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HIGHLIGHTS

® The expansion of bat habitat gener-
alists coupled with range contraction
of bat habitat specialist will homog-
enize the Neotropical bat communi-
ties.

® Warm-adapted bat species might
expand their ranges towards higher
altitudes, while mountain-top spe-
cialists will run out of suitable
climate.

® Monitoring programs will be impor-
tant to track species that are pre-
dicted to become extinct and also
the projected range expansion of san-
guivorous bats.

® The most effective way to pro-
tect Neotropical bat species will
be increasing landscape connectivity
and safeguarding the refugia high-
lighted here.
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ABSTRACT

Forecasting the effects of global change on biodiversity is necessary to anticipate the threats operating
at different scales in space and time. Climate change may create unsuitable environmental conditions,
forcing species to move to persist. However, land-use changes create barriers that limit the access of
some species to future available habitats. Here, we project the impacts of climate and land-use change
on 228 Neotropical bat species by forecasting changes in environmental suitability, while accounting for
the effect of habitat type specialization and simulating dispersal across suitable patches. We also identify
the most vulnerable ecoregions and those that may offer future stable refugia. We further investigate
potential functional changes by analysing the response of different trophic guilds. We found that the
range contraction of habitat specialists, especially frugivores, was more frequent and stronger under
all simulated scenarios. Projected changes differ markedly across ecoregions. While the Amazon region
is likely to undergo high turnover rates in bat composition, the Andean grassland, Cerrado and Chaco
might experience the greatest losses. The expansion of habitat generalists, which forage in open areas
and commonly establish large colonies in manmade structures, coupled with the range contraction of
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habitat specialists is projected to homogenize bat communities across the Neotropics. Overall, disper-
sal will likely be the key for the future of Neotropical bat diversity. Therefore, safeguarding the refugia
highlighted here, by expanding and connecting the existing network of protected areas, for example, may
allow species to move in response to global change.

Introduction

Climate and land use change are among the main processes
driving biodiversity loss in the 21st century (IPCC, 2019). Vul-
nerability assessments suggest that the Neotropics are where the
combined impact of climate change and habitat loss will be the
greatest (Colwell et al., 2008). According to these projections, most
of the Neotropical region will be subjected to novel climates, while
increasing rates of land use change will reduce habitat availabil-
ity even further (Staude et al., 2020). Species’ responses to global
changes depend on extrinsic and intrinsic factors related to the rate
and magnitude of change in environments, as well as the species’
autecology and climatic tolerances. Exposure to non-analog cli-
mates may lead to physiological stress with likely reductions in
individual fitness and thus population persistence in the long term
(Ribeiro et al., 2016). Furthermore, if species are not able to adapt
in situ or to track suitable climates, population declines and local
extinctions may result in range contractions (Zamora-Gutierrez
etal., 2018).

Land-use change represents an additional challenge for species
dealing with climate change, as human-modified landscapes
obstruct species movements by converting habitats into dispersal
barriers (Sales et al., 2019). In the Neotropics, where deforestation
and climate change pose huge threats to biodiversity, the combi-
nation of extrinsic and intrinsic stressors is expected to drive the
decline of habitat specialists, which have limited diets and specific
environmental requirements to roost and forage (Devictor et al.,
2008; Clavel etal.,2011). Conversely, habitat generalists that thrive
in a wide variety of environmental conditions and use a variety of
resources, may even increase in abundance and geographic dis-
tribution in response to changes in the environment (Gong¢alves
etal, 2017; Farneda et al., 2020). Thus, advancing our understand-
ing of the effects of environmental change on biodiversity requires
examining how threats may impact species differently according
to their ecological characteristics as well as identifying vulnerable
and important conservation areas (Sales et al., 2019).

The threats related to the changing climate and habitat loss
extend to virtually all clades, and impacts can already be observed,
resulting in reduced distribution in invertebrates (Larsen, 2012)
and vertebrates (Tingley et al., 2009; Sinervo et al., 2010). Because
of their prompt response in terms of richness, abundance and phys-
iology to changes in land use, management intensities and extreme
weather events, bats are regarded as bioindicators that help under-
standing the impacts of environmental change in a broader context,
(Sherwinetal., 2013; Gongalves etal.,2017). Bats can be sensitive to
overheating (Crawford and O’keefe, 2021), and changes in distribu-
tion of multiple species seem to have happened as a consequence of
recent climate change (Wu, 2016). Certain species may even bene-
fit from climate changes, expanding their ranges to regions that are
currently unfavourable. For example, in Costa Rica many bat species
have recently been documented at higher-than-normal elevations,
suggesting range expansions (LaVal, 2004; Arias-Aguilar et al.,
2020). Local extinctions and colonization dynamics in response to
climate forecasted to the 21st century may redistribute bat species
(Pearson and Dawson, 2003). Yet, changes in land use could limit
populations in tracking their bioclimatic niches (Mendes and Srbek-
Araujo, 2021) Thus, forecasts of the effects of environmental change
on Neotropical bats are important not only to understand how dis-
tribution patterns in this diverse group may be altered, but also for
a broader assessment of how climate and land use will reorganize
biodiversity.

Here, we infer the combined impacts of climate and land use
change on Neotropical bats focusing on potential changes in spa-
tial patterns of bat richness. Using species distribution models we
generate projections of changes in environmental suitability for a
representative sample of the Neotropical bat biota (ca. 80% of all
species) under two (Mitigation A1B and Business-as-usual A2) cli-
mate and land use socio-economic development scenarios for the
end of the 21st century. We also investigate three different dis-
persal scenarios to test how important natural and anthropogenic
barriers can be in determining future spatial distribution patterns.
Based on the resulting projections, we examine how differences
in habitat use and diet may affect distribution patterns and, thus,
reshape the configuration of bat diversity across Neotropical ecore-
gions.

Methods
Study system

To assess the effects of climate and land use change on Neotrop-
ical bat distributions we studied the distribution of 228 Neotropical
bat species, which corresponds to ca. 80% of documented species
in the region. The species not included in the study are species for
which there is limited information on distribution or habitat use or
those whose distribution is too restricted (see Appendix S1 for fur-
ther details on the Methods and Appendix S2 for more information
on the studied species). We focused our analyses on the Neotropics,
ranging from northern Mexico to central Argentina and including
the whole Caribbean (Morrone, 2014). We also investigated differ-
ences across Neotropical ecoregions by adopting the Neotropical
division into 10 ecoregions proposed by Antonelli et al. (2018):
Amazonia, Atlantic Forest, Andean Grassland, Cerrado and Chaco,
Caatinga, Dry Western, Dry Northern, West Indies and Mesoamer-
ica (Fig. 1).

