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Tequilaormagueyero bats (i.e,, the genus Leptonycteris) play avery important role as pollinators in most Mexican and southern US ecosystems,
which is why they have recently been given greater attention. Female members of Leptonycteris nivalis populations exhibit migratory behavior
associated with nectar consumption and pollination of ecologically important Agave species in Mexico, and with their reproductive events.
Such migratory behavior makes them susceptible to the consequences of climate change. In this study, we explored how the distribution and
the adaptive potential of L. nivalis may be affected by possible global warming scenarios. We obtained samples from six locations across the
distribution of L. nivalis. Using parallel massive-sequencing techniques, we obtained 13,112 filtered SNPs (single-nucleotide polymorphisms).
Just two of these SNPs were associated with a climatic variable, but we detected associations between heterozygosity and climate change in
two sites. Models of future distribution under climate change indicated a reduction in climatic stable areas favorable to this bat’s presence. Our
results will support the implementation of protection strategies for bats and the ecosystems they inhabit, which are the most representative
in Mexico. Also, it is very important to maintain connectivity between the localities and refuges occupied by the magueyero bat, as well as to
maintain populations within areas of greatest thermodynamic stability, where the most favorable conditions for bat presence are predicted.
Based on our analysis, we believe the species has the potential to withstand changes in temperature and precipitation patterns, which may
support its conservation.

Keywords: Chihuahuan Desert, climate change, conservation genomics, Mexico, nectar-feeding bats, potential adaptive, potential distribution,
population genomics, SNP

Los murciélagos del género Leptonycteris, a veces llamados tequileros o magueyeros, desempefan un papel muy importante como
polinizadores en la mayoria de los ecosistemas mexicanos y del sur de Estados Unidos, por lo que recientemente se les ha prestado mayor
atencion. La especie de murciélago Leptonycteris nivalis muestra un comportamiento migratorio en parte de sus hembras, que esta asociado
al consumo del néctar de especies ecolégicamente importantes en México en particular del género Agave, y a los eventos reproductivos
del murciélago. Estas caracteristicas los hacen susceptibles a las consecuencias del cambio climatico. En este estudio, exploramos cémo la
distribucion y el potencial adaptativo de Leptonycteris nivalis podrian verse afectados por posibles escenarios de calentamiento global. Para
ello, obtuvimos muestras en seis localidades en la distribucidn de L. nivalis. Mediante técnicas de secuenciacién masiva, obtuvimos 13,112
SNP (polimorfismos de un solo nucleétido) filtrados. En total sélo dos se asociaron con una variable climaticas, pero encontramos una relacién
estadistica entre dos sitios y la susceptibilidad de la heterocigosis a cambios climéaticos. Los modelos de distribucion futura mostraron una
reduccién de las dreas climaticamente estables donde este murciélago podria sobrevivir. Pensamos que nuestros resultados respaldaran
la implementacion de estrategias de proteccién para los murciélagos y los ecosistemas que habitan. Es muy importante mantener la
conectividad entre las localidades y los refugios ocupados por el murciélago magueyero. Es importante mantener espacios dentro del area de
mayor estabilidad termodindmica, donde se prevén las condiciones mas favorables para la presencia de murciélagos. Basandonos en nuestros
analisis, creemos que la especie tiene el potencial de soportar cambios en los patrones de temperatura y precipitacion, y estas circunstancias
pueden favorecer la conservacion de la especie.

Palabras clave: cambio climético, Desierto Chihuahuense, distribucion potencial genémica de la conservacion, genémica de poblaciones,
murciélagos nectarivoros, potencial adaptativo, SNP
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Every species across all biomes is affected by global The accelerated pace of climate change may prevent
climate change, potentially harming the persistence many populations from responding adequately, thus
and functioning of each ecosystem (Meek et al. 2023). increasing the rate of decline and extinction (McLaughlin
Changes in temperature driven by global warming and the et al. 2002; Cahill et al. 2013; Bestion et al. 2015). Even if
greenhouse effect directly affect organisms by challenging  populations persist in their habitats and respond to these
their physiological limits or altering their phenology or rapid changes, they still need to maintain levels of genetic
reproductivity cycles (Hayes et al. 2009). The consequences  diversity that allow the expression of alleles associated with
may include an expansion of the distribution range of adaptive characteristics (Waldvogel et al. 2020). The ability
pathogens, increased disease severity, and the introduction  to respond to new environmental conditions is referred to
of invasive species into new ecosystems (Elad and Pertot as ‘evolvability’ or ‘adaptive potential’ (Houle 1992). In the
2014; Gona and More 2022; Mora et al. 2022). context of climate change or global warming, there is a risk
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CLIMATE CHANGE AND LEPTONYCTERIS NIVALIS

of reduced evolvability, as extinction could be accelerated
by an inability to respond to selection pressures (Blows and
Hoffmann 2005; Davis et al. 2005).

