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Evolutionary and environmental influences on cranial shape
and forearm length variation in Corynorhinus mexicanus
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Phenotypic variation in bats reflects the combined influence of environmental and evolutionary factors. Body size often responds to
thermal gradients (Bergmann’s rule), whereas cranial and mandibular morphology are often associated with evolutionary history and diet,
which are further shaped by resource seasonality. Corynorhinus mexicanus, an endemic bat of Mexico's temperate forests, was analyzed to
assess if environmental factors, evolutionary history, and their interaction influence forearm size and cranial and mandibular shape. Linear
mixed models were fitted using forearm measurements and principal components derived from environmental variables, incorporating
previously documented intraspecific lineages. Models were compared under annual and monthly temperature variation, accounting
for reproductive timing and sex-specific energetic investment. Cranial and mandibular variation were examined using a two-dimensional
geometric morphometric protocol to assess the influence of lineage and environmental seasonality as a proxy for dietary composition. Forearm
length did not differ between lineages in females but did in males, with those from the Sierra Madre Occidental lineage being smaller. In both
sexes, body size followed Bergmann’s rule. Cranial differences between lineages were restricted to the lateral view of the braincase and the
ventral view of the rostrum. Overall, cranial variation appeared to be primarily driven by evolutionary history, whereas forearm size reflected
a combined influence of evolutionary and environmental factors. Maximum temperatures during the reproductive period influenced forearm
length in males, while minimum temperatures affected females. Finally, we highlighted the importance of considering temporal extent and
environmental resolution in eco-evolutionary studies.
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Lavariacién fenotipica en murciélagos refleja lainfluencia conjunta de factores ambientales y evolutivos. El tamafio corporal suele responder
a gradientes térmicos (regla de Bergmann), mientras que la morfologia craneal y mandibular suele relacionarse con la historia evolutiva y la
dieta, modulada por la estacionalidad. Corynorhinus mexicanus, un murciélago endémico de los bosques templados de México, fue analizado
para evaluar si factores ambientales, la historia evolutiva y su interaccién influyen en el tamafo del antebrazo y en la forma y tamafio del
craneo y la mandibula. Se ajustaron modelos lineales mixtos con medidas de antebrazo y componentes principales de variables ambientales,
incorporando los linajes intraespecificos conocidos. Los modelos se compararon considerando la variacién anual y mensual de la temperatura,
en relacién con los periodos reproductivos y la asincronia energética entre sexos. La variacion craneal y mandibular se evalu6 mediante un
protocolo de morfometria geométrica en dos dimensiones, analizando el efecto del linaje y la estacionalidad como un proxy de la dieta. La
longitud del antebrazo no difirié entre linajes en hembras, pero si en machos, siendo los del linaje de la Sierra Madre Occidental mds pequefios.
El tamano corporal de ambos sexos siguid el patron de la regla de Bergmann. Las diferencias craneales entre linajes se restringieron a la vista
lateral de la caja craneal y a la ventral del rostro. En conjunto, los resultados indican que la variacién craneal esta determinada principalmente
por la historia evolutiva, mientras que el tamafno del antebrazo responde de forma combinada a factores evolutivos y ambientales. Las
temperaturas maximas durante el periodo reproductivo influyeron principalmente en la longitud del antebrazo en machos, mientras que las
minimas lo hicieron en las hembras. Finalmente, se destaca la importancia de considerar la escala temporal y la resolucién ambiental en los
estudios eco-evolutivos.

Palabras clave: Conservacién del calor, dieta, disipacion del calor, regla de Bergmann, tamafio corporal, Vespertilionidae
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Variation in phenotypic traits within species is a common
phenomenon withimportant ecological consequences (e.g.,
community structure and demographic patterns; Bolnick
et al. 2003; 2011). Such variation can arise from several
factors, including adaptation to environmental conditions
(e.g., Stevens et al. 2016; Maluleke et al. 2017), exploitation
of specific resources (e.g., Encarnacao et al. 2005; Hedrick
2021), interspecific competition (Salinas-Ramos et al. 2020),
sex (e.g., Myers 1978; Camargo and de Oliveira 2012; Ulpian

and Rossi 2017), genetic characteristics of individuals (e.g.,

Majerus and Mundy 2003), and the evolutionary history

of populations (e.g., Uvizl and Benda 2021; Gorobeyko

et al. 2025). Exploring how phenotypic traits relate to

intrinsic and extrinsic factors can yield valuable insights
into species’ responses to environmental change, such
as global climate shifts (Paltrinieri et al. 2025), and can
support biodiversity conservation by serving as potential
indicators of metapopulation persistence (Gibert 2016).
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MORPHOLOGICAL VARIATION IN CORYNORHINUS MEXICANUS

Intraspecific phenotypic variation in bats has been
widely documented, particularly in body size (e.g.,
Myers 1978; Williams and Findley 1979; Ulpian and Rossi
2017; Russo et al. 2024) and cranial and mandibular
morphology (e.g., Marchan-Rivadeneira et al. 2012;
Morales et al. 2018; Hedrick 2021), both of which exhibit
diverse responses associated with evolutionary history
and environmental conditions.

Body size variation within species has traditionally
been attributed to adaptive responses to environmental
clines (Ashton 2002; Clauset and Erwin 2008; Meiri 2008;
Chown and Gaston 2010). In bats, the association between
body size and environmental factors has been explained
through several mechanisms, often linked to physiological
constraints (Safi et al. 2013; Castillo-Figueroa 2022; Alston et
al. 2023). In a physiological context, variation in bats’ body
size has been negatively correlated with the environmental
temperature where the organism lives (Bergmann 1848;
Safi et al. 2013). This pattern referred to as Bergmann’s
rule, although originally proposed to describe interspecific
patterns, has also been applied at the intraspecific level,
predicting larger individuals in colder regions as a result
of enhanced heat conservation (Ashton et al. 2000; Watt
et al. 2010). Despite the main reason behind body size
variation according to the Bergmann’s rule is the heat
conservation (Bergmann 1848), other reasons have been
proposed to produce the same pattern. One particularly is
relating to heat stress, where larger individuals have lower
critical thermal maxima, favoring smaller body sizes in
warmer environments (Smith et al. 1995; Peralta-Maraver
and Rezende 2021). Both mechanisms (heat conservation
and heat dissipation) may produce the same pattern of
body size variation, but the environmental constraints are
different, and they obey opposite boundaries of thermal
tolerance of individuals. Another phenomenon behind
body size variation is related to trophic resource availability,
suggesting that individuals tend to be larger in more
productive environments (McNab 2010), where higher
primary productivity, temperature, and precipitation
provide greater energy and resource inputs (Chu et al.
2016). As noted, the pattern exhibited here is opposite to
Bergmann’s rule.

Regarding intraspecific variation in cranial and
mandibular morphology, both structures are often
influenced by several interacting factors, including evo-
lutionary history and dietary adaptations (e.g., Marchan-
Rivadeneira et al. 2012; Morales et al. 2018; Hedrick 2021),
with the former reflecting evolutionary history effects and
the latter shaped by diet influence.

In insectivorous bats, diet composition may depend,
among other factors, on prey availability, which is strongly
influenced by environmental conditions, as insect diversity
and abundance fluctuate with seasonal changes in tempera-
ture and precipitation, as well as primary productivity (e.g.,
Borer et al. 2012; Moosman et al. 2012; Lind et al. 2017; Zhu
et al. 2024). These fluctuations are most evident along lati-
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tudinal and altitudinal gradients (Alston et al. 2023), where

seasonal variations in primary productivity may alter insect

abundance and diversity, potentially forcing bats to broaden
their prey spectrum (e.g., Moosman et al. 2012) and driving
local cranial and mandibular morphological adaptations

(e.g., Mendes et al. 2024).

