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Abstract. Frugivorous bats of the genus Vampyrodes (Phyllostomidae) play a vital ecological role through seed
dispersal and habitat maintenance in Neotropical forests. However, they are increasingly threatened by habi-
tat loss and climate change. This study examined the current and potential future distributions of V. major and
V. caraccioli to assess their ecological requirements and evaluate conservation challenges. We compiled occur-
rence records from literature and databases, selecting relevant climatic variables to develop environmental niche
models using the Maxent algorithm. Model performance was optimized by comparing multiple parameter com-
binations and validated through established statistical criteria. V. major shows relatively stable climatic suitability
areas under both low-emission (SSP1-2.6) and high-emission (SSP5-8.5) scenarios, suggesting broader climatic
niche breadth. By contrast, V. caraccioli faces substantial losses of climatically suitable areas — up to 50 % in
the most extreme emission scenario — especially in the Amazon basin. The projected reduction of climatic suit-
ability within protected areas further highlights the vulnerability of V. caraccioli, raising concerns about their
long-term viability and the potential disruptions to seed dispersal networks. Conversely, while V. major retains
climatically suitable areas in protected zones, ongoing deforestation and fragmentation remain significant threats.
These findings underscore the importance of formulating differentiated conservation strategies for each species.
Specifically, bolstering corridor networks, preserving intact forest patches, and developing climate change miti-
gation policies are critical to safeguarding these bats’ ecological functions. By providing a clearer understanding
of present and future distributional patterns, this study aims to guide more effective, science-based management
of Vampyrodes species across their geographic range.

bution to genetic connectivity across fragmented landscapes

In the Neotropics, bats of the family Phyllostomidae play
a fundamental role in maintaining tropical ecosystem func-
tioning (Mancina et al., 2012). Beyond dispersing the seeds
of numerous native plant species, phyllostomid bats also
provide key ecosystem services such as pollination of chi-
ropterophilous plants, regulation of arthropod populations,
nutrient redistribution through guano deposition, and contri-

(Fleming et al., 2009; Kunz et al., 2011). These services are
critical for sustaining plant reproduction, trophic dynamics,
and ecosystem resilience in Neotropical forests (Medellin
and Gaona, 1999; Lim and Engstrom, 2001; Muscarella and
Fleming, 2007). Given their close ecological relationships
with the plants they depend on, these tropical bats are fac-
ing numerous threats such as habitat loss and climate change
(Pereira et al., 2010; Rebelo et al., 2010; Sherwin et al., 2012;
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Festa et al., 2023; Fialas et al., 2025; Van et al., 2025). While
the effects of habitat loss have been well documented, the
specific consequences of climate change on bats’ distribution
and functional roles remain poorly understood.

The increasing frequency of extreme weather events, such
as heatwaves and droughts, poses a significant threat to bat
populations (Welbergen et al., 2008; Salinas-Ramos et al.,
2023). These extremes are particularly relevant for bats be-
cause they often roost in cavities or foliage where tempera-
tures can rise rapidly, and their thermoregulation under heat
stress is constrained, increasing the risk of hyperthermia and
dehydration, which can lead to mass mortality events (Wel-
bergen et al., 2008). These events, exacerbated by the effects
of global climate change, can reduce the availability of suit-
able roosting and foraging areas for tropical bats (Meyer et
al., 2016). This concern is particularly relevant in the Ama-
zon region, where climatic extremes such as severe drought
and anomalous warming have been documented in recent
years (Espinoza et al., 2024), within a highly heterogeneous
and dynamic landscape (Hoorn et al., 2010). These alter-
ations not only reduce bat populations but also directly im-
pact ecosystem services, such as seed dispersal, and affect
long-term ecosystem health and stability (Festa et al., 2023).
The implications of these changes highlight the need for con-
servation strategies that integrate both adaptation and miti-
gation of climate change to protect bats and the ecosystems
they depend on (Aguiar et al., 2016). In this context, ecologi-
cal niche modelling (ENM) analyses enable the identification
of current areas with suitable climatic conditions for popu-
lations and those regions that could offer refuge under fu-
ture climatic scenarios (Festa et al., 2023). This information
is critical to adapting and expanding protected areas, priori-
tizing climate stability zones that serve as long-term natural
refuges (Arroyo-Rodriguez et al., 2020). Additionally, ENM
facilitates the identification of potential ecological corridors
necessary to maintain connectivity between fragmented habi-
tats, reducing the risk of population isolation and promoting
species’ resilience to future environmental changes (Fahrig,
2003).

This is concerning, especially for genera like Vampyrodes,
whose species are particularly susceptible to disturbances in
vegetation because they depend on plants not only for food
but also for shelter (Morrison, 1980). There are few stud-
ies focused on this genus, but all of them have considered
their species as bioindicators, primarily due to their exclu-
sive presence in well-preserved forests spanning from south-
ern Mexico to southeastern Brazil (Téllez-Girén, 2005; Ve-
lazco et al., 2010). However, recent studies have reported the
occurrence of these bats in ecosystems undergoing ecolog-
ical restoration, where secondary vegetation predominates
(Garcia-Morales et al., 2022). This suggests that their habi-
tat tolerance may be broader than previously assumed, high-
lighting the need for further studies on their resilience under
changing environmental conditions.