Species can avoid extinction by shifting their geographic
distribution or moving to morefavorable habitats,acclimating
to stressful conditions through phenotypic plasticity (the
ability of a genotype to express different phenotypes in
different environments), or by adapting through genetic
changes (Thomas 2010). However, understanding how and
under what circumstances eco-evolutionary responses will
occur, and differentiating among these responses to identify
the adaptive potential in species with low adaptive capacity,
is challenging (Urban et al. 2024).

One factor that promotes local adaptation is maintaining
a species’ genetic diversity. Generally, greater genetic
diversity reflects a greater adaptive potential of species to
respond to extreme situations. This is why it is important
to maintain genetic variants that can cope with different
or changing ecological conditions (Whitlock 2015). Then,
a relationship may also be established between climate
change and genetic diversity and adaptive potential of
natural populations (Pauls et al. 2013; Wanjala et al. 2023).

Nowadays, vulnerability to climate change is commonly
assessed using forecasts generated by suitability models
that project probable future scenarios (Levinsky et al.

behind the formation and maintenance of diversity and
adaptive potential is essential for improving conservation
and species management plans and programs.

Climate-related local extinctions have been recorded in
hundreds of species (Wiens 2016). Wild mammals exhibit
different degrees of vulnerability to climate change, some
species have very specialized characteristics, which may
cause them to disappear due to temperature changes that
affect physiological processes, habitat loss, or resource loss
(Boutin and Lane 2014; Hetem et al. 2014; McCain and King
2014; Chattopadhyay et al. 2019; Wells et al. 2022; de Castro
etal. 2024).

The Chiroptera order is especially susceptible to
ecological disturbances because most species have
adapted to specific habitats and feeding habits, and
most of them are susceptible to population decrease
with an associated risk of extinction (Sherwin et al. 2012;
Chattopadhyay et al. 2019; Gongalves et al. 2021; McGowan
et al. 2021; Festa et al. 2023). In Mexico, there are about
138 registered bat species, but only 21 are nectar-feeding
(Medellin et al. 2008). Nectarivorous bats are responsible
for pollinating many plant species that are considered
ecologically important in the country’s most representative
ecosystems, like the scrubland and low deciduous forest
(Koleff et al. 2018). For instance, Leptonycteris nivalis, the

2007; Rebelo et al. 2010; Deb et al. 2020; McGowan et al.
2021; Moura et al. 2023). Among the various genetic and
epigenetic tools that enable the study of local adaptations,
we used mass sequencing for SNP genotyping that allowed
us to explore for potential local adaptations in the genome’s
coding regions that could produce advantageous forms in
response to changing environmental conditions, such as
climate change, the greenhouse effect and global warming
(Franks and Hoffmann 2012; Aguirre-Liguori et al. 2021;
Hoffmann et al. 2021; Lancaster et al. 2022). This approach
has recently become more common due to its importance
in conservation biology, as it enables us to anticipate
possible scenarios in the context of current climate change
(Hayes et al. 2009; Kumar et al. 2016; Jordan et al. 2017; Luo
et al. 2024; Klichowska et al. 2025).

Local adaptations are generally the result of divergent
selection on one or more traits. These adaptations play a
crucial role in determining populations’ ability to respond
to environmental changes (Henriques et al. 2018; Cummins

long-nosed bat, murciélago magueyero mayor, or tequila
bat, is one of the main pollinators of Agave plants (Hensley
and Wilkins 1988). This chiropteran is distributed across
central and northern Mexico, and in southern New Mexico,
United States (Hensley and Wilkins 1988). It is the largest
nectar-feeding bat in North America, and it is grouped
into populations ranging from a few dozen to over 10,000
individuals (Hensley and Wilkins 1988). Besides many
species of Agave, Leptonycteris nivalis pollinates several
plant species of the Leguminosae and Cactaceae families,
plants whose presence is found throughout Mexico and
the southern United States in practically all ecosystems
(Sadnchez and Medellin 2007). In addition to its specialized
nectar-consumption behavior, L. nivalis has another
distinguishing characteristic: some of its females perform
migratory movements from Central Mexico maternity
shelters in the northern part of their distribution range, in
Nuevo Ledn, Mexico, and Texas, USA (Moreno-Valdez et al.
2000). The migration is directly related to their reproductive

etal. 2019; Meek et al. 2023). However, this approach has not
yet been applied to bats. Detecting candidate alleles under
selection enables the use of statistical methods to associate
their presence and frequency in natural populations with
specific environmental variables (Beji et al. 2020; Guillaume
et al. 2024), thus providing insights about the populations’
capabilities to face abrupt changes in environmental
conditions (Hansen et al. 2012; Markova et al. 2023).

In this sense, maintaining the genetic diversity of
populations is important because it provides the basis for
adaptive responses to surrounding environments (Whitlock
2014; Kardos et al. 2021). Understanding the mechanisms
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behavior during the spring and summer, coupling with the
blooming season of various Agave species. This guarantees
the availability of resources to feed during gestation and
offspring rearing at the northern part of their distribution
range (Bogan et al. 2017; Burke et al. 2019). However, these
characteristics underscore the long-nosed bat’s vulne-
rability to extreme temperature variations and habitat
changes and degradation (Sanchez and Medellin 2007).

