundus. Anim Behav 34: 1880-1889.

Keeley ATH, Keeley BW (2004) The mating system of Tadarida brasiliensis
(Chiroptera: Molossidae) in a large highway bridge colony. ] Mammal 85:
113-119.

Thomas SP, Suthers RA (1972) The physiology and energetics of bat flight. ] Exp
Biol 57: 317-335.

@ PLoS ONE | www.plosone.org

10

81.

82.

83.

84.

86.

87.

88.

89.

90.

Response of a Specialist to the Loss of Resources

Parker KL, Gillingham MP, Hanley TA, Robbins CT (1996) Foraging
efficiency: Energy expenditure versus energy gain in free-ranging black-tailed
deer. Can J Zool 74: 442-450.

Rogowitz GL (1996) Trade-offs in energy allocation during lactation. Am Zool
36: 197-204.

Fenton MB, Rautenbach IL, Smith SE, Swanepoel CM, Grosell J, et al. (1994)
Raptors and bats: threats and opportunities. Anim Behav 48: 9-18.

Kerth G (2008) Causes and consequences of sociality in bats. Bioscience 58:
737-746.

. Crampton LH, Barclay RMR (1998) Selection of roosting and foraging habitat

by bats in different-aged aspen mixedwood stands. Conserv Biol 12: 1347-1358.
Sedgeley JA, O’Donnell CE]J (2004) Roost use by long-tailed bats in South
Canterbury: examining predictions of roost-site selection in a highly fragmented
landscape. N Z J Ecol 28: 1-18.

Riskin DK, Racey PA (2010) How do sucker-footed bats hold on, and why do
they roost head-up? Biol J Linn Soc 99: 233-240.

Kunz TH (1982) Roosting ecology of bats. In: Kunz TH, ed. Ecology of Bats.
New York: Plenum Press. pp 1-50.

Ralisata M, Andriamboavonjy FR, Rakotondravony D, Ravoahangimalala OR,
Randrianandrianina FH, et al. (2010) Monastic Myzopoda: the foraging and
roosting ecology of a sexually segregated Malagasy endemic bat. J Zool (Lond)
282: 130-139.

Kotler BP, Morris DW, Brown JS (2007) Behavioral indicators and conservation:
Wielding “the biologist’s tricorder”. Israel Journal of Ecology & Evolution 53:
237-244.

December 2011 | Volume 6 | Issue 12 | e28821



