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Simple Summary: Animal body size varies in response to many environmental factors and may be
influenced by climate change, food availability, habitat alterations or species interactions. Here, we use
a specimen collection of Italian rhinolophid bats (Rhinolophus hipposideros) covering a long historical
period (1869–2016) and looked at their body and skull size to see whether these changed over time and
space. Although no temporal responses were recorded, which rules out an effect of climate change or
urbanization, we found an increase in body size from south to north along the Italian territory which
is best explained according to Bergmann’s rule. The latter postulates that larger individuals retain
heat more effectively, so their presence in northern, colder climates is favoured, whereas, smaller ones
dissipate heat more easily and are best adapted to cope with southern, warmer climates.

Abstract: Body size in animals commonly shows geographic and temporal variations that may depend
upon several environmental drivers, including climatic conditions, productivity, geography and species
interactions. The topic of body size trends across time has gained momentum in recent years since this
has been proposed as a third universal response to climate change along with changes in distribution
and phenology. However, disentangling the genuine effects of climate change from those of other
environmental factors is often far from trivial. In this study, we tested a set of hypotheses concerning body
size variation across time and space in Italian populations of a rhinolophid bat, the lesser horseshoe bat
Rhinolophus hipposideros. We examined forearm length (FAL) and cranial linear traits in a unique historical
collection of this species covering years from 1869 to 2016, representing, to the best of our knowledge, the
longest time series ever considered in a morphological assessment of a bat species. No temporal changes
occurred, rejecting the hypotheses that body size varied in response to climate change or urbanization (light
pollution). We found that FAL increased with latitude following a Bergmann’s rule trend, whereas the
width of upper incisors, likely a diet-related trait, showed an opposite pattern which awaits explanation.
We also confirmed that FAL is sexually dimorphic in this species and ruled out that insularity has any
detectable effect on the linear traits we considered. This suggests that positive responses of body size
to latitude do not mean per se that concurring temporal responses to climate change are also expected.
Further investigations should explore the occurrence of these patterns over larger spatial scales and more
species in order to detect the existence of general patterns across time and space.

Keywords: bat; Bergmann’s rule; climate change; land use change; light pollution; morphology;
natural history collections
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1. Introduction

Climate change is one of the main threats to biodiversity and is well-known to exert
several effects on the biota (e.g., [1]). In animals, reactions to climate change have been
recorded, comprising three main categories, i.e., changes in geographic distribution [2],
phenological modifications affecting migration [3], reproduction [4] or hibernation [5], and
variation in body size [6]. A main hypothesis regarding the latter, at least for terrestrial
endotherms, is that body size will decrease in response to a warming climate. The rationale
behind this hypothesis is provided by the so-called Bergmann’s rule [7], according to
which animal species, or, within species, individuals in warmer climates show a smaller
body size than those living in colder climates. The rule rests on the fact that a smaller
body size will correspond to a larger surface area/volume ratio, which translates into a
more efficient heat dissipation—selected for under warmer conditions. On the other hand,
a larger body size will be selected positively under colder conditions to retain body heat
more effectively. When projected along a temporal gradient of increasing temperature such
as that generated by climate change, this pattern would consist of a progressive reduction
in body size, because smaller individuals will radiate heat more effectively, and would
thus be better adapted to an increasing temperature scenario [8]. Yet, a smaller size implies
greater vulnerability to dehydration and overheating in response to heat waves, so while a
slow increase in temperature will select for smaller individuals, occasional thermal peaks
would exert an opposite evolutionary force selecting for larger sizes. Studies have shown
either pattern, as well as cases where no apparent body size trend was detected in response
to climate change (reviewed in [8]).