In Mexico, L. nivalis is classified as endangered in the
official list of species, known as NOM-059-SEMARNAT-2010,
which includes species under some form of wildlife
protection, based on the Ley General de Vida Silvestre,
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Figure 1. Map of sampled locations; the number associated with each blue dot corresponds to the location number in Table 1.

Conservacion y Aprovechamiento Sustentable (D.O.F.
2014). It has also been listed as endangered under the U.S.
Endangered Species Act since 1988, and the International
Union for Conservation of Nature (IUCN; Medellin 2016).
Leptonycteris nivalis evolutionary genetics and migration
were recently studied using mitochondrial genetic markers
(Trejo-Salazar et al. 2025). It was estimated that the species
has undergone recent population growth, associated
with an increase in global temperature following a
decrease during the Pleistocene (Trejo-Salazar et al. 2023;
Trejo-Salazar et al. 2025). This increase was supported
using distribution models from the Last Interglacial, Last
Maximum Glacial, Holocene, and Current epochs, in which
the distribution extends to the north (Trejo-Salazar et al.
2025). Here, we describe a new set of 13,112 filtered SNPs
(single-nucleotide polymorphisms) obtained using massive
sequencing techniques from six locations throughout the
distribution of L. nivalis. In addition, we generated models
for the future potential distribution of L. nivalis under
global warming. Thus, our main objective was to associate
the genetic diversity of L. nivalis with changes in climatic
conditions to support future management of conservation
programs and maintain pollination services in Mexico’s
most representative ecosystems. We expect that our results

will enable the potential impacts of climate change on the
tequila bat species, L. nivalis.

Materials and methods

Sampling. Forty-seven samples were taken from six localities
in roosting caves and mist nests on field feeding-sites along
L. nivalis distribution from 2014 to 2016 (Figure 1, Table 1),
with sampling permit Secretaria del Medio Ambiente y
Recursos Naturales (SEMARNAT) SGPA/DGVS/07161/15
(Supplemental File SD1), following the Animal Care and Use
protocols of the American Society of Mammalogists (Sikes

Table 1. Sample sizes by location are shown, along with genetic diversity, observed
heterozygosity (Ho), and expected heterozygosity (He) and Inbreeding coeficient Fis.

Locality n Ho He Fe

1 Nuevo Leon (nl) 14 0.1913 0.2123 0.0757

2 Michoacan (mich) 7 0.1867 0.2113 0.0793
3 Puebla (pue) 1 -
4 Zacatecas (zac) 1 -

5  Texas (tex) 19 0.2041 0.2157 0.0457

6 Hidalgo (hid) 5 0.1900 0.2122 0.0502

Overall 47 0.1866 0.2112 0.1097
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etal. 2016). Tissue samples were taken with a 3 mm? biopsy
wing punch in an area of the wing with no blood capillaries
or nerve terminals. Wing biopsies were fixed in 90% ethanol
at environmental temperature and then stored at -20°C
until DNA extraction.

DNA Extraction and Genotyping. Total genomic DNA was
extracted following Gasca-Pineda et al. (2015). Genomic
DNA was genotyped by nextRAD sequencing libraries
(SNPsaurus LLC, Eugene, OR, USA) as described by Russello
et al. (2015). DNA was fragmented using Nextera reagent
(Ilumina, San Diego, CA, USA), which also ligates short
adapter sequences to the ends of the fragments. The DNA
was amplified for 27 cycles at 74°C, and libraries were
sequenced on an Illumina HiSeq 4000 150 bp single-end
line (University of Oregon, Eugene, OR, USA).

Raw data processing. Raw reads were trimmed by
quality with trimmomatic v0.35 (Bolger et al. 2014),
using the following parameters: LEADING:5 TRAILING:5
SLIDINGWINDOW:4:20 MINLEN:75. To remove Nextera
Adapters, we used the bbduk module of the BBTools v37.87
software (https://sourceforge.net/projects/bbmap/files/).
Filtered reads quality was evaluated using FASTQC v0.11.5
(Andrews 2010). Single Nucleotide Polymorphisms (SNPs)
were obtained in ipyrad v0.979 (Eaton and Overcast 2020)
using as a reference the previously published genome of
Leptonycteris yerbabuenae (Gutierrez-Guerrero et al. 2020).
We applied the following parameters: a minimum depth
of six for statistical base calling, two maximum alleles per
site in consensus sequences, 0.05 maximum uncalled bases
in consensus, 0.05 maximum heterozygotes in consensus,
four as the minimum number of samples per locus, 0.2 as
the maximum SNPs per locus, and 0.5 as the maximum
shared heterozygous sites per locus. After testing multiple
filtering schemes, we implemented the following filtering
parameters using VCFtools v 0.1.16 software (Danecek
et al. 2011): a maximum missing data per locus of 20%, a
Hardy-Weinberg test with p < 0.01, and a maximum alleles
per locus of two. Because outlier methods may be sensitive
to linkage disequilibrium and rare variants (Frichot and
Francois 2015; Luu et al. 2017), we implemented a more
stringent filtering scheme, including a MAC filter of 3 to
recover SNPs present in at least 2 individuals and a thinning
of 450 pb. This filtering recovered 13,112 SNPs.