Ecological niche models

To assess potential changes in species distribution patterns, we
fitted ecological niche models calibrated with climate data from
locations within which species are known to occur. Ecological niche
models are correlational procedures aimed at assessing the envi-
ronmental conditions associated to the occurrence of species in
order to estimate their potential distribution, i.e. the locations
where the environment is similar to that within the species’ known
distribution. We used the species ranges available in the IUCN
database (www.iucnredlist.org, date of access: August 08th, 2020)
as the source for distribution information. For each species, we
sampled a number of random points within the species inferred
range that was proportional to its range size and used species dis-
tribution models to generate potential distribution maps. To do so,
we first rasterized the IUCN range maps into a gridded file of 10’
resolution (approximately 0.17° of lat/long) and, to be conserva-
tive and avoid overestimation, we restricted our analysis to species
whose range size was larger than 30 cells. For species whose range
size was larger than 1000 cells, we sampled 12.5% of these cells,
thus considered “presences” in the rasterized map. For species with
range size varying from 501 to 1000 and 101 to 500 we sampled
25% and 50% of the cells within species ranges. Finally, for species
with less than 100 cells within the total range we used all cells
as occurrences to calibrate distribution models. Because we used
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Fig. 1. Neotropical region limits (sensu Olson et al., 2001) and ecoregi

IUCN range maps as a source of distribution information, the out-
come of our ecological niche models represents the environmental
conditions most frequently observed across species’ known distri-
butional limits. Therefore, our results should not be interpreted in
terms of probability of occurrence per se, neither can be directly
translated in any abundance-related metric. Such broadly defined
climate envelopes are meant to provide an initial assessment of
species climatic suitability at the continental scale and are useful
to investigate macroecological relationships between biotas and
environments (Sales et al., 2020a, 2020b, 2020c). Therefore, we
stress that our results should not be considered at face value in
conservation assessments at local spatial scale.

We acknowledge that using information from range maps to
assess species climatic niches is not the “gold-standard” choice in
ecological niche modelling, and that a comprehensive and non-
autocorrelated dataset taken from confirmed on-ground presences
and absences would be ideal (Aradjo et al., 2019). However, this
scenario is impractical for multispecies studies at continental scale,
especially for large extensions of biodiversity-rich yet remote and
under-sampled locations, such as most of the Neotropics (Etard
et al., 2020; Zizka et al., 2021). Moreover, capture rates of bats are
subjected to the complexity of the environment, being generally
higher in open environment than in habitat with a more complex
vegetation structure like forests. Although this source of bias may

on classification (sensu Antonelli et al., 2018) adopted in the analyses.

also affect range maps, the impact is much greater for the distri-
bution of occurrence points. Data gaps (e.g. tropical rainforest and
mountain top regions) in the distribution of Neotropical bats limit
our ability to conduct large-scale analyses based on occurrence
points, whereas biases can impact the validity of extrapolations
(Aguiar et al., 2020; Delgado-Jaramillo et al., 2020). Furthermore,
the sub-setting of realized niches due to defaunation and other
non-climatic stressors creates truncated relationships between
environmental suitability and environmental variables, underes-
timating biodiversity predictions (Faurby and Aradjo, 2018) and
overestimating the impact of future stressors (Lima-Ribeiro et al.,
2017). Thus, by using species’ range maps the basis for distribution
models instead of occurrence points with critical gaps and biases,
we produce a conservative assessment and our analyses should be
interpreted as a baseline of the potential effects of climate change
on bat distribution.

To build distribution models we obtained climate information
as 10’ resolution gridded raster files for land areas, derived from
interpolation of worldwide ground weather stations, available in
CliMond (https://www.climond.org/). Date referred to “present-
day” conditions encompass averages of measurements between
years 1961 — 1990. Although CliMond data includes 35 bioclimatic
predictors, we only used a subset of predictors when calibrating
ecological niche models. Before selecting among predictors, we
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built species-specific study areas, limiting the background extent
of each species to regions likely accessible via migration (Barve
et al, 2011). To do so, we defined a bounding box to extreme
latitude/longitude coordinates, plus an additional 10 degrees to
each bound and cropped climatic layers to adjust to the study
extent. Then, we extracted the climatic information related to each
species background extent. To select among predictors, we used a
hybrid approach that combines pairwise correlations with variance
inflation factor (VIF) (Marquaridt, 1970), implemented in usdm R
package (Naimi et al., 2014; R Core Team, 2021). After measuring
the correlation between pairs of climatic variables, the pair with
highest correlation value (threshold = 0.6) was identified and the
variable with higher VIF was excluded from the pair. This proce-
dure was repeated until all the strongly correlated variables were
excluded.

After defining a proper set of uncorrelated predictors for each
species models, we used an ensemble-based ecological niche mod-
elling approach, using the usdm R package (Naimi et al., 2014). To
accommodate the sensitivity of our predictions to method varia-
tion, we used two algorithms: boosted regression trees (BRT) and
maximum likelihood (MaxLike). While boosted regression trees
join recursing binary to adaptive boosting, combining several mod-
els in an ensembled prediction with higher performance (Elith
and Leathwick, 2009), MaxLike is a method based on maximum
likelihood, whose parameter output is formally related with the
widely-used Maxent software (Merow and Silander, 2014). Both
methods rely on machine-learning approaches, which are known to
accurately predict simulated response curves (Elith and Leathwick,
2009), notably in cases of small sample size (Pearson et al., 2007).

The outcome of our ecological niche models was, then, evalu-
ated for their accuracy using a repeated sub-sampling procedure
where 25% of the records were regarded as the “test” sub-set, used
to measure the performance of the models that were fitted using the
remaining 75% of the records, the “training” sub-set. This procedure
was repeated 100 times for each modelling method per species.
We used the area under the receiver operating characteristic curve
(AUC), a threshold-independent metric (Fielding and Bell, 1997), to
evaluate the accuracy of our predictions (Appendix S2). AUC val-
ues of model performance vary from 0 to 1, where a value of 0.5
indicates accuracy similar to that of a random model a value of 1
indicates a perfect discrimination by both metrics. Because binary
predictions were required as input in our simulation of dispersal
via cellular automata (see below), we also calculated the true skill
statistic (TSS) of the models to determine proper thresholds for each
species and then created binary maps of suitable/unsuitable cells.

Climate change forecasts

To generate projections of the potential effects of climate change
on the potential distribution of Neotropical bats, we projected eco-
logical niche models according to forecasts of climate dated to years
2030, 2050, 2070 and 2090. The fact that we project changes for
every 20 years allowed us to track climatic niche bridges between
successive timesteps (Littlefield et al., 2017). Accommodating the
inherent uncertainty of climate change forecasts, we used two pos-
sible future scenarios, based on different expectations of human
population growth, socioeconomic development, and associated
emissions of greenhouse gases. The Mitigation scenario, A1B, esti-
mates a temperature increase of 1.7-4.4 °C by the end of the 21st
century, whereas the Business-as-usual, A2, forecasts a 2.0-5.5 °C
temperature increase. Those forecasts roughly correspond to the
representative concentration pathways RCP6.0 and RCP8.5 from the
IPCC-AR5 (IPCC, 2014) and project temperature increases above the
1.5 °C threshold recommended to avoid the deleterious effects of
climate change on ecosystems and human well-being (IPCC, 2019)
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but are congruent with observed changes from years 2000-2010
(IPCC, 2014) (see Appendix S1 climate data for details).

Habitat filter masks

Ecological niche models calibrated with IUCN range maps
are based on the assumption that any species can occupy all
of the habitat within its extent of occurrence, which turns
predictions overly “optimistic” and, thus, subjected to com-
mission error (Lobo et al., 2010). To minimize these erroneous
relationships in our maps of potential distribution, we created
species-specific land cover masks, based on the IUCN habitat
classification scheme, the most comprehensive effort avail-
able to characterize species habitat affiliations (https://www.
iucnredlist.org/resources/habitat-classification-scheme). The
major habitat types according to this scheme are forest, savanna,
shrubland, grassland, wetlands (inland), rocky areas (e.g., inland
cliffs, mountain peaks), caves and subterranean (non-aquatic), arid
or semi-arid (desert), artificial-terrestrial (e.g. Pastureland, Plan-
tations, Urban areas and heavily degraded forest). We considered
habitat specialist species all those species whose occurrence was
restricted to a single major land cover type (e.g. forest), regardless
the specific category of land cover (88 species). Accordingly, we
consider a habitat generalist species any species whose occurrence
is not restricted to a single major land cover type (140 species).
Species were, assumed to be unable to occupy major habitat types
where they had not been recorded before. As these habitat types
can be matched with terrestrial land cover, known as the area
of habitat (Brooks et al., 2019), we grouped the habitat data into
six major land cover classes (forest, savanna, grassland, farmland,
urban, and barren). By doing so, we were able to reconcile the
information on species-habitat associations to a global model that
project changes on land-use and land-cover (LULC) (Li et al., 2017,
described in Appendix S1 land-use and land-cover section).