Corynorhinus mexicanus G.M. Allen, 1916, is an
insectivorous bat endemic to temperate forests located
on the slopes of the Sierra Madre Occidental (SMOc) and
the Trans-Mexican Volcanic Belt (TMVB) in Mexico (Lopez-
Cuamatzi et al. 2024). Previous study suggested this species
comprises two mitochondrial lineages, each restricted to
each mountain range, showing low genetic divergence
(Lépez-Cuamatzi et al. 2024). Variations in body size
(measured as forearm length) and cranial morphology have
been documented and attributed to evolutionary history
(mitochondrial lineages) (Lépez-Cuamatzi et al. 2024),
although the influence of environmental factors has not
been formally tested.

Recognizing environmental conditions and evolutionary
history as primary drivers of intraspecific phenotypic
variation, this study aims to elucidate the relationship
between forearm length and cranial and mandibular shape
variation in C. mexicanus with thermal and precipitation
variables, mitochondrial linages, as well as the interaction
between these components.

Specifically, for body size (measured as forearm length),
we tested the following non-mutually exclusive hypotheses
and predictions (Figure 1):

* Lineage-Driven Hypothesis (LD): Variation in forearm
length in C. mexicanus is structured by mitochondrial
lineages, Sierra Madre Occidental and Trans-Mexican
Volcanic Belt (see Lopez-Cuamatzi et al. 2024), such
that individuals assigned to one lineage are expected
to differ in forearm length from those assigned to the
other lineage.

* General Environmental-Driven Hypothesis (GED):
Variation in forearm length is structured by thermal
conditions consistent with heat conservation and heat
dissipation dynamics, with shorter forearms expected
in warmer environments and longer forearms in cooler
environments. The Bergman’s Rule pattern.

* Resource Availability-Driven Hypothesis (RAD): Variation
in forearm length in C. mexicanus is linked to resource
availability, such that individuals inhabiting more
productive environments are predicted to have greater
forearm length. The opposite Bergmann's rule pattern.
However, a methodological limitation in studies testing

the heat conservation and heat-stress mechanisms of

Bergmann’s rule is the assumption that environmental

pressures —commonly represented by monthly, quarterly,

or annual temperature extremes (e.g., Castillo-Figueroa

2022; Alston et al. 2023; Paltrinieri et al. 2025)- affect all

individuals uniformly and continuously, regardless of

their phenological stage. This simplification could bias
interpretations of temperature-body size relationships.
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Figure 1. Schematic representation of the hypotheses tested for forearm, cranial, and mandibular shape variation.

In temperate zones, maximum and minimum values of
temperatures and precipitation occur in specific seasons
that may not coincide with critical periods such as
reproduction, when the energy demands of Holarctic bats
are highest (Kurta and Kunz 1987; McLean and Speakman

1999). This complexity is further amplified by sex-specific

phenological patterns, as males and females of some

Nearctic species often reach peak reproductive energy

demands at different times of the year (Gustafson 1979;

Oxberry 1979). Considering this, we test a modification of

GED hypothesis but considering the phenological demands

of individuals:

* Reproductive-Cost by Thermal Regulation Hypothesis
(RCTR): Analogous to the heat conservation and heat-
stress mechanisms under GED, but focusing on the
temporal window when energetic demands are highest,
particularly during reproductive activity.

* Regarding to cranial and mandible shape and size
variation, we tested the two following non-mutually
exclusive hypotheses:

¢ Lineage-Driven Hypothesis (LD): Cranial and mandibular
shape and size variation in C. mexicanus are associated
with previously identified mitochondrial lineages.
This hypothesis predicts that cranial and mandibular
morphological traits differ between individuals
belonging to distinct lineages.

¢ Dietary-Driven Hypothesis (DD): Cranial and mandibular
shape variation is associated with diet composition,
particularly with prey availability indirectly estimated
through seasonal precipitation patterns and primary
productivity. It is predicted that cranial and mandibular
shape changes will follow gradients of precipitation and
primary productivity.

Materials and methods

Collection of forearm data. We compiled forearm
measurements of individuals from various localities
representing the two genetic groups identified in C
mexicanus (Figure S1 of Supplementary Data SD1).
These data were obtained from the specimen database

www.mastozoologiamexicana.org 145



MORPHOLOGICAL VARIATION IN CORYNORHINUS MEXICANUS

of taxidermy-preserved individuals reviewed in Lépez-
Cuamatzi et al. (2024). Individuals catalogued as juvenile
were excluded from the analyses.

Collection of cranial and mandible shape data. To
characterize the cranial and mandibular shape variation,
we photographed the mandible and dorsal, ventral and
lateral views of the cranium using a Nikon D3000 reflex
camera (Nikon Corporation, Tokyo, Japan) and a Nikkor 2.8F
60 mm macro lens (Nikon Corporation, Tokyo, Japan). Two-
dimensional landmark and semi-landmark configurations
were digitized on the cranial and mandibular images using
the software tpsUtil and tpsDig2 (Rohlf 2017, 2019). The
number of landmarks and semi-landmarks varied between
views (see Lopez-Cuamatzi et al. 2024 for details).

Landmarkconfigurationswerealigned using Generalized
Procrustes Analysis to remove non-shape variation by
standardizing origin, scale, and rotation (Rohlf 1990). Bone
contours were digitized as semi-landmarks and aligned by
minimizing Procrustes distances to the consensus curve
(Pérez et al. 2006; Gunz and Mitteroecker 2013). Because
skull views are bilaterally symmetrical, shapes were
averaged across sides using bilateral symmetry analysis
(Klingenberg 2015). Shape variables were represented as
Procrustes coordinates, and size was estimated as centroid
size (CS), calculated as the square root of the summed
distances from landmarks to the centroid (Bookstein 1997).
Analyses were performed in the "R-package" geomorph
v.4.0.1 (Adams et al. 2025) on R v.4.4.2 (R Core Team 2024).

To reduce sample size requirements, each cranial view
was divided into two developmentally and functionally
recognized modules (rostral and basicranial), commonly
described in mammals, including bats (Marroig et al.
2009; Porto et al. 2009). Although cranial modularity has
previously been reported in C. mexicanus (Lépez-Cuamatzi
et al. 2024), modularity was re-evaluated because the
current analysis excludes observations from Sierra Madre
Oriental (formally C.leonpaniaguae) included in the previous
study. Modularity was evaluated using the covariance
ratio (CR) with 1,000 permutations, implemented in the
geomorph R-package v.4.0.1 (Adams et al. 2025). When the
CR indicated a lack of modularity, the entire structure was
analyzed as a single unit. To compare shape independently
of size, we fitted linear models between shape and centroid
size for each view or module and used the residuals as
size-free shape coordinates for subsequent analysis, using
Procrutes ANOVA models.

Collection of environmental data. We wused the
geographic coordinates of each voucher specimen to
extract environmental data from climatic raster files. To test
the General Environmental-Driven Hypothesis (GED), we
compiled a dataset with values from WordClim's bioclimatic
variables (Fick and Hijmans 2017): Bio5 (Max Temperature
of Warmest Month) and Bio10 (Mean Temperature of
Warmest Quarter) as proxies for heat dissipation and
Bio6 (Min Temperature of Coldest Month) and Biol1
(Mean Temperature of Coldest Quarter) as proxies for
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heat conservation. We used minimum and maximum
temperature data instead of mean temperature because
our objective was to assess the thermal stress experienced
by individuals, and mean temperature does not capture
the minimum and maximum thermal exposures that may
generate such stress. Additionally, thermal variability also
influences physiological tolerance, affecting individual
fitness (see Bozinovic et al. 2011) and spatial distribution
(i.e., Zimmermann et al. 2009).