Genetic Diversity and Population Genetic Structure. We
estimated the basic summary statistics, He, Ho, and FIS,
using the adegenet 2.1.11 (Jombart 2008; Jombart and
Ahmed 2011) and hierfstat 0.5-11 (Goudet and Jombart
2022) R 4.5.1 packages (R_Core Team 2025). To detect
possible genetic structuring, we implemented Admixture
v1.3.0 (Alexander et al. 2009) to assess the number of
genetic groups (K) in the collected samples. We tested for
1-20 K groups, and the optimal K value was determined
by the lowest 50-fold CV error (Alexander and Lange
2011). As the genetic structure of this species is unknown,
we opted to use a superior K value that accounts for the
possible genetic groups represented in the sample. We
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also performed a principal component analysis (PCA) using
the R package adegenet to summarize genetic similarities
among individuals.

To detect genetic structuring between sampling
locations, we performed a paired FST analysis. The test
was performed using a 10,000 bootstrap test; if 95% of
the intervals did not reach zero, we considered the value
significant. As there was only one individual in the Puebla
and Zacatecas populations, these sites were removed from
the analyses to obtain summary statistics and pairwise
FST. In turn, we used Nei’s distances to represent the
genetic differences between sampling locations using the
Ward clustering method. An isolation-by-distance (IBD)
analysis was performed to assess whether geographic
distance between sampling locations influences genetic
differentiation in Leptonycteris nivalis. This analysis was
based on the correlation between genetic and geographic
distances between pairs of sites, using only the set of
previously identified neutral markers (SNPs) to avoid bias
from potential natural selection. Nei’s distance, calculated
from the allele frequencies at each location, was used as
a measure of genetic distance. To strengthen the analysis
at the individual level, we also used Euclidean distances
between individuals derived from the first two principal
components (PCs) of a principal componentanalysis (PCA).
Geographic distance was calculated as the straight-line
Euclidean distance (in kilometers) between the sampling
sites’ geographic coordinates. The correlation between
the genetic and geographic distance matrices was
evaluated using a Mantel test with 10,000 permutations
to determine the p-value. A p-value of less than 0.05 was
considered to be evidence of a correlation, indicating that
genetic differentiation increases with geographic distance
(see below).

Additionally, we used the kinship analysis in VCFtools
to evaluate kinship relationships within the study
sample. Specifically, the ‘--relatedness2’ command was
used to calculate a matrix of kinship estimates for all
pairs of individuals from the genotype data contained
in the source VCF file. This estimator is based on the
correlation of allele states across multiple genetic markers
between individuals, providing a robust measure that is
relatively insensitive to population structure. VCFtools
generates a tabulated file (.relatedness2) as output for
this analysis, containing the estimated kinship values
(commonly denoted as RELATEDNESS_PHI) for each pair
of individuals. These values quantify the proportion of
genetic material two individuals are expected to share by
descent. This allows family relationships to be identified,
such as duplicates/sampling errors, full siblings, and first-
and second-degree relatives.

Suitability models and Future Scenarios. We obtained
the environmental data from the WorldClim database (Fick
and Hijmans 2017). To avoid redundancy among variables,
we applied a Variance Inflation Factor (VIF) test and
retained variables with a VIF below 10 using the AlleleShift



https://sourceforge.net/projects/bbmap/files/

R package (Kindt 2020). The final data set included: Bio.2
(Mean Diurnal Temperature Range), Bio.3 (Isothermality),
Bio.8 (Mean Temperature of Wettest Quarter), Bio.9 (Mean
Temperature of Driest Quarter), Bio.14 (Precipitation of
Driest Month), Bio.15 (Precipitation Seasonality), Bio.16
(Precipitation of Wettest Quarter), Bio.18 (Precipitation
of Warmest Quarter) and Bio.19 (Precipitation of Coldest
Quarter). Then, we used the R package FactoMineR (Le
et al. 2008) to implement a PCA analysis to evaluate the
relative contribution of each variable.

Distribution models were constructed using a set
of nine bioclimatic variables. For future projections, we
used MIROC6 from the Coupled Model Intercomparison
Project Phase 6 (CMIP6) for the intervals 2041-2060,
2061-2080, and 2081-2100, available from the WorldClim
database (www.worldclim.org). To evaluate different
climate change scenarios, we included the Shared Socio-
economic Pathways models ssp126 and 585. The first is a
more conservative model that predicts a lower increase in
global temperatures, while the second predicts the highest
increase (Fick and Hijmans 2017). Models and future
projections were generated using the R library biomod2
v 4.2-6-2 (Thuiller et al. 2025). The ensemble models were
created using the committee-averaging criteria (Aradjo and
New 2007; Qiao et al. 2015). Models were computed using
the generalized boosted model (GBM; Friedman 2001)
and random forest (RF; Breiman 2001). For each computed
algorithm, five independent pseudo-absence sets of 1000
points were generated with two replicates, using 70%
of the records to train the model and 30% to evaluate
performance. We assessed model performance using the
area under the receiver operating characteristic curve
(AUG; Swets 1988) and true skill statistic (TSS; Allouche et
al. 2006). The ensemble computation was performed using
the committee average criterion restricted to models with
AUC > 0.9 and TSS > 0.8. Ensembles were transformed to
presence/absence values using the TSS metric (in our runs,
ROC and TSS performed almost equally; we selected TSS
binary because it yielded more conservative models).