Dispersal assumptions

In heterogeneous landscapes, the quality and permeability of
the matrix act as environmental filters that affect species’ persis-
tence and ability to colonize newly suitable areas (Gongalves et al.,
2017; Farneda et al., 2020). Here, we explicitly incorporate dis-
persal into the future estimates of potential distribution assuming
that expansion of a species distribution depends on the availabil-
ity of habitat that allows dispersal across space. Specifically, we
consider that dispersal is more likely across land cover types cor-
responding to habitat types where a species is known to occur,
whereas land cover types that are not listed as major habitat types
or habitats used for that species are considered barriers to move-
ment across suitable climatic pockets. Therefore, we assume that
dispersal limitation can prevent a species to access and occupy suit-
able environments in the future (see Appendix S3). To simulate
dispersal we used the R package MigClim (Engler et al., 2012), a
cellular automata model where dispersal depends on landscape
barriers and species-specific dispersal limitations contingent on
environmental suitability. We used the following parameteriza-
tion of function “MigClim.migrate” for all dispersal simulations. The
function argument hsMap included the habitat suitability models
for intermediate timesteps (years 2030, 2050 and 2070); envChg-
Steps and dispSteps, i.e. the number of environmental change steps
and the number of dispersal steps were set to three (the number
of intermediate timesteps). The argument barrier included a raster
file with the land-use and land-cover types listed as unsuitable for
each species, and barrierType was defined as “weak” or “strong”,
depending on habitat generalization or specialization, respectively.
Finally, replicate NB was set to three full simulations of dispersal per
species. For the remaining arguments we used the function default
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Table 1
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Potential richness variation of Neotropical bat species at regional scale under the business-as-usual (B.A.U) scenario of climate and land-use changes and assuming limited

dispersal (bat species have the ability to disperse only over analog environment).

Ecoregions Present Future

Species richness Species gains Regional extinction Global extinction Species richness
Forested Wet
Amazonia 212 0 0 0 212
Atlantic forests 98 3 13 Dryadonycteris capixaba/Lonchophylla mordax 86
Open Dry
Andean Grassland 160 8 21 0 147
Caatinga 79 6 17 0 68
Cerrado and Chaco 140 14 21 0 133
Dry Northern 172 3 14 Phyllostomus latifolius 161
Dry Western 103 61 7 Eptesicus innoxius 157
Patagonian steppe 30 10 7 0 33
Mixed
Mesoamerica 105 28 0 0 133
West indies 27 0 6 Chilonatalus micropus 21

values (for further details on the dispersal simulation see the sec-
tion modelling occupancy dynamics and dispersal in Appendix S1).
To understand how dispersal constraints may affect future climate-
driven range dynamics, we examined future patterns of potential
distribution considering three different assumptions on dispersal
ability. The (1) Unlimited Dispersal scenario, where bat species are
assumed to have the ability to disperse across any type of land cover
and fragmented landscape. The (2) No Dispersal scenario, where
species are not allowed to move outside current distribution limits
and estimates of change in climatically suitable areas are restricted
to grids within present-day extent of occurrence. The (3) Limited
Dispersal scenario, which is more realistic than the previous sce-
narios and assumes that bat species have the ability to disperse
across areas where land cover is analogue to that where it occurs
in the present, whereas no-analog environment is considered a
barrier to dispersal. By performing simulations under these three
different scenarios, we intended to infer the roles of environmental
suitability and accessibility on the projected outcomes

For each combination of climate change, land use change and
dispersal limitation scenarios we registered whether the poten-
tial range of each species would decrease or increase in the future.
Based on the projected ranges we estimated the number of species
that could potentially occupy each cell for the Neotropics as a whole
and for each ecoregion (see Appendix S1 - modelling occupancy
dynamics and dispersal). To understand how the reorganization of
bat assemblages may translate into shifts in ecological functions,
we also classify species according to trophic guilds and analyse
the changes in spatial patterns for each guild. For the analysis of
which trophic guild might be affected, we classified bats based on
their main food items (feeding habit) according to Simmons (2005):
Phytophagous bats: (1) frugivore and (2) nectarivore; Animalivo-
rous bats: (3) carnivores, (4) sanguivores, (5) insectivores and (6)
piscivores; and species that feeding on both animal and plant: (7)
Omnivore (for further details about models and dispersal scenarios,
see Appendix S1- modelling occupancy dynamics and dispersal).

Results
The magnitude of range shift

The magnitude of range shift in response to climate and land
use change varied considerably according to different scenarios
of climate change and dispersal limitation (Fig. 2). Simulating
a realistic dispersal scenario, in which dispersal across space is
limited by barriers of non-analog environment, most of the habitat-
generalist species could expand their ranges in both (A1B) the
Mitigation (A1B_LD_Gegian = 26 + 1374%) and (A2) B.A.U. sce-
nario (A2_LD_Gpegian = 4 £ 1148%), but most habitat-specialist

100 .
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= ==
o [ | |
| []
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-100 LI -
Unlimited  Limited No Unlimited  Limited No
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A1B A2
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Fig. 2. Proportional change in potential distribution for 140 habitat-generalist bat
species and 88 habitat-specialist bat species in response to combined effects of cli-
mate and land use change. Projections correspond to two different scenarios for
climate/land-use changes and different levels of dispersal limitation. A1B and A2
refer to Mitigation and B.A.U., i.e. more optimistic and less optimistic climate and
land use change scenarios. Unlimited Dispersal assumes that bat species have ability
to disperse across any type of environment and across fragmented landscape. Lim-
ited dispersal assumes that bat species have the ability to disperse only across analog
environment, whereas non-analog environment is considered a dispersal barrier. In
the No Dispersal scenario species are restricted to their current range.

species are projected to experience major reductions in their
ranges in the A2 scenario (A1B_LD_S,eqian = 32 + 347% and
A2_LD_Spedian = —47 £ 217%) (Fig. 2 and Appendix S2).

Next, we simulated two dispersal scenarios representing oppo-
site extremes regarding dispersal to test how accessibility changes
the outcomes of environmental changes for Neotropical bats.
Assuming that bats are confined to their current distribution lim-
its, even the generalist species regarding land cover would be
expected to lose a large proportion of their potential distribu-
tion (A1B_ND_Gpmean = —14 + 18% and A2.ND_Gynean = —27 + 22%).
Again, habitat-specialist species would be more impacted show-
ing largest range reductions (A1B.ND_Sjeqn = —27 + 19% and
A2 _ND_Spmean = —71 £ 19%; Fig. 2). This suggests that the area that
is climatically suitable within the distributions of all species will
reduce in the future.