Environmental data were extracted at three spatial
resolutions, 30-arcseconds (~1 km), 2.5-arcminute
(~4.5 km), and 5-arcminute (~9.25 km), to account for
resolution-related uncertainty. The 5-arcminute resolution
approximates the dispersal capacity reported for
Corynorhinus species (Fellers and Pierson 2002) but may
introduce environmental error due to its coarse resolution.
In contrast, 30-arcsecond raster offer finer environmental
detail but may not adequately capture broader gradients
relevant to Corynorhinus movements and habitat use.

Following (Alston et al. 2023), to evaluate the Resource
Availability-Driven Hypothesis (RAD), we used the MODIS
monthly Net Primary Productivity (NPP) dataset (NASA
Earth Observatory 2025) at a 0.1° spatial resolution (~10
km) as a proxy for insect abundance. Primary productivity
is strongly associated with insect biomass (Lind et al. 2017)
and has previously shown a moderate positive correlation
(r = 0.66; Borer et al. 2012). For each specimen locality, we
extracted 24 years of data (2001-2024) and calculated
the median NPP value. Additionally, we used Bio18
(Precipitation of the Warmest Quarter) at 30-arcsecond
and 5-arcminute resolutions as a proxy for trophic resource
availability for bats, reflecting insect abundance during
summer (see Frick et al. 2010).

To evaluate the Reproductive-Cost by Thermal
Regulation (RCTR) hypothesis, we compiled historical
monthly climate data from WorldClim (Fick and Hijmans
2017) for each individual. This dataset consists of raster
files at 5-arcminute resolution, including average minimum
and maximum temperature (°C) from 1950 to 2024. We
extracted monthly data for each of the 75 years available
and calculated the median for each month, resulting in
75-year monthly medians. Median values were used to
minimize the influence of outliers, which are common in
environmental datasets. Two sex-specific datasets were
generated to reflect periods of peak energetic demand:
August-November for males, when C. mexicanus invests
in spermatogenesis and sperm maturation (Ledn-Galvén
et al. 2005), and March-July for females, corresponding to
gestation and lactation (Lépez-Wilchis 1989).

To test the Dietary-Driven Hypothesis (DD), we
generated a dataset including WorldClim's variables
Bio4 (Temperature Seasonality), Bio15 (Precipitation
Seasonality) (Fick and Hijmans 2017), together with Bio
18 and NPP, as proxies for insect richness and abundance.
We used Bio4 and Biol15 because insect diversity can be
influenced by thermal and humidity seasonality along
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Figure 2. Workflow for processing environmental data. The diagram depicts the steps from initial input data (coordinates and environmental layers) to the final datasets used for
linear model fitting. During preprocessing for the RCTR hypothesis, PCA was performed separately by sex. Final datasets (Outputs) were selected based on Mantel test results.

altitudinal gradients, such as in mountainous environments
(i.e., Wilson et al. 2007; Montanez-Reyna et al. 2022). As with
the GDE, RAD and RCTR datasets, environmental data for
DD were extracted at resolutions of 30-arcseconds and
5-arcminute.

Treatment of environmental variables. For the GED
dataset, we compared environmental variable values (Bio5,
Bio6, Bio10, and Bio11) across three spatial resolutions
(30-arcseconds, 2.5-arcminute, and 5-arcminute) using
Mantel tests based on Spearman’s rank correlation to
reduce sensitivity to outliers and non-linear relationships.
Euclidean distances were used to construct distance
matrices for each environmental variable, and Mantel tests
were performed with 9,999 permutations using the “vegan”
R-packagein R (Oksanen et al. 2025). This analysis evaluated
whether datasets of differing resolutions produced
consistent results and whether resolution influenced model
outcomes. We then performed a Principal Component
Analysis (PCA) on each dataset of bioclimatic variables
to reduce dimensionality and summarize environmental
information. The number of components to retain was

determined using Horn’s parallel analysis (Dinno 2009), as
implemented in the fa.parallel function of the R-package
psych (Revelleand Revelle 2015). Retained components were
subsequently used in further analyses. For the RCTR and DD
datasets, PCAs were conducted as described above. In the
RCTR dataset, PCAs were performed separately by sex due
to differences in the number of monthly climatic variables
considered (Figure 2). For the RAD hypothesis, Bio18 and
NPP were used directly without dimensionality reduction
through PCA; however, both variables were standardized to
a mean of zero and unit variance. Additionally, we assessed
their correlation using a Spearman correlation test to avoid
collinearity in subsequent modeling.

Sexual dimorphism in forearm, and cranial and mandible
shape. Because the RCTR hypothesis implies sex-specific
associations with climatic variables, we tested for sexual
dimorphism. Forearm length was analyzed using Welch’s
t-test, appropriate for unbalanced designs, after confirming
normality (Shapiro-test, P > 0.05) and homoscedasticity
(Levene’s test, P > 0.05). For each cranial and mandibular
view or module, we evaluated the effect of sex on size-free
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shape using Procrustes ANOVA in Geomorph, and analyzed
centroid size using linear models with random permutations
in the “RRPP” R-package (Collyer and Adams 2018). Both
analyses were conducted with 1,000 permutations.

Modeling unit. For the forearm analysis, multiple
specimens were collected from some localities (i.e., identical
geographic coordinates). Therefore, each individual was
treated as the unit of analysis, while acknowledging that
some individuals were spatially clustered.To account for this
structure, we fitted linear mixed models (LMMs) (Korner-
Nievergelt et al. 2015), including locality as a random effect,
with individuals grouped according to shared geographic
coordinates.

Because several localities were represented by a
single individual, the dataset contained a substantial
proportion of singleton groups (i.e., clusters with only
one observation). Such imbalance can lead to random-
effect variance estimates approaching zero. Nevertheless,
simulation studies indicate that LMMs are generally robust
to high proportions of singleton clusters, even under
moderate sample sizes (Bruyndonckx et al. 2018). Although
some approaches recommend removing random effects
when variance estimates are negligible, we retained the
hierarchical structure given the inherent spatial grouping
of the data. We therefore report the LMM results while
acknowledging that, in some cases, the estimated random-
effect variance was close to zero.

In contrast, for the morphometric analyses we used
the mean cranial and mandibular shape per locality as
the modeling unit. Although individual-level variation
provides valuable insight into intraspecific morphological
patterns, incorporating individuals directly into the
models could bias inference regarding environmental or
lineage effects. By aggregating shape data at the locality
level, we reduced pseudo-replication and ensured that the
modeling unit matched the scale at which environmental
variables were measured.

Statistical analyses: forearm. We fitted linear mixed-
effects models (LMMs) using the Imer function from the
“Ime4” R-package (Bates et al. 2015) to test the proposed
hypotheses. We used forearm length as the response
variable, locality as a random effect, and the LD, GED, RAD,
and RCTR datasets as predictors. Because the LD hypothesis
is not mutually exclusive with the rest of the hypotheses,
we also fitted models including both additive (e.g., LD
+ GED) and interaction terms (e.g., LD * GED) to evaluate
their combined and interactive effects. Model assumptions,
including dispersion, residual uniformity, and outlier
detection, were evaluated using the simulateResiduals
function from the “performance” R-package (Liidecke et al.
2021).