Outlier detection and GenomeEnvironment Association
analysis. We implemented three different approaches to
evaluate loci under selection. First, we used the R package
pcadapt 4.4.1(Luu et al. 2017; Privé et al. 2020). This method
identifies outlier loci using principal component analysis
(PCA), computing K vectors of z-scores to infer the statistical
association of each SNP with the K principal components.To
select the optimal value of K, we used the“screeplot”option,
followed by inspection of the paired plots of the recovered
components to ensure they reflected sample genetic
grouping. Outlier loci were selected using the Bonferroni
correction for multiple comparisons, considering an alpha
threshold of < 0.1.

Second, we implemented a GenomeEnvironment
Association (GEA) method using Redundancy Analysis
(RDA) to identify outlier SNPs associated with environmental

variables, following Capblancg and Forester (2021). Initially,
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we used the same variable data set as in the suitability
models; however, to avoid overfitting, we excluded
variables identified as collinear by the RDA analysis. The
RDA was performed using the R package vegan (Oksanen
et al. 2025) using SNPs as response variables and the three
selected environmental variables as explanatory variables
(Bio.3, Bio.9, Bio.14). RDA requires a genotype matrix
without missing data; therefore, missing values were
imputed using the frequency of the most common allele
(the mode). Outlier SNPs were identified on each of the
first three constrained axes using a threshold of 2 standard
deviations. Then, we evaluated the association between
each outlier and the environmental variables, estimating
the Pearson correlation coefficient. We retained SNPs with
correlation values of 0.5 or greater.

Third, we used a latent factor mixed model (LFMM,;
Frichot et al. 2013) implemented in the LEA v3.20.0 R
package (Frichot and Francois 2015; Gain and Francois
2021). This method performs statistical tests to identify
loci associated with environmental gradients (Frichot et
al. 2013). The analysis was run using the environmental
variables previously selected for each analysis. Outliers
were selected using the Bonferroni correction with a
threshold of < 0.1.

We opted for these methods because they do not
require an a priori definition of genetic groups, unlike FST-
based methods. Considering all loci detected by the three
methods, we generated a neutral data set for the genetic
structure analysis. To annotate outlier loci, we considered
only loci shared by at least two methods. Then, loci were
mapped to the reference genome and extracted 500 bp
in both directions (a total of 1,000 bp). We also performed
a blast search (Altschul et al. 1997) against the UniProtKB
database (https://www.uniprot.org/) and only hits with an
e-value < 1x10®°were considered.

We calculated the risk of non-adaptation (RONA) using
pyRONA v0.4.3 (Rellstab et al. 2016; Pina-Martins et al. 2019).
This method is based on the association between current
allele frequencies and current climatic variables, and the
estimation of the differences between current and future
expected allele frequencies. For this analysis, we used the
outlier loci detected by the three methods, all based on the
same data set of environmental variables used in the LEA
and RDA outlier detection methods. A high RONA value
suggests a greater likelihood of maladaptation to climate
change. For this analysis, we implemented the MIROC6
Coupled Model Intercomparison Project Phase 6 ssp585 for
the interval 2081-2100.

Results

Genetic Diversity and Population Structure. We obtained an
overall of 2,776,591 raw SNPs. After filtering, we identified
13,112 SNPs distributed across 2,065 scaffolds in the
Leptonycteris yerbabuenae reference genome. The observed
heterozygosity for the overall sample was Ho = 0.1866 (s.d.
= 0.259), whereas the average expected heterozygosity
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Figure 2. Dendrogram of Euclidean distances illustrating genetic relationships
among collection sites. The dendrogram was constructed using Euclidean distances
calculated from genome-wide SNP data. Each terminal branch represents a site. The tree
structure depicts the hierarchical clustering of sites based on genetic similarity, with
shorter branches indicating greater genetic proximity. This analysis provides insights into
population structure and the genetic differentiation among sampled localities.

was He=0.2112 (s.d. = 0.1815) and the FIS was 0.1097 (s.d.
= 0.3101). The genetic-distance dendrogram revealed a
genetic grouping irrespective of the geographical distance
between sampling locations (Figure 2). Furthermore, the
analysis of FST between the different locations showed
similar patterns (Figure 3), with low but > 0.05 values (except
for Michoacan vs. Hidalgo; Table SD2, supplementary
materials). The principal component analysis revealed a
homogeneous population, consistent with the FST-based
analyses (Figure 4).