Web Ecol., 26, 157-173, 2026

The taxonomic history of Vampyrodes has been contro-
versial as the number of species has varied through time, in
part because the genus represents a cryptic species complex.
Originally this genus was proposed as a subgenus of Vam-
pirops (Thomas, 1889), but Miller (1907) elevated it to the
generic level. Handley (1966) recognized it as a monotypic
genus with the species V. caraccioli and two subspecies:
V. caraccioli caraccioli and V. c¢. major. According to this
classification, V. c. caraccioli was distributed from Colombia
to southeastern Brazil, while V. c. major was confined from
southern Mexico to the Colombian Andes. Based on phylo-
genetic results using the mitochondrial cytochrome b gene
and a comprehensive review of cranial morphology, Velazco
and Simmons (2011) recognized V. caraccioli and V. ma-
Jjor as valid species. This study is considered the most sig-
nificant contribution to the genus, with the taxonomic clas-
sification remaining unchanged. Most research on Vampy-
rodes has primarily addressed taxonomic and morphological
questions, as well as reporting new locality records for both
species (Velazco and Simmons, 2011; Carvalho et al., 2014;
Althoff et al., 2017; Garcia-Morales et al., 2022). Despite the
TUCN categorizing both species as Least Concern based on
their wide geographic distribution (Miller et al., 2016; Solari,
2016), there is still a notable lack of information regarding
ecological characteristics, environmental preferences, popu-
lation trends, and broader conservation needs, which is es-
sential for potentially recategorizing their current conserva-
tion status.

In this study, we assess how climate structures the ecolog-
ical variation and geographic suitability of Vampyrodes and
how these patterns may shift under future climates. Focusing
on V. major and V. caraccioli, we characterize their climatic
associations; evaluate whether niches are conserved or dif-
ferentiated within the genus; and quantify projected changes
in suitability as loss, gain, and stability. We then examine
the overlap between present and future suitable areas and the
protected area network to identify climatically stable zones
and conservation priorities. Based on the genus’s reliance on
forest resources and the documented sensitivity of bats to cli-
matic stressors, we expect partial overlap between species
and a scenario-dependent reconfiguration of suitable areas,
with stable suitability not necessarily coinciding with exist-
ing protected areas. Overall, our results provide an updated
picture of climatic suitability for Vampyrodes and a basis for
conservation planning and policy-oriented recommendations
under ongoing environmental change.

2 Materials and methods

2.1 Study area

The analyses were carried out in the tropical and subtropi-
cal regions from Central America to South America accord-
ing to the geographical distribution of the genus Vampyrodes
(Velazco and Simmons, 2011). The distribution of V. major
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is concentrated in Central America, spanning from southern
Mexico to Colombia (Velazco and Simmons, 2011; Garcia-
Morales et al., 2022). V. caraccioli occupies a broader area in
South America where it predominates in the Amazon basin,
the Andean regions, and tropical zones of southern Brazil,
extending from Venezuela to central Bolivia and Peru (Fig. 1)
(Velazco and Simmons, 2011; Althoff et al., 2017). These
areas exhibit high spatial and environmental heterogeneity,
incorporating diverse mosaics such as highland mountain
ranges, floodplains, mangroves, swamps, coastal regions, and
savannas interconnected by other hydrographic basins and
the Amazon rainforest (Hoorn et al., 2010; Antonelli et al.,
2018). The climate in the region is tropical, predominantly of
the Af (equatorial rainforest, fully humid) and Am (equato-
rial monsoon) types, according to the Kdppen classification
(Peel et al., 2007). The average precipitation is between 2200
and 3100 mm, whereas temperatures range from 20 to 26 °C
(Alvares et al., 2013).

2.2 Occurrence records and bioclimatic variables

Occurrence records for V. major and V. caraccioli were ob-
tained from literature and the GBIF (Global Biodiversity In-
formation Facility, 2025; http://www.gbif.org, last access: 3
August 2025) database. Distribution records from the liter-
ature included the localities reported by Velazco and Sim-
mons (2011) because of a taxonomic revision of museum
specimens, as well as new reports for both species (Althoff
et al., 2017; Garcia-Morales et al., 2022). We did not include
citizen-science records (e.g. iNaturalist) because the cryptic
nature of Vampyrodes increases the risk of misidentification
in non-vouchered observations; therefore, we restricted oc-
currences to published and GBIF records with a verifiable
taxonomic basis. Specimen occurrences were filtered to ex-
clude non-georeferenced data, duplicate records, and those
outside of the natural species ranges. The final database com-
prised 190 presence records, of which 113 correspond to
V. caraccioli and 77 to V. major. To contextualize interspe-
cific differences in modelled climatic breadth, we summa-
rized the distribution of filtered occurrence records across
terrestrial ecoregions using the WWF ecoregional framework
proposed by Olson et al. (2001). Occurrence points were
spatially intersected with the ecoregion layer, and records
were counted per ecoregion for each species. This sum-
mary was used as descriptive support for the geographic—
environmental coverage of the occurrence dataset and not as
a direct test of ecological flexibility.

Bioclimatic variables were obtained from the World-
Clim 2.1 database (Fick and Hijmans, 2017; http://www.
worldclim.org, last access: 3 August 2025) and used as de-
scriptive variables (temperature and precipitation) in the sub-
sequent analysis. We used 15 bioclimatic variables to charac-
terize the habitat’s climatic conditions. However, a reduced
subset of variables (see Sect. 2.4) was used for ENM cali-
bration after excluding highly correlated predictors. In our

https://doi.org/10.5194/we-26-157-2026

analyses, bioclimatic variables bio8, bio9, biol8, and biol9
were excluded due to abrupt discontinuities in areas lacking
characterization caused by geographic breaks (Escobar et al.,
2015; Alkishe et al., 2022; Contreras-Diaz et al., 2023). This
consideration was applied to the climatic characterization
and the development of ecological niche models. Given the
broad known distribution of both species, a 2.5 arcmin reso-
lution ( ~ 5km at the Equator) was selected to characterize
climatic conditions and to build present and future ecological
niche models. This resolution was chosen due to its ability
to capture the spatial dynamics of climatic variables without
compromising computational efficiency (Aiello-Lammens et
al., 2015; Alvarez et al., 2021). In addition, we retained this
grain to avoid pseudo-precision when modelling with com-
piled occurrence records that may include heterogeneous
positional uncertainty. Because locational error can propa-
gate into ENM calibration and spatial predictions (especially
when predictor resolution is finer than the effective accuracy
of occurrences), we considered ~5 km an appropriate and de-
fensible compromise for the regional-scale inference of cli-
matic suitability and its projected changes (Graham et al.,
2008).