Model comparison was conducted using AlC, AlCc, and
AAICc, with selection based on the lowest AIC and AlCc
values (Korner-Nievergelt et al. 2015). The significance of
each term of the model was assessed considering (P < 0.05).
An intercept-only null mixed-effects model was fitted as a
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baseline to assess whether the observed patterns differed
from those expected under random variation (Gotelli and
Graves 1996). When multiple models showed comparable
support (AAICc < 2) and were not nested, all top-ranked
models were considered. However, when competing
models were nested, we used likelihood ratio tests (through
the anova function in the “stats” R-package [R Core Team
2024]) to evaluate whether the more complex model
provided a significantly better fit. If the null hypothesis was
not rejected, the simpler model was retained.

The intraclass correlation coefficient (ICC) and
marginal and conditional R? values of models selected
were computed using the icc and r2 functions in the
“performance”R-package (Liidecke et al. 2021). In instances
where variance components of the random effects
could not be reliably estimated, conditional R? was not
computed; instead, marginal R? and variance components
are presented. Additionally, when interaction terms in the
model selected were statistically supported, simple slopes
of continuous predictors within each factor level were
estimated using the emtrends function from the “emmeans”
R-package (Lenth and Piaskowski 2025).

Statistical analyses: cranial and mandible shape. The LD
and DD hypotheses for cranial and mandibular shape were
tested using Procrustes ANOVA in the Geomorph. Linear
models were fitted on size-free shape coordinates derived
from the residuals of the allometric regression between
centroid size and shape. Predictors variables included the
DD dataset and mitochondrial linage (LD hypothesis). As
the two hypotheses are not mutually exclusive, we also
tested models with interaction terms between lineage and
environmental variables.

Models were compared using ANOVA, and the
significance of each term was evaluated (P < 0.05). Model
selection followed a nested structure, for example, LD,
LD+DD, and LD*DD formed one set, while DD, LD+DD, and
LD*DD formed another. However, the simple LD and DD
models are not nested within each other. When the best-
fitting models were simple, both were discussed. If a more
complex model was supported in one set but not the other,
the simpler nested model was preferred. A null model was
also included for baseline comparison. Finally, centroid size
was analyzed with linear models implemented in “RRPP”
R-package (Collyer and Adams 2018), following the same
logic as using 1,000 permutations.

After identifying significant predictors, we conducted
individual tests to assess the association with size-free
shape and centroid size. When lineage had a significant
effect on size-free shape, we performed paired comparisons
between the group means, and their significance was
tested by permutation testing (10,000 permutations)
and Bonferroni's correction, comparing the observed
Procrustes distance (procD) with that obtained from
the random assignment of observation to groups in the
R-package “Morpho” v. 2.7 (Schlager 2017). Differences in
mean shape configurations among lineages were assessed




using a Discriminant Function Analysis (DFA) based on the
first ten principal components (PCs) obtained from a prior
Principal Components Analysis. For views and modules
exhibiting significant differences between lineages,
Mahalanobis distances and corresponding P-values were
calculated using permutation tests of the original data
matrix with 1,000 replicates. Classification accuracy was
evaluated using cross-validation, where each specimen
was sequentially excluded from the training dataset and
classified using discriminant functions built from the
remaining individuals. For environmental variables we
applied two-block Partial Least Squares (PLS) analyses
with 999 iterations. For centroid size, significant lineage
effects were evaluated using pairwise-distance tests with
999 iterations, while environmental variables were tested
using Pearson or Spearman correlations depending on the
normality of centroid size residuals.

Results

Environmental data summary. Regarding the environmental
variable datasets used for GED hypothesis, Mantel tests
revealed a strong correlation between the 2.5-arcminute
and 5-arcminute environmental datasets (r=0.95, P < 0.05),
whereas the correlation between the 30-arcsecond and
5-arcminute datasets was notably lower (r= 0.67, p < 0.05).
Based ontheseresults,subsequentanalyseswereconducted
using the 30-arcsecond and 5-arcminute datasets. Monthly
climatic data for testing the RCTR hypothesis were analyzed
at 5-arcminute resolution, while data for the DD hypothesis
were analyzed at both resolutions to ensure comparability
across analyses. Under the RAD hypothesis, Bio18 and NPP
were only weakly correlated (NPP-Bio18 at 30-arcseconds,
rho = -0.3, P < 0.001; NPP-Bio18 at 5-arcminute, rho =
-0.29, P = 0.001), allowing both variables to be included as
predictors in subsequent analyses.

Sexual dimorphism and modularity in cranial shape. The
forearm dataset used to test sexual dimorphism consisted
of 131 observations (63 females and 68 males). Welch's
t-test revealed significant sexual dimorphism, with females
exhibiting greater forearm length than males (¢, .. =
-7.059, P < 0.05; Figure S2 of Supplementary Data SD1).
Consequently, all subsequent models were performed
separately for each sex.

The number of observations for cranial and mandibular
shape analyses varied among datasets (Table ST,
Supplementary Data SD1). The modularity test supported
the division into rostral and basicranial modules in the
lateral (CR = 0.7578, P = 0.001) and ventral (CR = 0.7665, P
= 0.001) views, whereas the dorsal view lacks statistically
significant modularity (CR = 0.964, P = 0.44). Procrustes
ANOVA detected sexual dimorphism in size-free shape only
in the dorsal cranial view and lateral basicranial view (Table
S1, Supplementary Data SD1). Post hoc tests indicated that
in the dorsal view, females and males differed (procD =
0.003, P = 0.049), primarily in nasal bone width and maxilla
length, while in the lateral basicranial view (procD = 0.008,
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P =0.013), differences were concentrated at the base of the
braincase (Figure S3, Supplementary Data SD1). Centroid size
also exhibited sexual dimorphism in lateral rostral, ventral
basicranial, and mandibular views (Table S2, Supplementary
Data SD1). The trend of dimorphism varied across structures:
females were larger than males in the lateral rostrum and
mandible, whereas the opposite pattern occurred in the
ventral braincase (Figure S4, Supplementary Data SD1).

PCA environmental variables. For the GED hypothesis,
the first two principal components (PCs) explained 99.1%
(PC1 = 59.87%; PC2 = 39.23%) of the total variance at the
30-arcsecond resolution and 98.83% (PC1 = 64.67%; PC2 =
34.16) at the 5-arcminute resolution. Horn’s parallel analysis
suggested retaining two components in each dataset.

At the 30-arcsecond resolution, PC1 represented
a general temperature gradient, with all bioclimatic
variables loading positively, and Bio10 and Bio11 showed
the strongest contributions to this component. PC2
differentiated variables associated with lower temperature
contrast (lower maximum temperatures; positive loadings)
from those linked to higher temperature contrast (higher
maximum temperatures; negative loadings) between
maximum and minimum temperature conditions, with
Bio5 and Bio6 contributing most strongly to this axis. At the
5-arcminute resolution, we observed a similar arrangement
of components to that obtained from the 30-arcsecond
resolution PCA. The only difference was the opposite sign
of the PC1 loadings (negative loadings), which reflects the
arbitrary orientation of principal component axes and does
not indicate structural differences between analyses.

For the RCTR hypothesis, the first two principal
components explained 96.42% of the total variance in
males (PC1 = 79.8%; PC2 = 16.5%) and 94.39% in females
(PC1 = 65.0%; PC2 = 29.2%). Although Horn’s parallel
analysis indicated that one component should be retained
in males and two in females, the first two components were
retained in both sexes to maintain comparability. In males,
PC1 represented a general thermal gradient across months,
with all maximum and minimum temperature variables
loading positively, indicating that this axis captured overall
temperature conditions during the August-November
period. Maximum temperatures across months, together
with minimum temperatures of August and September,
showed strong contributions to this component. PC2
distinguished maximum temperatures (positive loadings)
from minimum temperatures (negative loadings), with
November and October minimum temperatures exhibiting
the strongest negative contributions. This pattern reflects
a contrast between daytime and nighttime thermal
conditions, particularly emphasizing the influence of late-
season minimum temperatures, and therefore represents
a gradient of increasing dominance of nocturnal cooling
toward the end of the period.