Relatedness analysis. Our analysis of relatedness among
all individuals revealed minimal kin relationships among
two pairs of individuals in the same locality (Figure 5).
Only individuals In70-In73, and individuals In64-In69, who
are all from Nuevo Ledn, and the degree of relationship
in the two pairs of individuals reflects a close kinship
similar to that between uncles and nephews. The first
pair exhibits a higher degree of relatedness between its
members (Figure 5).

To complete these results, the Admixture analysis
showed no genetic structuring (K = 1, Figure SD2
supplemental materials). Moreover, worth noting that the
plots with higher K values showed no admixture between
individuals (SD3 supplemental material). The distance-
based isolation analysis for the samples (SD4 supplemental
material) did not show a correlation between geographic
distance and genetic distance (p > 0.3).

Potential Distribution Model in Future Scenarios. Our
models projecting the potential distribution of the
migratory bat, L. nivalis, in future climate change scenarios
show contraction in areas of greater climate suitability.
In the most optimistic scenario (Figure 6a, SSP1-2.6), this
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Figure 3. Heatmap of pairwise FST values among sampled localities. FST estimates
are shown for comparisons involving Nuevo Ledn, Michoacén, Texas, and Hidalgo. Color
intensity reflects the degree of genetic differentiation, with darker shades indicating
higher FST values. Localities represented by a single individual (Zacatecas and Puebla)
were excluded from the analysis to ensure reliable estimates. The heatmap provides a
visual summary of population structure and genetic divergence across sampling sites.

contraction is minimal and concentrated in the northern
part of L. nivalis’ distribution, where temperatures would
not rise by more than the global average increase of
approximately 1.8 °C by the year 2100 compared to pre-
industrial levels.

By contrast, in the most pessimistic scenario (SSB585;
Figure 6b), which projects a temperature increase of
4.4 °C (with a probable range of 3.3 to 5.7 °C) above pre-
industrial levels by 2100, the contraction of climatic stable
areas mainly occurs in the north of the distribution range,
particularly affecting areas where maternity caves are
located, primarily in Nuevo Ledn in Mexico and Texas in the
United States. The area that showed the greatest climatic
suitability across the three time periods is in the center and
southern parts of the current distribution. This means that
even in the scenario of the greatest global warming, the
center of distribution and part of the south would remain
suitable for the species.

Outlier detection and SNP annotation. The three methods
yielded an overall of 582 outlier SNPs. The PCAdapt analysis
recovered 123 outlier SNPs, RDA 254 SNPs, and LEA 213;
from them, only two SNPs were shared by at least two
methods. (Figure 7) Of the outlier loci, only one had a
match with uncharacterized proteins from species of the
Vespertilionidae family.

Risk of non-adaptedness. RONA analysis shows an
association between heterozygosity and changes in three
climate variables in the context of projected global change
(Figure 8).In other words, current heterozygosity maintains
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Figure 4. Principal Component Analysis (PCA) of 47 individuals based on 13,112 SNPs. Each point represents an individual, colored by sampling locality: Hidalgo, Michoacan, Nuevo
Ledn, Puebla, Texas, and Zacatecas. The first two principal components (Axis1 and Axis5) are shown, explaining 2.758% and 2.698% of the total genetic variance, respectively. The analysis
reveals population structure and genetic relationships among localities, with individuals from the same geographic region tending to cluster together.

adaptive potential under present conditions; however,
changing some of these variables may compromise this
potential in response to environmental conditions. The
most significant risk relationship in the context of climate
change is that between heterozygosity and the Bio.9
variable, ‘'Mean Temperature of Driest Quarter. However,
this risk is more pronounced in the northern part of the
species’ distribution, specifically in Texas (0.93415) in
the United States and, to a lesser extent, in Nuevo Ledn,
Mexico (0.5362). The Bio.3 variable, ‘Isothermality;, and
the Bio.14 variable, ‘Precipitation of Driest Month; showed
average RONA values at sites in the center and south of
the long-nosed bat’s distribution range. For Bio.3, the
three sites at greatest risk were Texas (0.45894), Zacatecas
(0.44286) and Puebla (0.3934). Meanwhile, the highest

values for Bio.14 were found in Puebla (0.55603) in the
south and in Texas (0.38008) in the north (see all values in
Supplemental Data SD5).

Discussion

The genetic diversity, expressed as expected heterozygosity
(Ho), is considered a parameter that can help us predict the
adaptive potential of species in the face of rapidly emerging
adverse conditions (Schmidt and Russello 2025), as is
currently being observed during the Anthropocene. While
this parameter does not precisely identify the genes and
alleles under local selection and adaptation, it provides an
overview of the populations’ adaptive potential. We initially
assumed that L. nivalis, if it had low levels of heterozygosity,
would be vulnerable to the abrupt changes expected in the
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Figure 5. Heatmap of pairwise relatedness estimates among 187 individuals. Relatedness coefficients were calculated using VCFtools based on genome-wide SNP data. The color
gradient represents the degree of genetic relatedness, with warmer colors (e.g., red) indicating higher relatedness and cooler colors (e.g., white) indicating lower relatedness or unrelated
individuals. Individuals are ordered along both axes by sample ID, and the matrix is symmetric, reflecting bidirectional pairwise comparisons. This analysis provides insights into familial

relationships and population structure within the sampled cohort.

near future, in particular if their distribution in maternity
caves found in the northern part of the species’ range--
primarily in Nuevo Ledn in Mexico and Texas in the United
States during spring-summer seasons-- would be affected
by the climatic changes. For this reason, it is important to
explore the optimal conditions for the species’ migratory
and reproductive dynamics.