2.3 Climatic variability and niche overlap quantification

The bioclimatic variables mentioned above summarized the
climatic niche characteristics of Vampyrodes species. We cal-
culated descriptive statistics (mean, standard error, maximum
and minimum values, standard deviation, and coefficient of
variation) to determine each species’ environmental range
using data obtained from occurrence records. We performed
Mann—Whitney U tests for each bioclimatic variable in Sta-
tistica 8.0 as complementary univariate summaries of differ-
ences in occurrence-associated climatic conditions between
V. major and V. caraccioli. This non-parametric statistical test
was selected for the comparisons because the primary data
did not meet the assumptions required to perform parametric
tests based on a normal distribution.

Niche overlap analyses were conducted in R using ecospat
in PCA-env space (Broennimann et al., 2012; Di Cola et
al., 2017). Bioclimatic variables (WorldClim 2.1, 2.5 arcmin)
were obtained with geodata, excluding bio08, bio09, biol8,
and biol9 a priori. Species-specific background environ-
mental space was defined from the accessible area (M)
under the BAM framework using minimum convex poly-
gons (MCPs) based on filtered occurrences, and back-
ground points were sampled within each M using only
raster cells with complete values across all predictors (tar-
get =20 000 points per species). A PCA (PCA1-PCA2) was
calibrated on the combined background environments of
both species (ade4::dudi.pca, nf =2), and environmental oc-
cupancy grids were built with ecospat.grid.clim.dyn (R =
100, th.sp=0). We quantified overall niche overlap with
Schoener’s D and Hellinger-based / (ecospat.niche.overlap,
cor=TRUE), and performed niche similarity and equiv-
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Figure 1. Spatial distribution of occurrence records for Vampyrodes major (blue dots) and V. caraccioli (red dots) across Central and South

America.

alency randomization tests (ecospat.niche.similarity.test,
ecospat.niche.equivalency.test) with 5000 permutations. Di-
rectional niche-dynamics components (stability, expansion,
unfilling) were estimated with ecospat.niche.dyn.index (in-
tersection = 0) in both species directions, and centroid shift
was calculated as the Euclidean distance between species
niche centroids in PCA-env space. Because neither species
is invasive, expansion and unfilling were interpreted as di-
rectional niche-difference components rather than invasion
dynamics.

2.4 Ecological niche models for present and future
scenarios

We conducted a Spearman correlation test to exclude highly
correlated bioclimatic variables. This non-parametric equiv-
alent test was used because exploratory analyses showed that
the data did not meet the assumptions of parametric tests.
The analysis was performed using the ntbox library in R
(Osorio-Olvera et al., 2020), which identified the variables
to be used for modelling each species by filtering those sum-
marizing the environmental information of occurrence data
based on a correlation threshold of 0.75 (Hernandez-Chavez
et al., 2023). For both species, the least correlated variables
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were biol =annual mean temperature, bio4 = temperature
seasonality (standard deviation x100), bio7 = temperature
annual range, biol0 =mean temperature of warmest quar-
ter, biol2 = annual precipitation, and biol3 = precipitation
of wettest month.

To assess the potential impact of climate change on the cli-
matic suitability areas of both species, we used five general
circulation models (GCMs; ACCESS-CM2, BCC-CSM2-
MR, CMCC-ESM2, CNRM-CM6, and MIROC®6) under two
Shared Socioeconomic Pathway scenarios (SSP1-2.6 and
SSP5-8.5) for the 2041-2060 period. Rather than relying
on a single GCM, we used these models as an ensemble to
capture inter-model (structural) uncertainty and to obtain a
more robust and comprehensive view of potential future cli-
matic conditions. Future ensemble projections were gener-
ated by calculating the median suitability value across the
five GCMs for each SSP scenario. Using GCM ensembles
minimizes discrepancies in climatic variables and reduces
model uncertainty (Aradjo and New, 2006). This approach
reduces dependence on any single model structure and facil-
itates the identification of consistent patterns across projec-
tions, while keeping the analyses tractable and interpretable
at the regional scale. The selected GCMs represent a prac-
tical subset of CMIP6 projections with broad use in climate
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impact assessments and relevance for biodiversity-sensitive
regions such as the Neotropics (Eyring et al., 2016; Eyring
et al., 2019). SSP1-2.6 outlines a sustainability-oriented fu-
ture characterized by economic development, strong invest-
ments in health and education, and effective global gover-
nance (O’Neill et al., 2016), with mitigation efforts aimed
at limiting warming to below 2 °C (Riahi et al., 2017). In
contrast, SSP5-8.5 represents a fossil-fuel-intensive develop-
ment pathway with limited climate mitigation and substan-
tially higher warming by 2100 (Riahi et al., 2017; Mein-
shausen et al., 2020). Projections of the bioclimatic variables
were obtained from WorldClim 2.1 using the same spatial
resolution as the current data.

2.4.1 Data processing, parameterization, and validation
of ENM

The final occurrence database was spatially filtered using the
spThin package (Aiello-Lammens et al., 2015) in R version
4.3.1 (R Core Team, 2024). This step was necessary to re-
duce spatial autocorrelation and to avoid model overfitting
due to the presence of multiple records within the same pixel
or very close records (Aiello-Lammens et al., 2015). A min-
imum distance of 10km between pairs of points was used,
considering the spatial resolution of the bioclimatic variables
and the dispersal capacity of the bats (Mello et al., 2021).
The calibration area was defined based on the BAM frame-
work (Sober6n and Peterson, 2005), with special emphasis
on delimiting the accessible region (M). Calibration areas for
each species were defined using minimum convex polygons
based on the filtered presence data. With these areas prop-
erly defined, 10000 background points were generated for
the ENMs.