In females, PC1 represented a general thermal gradient
acrossmonths,withallmaximumandminimumtemperature
variables loading positively. The strongest contributions to
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this component were observed for minimum temperatures,
particularly May and June, together with maximum
temperatures from early spring months (April and March),
indicating that this axis captured overall thermal conditions
during the March-July period. PC2 contrasted high summer
maximum temperatures (June and July, which showed the
strongest positive loadings, followed by May) with lower
minimum temperatures of early spring months (especially
March and April, which exhibited the strongest negative
loadings). This pattern reflects a seasonal contrast between
peak summer heat and cooler spring nights, representing
the degree of thermal intensification from early spring
to midsummer. In simple terms, PC2 indicates how
midsummer and early spring temperatures were similar.

For the DD hypothesis, the first two principal
components (PCs) at 30-arcsecond resolution explained
83.9% of the total variance (PC1 = 68.3%; PC2 = 15.6%),
whereas the first three PCs at 5-arcminute resolution
accounted for 84.7% (PC1 = 70%; PC2 = 14.7%) of the
variance. At 30-arcsecond resolution, PC1 was primarily
associated positively with Bio4 and negatively with NPP,
while PC2 was negatively associated with Bio15 and
Bio18. This pattern reflects a dominant environmental
gradient in which increasing seasonality is associated
with decreasing productivity. Similar patterns of variable
contribution were observed at the 5-arcminute resolution.

Testing hypotheses: forearm. The forearm dataset used
for modeling included 131 individuals grouped into 65
localities, which were treated as arandom effectin the LMMs.
When separated by sex, the female dataset comprised 63
individuals (31 from TMVB and 32 from SMOc), whereas the
male dataset included 68 individuals (48 from TMVB and 20
from SMOc).

Based on AICc and AAICc criteria, the best-supported
model for males corresponded to the LD hypothesis in the
30-arcsecond dataset and to the GED hypothesis in the
5-arcminute dataset. However, in both cases, alternative
models also showed comparable support (AAICc < 2),
specifically the model representing the RCTR hypothesis in
the 30-arcsecond dataset, and the LD and RCTR hypotheses
in the 5-arcminute dataset (Table 1). Because the models
retained under the AAICc criterion were not nested, all of
them were considered in subsequent interpretations.

For females, the best-supported model included the
GED effect in the 30-arcseconds dataset and the LD x RCTR
interaction in the 5-arcminute dataset. However, in the
30-arcseconds dataset, alternative models also showed
comparable support (AAICc < 2), particularly LD + GED, LD
* GED, and LD * RCTR. Because GED, LD + GED, and LD * GED
are nested models, likelihood ratio tests were performed.
These tests indicated that the more complex models did
not provide a significantly better fit than the simpler ones
(GED vs. LD + GED: X°, = 0.48, P = 0.48; GED vs. LD * GED:
X?,=5.74, P=0.12). Therefore, only the GED and LD * RCTR
models were retained for subsequent interpretation. All
fitted models for both sexes and datasets, including those
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not selected, met the assumptions of dispersion, uniformity,
and absence of outliers.

In males, the LD model revealed a significant effect of
lineage, with SMOc individuals showing lower values of
forearm than TMVB (8 = -0.71, SE = 0.25, CI95% = -1.23 -
-0.22, t'"*71 = -2.84, P = 0.013) (Figure 3A). For this model,
random-effect variance was negligible (02 = 0.001, SD =
0.04), with ICC = 0 and marginal R?=0.11. In the GED model
(5-arcminute dataset) for males, PC2 had a significant
positive effect (3=0.25,SE=0.11,Cl95% = 0.03 - 047, %% =
2.19, P =0.035) (Figure 3B), whereas PC1 was not significant
(8=0.14,SE=0.08,Cl95% =-0.02 - 0.3, t** = 1.74, P=0.09).
Since positive values of PC2 indicate localities with greater
influence of cold conditions and less dominance of extreme
heat, these results indicates that males tend to be larger
in colder locations and smaller in locations dominated by
extreme heat. For this model, random-effect variance was
low (0® = 0.06, SD = 0.26; ICC = 0.036), with marginal and
conditional R?values of 0.15 and 0.18, respectively.

Under the RCTR model, PC1 had a significant negative
effect on forearm length (8 = -0.13, SE = 0.048, Cl95% =
-0.23 - -0.03, t'’* = -2.79, P = 0.012) (Figure 3C), whereas
PC2 was not significant (8 = -0.13, SE = 0.1, CI95% = -0.33
- 0.06, t33% = -1.29, P = 0.2). This result indicate that males
inhabiting warmer environments, particularly during
August-September, tend to exhibit shorter forearm length.
For this model, random-effect variance was low (o° = 0.06,
SD = 0.24; 1CC = 0.014), with marginal and conditional R? of
0.13 and 0.14, respectively.

In females, the GED model showed a significant
negative effect of PC1 on forearm length (8 = -0.30, SE =
0.09, C195% =-0.48 —-0.11, t% =-3.24, P=0.001) (Figure 3D),
while PC2 was not significant (8 = 0.04, SE = 0.1, Cl195% =
-0.15-0.25,1° = 0.48, P = 0.63). These findings suggest that
females inhabiting colder environments tend to exhibit
greater forearm length, while individuals from warmer
environments show reduced forearm size. For this model,
the random-effect variance was zero, resulting in ICC = 0
and a marginal R?of 0.15.

The LD x RCTR model for females revealed significant
effects of lineage, PC1, and PC2, as well as significant
interactions between lineage and both principal
components (Figure 3E-F). The SMOc lineage exhibited
lower forearm values than the reference lineage (TMVB) (8=
-2.39,SE=1.02, Cl195% =-4.25 --0.50, t*5%2 =-2.34, P=0.025).
PC1 was negatively associated with the forearm length (8 =
-0.76,SE=0.22, CI95% =-1.16 —-0.35, t*¢76=-3.40, P= 0.002),
whereas PC2 showed a positive association (8 = 1.28, SE =
0.50, C195% = 0.36 - 2.16, t?¢9 = 2.58, P = 0.015). Significant
interactions were detected between lineage and PC1 (8 =
0.76, SE = 0.24, CI95% = 0.32 - 1.18, t¥? = 3.18, P = 0.004)
and between lineage and PC2 (8 = -1.33, SE = 0.57, C195%
=-2.32 - -0.26, t3% = -2.35, P = 0.026), indicating lineage-
specific relationships between principal components and
the forearm length (Figure 3G). Random-effect variance was
small (6°=0.11, SD = 0.34), with ICC = 0.012 and marginal
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Figure 3. (A) Differences in forearm length between lineages in male C. mexicanus. (B) Positive association between forearm length and PC2 of the GED (5-arc-minute) dataset in
males; positive PC2 values indicate lower temperature contrast (lower maximum temperatures), whereas negative values indicate higher contrast (higher maximum temperatures). (C)
Negative association between forearm length and PC1 of the RCTR dataset in males; positive PC1 values correspond to higher temperatures and negative values to lower temperatures.
(D) In females, forearm length was negatively associated with PC1 of the GED (30-arc-second) dataset, where positive values represent higher temperatures and negative values represent
lower temperatures. (E-F) In the LD+RCTR dataset, forearm length in females showed significant interactions with lineage for both PC1 and PC2. For PC1, positive values indicate higher
temperatures and negative values lower temperatures; for PC2, positive values reflect greater temperature contrast between early spring and midsummer, whereas negative values
indicate more similar seasonal temperatures. SMOc individuals showed no detectable relationship between temperature and forearm length (G), displaying a homogeneous response to
climatic PCs (uniform color), whereas TMVB individuals exhibited forearm variation associated with both PC1 and PC2 (color gradient).
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and conditional R?values of 0.24 and 0.25, respectively.