Maintaining heterozygosity is therefore extremely
important in L. nivalis, given that its genetic diversity is
low (Ho = 0.1866) compared to that of other bat species
considered for national and/or international protection,
such as the sister species, the lesser long-nosed bat, L.
yerabuenae (Ho= 0.292; Peralta et al. 2025), even with a
larger sample analyzed in our study. Heterozygosity of L.
nivalis is also lower than in Myotis lucifugus (Ho= 0.247-
0.263; Lilley et al. 2020) Myotis grisescens (Ho= 0.183; Nagel
et al. 2023). Myotis sodalis (Ho= 0.083) (Nagel et al. 2023),
as well as Miniopterus schreibersii (Dufresnes et al. 2023),
and Mpyotis septentrionalis (Ho = 0.000086 -0.000115;
Grimshaw et al. 2024).

Given the geographic distribution of the species, we
consider our sampling to be adequate of a genomic study
(were the large number of genetic makers can compensate
the smaller samples of individuals, see simulations of Aguirre-
Liguori et al. 2020), although we recognize that there is a bias
towards northern locations, Texas and Nuevo Ledn, as well
as shortage in one locality at the center and one locality at
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southern of L. nivalis distribution. However, bias and a small
sample size may have prevented the detection of genetic
differences between populations or genetic structure.

Based on previous work, we expected to detect
population genetic structure, given that evidence of
distinct genetic groups had been reportedinarecent study
using two mitochondrial markers and one associated-
chromosome Y gene data (Trejo-Salazar et al. 2025).
This is important for associating outlier alleles with local
adaptations and for proposing conservation strategies
that prioritize sites where individuals carry these alleles.
However, our results did not detect any genetic structure.
Genetic structure analyses in this study and previous
studies (Pourshoushtari and Ammerman 2021; Trejo-
Salazar et al. 2025) suggest that genetic flow remains
strong and constant, preventing genetic differentiation
between refugees and locations inhabited by the species.
Therefore, it appears that females maintain this genetic
flow when they return to the south-central part of the
species’ distribution during the autumn-winter season,
keeping the sites or populations as a single unit.

Despite the absence of genetic population structure
and the relatively large sample size, we detected only
two candidate alleles under selection that are statistically
correlated with the climatic variables used for distribution
model projections. But they are not clearly representatives
of maladaptations or of any potential adaptation related to
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Figure 6. Maps show the suitability models for the L. nivalis species for the present (in green) and three future time periods, with major climate stability, until the end of the century.
The colors blue, brown, and yellow represent the time periods that overlap.
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Figure 7. A) Venn diagram showing the number of SNPs identified by three different filtering methods. RDA, PCAdapt, and LEA yielded 254 (43%), 121 (21%), and 211 (36%) SNPs,
respectively. The overlapping regions indicate the number of SNPs shared between methods. Only two SNPs (<1%) were common to all three approaches. B) Adjusted p-values (-log10)
are shown for each method, with values of 0 indicating strong statistical support after correction. Percentages represent the proportion of SNPs relative to the total number of unique

SNPs identified across all methods.

climate change. In other words, we identified alleles related
to climatic conditions, temperature, and precipitation, we did
not find local adaptations that would allow us to prioritize
the protection of one area over another. We also detected
a positive correlation between genetic diversity and four
climatic variables. This result is relevant, as it enables us to
predict the future of tequila bat populations and prioritize
connectivity between sites, migratory routes, and the
conservation of heterozygosity levels for the species.

Thus, environmental pressures or resource scarcity can
affect the entire population of a species, pushing it into
a complex situation. Based on our results, Nuevo Leén is
among the most susceptible locations to climate change.
According to RONA's analysis, there is a closer relationship
between diversity and the precipitation-related climate
variable (Bio9) in this location. In Nuevo Léon, at the El
Infierno cave, both sexes gather to form shelters for mating
and raising offspring. The long-nosed bat is present there
alongside at least five species of the genus Agave during
their flowering stage. Furthermore, the presence of L. nivalis
in this area is positively related to ambient temperature
(Moreno-Valdez et al. 2004), so any variation in temperature
could negatively affect the species’ ecological dynamics
and, consequently, its primary food source.

On the other hand, we think that the lack of population
structure helps to explain the distant kinship relationships
between individuals in our sample. In other words, the
absence of population structure means that it is less
likely that close relatives will be found in small population
samples (Weir and Goudet 2017). A larger sample size
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would likely yield more detailed information on both
genetic population structure and kinship relationships, and
apparently, genetic flow between refuges has remained
constant. However, gene flow must be maintained to
ensure that the adaptive potential and the outlier loci
remain part of the species’ gene pool (Chhina et al. 2024).
Nevertheless, intense selective pressures, such as climate
change or global warming, could cause a bottleneck
(Jangjoo et al. 2016) and affect the parameters addressed
in this study, thereby impacting genetic diversity and the
adaptive potential stored in this genomic variation.