We used the Maxent algorithm (Phillips et al., 2006)
to build ENMs for each Vampyrodes species, implemented
in the Wallace package in R (Kass et al., 2018). Sepa-
rate models for each species were constructed and evalu-
ated to select those with optimal parameters, using combi-
nations of five feature class configurations: L, LQ, H, LQH,
and LQHP (where L = linear, Q = quadratic, H = hinge, and
P = product), along with different regularization multipliers
(ranging from 0.5 to 6.0 in 0.5 increments). Model parame-
terization was determined using the ENMeval 2.0 package in
R (Kass et al., 2021). Final models were selected based on the
predicted performance with the omission rate (OR < 0.05)
and model complexity with the lowest corrected Akaike in-
formation criterion (AICc; Akaike, 1974; Hurvich and Tsai,
1993). To provide a concise interpretation of predictor rel-
evance, we also inspected Maxent Java variable-importance
outputs for the final selected configurations, using the same
predictor set, feature classes, and regularization multipliers.
These outputs were used only as complementary descriptors
of predictor relevance and not for model selection. To eval-
uate the potential impact of climate change on the climatic
suitability of both species, the current climatic niche was
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transferred to the previously described SSP scenarios, using
the projection layers of the selected bioclimatic variables and
the five GCMs.

2.4.2 Post-processing analysis based on ENMs

Binary maps were generated using the 10-percentile thresh-
old, representing a 10 % probability that occurrence points
fall outside the predicted potential distribution areas (Torres-
Olave et al., 2018; Hernandez-Chavez et al., 2023). Future
projections were obtained from the ensemble outputs de-
scribed above, based on the median suitability value across
the five GCMs for each SSP scenario. Changes between cur-
rent and future scenarios were quantified by assessing loss,
gain, and stability areas. These analyses were conducted in
the ArcGIS 10.8 software (ESRI, 2020). Environmental sim-
ilarity in projected areas was evaluated using the multivariate
environmental similarity surfaces (MESS) approach imple-
mented in Wallace (Kass et al., 2018; Elith et al., 2010). This
method identifies areas where environmental conditions ex-
ceed the range observed in the model training data, which is
essential for evaluating prediction reliability in new areas.
Additionally, MESS highlighted high-uncertainty regions,
facilitating a cautious interpretation of predictions (Elith et
al., 2010).

2.5 Protected area gap analysis for Vampyrodes
species

We conducted a protected area gap analysis for V. major
and V. caraccioli under current and future climatic scenar-
ios using data from the World Database on Protected Areas
(WDPA; http://www.protectedplanet.net, last access: 3 Au-
gust 2025). The WDPA layer was adjusted and cropped to
match the spatial resolution and extent of the climatic suit-
ability models obtained for both species, allowing us to quan-
tify the area and percentage of climatically suitable condi-
tions currently represented within protected areas. This anal-
ysis was performed in ArcGIS 10.8 based on the final ensem-
ble models for current and future projections.

3 Results

3.1 Ecoregion representativity, climatic variability, and
niche overlap quantification

As a descriptive complement to the climatic niche analy-
ses, filtered occurrence records of Vampyrodes major were
distributed across 23 terrestrial ecoregions (77 records),
whereas V. caraccioli was represented in 20 ecoregions (113
records). The best-represented ecoregion for V. major was
the Petén-Veracruz moist forests (32.5 % of records), while
V. caraccioli was most strongly represented in the Guianan
moist forests (28.3 % of records). These data provide addi-
tional context for the geographic and environmental cover-

Web Ecol., 26, 157-173, 2026



http://www.protectedplanet.net

162 S. Hernandez-Rodriguez et al.: Contrasting futures for V. major and V. caraccioli

age of the occurrence records used in the analyses, but they
are not interpreted as direct evidence of ecological flexibility.

The ranges of temperature and precipitation estimated
from the bioclimatic variables (biol-bio17) showed broadly
comparable climatic envelopes for both species, although
differences were observed in the amplitude of values and in
associated variability (Table 1). For annual mean tempera-
ture (biol), V. caraccioli showed a mean of 24.1 °C (range:
5.4-27.0°C; SD=3.3°C), whereas V. major had a mean
of 24.7°C (range: 16.7-27.4°C; SD =2.5°C). Thus, mean
values were similar, but the observed ranges and variabil-
ity differed between species. A comparable pattern was ob-
served for several temperature-related variables (e.g. bio2,
bio3, bio4, bio7), where differences were expressed more
in the distribution and variability of values than in central
tendency alone (Table 1). In terms of precipitation (biol2-
biol7), both species spanned a broad range of moisture con-
ditions, but they differed in how precipitation regimes were
represented across their occurrence environments. For exam-
ple, annual precipitation (biol2) averaged 2959.5 mm (range:
1641-7012mm) in V. major and 2596.2 mm (range: 852-
5791 mm) in V. caraccioli. In addition, precipitation of the
driest quarter (biol7) showed high variability in both species,
with a higher coefficient of variation in V. major (CV =90.9)
than in V. caraccioli (CV =55.1) (Table 1). The complemen-
tary Mann—Whitney U tests showed statistically significant
univariate differences in several occurrence-associated cli-
matic variables (Table 1). Rather than indicating a simple
temperature-versus-precipitation contrast, these results sup-
port species differentiation along specific climatic dimen-
sions, particularly variables related to temperature variabil-
ity and dry-season moisture conditions, consistent with the
partial separation observed in PCA-env space and the niche-
dynamics analyses.

The climatic niche overlap between Vampyrodes caracci-
oli and V. major in environmental (PCA-env) space is shown
in Fig. 2. The distribution of environmental conditions along
the first two principal components (PC1 and PC2) indicates
a partially shared environmental space, with both species
overlapping in a central region of PCA space but also oc-
cupying species-specific sectors (Fig. 2A—B). The first two
PCA axes explained 75.70 % of the total environmental vari-
ance, with PC1 accounting for 53.06 % and PC2 for 22.64 %.
The observed niche overlap was moderate (Schoener’s D =
0.398; Hellinger-based I = 0.575). In the niche similarity
tests, the observed values were not in the extreme tails of
the null distributions (D: p = 0.0664; I: p = 0.0874), indi-
cating no evidence that the observed overlap is greater than
expected under the similarity null framework (i.e. no support
for niche similarity beyond background structure). In con-
trast, the niche equivalency tests yielded high p values (D:
p =0.832; I: p =0.935), indicating that strict niche equiv-
alency was not rejected under the randomization framework.
Overall, the results indicate broad but partial climatic niche
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overlap, with no evidence that similarity is greater than ex-
pected under the selected ecospat similarity null.