Under the Unlimited Dispersal scenario, in which bat species
have ability to disperse through any type of matrix, most of
the habitat-generalist species could expand their ranges in both
climate change scenarios (A1B.UD_Gpegian = 34 + 2437% and
A2_UD_Gpegian = 16% + 2236%), but most habitat-specialist species
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Table 2

Potential change in species richness of Neotropical bats for ecoregions at the local
scale. Numbers represent the mode of species richness for all cells in each ecoregion
in the present and projected under the business-as-usual (B.A.U) scenario of climate
and land-use changes and assuming limited dispersal (bat species have the ability
to disperse only over analog environment).

Present Future
Ecoregions Cell richness Cell richness Gain (+) Loss (—)
Forested Wet
Amazonia 85 59 -26
Atlantic Forests 16 17 +1
Open Dry
Andean Grasslands 3 10 +7
Caatinga 18 18
Cerrado and Chaco 15 17 +2
Dry Northern 27 26 -1
Dry Western 4 11 +7
Patagonian Steppe 2 4 +2
Mixed
Mesoamerica 15 16 +1
West Indies 6 5 -1

are still projected to undergo range contraction in the A2 scenario
(A1B_UD_S,;;egian = 122 + 559% and A2_UD_S,,;pgian = —11% £+ 217%)
(Fig. 2). This suggests that although within current ranges suitabil-
ity will decrease, the total area of suitable climate will increase for
most species.

Neotropical ecoregions with higher projected impact

Despite projected losses in richness in many areas (Table 1),
the overall outcome of projected range shifts was an increase in
the mean richness at the local (cell) scale across most ecoregions
(Fig. 3; Table 2), owing to the range expansion of habitat-generalist
species (Fig. 4). However, at the regional scale, most ecoregions
are projected to undergo a net loss in species richness (Table 1;
Fig. 4). The Amazon was the region projected to experience the
largest gains in richness at the local (cell) scale (Fig. 3; Table 2),
especially nearby Andean mountains and Guiana Highlands (Fig. 4).
Yet, these range shifts resulted in no net gains or losses in richness
attheregional scale (Table 1). The Dry Western South America is the
region projected to experience the greatest proportional gains, with
richness increasing more than 2.5 times at the local scale (from 4 to
11 species; Fig. 3; Table 2) and 61 new species at the regional level
(Table 1). Despite little change in local richness, Mesoamerica and
the Patagonian steppe are also projected to gain species, with 28
and 10 novel species, respectively (Table 1). In contrast, the Andean
grassland is projected to lose 22 species at the regional level in spite
of a substantial increase in local richness (from 3 to 10 species)
(Table 1). All remaining ecoregions are projected to suffer more
loses than gains with the Caatinga, the Cerrado/Chaco, and the West
Indies losing more than 15% of their current species (Table 1).

Our projections indicate different trophic guilds will be
impacted differently by climate and land use change (Fig. 5).
Within most ecoregions, the number of frugivorous bats projected
to undergo range reductions is more than twice as large as the
number of species projected to undergo expansions (Appendix
S4-S13). For other guilds, patterns are less consistent. For instance,
in the Caatinga (Appendix S6) and Cerrado/Chaco (Appendix S8)
regions more insectivores are projected to undergo range reduc-
tion than expansion, while in the Dry Western (Appendix S10)
and Patagonian steppe (Appendix S13) most insectivores are pro-
jected to expand in range. Two sanguivorous bats (Diaemus youngi
and Diphylla ecaudata) are projected to expand their ranges into
Dry Western and Patagonian steppe respectively (Appendix S10
and S13) and five Neotropical endemic bat species Phyllostomus
latifolius (omnivore, Dry Northern South America), Dryadonycteris
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capixaba and Lonchophylla mordax (nectarivore, Atlantic Forest),
Chilonatalus micropus (insectivore, West Indies) and Eptesicus
innoxius (insectivore, Dry Western South America) are predicted
to become globally extinct by the combined effects of climate and
land use changes (Table 1).

Discussion
The magnitude of range shift

This is the first effort to evaluate the possible future conse-
quences of two of the most important drivers of current global
environmental change - land use and climate change — on Neotrop-
ical bats. Focusing on the more realistic scenario of socio-economic
development (B.A.U), our projections suggest substantial future
declines in environmental suitability for the Neotropical bat fauna,
especially for bat species that have specialised on a specific type of
environment. The widespread loss of specialised species in our pro-
jections was compensated by the expansion of generalised species
that forage in open areas and commonly establish large colonies in
manmade structures (Gongalves et al., 2017). The balance between
the loss of habitat specialists and expansion of generalists may lead
to little net change of species richness at the local level, but greater
homogeneity in species composition. Functional homogenisation
is considered a global prominent forms of biodiversity impover-
ishment induced by recent environmental change (Devictor et al.,
2008; Clavel et al., 2011). Species that exhibit morphological and
functional specialization on specific conditions are more sensitive
to changes because unique traits restrict them to only a narrow set
of environments and resources (Clavel et al., 2011; Newbold et al.,
2018; Staude et al., 2020). In addition, the use of a restricted range
of habitats implies that habitat-specialist bat species are unable or
unlikely to cross-gaps of unsuitable environment to colonize iso-
lated suitable patches. Therefore, habitat specialists are not only
threatened by changes in their current habitat, but also by the
inability to access novel suitable habitat.

Neotropical ecoregions with higher projected impacts

Several Neotropical bat species may be forced to shift their
range to refuges that are less vulnerable climate change, ventur-
ing into regions of different elevation and/or latitudes while facing
new environmental challenges in response to the land use and cli-
mate change. Our projections showed that areas nearby the Andean
mountains (Northern Andean) and the Guiana Highlands would
be considered climate change refugia for several Neotropical bat
species (Figs. 4 and 5). Yet, Climate-driven migrations will only
allow occupancy of newly suitable climates if permeable migra-
tory routes allow dispersal across landscapes (Engler et al., 2012).
When we considered dispersal barriers, our analyses revealed no
net gains of species in Amazonia although this region is projected
to harbour suitable conditions for many species. Reduced acces-
sibility due to the ‘Arch of Deforestation’ (Sales et al., 2019), a
region of high agricultural pressure from cattle-ranching and soy
plantations, restricts climate-driven movements of forest specialist
species from the regions south of the Amazon basin and vice-versa.

Our models predicted higher gains of species in the Dry West-
ern South America (61 species, increasing potential richness in 60%)
located in the Andes foothills at mid-elevation (1000—2500 m). This
means that there is a great potential for Neotropical bat species
immigration at these elevations. The major factors driving this
trend are the upslope dispersal of lowland species in response to
global changes combined with projections of low changes in land
use in the region. Such upslope movements are predicted by the
hypothesis of upward and upslope shifts in species ranges due to
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elevated temperatures (Colwell et al.,2008) and have been reported
for birds (Bender et al., 2019) and dung beetles (Larsen, 2012) in the
same region and for bats in the Mountains of northern Costa Rica
(LaVal, 2004; Arias-Aguilar et al., 2020). Our findings thus highlight
the potential of mountains and highlands to act as refugia for bats
occurring in low elevation over time.