Simple slope analyses showed that PC1 was negatively
associated with the forearm length in TMVB (8 = -0.75,
Cl95% =-1.21 - -0.30) but not in SMOc (8 =-0.005, CI95% =
-0.18 — 0.16) (Figure 3E). Similarly, PC2 had a positive effect
in TMVB (= 1.25, CI195% = 0.25 - 2.26) (Figure 3F) but no
significant association in SMOc (8 = -0.018, CI95% = -0.57
- 0.54). Because PC1 represents a general thermal gradient
during March-July, the negative association indicates that
females inhabiting generally warmer localities exhibited
shorter forearms. In contrast, PC2, which captures seasonal
changes from early spring to midsummer, suggests that
females from localities with a more pronounced seasonal
transition between these periods had longer forearms.

Testing hypotheses: cranial and mandible shape and size.
For most cranial views, fitted shape models using either the
30-arcsecond or 5-arcminute datasets did not outperform
the null models. Only the lateral-view modules and ventral
rostrum view showed better fit than the null models. None
of the centroid size models outperformed the null models.

In the lateral braincase module, for females, the
best-fitting model in both datasets (30-arcseconds and
5-arcminute) was the LD*DD interaction. None of the
individual terms were significant, but PC1 (F" ' = 1.85,
P = 0.053) and PC2 (F"™ = 1.91, P = 0.058) approached
significance. In males, no model outperformed the null
model in the 30-arcsecond resolution, but at 5-arcminute
resolution, the best-fitting model was also LD*DD, with
lineage (F"2=2.46, P=0.017) and lineage*PC2 (F"2¢ = 2.35,
P = 0.024). Pairwise analyses showed differences between
TMVB and SMOc males in the frontal and basal regions
of the braincase (procD = 0.013, P = 0.017) (Figure 4A).
Discriminant Function Analysis (DFA) based on the first 10
PCs supported these differences (Mahalanobis D = 2.06,
p < 0.001), with cross-validation correctly classifying 84%
of TMVB and 50% of SMOc individuals (Figure 4B). PLS
analyses revealed a positive, though non-significant, trend
between shape and PC2 within lineages (Table 2).

In the lateral rostrum module, models using the
30-arcsecond dataset did not outperform the null model. In
contrast, for the 5-arcminute dataset, the best-fitting model
included LD*DD interactions, with significant lineage*PC1
(F*'=2.96,P=0.023)and lineage*PC2 (F"*'=4.13,P=0.007)
effects. PLS analyses within lineages indicated positive but
non-significant relationships for both interactions (Table 2).

In ventral rostrum view, the best fitting model included
only the lineage term (F"* = 2.36, P = 0.022), which was
significant. Pairwise analyses showed that TMVB and SMOc
individuals differed in nasal bone size and length (procD
= 0.012, P = 0.012) (Figure 4C). DFA based on the first 10
PCs confirmed these differences (Mahalanobis D = 1.26, P
= 0.003), with cross-validation correctly classifying 75% of
TMVB and 37.5% of SMOc individuals (Table 2, Figure 4D).
Discussion
In our study, models associated with the LD and RTCR hy-
potheses provided the most consistent explanation for fore-
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Figure 4. (A) Lateral braincase shape variation in males of C. mexicanus, amplified
using “mag = 3" for clearer visualization. (B) Linear Discriminant Function (LDF) scores for
males from TMVB and SMOc based on lateral braincase shape. (C) Ventral rostrum shape
variation, amplified using “mag = 3". (D) LDF scores for individuals from TMVB and SMOc
based on ventral rostrum shape.



Table 2. Summary of the best Procrustes ANOVA models fitted for cranial and mandibular shape. Sex and resolution categories are indicated below each view, along with sample size (n).
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View n Factor d.f. SS Ms R? F z P
Lateral braincase 24 Lineage 1 0.0005849 0.00058489 0.04811 1.3176 0.69787 0.249
Females PC1 1 0.0008224 0.00082245 0.06765 1.8528 1.62565 0.053
30 sec PC2 1 0.0008496 0.00084957 0.06988 19138 1.56436 0.058
Lineage*PC1 1 0.0007242 0.00072415 0.05956 1.6313 1.29356 0.111
Lineage*PC2 1 0.0005303 0.00053025 0.04362 1.1945 0.55129 0.295
Residuals 18 0.0079903 0.0004439 0.67523
Total 23 0.0121575
Lateral braincase 24 Lineage 1 0.0008136 0.00081358 0.06692 1.7084 1.18269 0.119
Females PC1 1 0.0005085 0.00050846 0.04182 1.0677 0.36244 0.362
5 min PC2 1 0.0005309 0.00053088 0.04367 1.1148 0.46211 0.32
Lineage*PC1 1 0.0004954 0.00049538 0.04075 1.0402 0.27462 0.395
Lineage*PC2 1 0.0009379 0.00093788 0.07714 1.9694 1.52011 0.06
Residuals 18 0.008572 0.00047622 0.70508
Total 23 0.0121575
Lateral braincase 32 Lineage 1 0.0010894 0.00108942 0.07129 24677 2.12624 0.017
Males PC1 1 0.0004505 0.00045047 0.02948 1.0204 0.12911 0.452
5 min PC2 1 0.000559 0.00055896 0.03658 1.2661 0.5972 0.28
Lineage*PC1 1 0.0007205 0.00072055 0.04715 1.6322 1.25127 0.113
Lineage*PC2 1 0.0010416 0.00104155 0.06816 2.3593 2.04082 0.024
Residuals 26 0.0114781 0.00044147 0.75115
Total 31 0.0152807
Lateral rostrum 47 Lineage 1 0.001616 0.0016159 0.03872 1.9171 1.29774 0.102
Both sexes PC1 1 0.001298 0.0012977 0.0311 1.5395 0.98793 0.168
5 min PC2 1 0.000408 0.0004083 0.00978 0.4844 -0.78256 0.764
Lineage*PC1 1 0.002497 0.0024966 0.05983 2.9619 2.0349 0.023
Lineage*PC2 1 0.003489 0.0034887 0.0836 4.1389 243528 0.007
Residuals 41 0.034559 0.0008429 0.82818
Total 46 0.041729
Ventral rostrum 45 Lineage 1 0.0014626 0.00146264 0.05208 2.3627 1.9463 0.022
Both sexes Residuals 43 0.0266191 0.00061905 0.94792
30 sec Total 44 0.0280817

arm variation in C. mexicanus. Although the GD hypothesis
was similarly supported in both sexes, its performance varied
depending on the spatial resolution of the environmental
dataset. Given that hypothesis support contingent upon
predictor resolution may reflect scale-dependent effects
rather than clear biological mechanisms, we limit further
discussion of the GED hypothesis. Nonetheless, we
acknowledge that when GD hypothesis was supported, the
relationship between forearm length and environmental
variables followed the pattern predicted by Bergmann’s rule.