We consider our analysis for detecting outlier loci under
selection to be representative, as, in general terms, this
sampling reflects the species’ distribution. Nevertheless,
among the 13,112 SNPs used for outlier detection, fewer
than 5% were identified as outliers by any of the three
methods, and only two were shared across methods. We
considered that our results are similar to those found in
previous studies in mammals. For instance, for the sister
species, L. yerbabuenae, Peralta et al. (2025) reported
17,732 SNPs after filtering, of which 7,172 were useful for
demographic analyses with 32 individuals, compared with
our sample of 47 individuals. In 288 individual samples of
the American pika (Ochotona princeps), Henry and Russello
(2013) detected 68 outlier loci under selection, and 15 of
these were statistically associated with at least one climatic
variable. In the arboreal Australian mammal Petauroides
volans, Knipler et al. (2023) detected 66 loci associated with
climatic variables using an 85-individual sample.

As for studies focused on the Chiroptera group,
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Figure 8. Risk of non-adaptedness (RONA) analysis across sampling localities for three bioclimatic variables (Bio.9, Bio.3, Bio.14). A) Bar plots showing RONA values per locality,
representing the statistical association between heterozygosity and the risk of maladaptation under future climate change scenarios for each bioclimatic variable. B) Geographic
distribution of RONA values across the sampled range. Warmer colors (closer to red) indicate localities with a higher risk of non-adaptedness if the associated climatic variable changes.
Values for selected representative localities (Bio.9, Bio.3, Bio.14) are shown to illustrate spatial variation in climate-associated genetic vulnerability.

despite many species being considered vulnerable due
to ecological characteristics, morphological features,
and physiological specializations, there is insufficient
information to predict likely scenarios using genomic
tools and to establish preventive or corrective measures
in response to climate change. One of the few studies
to address the adaptive potential of the European bat,
Plecotus austriacus, was Razgour et al. (2018), which
examined a sample of 83 individuals and detected 24
single-nucleotide polymorphisms (SNPs) associated with
extreme temperature and summer precipitation variables.
In contrast, we detected statistically significant associations
with just two SNPs and climatic variables: temperature
during the driest month and precipitation of the warmest
quarter. However, these were merely statistical correlations,
and we did not find a biological association.

Regarding the potential distribution of the species
under global warming scenarios, the most pessimistic
scenario predicts a global temperature increase of around
4.4°C relative to pre-industrial levels. This would lead
to a contraction of L. nivalis current distribution, mainly
affecting migratory areas during the breeding season
(Moreno-Valdez et al. 2000). Nevertheless, this species has

already experienced similar dynamics in the past (Trejo-
Salazar et al. 2025), during the climate changes from
the Last Interglacial to the Holocene and Current time.
Thus, we consider that L. nivalis populations can adjust to
seasonal changes in climatic conditions through migratory
movements. However, these changes have occurred in the
past over longer periods than those we are expecting in
the Anthropocene, so we cannot be sure that species will
be able to withstand such predicted radical changes in less
than 100 years.

Despite their obvious importance, relatively few
studies have incorporated local adaptation into
predictions of how species’ distributions and abundances
will be affected by climate change (Smith et al. 2019) or
have taken local adaptation into account when designing
conservation and recovery plans (Peterson et al. 2019).
Managed (assisted) gene flow and the incorporation of
local adaptation into conservation plans can provide
options for populations that have become increasingly
maladapted to their environment, due to reduced
genetic diversity or rapidly changing environments, or for
restoring resilient populations in places where they have
become locally extinct.
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Conclusions

The future distribution of the long-nosed bat may be
compromised in areas that are crucial for its reproductive
behavior, particularlyinplaceswhereitestablishes maternity
roosts during the spring and summer seasons. By inferring
and predicting the distribution patterns and consequences
for the adaptive potential of this nectarivorous bat, we
can suggest possible scenarios of particular relevance,
considering, for instance, that some plant species depend
on pollination by these mammals. In other words, this way
we can predict possible consequences at the ecosystem
level due to climate change in Mexico.

It is possible that L. nivalis will adapt to these future
climate scenarios. However, it must still be considered that
current global warming is very rapid, and although bats
of the genus Leptonycteris have survived and adapted to
similar -but slower- climatic changes of the planet, it is not
possible to ensure that in such a short time the current
populations will manage to maintain a large enough size.

Regarding climate change scenarios, two predictions
were made. The one we consider most optimistic forecasts
an increase of approximately 1.8°C by the end of this
century. In that case, the changes in climatic conditions
favorable to bat presence are minor, and therefore, we
believe the consequences may be barely noticeable.
However, in the most pessimistic scenario, with a warming
of around 4.4°C above pre-industrial global temperatures,
the situation is more catastrophic, both for bats and, as will
surely be the case, for the plants that depend on pollination
by these bats.
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