Conversely, our models predicted high losses of species from
the regional species pool in the Andean Grassland (22 species,
representing 13% of total richness) located at high-elevation
(3200-3500 m). Yet, all species currently occurring in this region
were projected to persist at the continental scale, as long as they
can disperse to suitable environment (Table 1). This could be a
consequence of the wide elevational ranges of species at such alti-
tude which is consistent with Rapoport’s rule that species at high
elevations tend to have wider elevational ranges, covering several
elevational levels, whereas species in the lowlands tend to have
narrow elevational ranges (Stevens, 1992). The greatest propor-
tional loss in species richness was found for the West Indies, 27%
of the species (7 out of the 26) and the Caatinga, 22% (17 out of 79
species). Species in these regions are projected to be subjected to
non-analogue climates and habitat loss, which combined with dis-
persal limitation, will prevent occupancy of neighbouring suitable
environment. These species are thus expected to undergo severe
range contractions because of their inability to colonize the novel
suitable environments that may surround their current ranges. Our
projections also showed high species turnover in Cerrado and Chaco
(Table 1), where losses may be partially compensated by gains.

Five endemic bat species that occupy small areas in the Neotrop-
ics are predicted to become globally extinct (Table 1), but this
number may be higher since our conservative analysis is restricted
to species whose range size was larger than 30 cells (Appendix S1).
Neotropical endemic bat species and/or species that occupy such
a small area, may have entire populations exposed to physiolog-
ical stress or resource shortage even under small environmental
variation (Newbold et al., 2018; Staude et al., 2020). Those narrow-
ranged species are also vulnerable to non-climatic stressors, such
as population stochasticity, low variability and Allee effect, that
impact small populations (Newbold et al., 2018).

Shifts in ecological functions

Our analyses revealed that combined effects of land use and cli-
mate change are likely to favour many animalivorous bat species
that forage in unobstructed areas outside or above forested sites
and easily establish high-densities colonies in manmade structures
(Gongalves et al., 2017; Farneda et al.,, 2020). Those are typi-
cal attributes of molossid and some phyllostomid bats (Simmons,
2005), which may allow species to increase their ranges by colo-
nizing other ecoregions in response to changes. Bat species with
these characteristics are usually evaluated with a lower risk of
extinction (IUCN, 2020), which is consistent with their success
to persist within modified landscapes and under variable climatic
conditions. However, several phytophagous bats (nectarivores and
frugivores) are projected to experience major reductions in their
ranges. Species that rely on the vegetation as food sources and
natural roosting places are more likely to be impacted by land
use change (Popa-Lisseanu and Voigt, 2009; Moussy et al., 2013;
Sherwin et al., 2013; Gongalves et al., 2017; Farneda et al., 2020).
The interplay between species dispersal abilities and its ecological
requirements will shape the species-specific responses to environ-
mental change.

These uneven outcomes for different trophic guilds may impact
ecosystem functions locally. As species expand or retract, their
interactions are also redistributed. The replacement of phy-
tophagous bats by insectivore species may result in local declines
in pollination and seed dispersal of many plants. Likewise, range
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reduction of carnivorous and piscivorous bats forecasted for some
regions may impair the control of prey populations and trans-
port of nutrients across the landscape (Gongalves et al., 2017).
Range expansions of a species may also result in the expan-
sion of its pathogens, including those associated with zoonotic
diseases (Gongalves et al., 2020). The projected range expan-
sion of two sanguivorous bats into Dry Western and Patagonian
steppe for instance, could increase the probability of trans-
mission of rabies and other saliva-borne viruses (Olival et al.,
2017).

Implications for species extinction risk and conservation
biogeography

Based on the expected changes in climatic conditions in the
Neotropics, we argue that the most effective way to protect these
species will be by increasing landscape connectivity through habi-
tat restoration, connecting native vegetation fragments and forest
patches with broad corridors (Arroyo-Rodriguez et al.,, 2020).
Despite the potential of bats for large-scale species migration,
reserves should also remain as a component of conservation strat-
egy under land use and climate changes. Creating new protected
areas, especially surrounding climate change refugia, and preserv-
ing existing ones will also act to protect high quality habitat,
reducing extinction risk as well as providing suitable regions for
colonizing species or stepping stones for species on the move. A
mosaic of land uses and less damaging landscape practices, such
as low intensity forestry, may also provide some opportunity for
persistence or migration (Arroyo-Rodriguez et al., 2020). Enhanc-
ing existing linear habitat features, such as river banks, hedgerows
and embankments may improve connectedness without actively
creating new corridors (Sales et al., 2019).

Proactive conservation can be applied in all ecoregions but
should especially focus in the Northern Andean mountains, Guiana
highlands and Mesoamerica mountains as these regions still retain
a high percentage of natural habitat where the biota is relatively
intact (Antonelli et al., 2018; Lima-Ribeiro et al., 2017; Sales et al.,
2019; Fragoso et al., 2019). In these regions, large-scale conser-
vation, such as the protection of a large extension of land, might
be achieved with relatively low investment. Due to the highest
loses of bat species projected for the West Indies (specially the
Caribbean dry forest), Andean grassland, and for the Caatinga and
Cerrado/Chaco regions we stress the need for efficient measures to
halt habitat loss and fragmentation and continued monitoring of
species responses to climate change.

Fine-scale reactive conservation should be applied for long-
term monitoring of climate change responses by five endemic bat
species that are predicted to become extinct and also species that
occupy small areas and in the Neotropics. Monitoring would also be
important to help detecting the functional shifts related to expan-
sion/retraction of bats from different guilds projected here, and
is especially important considering the projected range expansion
of two vampire bats into new ecoregions (Gongalves et al., 2021),
which might be of public health concern (Olival et al., 2017). We
caution that our projections considering multiple species simul-
taneously have been designed for large scale assessment of broad
distribution patterns and did not account for species-specific phys-
iological or behavioural responses to small scale environmental
and landscape properties. Thus, conservation planning focused at
individual species should not rely exclusively on such models,
which can be used as a starting point, but should be combined
with fine-grained field data as well as a more in-depth analysis
of how different climate variables and biotic contexts affect fitness
(Mawdsley et al., 2009).
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Conclusions

Overall, our results provide new insights to guide landscape
management, policy and practice to maintain or enhance bat
diversity and their ecological functions in the Neotropics. A
main highlight of our projections is that, despite the low num-
ber of habitat specialist species observed in land use/climate
change-influenced area, increasing landscape connectivity and
maintenance of old-growth forests is crucial for Neotropical bat
ecosystem services conservation in the future. Long-term moni-
toring programs will be important to track the combined impacts
of climate and land use changes on Neotropical bats and pro-
vide conservationist with information to evaluate the effectiveness
of conservation plans (Sherwin et al.,, 2013). Furthermore, bet-
ter determining the dispersal abilities, realized niche width and
physiological tolerances at the species level will be particularly
important for understanding the vulnerability of Neotropical bats
to climate and land use change and their ability to persist or redis-
tribute in response to the changing environment (Mawdsley et al.,
2009; Zamora-Gutierrez et al., 2018).

Conflict of interest

The authors declare that there is no conflict of interest.

Acknowledgements

FG, MG and MMP were supported by (FAPESP) Sdo Paulo
Research  Foundation  (Grant  2017/24252-0,2019/00648-
7,2019/25478-7). LS was funded by the PNPD (Programa Nacional
de P6s-Doutorado, in Portuguese)at the Campinas State University
(UNICAMP). This study was financed in part by the Coordenagdo
de Aperfeicoamento de Pessoal de Nivel Superior - Brasil (CAPES)-
Finance Code 001.

Appendix A. Supplementary data

Supplementary material related to this article can be
found, in the online version, at doi:https://doi.org/10.1016/j.
pecon.2021.07.005.