To further describe the niche relationship beyond over-
all overlap and randomization tests, we quantified centroid
displacement and directional niche-dynamics components
in PCA-env space. The distance between niche centroids
(PCA1-PCA2) was 1.486, indicating a measurable shift in
the central tendency of climatic space between species de-
spite their broad overlap. Directional niche dynamics showed
high stability in both comparisons, with stability = 0.859 for
V. caraccioli relative to V. major and 0.925 for V. major rel-
ative to V. caraccioli. This indicates that most of the cli-
matic niche space of each species is represented within the
niche of the other. Non-overlapping components were com-
paratively small but asymmetric: for V. caraccioli — V. major,
expansion = (.141 and unfilling = 0.075, whereas for V. ma-
jor — V. caraccioli, expansion = 0.075 and unfilling = 0.141.

3.2 Ecological niche models for present and future
scenarios

A total of 120 candidate models were obtained for each
Vampyrodes species. The final model selected for V. ma-
jor included linear features with a regularization multiplier
of 1, while the best model for V. caraccioli was linear,
quadratic and hinge features with a regularization multiplier
of 3 (Sect. S1 in the Supplement). Complementary variable-
importance outputs indicated that the final model for V. major
was mainly influenced by temperature annual range (bio07;
67.9 % permutation importance), followed by temperature
seasonality (bio04; 10.0 %) and precipitation of the wettest
month (biol3; 8.6 %). For V. caraccioli, the most relevant
predictors were annual precipitation (bio12; 37.2 %), temper-
ature annual range (bio07; 25.9 %), and annual mean temper-
ature (bioO1; 17.0 %). These outputs are interpreted only as
complementary descriptors of predictor relevance. The cli-
matic suitability areas (CSAs) for V. major are mainly dis-
tributed across Central America and northern South Amer-
ica. Under the current climatic conditions, approximately
51163.12km? within this region was identified as suitable
for this species (Fig. 3A; Table 2). In contrast, the CSAs
for V. caraccioli are restricted to South America, covering
an estimated area of 357490.82 km?2 (Fig. 3D; Table 2).
The predicted distribution of this species included large por-
tions of the Amazon basin, particularly in Brazil, Colom-
bia, Venezuela, Guyana, and Suriname, as well as regions
of Peru, Ecuador, Bolivia, and Paraguay.

Projections under future climate scenarios indicate min-
imal changes in the suitable areas for V. major (Fig. 3B—
C). Stability in climatic suitability was observed in approxi-
mately 98 % of the currently suitable area under both low-
and high-emission scenarios (Table 2). Most of these sta-
ble areas (in blue) are distributed across Central America,
the northern Andes, and northern South America. Addition-
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Figure 2. Environmental niche comparison in PCA-env space between Vampyrodes major (orange) and V. caraccioli (blue). (A) Distribution
of data in the environmental space defined by the first two principal components (PC1 and PC2): circles represent real occurrence records, and
triangles represent the species-specific background. (B) Niche occupancy representation in PCA-env space, showing the smoothed occurrence
density and niche contours for both species (blue contours = V. caraccioli; orange contours = V. major). Coloured areas represent niche
dynamics: blue indicates niche stability (shared environmental space), orange indicates niche expansion of V. major relative to V. caraccioli,
green indicates niche unfilling (environmental space occupied by V. caraccioli but not by V. major), and light grey indicates environmental
conditions outside the available niche space. Darker shading reflects higher occurrence density in environmental space. (C) Histogram of the
null distribution for the niche similarity test using Schoener’s D. (D) Histogram of the null distribution for the niche similarity test using the
Hellinger-based 7 index. (E) Histogram of the null distribution for the niche equivalence test using Schoener’s D. (F) Histogram of the null
distribution for the niche equivalence test using the Hellinger-based / index. In histograms (C-F), grey bars indicate the null distribution,
blue bars indicate the extreme tails, and the orange vertical line indicates the observed value (with its corresponding p value shown in each
panel).
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Table 1. Climatic characterization of the distribution areas of Vampyrodes caraccioli and V. major based on 15 bioclimatic variables. Tem-
perature and precipitation variables are expressed in °C and mm, respectively. Variables in bold indicate statistically significant differences
between species according to the Mann—Whitney U test (p value < 0.05).

Vampyrodes caraccioli

‘ Vampyrodes major

Mean Min  Max SD CV  SE| Mean Min Max SD CV  SE
biol 241 54 27 33 138 05| 247 167 274 25 102 04
bio2 101 68 154 15 144 02 84 58 116 14 169 02
bio3 80.7 507 9 66 82 09| 783 568 936 104 133 17
bio4 678 223 2465 386 57 53| 792 217 2251 615 776 101
bio5 303 146 341 29 96 04| 304 221 363 28 93 05
bio6 177 —7.6 221 44 251 06| 193 117 23 3156 05
bio7 126 87 222 22 175 03| 1.1 78 183 29 259 05
biol0 2438 7 215 32 129 04| 255 161 289 26 101 04
bioll 232 31 266 36 156 05| 237 164 27 27 112 04
biol2 25962 852 5791 9058 349 1244 | 29595 1641 7012 9814 332 1613
biol3 3485 157 884 1276 366 175 | 4467 221 800 1327 297 218
bio14 103 6 268 623 605 86| 8L1 12 443 838 1034 138
biol5 418 74 776 14 336 19| 518 168 969 178 344 29
biol6 9657 435 2360 3388 351 465 | 1155 539 2121 3528 305 58
biol7 3464 30 824 1908 551 262 | 3065 61 1476 2786 909 458

biol = annual mean temperature, bio2 = mean diurnal range (mean of monthly (max temp — min temp)), bio3 = isothermality (bio2 / bio7 x 100),
bio4 = temperature seasonality (standard deviation x 100), bio5 = max temperature of warmest month, bio6 = min temperature of coldest month,
bio7 = temperature annual range (bio5 — bio6), biol0 = mean temperature of warmest quarter, biol 1 = mean temperature of coldest quarter,
bio12 = annual precipitation, biol3 = precipitation of wettest month, biol4 = precipitation of driest month, biol5 = precipitation seasonality
(coefficient of variation), biol6 = precipitation of wettest quarter, biol7 = precipitation of driest quarter.

ally, the predictable suitability areas of gains (0.9 %—1.1 %)
or losses (1.2 %—1.8 %) were low for this species.