By the other hand, despite the comparative suitability
of forearm length and body mass as proxies of intraspecific
body size in bats is beyond the scope of this study, we
provide the follow rationale to clarify our decision to use
forearm length as a structural measure of body size in C.
mexicanus in the present discussion.

Since size refers to the spatial extent occupied by an
object in a three-dimensional space, size is fundamentally
the volume, which depends on linear dimensions (height,

length, and width). Although mass is often correlated with
volume, it represents the amount of matter rather than the
space occupied; therefore, mass and size are related but
conceptually distinct properties. In bats, both body mass
and forearm length have been widely used as proxies of
body size at the interspecific level, as they generally scale
in the same direction (Safi et al. 2013). However, at the
intraspecific level, forearm length has been questioned as
a proxy because it does not necessarily scale proportionally
with body mass (McGuire et al. 2018; Mellado et al. 2024).
We argue that dismissing forearm length on the basis that
body mass represents a “truer” measure of size reflects a
conceptual conflation between mass and volume. While
body mass is appropriate for interspecific comparisons, its
use at the intraspecific level often reflects variation in body
condition or nutritional state rather than structural size.

In this context, we highlight two considerations of our
study. First, the absence of support for the RAD hypothesis
may be related to the use of forearm length rather than
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body mass as the response variable, given that resource
availability is more directly associated with body condition
and nutritional state. Second, because Bergmann’s rule is
grounded in surface-to-volume dynamics (Bergmann 1848),
we consider forearm length an appropriate structural proxy
of size, even at the intraspecific level, as changes in linear
dimensions necessarily affect volume. In other words, affect
the amount of space that individuals occupied, which by
definition is their size.

Variation of forearm. Our results indicate a sex-specific
pattern of forearm length variation: in females, forearm
seems to be more strongly constrained by environmental
selective pressures than by the species’ evolutionary
history, whereas in males, although environmental factors
also play a role, evolutionary history also has an influence
on forearm length. Previously, Lopez-Cuamatzi et al. (2024)
reported forearm differentiation between the SMOc and
TMVB lineages in males but not in females, suggesting
that the “Big Mother Hypothesis” (Stevens et al. 2013) could
explain the absence of differentiation in females. According
to this hypothesis, sexual dimorphism in forearm length
in vespertilionid bats, characterized by a bias toward
larger sizes in females, is the result of a positive selection
favoring females due to the cost-benefit balance of energy
expenditure during reproduction and lactation (Stevens et
al. 2013). Our findings support this interpretation, indicating
that environmental conditions during the reproductive
period may select for specific body sizes (measured here
as forearm length), leading to phenotypic convergence
among females regardless of lineage.

Nevertheless, the lack of differences in forearm size
among females’ lineage does not necessarily imply an
absence of influence from evolutionary history. Our results
for females for both resolution datasets reveal a significant
interaction between lineage and environment during
reproductive period: in the TMVB lineage, female forearm
size is influenced by environmental variables, whereas
in the SMOc lineage it is not. This could be interpreted as
a reduced or negligible effect of temperature in SMOc,
either due to an unknown biological factor or because
temperatures in that region may be more homogeneous
and span a narrower range. However, our data do not allow
us to discern which of these hypotheses is more plausible,
indicating that the lineage-dependent nature of this
response requires further investigation.

Regarding specific environmental effects, in TMVB
females, PC1 was negatively related to forearm size,
exhibiting the classic Bergmann’s rule pattern. This
component was mainly associated with minimum
temperatures during the reproductive months, but also
with maximum temperatures in March and April, the latter
corresponding to the highest values of the maximum
temperature set (Figure 5A). This pattern suggests that
forearm size variation in females may be mainly shaped
by selection for heat conservation, underscoring the role
of efficient thermoregulation during gestation (March-
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Figure 5. Trends of maximum and minimum temperatures by sex and lineage. The
reproductive period (colored rectangle) used to test the RCTR hypothesis is shown for
females (A) and males (B), with mean values (circles) and standard deviations (intervals)
calculated from historical monthly records spanning 1950-2024.

April) (Lopez-Wilchis 1989), when energy resources are
partitioned between maternal maintenance and fetal
development. But also, the high temperatures of March
and April may also indicate selective pressure for heat
dissipation during the early stages of gestation. Elevated
thermoregulatory demands during this period -whether
conserving or dissipating heat— could impose fitness costs
on C. mexicanus females at TMVB.

Heat dissipation and conservation patterns in TMVB
females are also reflected in the relationship between PC2
and forearm length. In localities where early spring (early
gestation) and midsummer (lactation) temperatures are
similar, forearm length tends to be shorter, likely due to
relatively homogeneous and warmer conditions where
avoiding overheating is important. Conversely, where
early spring is cooler and the seasonal contrast is stronger,
females exhibit longer forearms, possibly reflecting greater
selective pressure for heat conservation during early
gestation (Wolf et al. 2025).

In males, differentiation between lineages, also
reported by Lopez-Cuamatzi et al. (2024), underscores
the relevance of evolutionary factors in forearm variation.
However, our analyses indicate that environmental
conditions during the reproduction (RCTR hypothesis)
also play an important role. It is important to note that the




hypotheses tested in this study (lineage and environment)
are not mutually exclusive. Therefore, interpretation
should not focus on determining which hypothesis better
explains forearm size variation in males, but rather on
recognizing that such variation reflects environmental
effects acting in both lineages within their respective
morphological ranges.

The PC1 of RCTR model was negatively related to forearm
length and exhibited the classic Bergmann pattern. This
component was associated with maximum temperatures
during the reproductive period and with minimum
temperatures in August and September, the warmest
months in the analyzed series (Figure 5B). This suggests
that, unlike in females, forearm variation in males may be
influenced by thermal stress due to overheating under
higher temperatures. Komar et al. (2022) have demonstrated
that male bats tend to reduce the maturation speed and
production of sperm at high temperatures, reducing the
chances of mating. Since August and September coincide
with key reproductive processes in males of C. mexicanus
—epididymal development, recrudescence of testes, and
accessory sexual glands (Léon-Galvan et al. 2005)- additional
energy expenditure for heat dissipation could affect sperm
quality and, consequently, reproductive success.

Paltrinieri et al. (2025) previously demonstrated a sex-
specific response of forearm length to environmental
temperature, with females of European bats exhibiting
adaptations toward heat conservation and males showing
evidence of both heat conservation and dissipation.
However, unlike their conclusion that both mechanisms are
equally plausible for males, our results suggest a stronger
selective pressure for heat dissipation.

Variation in the shape and size of the cranium and man-
dible. Our results indicate that the skull and mandible
are relatively conserved structures in C. mexicanus, with
morphological differences so subtle that, in most analyzed
modules, they did not deviate from a random pattern.
Lépez-Cuamatzi et al. (2024) previously attributed this
morphological conservatism to low genetic differentiation
and the recent divergence between lineages, a pattern also
observed in Myotis velifer peninsularis (Najera-Cortazar et dl.
2015). Our data support this conclusion and further show
that environmental variables —considered as proxies for
insect abundance and diversity- play a minimal or negligible
role in the morphological variation of these structures.

The only significant differences observed in some skull
modules were primarily associated with mitochondrial
lineage. Although Lépez-Cuamatzi et al. (2024) previously
reported differentiation in the lateral view of the cranial
vault in females, our analysis unexpectedly detected this
differentiation in males, while it was absent in females. This
discrepancy may be explained by the analytical approach:
Lépez-Cuamatzi et al. (2024) used the individual as the
sampling unit, whereas in our study we used the locality as
the unit, averaging the cranial shape of multiple individuals
from the same population. This procedure led to a loss of
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variability that our analysis could not recover. Nonetheless,
we considered a locality-based approach more suitable for
assessing ecological patterns at a spatial scale, as individual-
level variation in our dataset could obscure the effects of
environmental factors.