References

Aguiar, L.M.S,, Pereira, MJ.R., Zortéa, M., Machado, R.B., 2020. Where are the bats?
An environmental complementarity analysis in a megadiverse country. Divers.
Distrib. 26, 1510-1522, http://dx.doi.org/10.1111/ddi.13137.

Antonelli, A., Zizka, A., Carvalho, F.A., Scharn, R., Bacon, C.D,, Silvestro, D.,
Condamine, F.L., 2018. Amazonia is the primary source of Neotropical
biodiversity. Proc. Natl. Acad. Sci. 115, 6034-6039,
http://dx.doi.org/10.1073/pnas.1713819115.

Aratjo, M.B., Anderson, R.P., Barbosa, A.M., Beale, C.M., Dormann, C.F., Early, R.,
Garcia, RA,, Guisan, A., Maiorano, L., Naimi, B., O'Hara, R.B., Zimmermann, N.E.,
Rahbek, C., 2019. Standards for distribution models in biodiversity
assessments. Sci. Adv. 5, http://dx.doi.org/10.1126/sciadv.aat4858, eaat4858.

Arias-Aguilar, A., Chacén-Madrigal, E., Laval, R., Rodriguez-Herrera, B., 2020.
Diversity and activity patterns of aerial insectivorous bats along an altitudinal
gradient in a tropical forest in Costa Rica. Hystrix 31, 1-6,
http://dx.doi.org/10.4404/hystrix-00244-2019.

Arroyo-Rodriguez, V., Fahrig, L., Tabarelli, M., Watling, ].I, Tischendorf, L.,
Benchimol, M., Cazetta, E., Faria, D., Leal, L.R., Melo, F.P.L., Morante-Filho, J.C.,
Santos, B.A., Arasa-Gisbert, R., Arce-Peifia, N., Cervantes-L6pez, M].,
Cudney-Valenzuela, S., Galan-Acedo, C., San-José, M., Vieira, 1.C.G., Slik, JW.F.,
Nowakowski, AJ., Tscharntke, T., 2020. Designing optimal human-modified
landscapes for forest biodiversity conservation. Ecol. Lett. 23, 1404-1420,
http://dx.doi.org/10.1111/ele.13535.

Barve, N., Barve, V., Jiménez-Valverde, A., Lira-Noriega, A., Maher, S.P., Peterson,
A.T., Sober6n, ]., Villalobos, F., 2011. The crucial role of the accessible area in
ecological niche modeling and species distribution modeling. Ecol. Modell.
222,1810-1819, http://dx.doi.org/10.1016/j.ecolmodel.2011.02.011.

Bender, I.LM.A,, Kissling, W.D., B6hning-Gaese, K., Hensen, L., Kiihn, L., Nowak, L.,
Topfer, T., Wiegand, T., Dehling, D.M., Schleuning, M., 2019. Projected impacts
of climate change on functional diversity of frugivorous birds along a tropical

Perspectives in Ecology and Conservation 19 (2021) 454-463

elevational gradient. Sci. Rep. 9, 17708,
http://dx.doi.org/10.1038/s41598-019-53409-6.

Brooks, T.M., Pimm, S.L., Ak¢akaya, H.R., Buchanan, G.M., Butchart, S.H.M., Foden,
W., Hilton-Taylor, C., Hoffmann, M., Jenkins, C.N., Joppa, L., Li, B.V., Menon, V.,
Ocampo-Pefiuela, N., Rondinini, C., 2019. Measuring terrestrial area of habitat
(AOH) and its utility for the IUCN red list. Trends Ecol. Evol. 34, 977-986,
http://dx.doi.org/10.1016/j.tree.2019.06.009.

Clavel, J., Julliard, R., Devictor, V., 2011. Worldwide decline of specialist species:
toward a global functional homogenization? Front. Ecol. Environ. 9, 222-228,
http://dx.doi.org/10.1890/080216.

Colwell, RK., Brehm, G., Cardelts, C.L., Gilman, A.C., Longino, ].T., 2008. Global
warming, elevational range shifts, and lowland biotic attrition in the wet
tropics. Science (80-.) 322, 258-261,
http://dx.doi.org/10.1126/science.1162547.

Crawford, R.D., O’Keefe, ].M., 2021. Avoiding a conservation pitfall: considering the
risks of unsuitably hot bat boxes. Conserv. Sci. Pract. 3, e412,
http://dx.doi.org/10.1111/csp2.412.

Delgado-Jaramillo, M., Aguiar, L.M.S., Machado, R.B., Bernard, E., 2020. Assessing
the distribution of a species-rich group in a continental-sized megadiverse
country: bats in Brazil. Divers. Distrib. 26, 632-643,
http://dx.doi.org/10.1111/ddi.13043.

Devictor, V., Julliard, R., Clavel, J., Jiguet, F., Lee, A., Couvet, D., 2008. Functional
biotic homogenization of bird communities in disturbed landscapes. Glob. Ecol.
Biogeogr. 17, 252-261, http://dx.doi.org/10.1111/j.1466-8238.2007.00364.x.

Elith, ., Leathwick, J.R., 2009. Species distribution models: ecological explanation
and prediction across space and time. Annu. Rev. Ecol. Evol. Syst. 40, 677-697,
http://dx.doi.org/10.1146/annurev.ecolsys.110308.120159.

Engler, R., Hordijk, W., Guisan, A., 2012. The MIGCLIM R package - seamless
integration of dispersal constraints into projections of species distribution
models. Ecography (Cop.) 35, 872-878,
http://dx.doi.org/10.1111/j.1600-0587.2012.07608 x.

Etard, A., Morrill, S., Newbold, T., 2020. Global gaps in trait data for terrestrial
vertebrates. Glob. Ecol. Biogeogr. 29, 2143-2158,
http://dx.doi.org/10.1111/geb.13184.

Farneda, F.Z., Meyer, C.F]., Grelle, C.E.V., 2020. Effects of land-use change on
functional and taxonomic diversity of Neotropical bats. Biotropica 52,
120-128, http://dx.doi.org/10.1111/btp.12736.

Faurby, S., Aratjo, M.B., 2018. Anthropogenic range contractions bias species
climate change forecasts. Nat. Clim. Chang. 8, 252-256,
http://dx.doi.org/10.1038/s41558-018-0089-x.

Fielding, A.H., Bell, J.F., 1997. A review of methods for the assessment of prediction
errors in conservation presence/absence models. Environ. Conserv. 24, 38-49,
http://dx.doi.org/10.1017/S0376892997000088.

Fragoso, .M.V, Gongalves, F., Oliveira, L.F.B., Overman, H., Levi, T,, Silvius, K.M.,
2019. Visual encounters on line transect surveys under-detect carnivore
species: implications for assessing distribution and conservation status. PLoS
One 14, 1-17, http://dx.doi.org/10.1371/journal.pone.0223922.

Gongalves, F., Fischer, E., Dirzo, R., 2017. Forest conversion to cattle ranching
differentially affects taxonomic and functional groups of Neotropical bats. Biol.
Conserv. 210, 343-348, http://dx.doi.org/10.1016/j.biocon.2017.04.021.

Gongalves, F., Magioli, M., Bovendorp, R.S., Ferraz, K.M.P.M.B., Bulascoschi, L.,
Moreira, M.Z., Galetti, M., 2020. Prey choice of introduced species by the
common vampire bat (Desmodus rotundus) on an Atlantic forest land-Bridge
Island. Acta Chiropterol. 22, 167-174,
http://dx.doi.org/10.3161/15081109acc2020.22.1.015.