For V. caraccioli, projection indicated a reduction in the
current suitability areas under both climate future scenarios
(Fig. 3E-F; Table 2). Losses in suitable areas range from
44 % under the low-emission scenario to 50 % under the
high-emission scenario, predominantly across the Amazon
basin (highlighted in red). Gains in suitable areas are lim-
ited for both species in both scenarios (Table 2). The MESS
analysis found areas of strict extrapolation outside the current
distribution range of both species. In general, high similarity
was recorded between the calibration area and the respective
projection scenario (Sect. S2).

3.3 Protected area gap analysis for V. caraccioli and
V. major

Relatively large areas of overlap were observed between
the projected distributions of each Vampyrodes species (un-
der current and future scenarios) and existing protected ar-
eas (Fig. 4). For V. major, the climatic suitability areas (in
blue) intersect with protected areas (in green) across Central
America and parts of South America. Under current climate
conditions (Fig. 4A), approximately 10463.62km” of cli-
matically suitable area falls within protected areas (20.5 %).
This extent remains relatively stable under both the low-
emission scenario (10405.14 km?, corresponding to 20.3 %
of the projected climatically suitable area) and the high-
emission scenario (10370.74 km?2, 20.5 %) (Fig. 4B-C). In
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contrast, V. caraccioli shows a much larger extent of cur-
rent suitable climate within protected areas, covering approx-
imately 91 216.76 km? (25.5 %), mostly in the Amazon basin
regions (Fig. 4D). Projections under future climate scenar-
ios exhibited a substantial contraction of climatically suitable
areas for V. caraccioli within protected areas, decreasing to
48516.90 km? (24.2 %) under the low-emission scenario and
to 39795.00 km? (22.5 %) under the high-emission scenario
(Fig. 4E-F).

4 Discussion

Our results provide new insights into how climatic struc-
ture shapes the present and future distributional dynam-
ics of Vampyrodes species and their conservation outlook.
The climatic characterization of V. major and V. caracci-
oli shows that their occurrence environments overlap across
broad ranges of temperature and precipitation. However, the
paired comparisons found statistically significant differences
in some variables such as the range of annual temperature
and dry-season precipitation, suggesting partially differenti-
ated climatic niches. These differences are consistent with
the greater stability of V. major in future scenarios, as suit-
ability for this species is associated with a broader range of
temperature and precipitation conditions, which corresponds
to lower contractions of suitable areas. In contrast, suitabil-
ity for V. caraccioli is concentrated within a narrower set of
climatic conditions, and under scenarios with higher water
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Figure 3. Climatic suitability areas for Vampyrodes major (A=C) and V. caraccioli (D-F) under the current climatic conditions (A, D) and
future scenarios SSP1-2.6 (B, E) and SSP5-8.5 (C, F). Colours indicate current and projected future suitability.

Table 2. Stability, gain, and loss of climatic suitability areas (km?) for Vampyrodes major and V. caraccioli under current and future climate

scenarios, based on ecological niche models.

Species Present  SSP1-2.6 (low emissions)  SSP5-8.5 (high emissions)
Stability 51163.12 50552.52 (98.8 %) 50227.44 (98.1 %)
Vampyrodesmajor Lost - 610.6 (—1.2 %) 935.68 (—1.8%)
Gain - 584.8 (+1.1 %) 467.84 (+0.9 %)
Stability  357490.82 199 593.96 (55.8 %) 175 636.08 (49.1 %)
Vampyrodes caraccioli ~ Lost - 157 896.86 (—44.2 %) 181 854.74 (—50.9 %)
Gain - 565.88 (+0.2 %) 1293.44 (4-0.4 %)

stress, this species may experience more severe contractions
in climatically suitable areas.

A plausible ecological interpretation is that these pat-
terns reflect differences in the climatic background across
their ranges, together with the ecology of canopy frugivo-
rous bats: Vampyrodes depends on forest resources for both
food and shelter (Morrison, 1980), and increasing climatic
stress (e.g. drought and heat extremes) can directly affect
bats through dehydration and heat stress (Welbergen et al.,
2008; Salinas-Ramos et al., 2023), and indirectly constrain
suitability by altering canopy conditions and fruit-resource
availability, potentially compounding habitat degradation ef-
fects (Meyer et al., 2016). In the Amazon region, recent ex-
treme drought and warming events highlight the relevance of
increasing water stress (Espinoza et al., 2024), which is con-
sistent with the stronger contractions projected for V. carac-
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cioli under drier scenarios. However, the Amazon should not
be treated as a climatically homogeneous unit, because sub-
regional differences in precipitation regimes, seasonality, to-
pography, and local buffering conditions can modulate bat
persistence and resource availability. Accordingly, projected
reductions in suitable climate for V. caraccioli should be
interpreted as non-uniform across the Amazon, with some
subregions likely functioning as relatively more stable areas
than others. This is particularly relevant because local persis-
tence may depend on fine-scale buffering mechanisms not
captured by macroclimatic ENMs, such as roost microcli-
mates, forest structure, and riparian habitats that can func-
tion as microrefugia. In addition, our MESS analyses in-
dicate that extrapolation risk is not spatially uniform, and
areas with stronger environmental novelty should be inter-
preted with greater caution when assessing future suitabil-
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Figure 4. Overlap of climatic suitability with protected areas for Vampyrodes major (A-C) and V. caraccioli (D-F) under the current
climate (A, D) and future scenarios SSP1-2.6 (B, E) and SSP5-8.5 (C, F). Colours indicate current conditions and projected changes under

future scenarios. Green polygons represent protected areas.

ity patterns in Amazonia. These patterns may also be con-
sistent with non-exclusive alternatives such as historical bio-
geographic structure and fine-scale habitat partitioning not
captured by macroclimatic predictors, both of which warrant
explicit testing with phylogeographic and microhabitat data.