Similar to the lateral cranial view, the ventral view
of the rostrum showed differences associated with
mitochondrial lineage. Although this differentiation had
not been previously reported, its subtlety and cross-
validation values suggest an emerging signal that should
be re-evaluated in the future with a larger sample size.
While lineage appears as a factor associated with variation
in both modules (cranial vault and rostrum), this does not
necessarily imply causality. Therefore, if this variation
reflects the species’ evolutionary history, its interpretation
must be approached cautiously.

Regarding the lateral view of the rostrum, Lépez-
Cuamatzi et al. (2024) previously reported a trend toward
differentiation between the SMOc and TMVB lineages,
although it was not statistically significant. Our results
suggest that this variation may be associated with lineage
or its interaction with environmental variables; however,
regression analyses conducted separately for each lineage
did not recover statistical significance. This is consistent
with statistical reasoning, as a term may be significant in a
global model but not in separate analyses, especially when
effects are weak (Pike 2011). Furthermore, this result was
obtained only using environmental data at 5-arcminute
resolution and was not consistent across both datasets
(30-arcseconds and 5-arcminute), indicating that the
finding should be interpreted cautiously, as it may be an
artifact of the data.

Consideration of temporal extent and spatial resolution of
the database. The performance and predictive capacity of a
geospatial model are affected by three types of uncertainty
across spatial and temporal dimensions: uncertainty in
estimating the response variable, uncertainty in estimating
predictor variables, and uncertainty arising from model
formulation and structure (Svensson et al. 2013). At
both dimensions, two factors are particularly relevant
for predictor variable uncertainty: resolution and extent
(Svensson et al. 2013).

Although high-resolution predictor variables often
improve predictive performance of geospatial models (e.g.,
Franklin et al. 2013; Chauvier et al. 2022; Cohen and Jetz
2025; but see Lowen et al. 2016), they may not be the most
biologically appropriate. Because bats exhibit considerable
interspecific variation in dispersal abilities and home-range
sizes (Wood et al. 2024), using environmental data at a
spatial resolution finer than a species’ dispersal capacity
may underestimate the influence of environmental features
across its effective area of movement. Conversely, coarser
resolutions, although potentially more representative of the
environmental conditions across an individual’s movement
area, may overestimate environmental characteristics
by incorporating suboptimal habitats into the averaged
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values. Thus, selecting the appropriate resolution in spatial
analyses constitutes a trade-off that should fundamentally
depend on species-specific biological knowledge.

In our study, information provided by the 30-arcsecond
resolution was particularly suitable, as the distribution
of C. mexicanus in montane ecosystems exhibits climatic
variation determined by altitudinal gradients (see Oke and
Thompson 2015; Scherrer et al. 2019). Fine resolution allows
these altitudinal gradients to be captured more accurately.
However, although useful in the case of C. mexicanus, it
should not be considered ideal for all species.

Results on lateral rostrum shape indicate that model
term significance, particularly for lineage, depended on the
resolution of environmental data used. This demonstrates
that methodological decisions can influence conclusions
and lead to interpretations that may or may not accurately
reflect species biology. Therefore, we recommend that
studies analyzing ecological phenomena using spatial
data include analyses at multiple resolutions to minimize
methodological bias in biological interpretations. This
recommendation is especially relevant for research on
highly mobile species, such as bats.

Regarding the temporal extent of environmental
variables, studies testing Bergmann’s rule have commonly
relied on monthly, quarterly, or annual temperature ranges
to evaluate the relationship between temperature and body
size (e.g., Barros et al. 2014; Castillo-Figueroa 2022; Alston
et al. 2023; but see Paltrinieri et al. 2025). This approach
implicitly assumes that the influence of thermal conditions
on body size operates equally throughout the year. Under
this assumption, thermoregulatory and energetic demands
are considered temporally uniform, thereby justifying the
use of annual or temporally aggregated variables. However,
thermoregulatory and energetic demands are not constant
over time and often peak during specific periods depending
on sex and life-history stage (Gustafson 1979; Oxberry
1979; Kurta and Kunz 1987; McLean and Speakman 1999).
This is especially evident during the reproductive season,
when energetic requirements increase (Kurta and Kunz
1987; McLean and Speakman 1999). Males allocate energy
to spermatogenesis and gonadal maturation, whereas
females invest in fetal development and lactation (Kurta
and Kunz 1987, Le6n-Galvén et al. 2005). If individuals
must simultaneously allocate additional energy to
thermoregulation during these periods, this energy is
diverted from reproduction. Because thermoregulatory
efficiency is influenced by body size, thermal conditions
experienced during reproduction are likely to impose
stronger selective pressures on body size than conditions
encountered during periods of lower energetic demand.

For example, two hypothetical females of different body
sizes inhabiting the same colony would experience similar
overall thermal conditions. However, if temperatures during
lactation are relatively cool, the larger female would conserve
heat more efficiently due to a lower surface-area-to-volume
ratio. In contrast, the smaller female would lose heat more
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rapidly and would need to allocate additional energy to
thermoregulation, thereby reducing the energy available for
milk production. A similar rationale applies to males: under
warm autumn conditions, larger males may need to invest
more energy in heat dissipation, potentially decreasing
the energy available for gonadal development and sperm
maturation. Because these energetic trade-offs directly
affect reproductive performance, they may have fitness
consequences and thus be subject to natural selection.
Therefore, we argue that the influence of environmental
conditions on body size is likely strongest during
reproductive periods. Assessing temperature effects at
an annual scale using mean yearly values may obscure
these relationships, as such measures incorporate thermal
conditions from periods of lower energetic demand.
Consequently, this approach may introduce thermal
noise and mask biologically meaningful patterns. Our
results indicate that models based on environmental
variables restricted to the reproductive period had greater
explanatory power than those using annual variables,
supporting the idea that the strength of environmental
influence on body size is not uniform throughout the
year. In this context, our study provides a framework
for future research exploring this pattern in bats more
broadly, particularly among Holarctic species that exhibit
asynchronous reproductive energy investment.

Conclusions

Our study examined phenotypic variation in forearm length
as a proxy of body size, as well as cranial and mandibular
morphology, in C. mexicanus, exploring their associations
with evolutionary history and environmental factors.
Phenotypic variation in C. mexicanus displays sex-biased
patterns, with distinct factors driving variation in each sex.
Forearm length aligns with the LD and RCTR hypotheses in
males and the LD*RCTR hypothesis in females. However,
the temperatures associated with forearm variation in the
RCTR hypothesis suggest different underlying mechanisms
such as conservation in females and heat dissipation in
males. In contrast to forearm length, cranial and mandibular
shape and size exhibit morphological conservatism, with
only slight differences in certain views among lineages,
consistent with the LD hypothesis.

Our findings also contribute to ongoing discussions
about the appropriate temporal scale of temperature data
used to test Bergmann’s rule and geographic patterns of
body size variation, particularly at the intraspecific level.
We propose that, within species, environmental thermal
conditions exert their strongest influence on body size
during the reproductive season, when energeticinvestment
is highest. During this period, physiological pressures
related to heat conservation or dissipation may intensify,
allowing environmental conditions to play a critical role
due to their direct effects on individual fitness.

Nevertheless, these conclusions require further
evaluation through additional studies to determine whether



this pattern is universal or broadly applicable. Moreover,
the spatial resolution of environmental data should be
carefully considered, as uncertainty in predictor estimates
may influence model performance and, consequently, the
interpretation of results.
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