Gongalves, F., Galetti, M., Streicker, D.G., 2021. Management of vampire bats and
rabies: a precaution for rewilding projects in the Neotropics. Perspect. Ecol.
Conserv. 19, 37-42, http://dx.doi.org/10.1016/j.pecon.2020.12.005.

IPCC, 2014. In: Pachauri, R.K., Meyer, L. (Eds.), Climate Change 2014: Synthesis
Report. Contribution of Working Groups I, Il and III to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change.

IPCC, 2019. In: Shukla, P.R., Skea, J., Calvo Buendia, E., Masson-Delmotte, V., Pértner,
H.-0., Roberts, D.C., Zhai, P., Slade, R., Connors, S., van Diemen, R., Ferrat, M.,
Haughey, E., Luz, S., Neogi, S., Pathak, M., Petzold, ]., Portugal Pereira, J., Vyas, P.,
Huntley, E., Kissick, K., Belkacemi, M., Malley, J. (Eds.), Climate Change and
Land: an IPCC Special Report on Climate Change, Desertification, Land
Degradation, Sustainable Land Management, Food Security, and Greenhouse
Gas Fluxes in Terrestrial Ecosystems. , Retrieved from www.ipcc.ch.

IUCN, Version 2020-1. https://www.iucnredlist.org. Downloaded on 19 March
2020 2020. The IUCN Red List of Threatened Species.

Larsen, T.H., 2012. Upslope range shifts of andean dung beetles in response to
deforestation: compounding and confounding effects of microclimatic change.
Biotropica 44, 82-89, http://dx.doi.org/10.1111/j.1744-7429.2011.00768 x.

LaVal, R.K., 2004. Impact of global warming and locally changing climate on
tropical cloud forest bats. ]. Mammal. 85, 237-244,
http://dx.doi.org/10.1644/BWG-016.

Li, X., Chen, G,, Liu, X,, Liang, X., Wang, S., Chen, Y., Pei, F., Xu, X., 2017. A new global
land-use and land-cover change product at a 1-km resolution for 2010 to 2100
based on human-environment interactions. Ann. Am. Assoc. Geogr. 107,
1040-1059, http://dx.doi.org/10.1080/24694452.2017.1303357.

Lima-Ribeiro, M.S., Moreno, A.K.M., Terribile, L.C., Caten, C.T., Loyola, R., Rangel,
T.F., Diniz-Filho, J.A.F., 2017. Fossil record improves biodiversity risk
assessment under future climate change scenarios. Divers. Distrib. 23,
922-933, http://dx.doi.org/10.1111/ddi.12575.

Littlefield, C.E., McRae, B.H., Michalak, J.L., Lawler, ].J., Carroll, C., 2017. Connecting
today’s climates to future climate analogs to facilitate movement of species

462


https://doi.org/10.1016/j.pecon.2021.07.005
https://doi.org/10.1016/j.pecon.2021.07.005
dx.doi.org/10.1111/ddi.13137
dx.doi.org/10.1073/pnas.1713819115
dx.doi.org/10.1126/sciadv.aat4858
dx.doi.org/10.4404/hystrix-00244-2019
dx.doi.org/10.1111/ele.13535
dx.doi.org/10.1016/j.ecolmodel.2011.02.011
dx.doi.org/10.1038/s41598-019-53409-6
dx.doi.org/10.1016/j.tree.2019.06.009
dx.doi.org/10.1890/080216
dx.doi.org/10.1126/science.1162547
dx.doi.org/10.1111/csp2.412
dx.doi.org/10.1111/ddi.13043
dx.doi.org/10.1111/j.1466-8238.2007.00364.x
dx.doi.org/10.1146/annurev.ecolsys.110308.120159
dx.doi.org/10.1111/j.1600-0587.2012.07608.x
dx.doi.org/10.1111/geb.13184
dx.doi.org/10.1111/btp.12736
dx.doi.org/10.1038/s41558-018-0089-x
dx.doi.org/10.1017/S0376892997000088
dx.doi.org/10.1371/journal.pone.0223922
dx.doi.org/10.1016/j.biocon.2017.04.021
dx.doi.org/10.3161/15081109acc2020.22.1.015
dx.doi.org/10.1016/j.pecon.2020.12.005
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0120
http://www.ipcc.ch
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0130
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0130
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0130
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0130
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0130
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0130
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0130
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0130
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0130
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0130
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0130
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0130
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0130
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0130
dx.doi.org/10.1111/j.1744-7429.2011.00768.x
dx.doi.org/10.1644/BWG-016
dx.doi.org/10.1080/24694452.2017.1303357
dx.doi.org/10.1111/ddi.12575

F. Gongalves, L.P. Sales, M. Galettiet al.

under climate change. Conserv. Biol. 31, 1397-1408,
http://dx.doi.org/10.1111/cobi.12938.

Lobo, J.M,, Jiménez-Valverde, A., Hortal, J., 2010. The uncertain nature of absences
and their importance in species distribution modelling. Ecography (Cop.) 33,
103-114, http://dx.doi.org/10.1111/j.1600-0587.2009.06039.X.

Marquaridt, D.W., 1970. Generalized inverses, ridge regression, biased linear
estimation, and nonlinear estimation. Technometrics 12, 591-612,
http://dx.doi.org/10.1080/00401706.1970.10488699.

Mawdsley, J.R., O'Malley, R., Ojima, D.S., 2009. A review of climate-change
adaptation strategies for wildlife management and biodiversity conservation.
Conserv. Biol. 23, 1080-1089,
http://dx.doi.org/10.1111/j.1523-1739.2009.01264.x.

Mendes, P., Srbek-Araujo, A.C., 2021. Effects of land-use changes on Brazilian bats:
a review of current knowledge. Mamm. Rev. 51, 127-142,
http://dx.doi.org/10.1111/mam.12227.

Merow, C,, Silander, J.A., 2014. A comparison of Maxlike and Maxent for modelling
species distributions. Methods Ecol. Evol. 5, 215-225,
http://dx.doi.org/10.1111/2041-210X.12152.

Morrone, ].J., 2014. Biogeographical regionalisation of the neotropical region.
Zootaxa 3782, 1-110, http://dx.doi.org/10.11646/zootaxa.3782.1.1.

Moussy, C., Hosken, D.J., Mathews, F., Smith, G.C., Aegerter, J.N., Bearhop, S., 2013.
Migration and dispersal patterns of bats and their influence on genetic
structure. Mamm. Rev. 43, 183-195,
http://dx.doi.org/10.1111/j.1365-2907.2012.00218.x.

Naimi, B., Hamm, N.A.S., Groen, T.A., Skidmore, A.K., Toxopeus, A.G., 2014. Where is
positional uncertainty a problem for species distribution modelling?
Ecography (Cop.) 37, 191-203,
http://dx.doi.org/10.1111/j.1600-0587.2013.00205.x.

Newbold, T., Hudson, L.N., Contu, S., Hill, S.L.L., Beck, J., Liu, Y., Meyer, C., Phillips,
H.R.P,, Scharlemann, ].P.W., Purvis, A., 2018. Widespread winners and
narrow-ranged losers: land use homogenizes biodiversity in local assemblages
worldwide. PLoS Biol. 16, 1-24,
http://dx.doi.org/10.1371/journal.pbio.2006841.

Olival, KJJ., Hosseini, P.R., Zambrana-Torrelio, C., Ross, N., Bogich, T.L., Daszak, P.,
2017. Host and viral traits predict zoonotic spillover from mammals. Nature
546, 646-650, http://dx.doi.org/10.1038/nature22975.