From a phylo-climatic perspective, the combination of
broad shared climatic space and partial differentiation is con-
sistent with partial niche conservatism rather than complete
climatic niche divergence between V. major and V. carac-
cioli. Recent phylogenetic work on Vampyressina indicates
a relatively recent crown age for Vampyrodes (ca. 2.0 Ma;
95% HPD: 1.2-3.0Ma; Garbino et al.,, 2026), which is
compatible with the persistence of a shared climatic back-
ground alongside differentiation along specific climatic axes.
In this context, the patterns observed here (moderate overlap,
high stability, centroid displacement, and asymmetric non-
overlapping niche components) may reflect an early stage
of climatic niche differentiation superimposed on a common
evolutionary niche background.

Although the overlap analyses indicate broad shared cli-
matic space between V. major and V. caraccioli, the com-
bined ecospat results (moderate D/I values, non-rejection
of niche equivalency, centroid shift, and asymmetric niche-
dynamics components) support partial climatic differentia-
tion rather than complete niche separation. Importantly, this
pattern is consistent with the climatic axes that most dif-
ferentiated the species in the climatic characterization and
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PCA-env analyses, particularly annual temperature range and
dry-season precipitation. A recent study on Vampyrodes also
supports the role of climatic seasonality in differentiating
V. major and V. caraccioli, linking temperature and precip-
itation seasonality to morphological divergence and report-
ing niche divergence between species (Velazco et al., 2026).
While that study focused on morphological differentiation
and present-day environmental divergence, our work extends
this framework by integrating future climatic suitability pro-
jections, niche dynamics in PCA-env space, and protected
area gap analysis to assess conservation implications under
climate change. Thus, overlap in environmental space should
not be interpreted as equivalent climatic responses to future
change but rather as a combination of shared climatic oc-
cupancy and species-specific associations along key dimen-
sions of climatic variability and moisture stress. This pattern
also underscores the need for conservation strategies tailored
to the specific requirements of each species, especially in the
case of V. caraccioli, whose reduction in climatically suit-
able areas could trigger cascading effects on associated seed-
dispersal dynamics in the Amazon (Frick et al., 2020). ENM
analyses offer effective tools to understand how environmen-
tal variables affect species distributions and their responses to
climate change (Pearson and Dawson, 2003). This research
details the distribution patterns of a frugivorous bat genus
that has been largely understudied to date. Our results high-
light the differences in how species of the same genus may
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respond to potential climate change scenarios, underscoring
the need for genus-specific conservation strategies.

Both species are distributed in regions identified as highly
vulnerable to climate change: V. major in southern Mex-
ico and Central America, and V. caraccioli in the Amazo-
nian region. These areas are not only biodiversity hotspots
but are also consistently ranked among the most exposed to
climate-driven shifts in temperature, precipitation, and ex-
treme events (La Marca et al., 2005; Gomes et al., 2019;
Espinoza et al., 2024). Scientific syntheses concur that
both Mesoamerica and the Amazon basin face compounded
threats due to climate instability, land-use change, and habi-
tat fragmentation (Zomer et al., 2016; IPBES, 2018; Hidalgo,
2021). This highlights the urgency of evaluating the poten-
tial responses of endemic taxa to future climate scenarios
in these regions. In the case of V. major, there is notable
stability in its climatically suitable areas under both emis-
sion scenarios. However, V. caraccioli experiences a dras-
tic reduction in the extent of climatic suitability, with losses
of up to 44.2% and 50.9 % in both low-emission (SSPI-
2.6) and high-emission (SSP5-8.5) scenarios, respectively.
These findings suggest that V. major exhibits a broader mod-
elled climatic breadth than V. caraccioli (as inferred from
climate-based predictors), potentially reflecting differences
in environmental associations, dispersal limitation, or sensi-
tivity to climate-driven shifts in resource availability. Similar
results have been found in other studies. For example, Al-
varez et al. (2021) analysed changes in the distribution pat-
terns of Vampyrum spectrum (Chiroptera: Phyllostomidae),
the largest South American flying mammal. For this species,
climate change projections showed responses like those ob-
tained in this study, highlighting climatically stable areas in
Central America, while in regions such as the Amazon, cli-
matic conditions changed more drastically. Despite its cli-
matic stability, V. major is not exempt from threats. Ongoing
deforestation and agricultural expansion within the species
range are expected to substantially reduce the extent and con-
nectivity of suitable forested habitats (Ramirez-Mejia et al.,
2017).

The drastic reduction of climatically suitable areas for
V. caraccioli aligns with previous studies warning about the
vulnerability of frugivorous species to climate alterations.
This has been particularly studied in regions like the Ama-
zon, where deforestation and climate change are causing sig-
nificant transformations in ecosystem structure and compo-
sition (Farneda et al., 2020; Festa et al., 2023). Notably, syn-
ergies between land-use change and climate warming can
further exacerbate habitat loss, fragmenting potential refugia
and limiting species’ ability to track suitable conditions. The
projected habitat loss for V. caraccioli could compromise its
role as a seed disperser and, consequently, affect natural re-
generation processes in these ecosystems (Frick et al., 2020).
Specifically for this species, the reduction of suitable areas
under future scenarios could pose a significant challenge to
population stability because many bats show strong attach-
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ment to home ranges and roosts, and long-distance migration
is restricted to a subset of species. This behavioural context
may limit the ability of populations to track rapid shifts in
climatic suitability through range movements (Lewis, 1995;
Popa-Lisseanu and Voigt, 2009; Voigt et al., 2017).

An important aspect to consider regarding the loss of cli-
matically suitable areas is that climate change not only di-
rectly affects frugivorous bats but also impacts the plants
they depend on for food and shelter (Scheel et al., 1996).
Changes in precipitation and temperature patterns can mod-
ify plant phenology (Gutiérrez and Trejo, 2022), affecting the
temporal and spatial availability of fruits that are essential
to species such as V. caraccioli and V. major. Importantly,
many tropical plant species exhibit relatively narrow ther-
mal tolerances and increases in mean temperatures; or the
frequency of extreme heat events may exceed their physio-
logical limits, leading to reduced growth, reproductive fail-
ure, or population decline. These thermal constraints can re-
sult in range contractions or shifts independent of precipi-
tation effects (Doughty et al., 2015). Consequently, reduc-
tions in plant distribution and abundance may further desta-
bilize plant—bat mutualistic interactions, which are essential
for seed dispersal (Veldsquez Roa et al., 2023). Studies have
shown that the loss of key plant species can compromise the
structure of interaction networks, making them more vulner-
able to additional disturbances. Therefore, the resilience of
these interactions largely depends on the adaptive capacity
of both plants and bats to changing climatic conditions (Bas-
compte and Jordano, 2007).

From a conservation perspective, our results show that the
proportion of suitable protected areas varies considerably be-
tween the two species. Vampyrodes major maintains a rela-
tively stable percentage of habitat within protected areas, po-
tentially offering some resilience to future climate changes.
However, V. caraccioli undergoes a drastic reduction in the
availability of climatically suitable conditions within pro-
tected areas under future scenarios, with more than 46 % of
its current protected habitat projected to be lost. This finding
emphasizes the fact that existing reserves, although crucial,
may be insufficient to safeguard V. caraccioli if climate and
land-use changes continue unabated. Expanding or connect-
ing protected areas through ecological corridors and sustain-
able land-use planning is therefore vital, especially in regions
with higher projected climatic stability (Blake and Loiselle,
2015; Feeley and Silman, 2016).

The notable loss of suitable areas within already estab-
lished protected areas for V. caraccioli highlights the urgency
of designing corridors that connect humid forest zones, par-
ticularly in the Amazon basin (Arroyo-Rodriguez et al.,
2020). These corridors would not only facilitate the move-
ment of species in search of suitable microclimatic condi-
tions but would also maintain ecological functionality and
the ecosystem services associated with seed dispersal and
the pollination of key plants (Farneda et al., 2020). By con-
trast, the relative stability of V. major should not be misinter-
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preted as invulnerability, given that continuing deforestation
and agricultural expansion in Central America can fragment
habitats and reduce long-term connectivity (Ramirez-Mejia
et al., 2017). Thus, climate change mitigation efforts must be
accompanied by comprehensive land-use management that
balances forest conservation with human land-use needs.

A key limitation of our regional ENMs is that they capture
macroclimatic suitability but may miss fine-scale constraints
linked to roost microclimate and shelter availability, which
can modulate local persistence even within broadly suitable
areas (Pearson and Dawson, 2003). This is especially rele-
vant where our projections indicate stronger contractions and
fragmented stability (e.g. V. caraccioli in the Amazon), un-
derscoring the value of integrating microclimatic and roost-
related data in future assessments. Finally, because suitable
areas and potential climate refugia span national borders,
coordinated transboundary planning is likely necessary to
translate these projections into effective conservation action.
Another limitation concerns the spatial coverage of occur-
rence records for V. caraccioli across the Amazon basin. Al-
though the species has a broad known distribution, occur-
rence records remain sparse across large portions of Amazo-
nia, where access limitations and uneven sampling effort may
prevent the full climatic heterogeneity of the region from be-
ing represented. Consequently, the climatic niche of V. carac-
cioli may be incompletely characterized, and projected con-
tractions could represent conservative estimates if suitable
climates occur in poorly sampled subregions. This limitation
reinforces the need for additional occurrence data from un-
dersampled Amazonian areas and for integrating local cli-
matic, roosting, and habitat-use information in future assess-
ments.

While correlative ENMs provide a rigorous framework
for macro-scale predictions (Elith and Leathwick, 2009),
they can overlook fine-scale determinants in bats, like roost
availability, roost microclimates, and topography-driven mi-
crorefugia that decouple local conditions from large climate
layers (Kearney and Porter, 2009; Dobrowski, 2011; Suggitt
et al., 2018). Evidence from bats shows that roost microcli-
mate buffers thermal extremes and shapes physiological lim-
its and behaviour. Deeper cavities and caves moderate heat
loads, facilitate social thermoregulation, and influence roost
switching (Conenna et al., 2017; Willis and Brigham, 2007).
Therefore, future studies should pair multi-season roost and
foraging ecology fieldwork with population genomics to de-
termine climate-related local adaptation and source popula-
tions with enhanced resilience as integrating adaptive genetic
variation into projections can reduce predicted range losses
(Razgour et al., 2019). In practice, the integration of micro-
climate layers and mechanistic limitation with reduced be-
havioural and genomic data could enhance projections of cli-
mate change and inform targeted conservation of microrefu-
gia and roost-quality landscapes (Kearney and Porter, 2009;
Bramer et al., 2018).
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In conclusion, this study highlights the importance of
adopting a preventive approach in the conservation of fru-
givorous bats, especially those with distributions restricted
to vulnerable ecosystems such as the Amazon basin. The
combination of climate projections, ecological niche models,
and conservation planning provides a solid basis for guid-
ing management decisions and policies in a warming world.
Given the significant risk of habitat reduction for V. carac-
cioli, it is imperative to prioritize conservation actions, in-
cluding strengthening protected area networks, restoring de-
graded habitats, and creating corridors while enhancing our
understanding of climatic tolerance and other resilience-
related traits. Together, these measures will help to ensure
the long-term survival of Vampyrodes bats and the critical
ecosystem services they provide.
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