Pearson, R.G., Dawson, T.P., 2003. Predicting the impacts of climate change on the
distribution of species: Are bioclimate envelope models useful? Glob. Ecol.
Biogeogr. 12, 361-371, http://dx.doi.org/10.1046/j.1466-822X.2003.00042.x.

Pearson, R.G., Raxworthy, C.J., Nakamura, M., Townsend Peterson, A., 2007.
Predicting species distributions from small numbers of occurrence records: a
test case using cryptic geckos in Madagascar. J. Biogeogr. 34, 102-117,
http://dx.doi.org/10.1111/j.1365-2699.2006.01594.x.

Popa-Lisseanu, A.G., Voigt, C.C., 2009. Bats on the move. J. Mammal. 90,
1283-1289, http://dx.doi.org/10.1644/09-MAMM-S-130R2.1.

R Core Team, URL http://www.R-project.org/, 2021.

Ribeiro, B.R., Sales, L.P., De Marco, P., Loyola, R., 2016. Assessing mammal exposure
to climate change in the Brazilian Amazon. PLoS One 11, 1-13,
http://dx.doi.org/10.1371/journal.pone.0165073.

Perspectives in Ecology and Conservation 19 (2021) 454-463

Sales, L.P., Ribeiro, B.R., Pires, M.M., Chapman, C.A., Loyola, R., 2019. Recalculating
route: dispersal constraints will drive the redistribution of Amazon primates in
the Anthropocene. Ecography (Cop.) 42, 1789-1801,
http://dx.doi.org/10.1111/ecog.04499.

Sales, L.P., Galetti, M., Pires, M.M., 2020a. Climate and land-use change will lead to
a faunal “savannization” on tropical rainforests. Glob. Chang. Biol. 26,
7036-7044, http://dx.doi.org/10.1111/gcb.15374.

Sales, L., Culot, L., Pires, M.M., 2020b. Climate niche mismatch and the collapse of
primate seed dispersal services in the Amazon. Biol. Conserv. 247, 108628,
http://dx.doi.org/10.1016/j.biocon.2020.108628.

Sales, L., Ribeiro, B.R., Chapman, C.A., Loyola, R., 2020c. Multiple dimensions of
climate change on the distribution of Amazon primates. Perspect. Ecol.
Conserv. 18, 83-90, http://dx.doi.org/10.1016/j.pecon.2020.03.001.

Sherwin, H.A., Montgomery, W.I., Lundy, M.G., 2013. The impact and implications
of climate change for bats. Mamm. Rev. 43, 171-182,
http://dx.doi.org/10.1111/j.1365-2907.2012.00214.x.

Simmons, N.B., 2005. Order_Chiroptera. In: Reeder, D.E.W., D.M. (Eds.), Mammals
Species of the World: A Taxonomic and Geographic Reference. Johns Hopkins
University Press, Baltimore, pp. 312-529.

Sinervo, B., Méndez-de-la-Cruz, F., Miles, D.B., Heulin, B., Bastiaans, E.,
Villagran-Santa Cruz, M., Lara-Resendiz, R., Martinez-Méndez, N.,
Calderén-Espinosa, M.L.,, Meza-Lazaro, R.N., Gadsden, H., Avila, L.J., Morando,
M., De la Riva, L]., Sepulveda, P.V., Rocha, C.F.D., Ibargiiengoytia, N., Puntriano,
C.A., Massot, M., Lepetz, V., Oksanen, T.A., Chapple, D.G., Bauer, A.M., Branch,
W.R,, Clobert, J., Sites, J.W., 2010. Erosion of lizard diversity by climate change
and altered thermal niches. Science 328, 894-899,
http://dx.doi.org/10.1126/science.1184695.

Staude, LR., Navarro, L.M., Pereira, H.M., 2020. Range size predicts the risk of local
extinction from habitat loss. Glob. Ecol. Biogeogr. 29, 16-25,
http://dx.doi.org/10.1111/geb.13003.

Stevens, G.C., 1992. The elevational gradient in altitudinal range: an extension of
Rapoport’s latitudinal rule to altitude. Am. Nat. 140, 893-911,
http://dx.doi.org/10.1086/285447.

Tingley, M.W., Monahan, W.B., Beissinger, S.R., Moritz, C., 2009. Birds track their
Grinnellian niche through a century of climate change. Proc. Natl. Acad. Sci.
106, 19637-19643, http://dx.doi.org/10.1073/pnas.0901562106.

Wu, ], 2016. Detection and attribution of the effects of climate change on bat
distributions over the last 50 years. Clim. Change 134, 681-696,
http://dx.doi.org/10.1007/s10584-015-1543-7.

Zamora-Gutierrez, V., Pearson, R.G., Green, R.E., Jones, K.E., 2018. Forecasting the
combined effects of climate and land use change on Mexican bats. Divers.
Distrib. 24, 363-374, http://dx.doi.org/10.1111/ddi.12686.

Zizka, A., Antonelli, A., Silvestro, D., 2021. sampbias, a method for quantifying
geographic sampling biases in species distribution data. Ecography (Cop.) 44,
25-32, http://dx.doi.org/10.1111/ecog.05102.

463


dx.doi.org/10.1111/cobi.12938
dx.doi.org/10.1111/j.1600-0587.2009.06039.x
dx.doi.org/10.1080/00401706.1970.10488699
dx.doi.org/10.1111/j.1523-1739.2009.01264.x
dx.doi.org/10.1111/mam.12227
dx.doi.org/10.1111/2041-210X.12152
dx.doi.org/10.11646/zootaxa.3782.1.1
dx.doi.org/10.1111/j.1365-2907.2012.00218.x
dx.doi.org/10.1111/j.1600-0587.2013.00205.x
dx.doi.org/10.1371/journal.pbio.2006841
dx.doi.org/10.1038/nature22975
dx.doi.org/10.1046/j.1466-822X.2003.00042.x
dx.doi.org/10.1111/j.1365-2699.2006.01594.x
dx.doi.org/10.1644/09-MAMM-S-130R2.1
http://www.R-project.org/
dx.doi.org/10.1371/journal.pone.0165073
dx.doi.org/10.1111/ecog.04499
dx.doi.org/10.1111/gcb.15374
dx.doi.org/10.1016/j.biocon.2020.108628
dx.doi.org/10.1016/j.pecon.2020.03.001
dx.doi.org/10.1111/j.1365-2907.2012.00214.x
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
http://refhub.elsevier.com/S2530-0644(21)00071-7/sbref0270
dx.doi.org/10.1126/science.1184695
dx.doi.org/10.1111/geb.13003
dx.doi.org/10.1086/285447
dx.doi.org/10.1073/pnas.0901562106
dx.doi.org/10.1007/s10584-015-1543-7
dx.doi.org/10.1111/ddi.12686
dx.doi.org/10.1111/ecog.05102

	Combined impacts of climate and land use change and the future restructuring of Neotropical bat biodiversity
	Introduction
	Methods
	Study system
	Ecological niche models
	Climate change forecasts
	Habitat filter masks
	Dispersal assumptions

	Results
	The magnitude of range shift
	Neotropical ecoregions with higher projected impact

	Discussion
	The magnitude of range shift
	Neotropical ecoregions with higher projected impacts
	Shifts in ecological functions
	Implications for species extinction risk and conservation biogeography

	Conclusions
	Conflict of interest
	Acknowledgements
	Appendix A Supplementary data
	References