Insectivorous bats constitute an excellent study group to explore responses to climate
change because key aspects of their biology are deeply influenced by ambient tempera-
tures, such as hibernation [9], reproduction [10] and active foraging [11,12]. Moreover,
bats possess a high body surface area relative to their volume, which exposes them to
dehydration and heatwaves [13]. Either increases or decreases in bat body size are there-
fore valid hypotheses to explore as potential responses to climate change. Body size in
Chinese Rhinolophus pusillus, for example, correlated negatively with the mean minimum
temperature of the coldest month, supporting the fact that at least in that species body size
is influenced by the need to preserve heat [14], although for bats no clear body size trend
over time is known that might be associated with climate change. Prolonged pre-natal
growth associated to higher temperatures under a climate change scenario might also lead
to an increasing body size over time [15].

Italy is no exception to the global trend of warming temperature. Estimates of mean
temperature increases in the country range between a 0.76 ◦C ± 0.19 ◦C in 1850–2005 [16]
and an increase >1.1 ◦C of annual mean temperature in 1981–2010 over 1971–2000 [17],
which sets the bases for investigating body size changes occurred over time in response
to this alteration. However, drivers other than climate may cause changes in body size,
confounding the pattern. For instance, spatial and temporal changes in body size may
result from other factors, including variation in resource availability (named “resource
rule” by [18]), competition [19] or prey-predator interactions [20]. Within this context,
a special case of size variation over time in insectivorous bats is offered by the Kuhl’s
pipistrelle Pipistrellus kuhlii, a thermophilous, ecologically flexible species that has experi-
enced a four-fold increase in its European geographic distribution over the last decades
best explained as a response to the warming climate [21]. Unlike many other light-averse
bat species (e.g., [22]), P. kuhlii tolerates artificial illumination and, thus, frequently feasts
on the swarms of positively phototactic insects attracted to streetlights [23–25]. In this
species, body size showed no variation over ca. 130 years, but skull size increased after
1950, matching a boost in electric public illumination over the country [25]. Artificial
illumination impairs antipredator evasive manoeuvres in tympanate moths triggered by
bat echolocation [26], such moths, which would normally escape predation by P. kuhlii,
can be caught by the bat near streetlamps. The increase in the bat cranial size over time
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might be a microevolutionary response, aimed at favouring capture of larger prey that has
suddenly become available [25].

In our study, we examined Rhinolophus hipposideros from Italian populations collected
in the period from 1869 to 2016. We provide a unique example of morphological analysis
done on mammals over almost 150 years, and employ linear morphology to test alternative
hypotheses about body size change over space and time in Italian populations of this bat
species, as follows.

(1) Skull size and forearm length (hereafter FAL) of R. hipposideros will either decrease
(to dissipate heat more effectively) or increase (to reduce the risk of dehydration) in
response to a warming climate, so we predict an effect of the year of collection, which we
adopt as a proxy for climate change as done in many other studies (see [27] for a review).

(2) Rhinolophus hipposideros skull size will not increase selectively over time, that is, there
will be no influence of artificial illumination on this light-averse species, in contrast to
light-exploiting species [25]. This rhinolophid is, in fact, an ideal control taxon in this
context because it shows strong adverse reactions to artificial illumination [28].

(3) Finally, we formulate a set of geographic-framed hypotheses, i.e., that body size may
respond to latitude, longitude, elevation or insularity. Specific predictions arising from
such hypotheses are that: (a) Body size will increase at higher latitudes, in agreement
with Bergmann’s rule, as seen in other bats [29]; and (b) bats from islands (Sardinia
and Sicily) will be smaller (dwarfism) or larger (giantism) than their conspecifics from
the mainland (insularity syndrome, [30]).

All models exploring the above-described hypotheses also included sex to control
for its potential influence, since body size is sexually dimorphic in many bat species [31]
including R. hipposideros [32], with females being significantly larger than males.

2. Materials and Methods
2.1. Data Collection

We measured FAL of 175 adult R. hipposideros (91 females, 84 males), for 73 of which
skulls were sufficiently well-preserved to take reliable measurements. Six more skulls from
specimens for which FAL was not available were included for analysis. All specimens are
hosted at the ‘La Specola’ Zoological Museum of Florence University. Collection numbers
are as follows: 3645, 3725, 3729–3732, 3734, 3736, 3773, 3788, 3805–3806, 3808, 3810–3811,
3852–3854, 3856–3857, 3890–3892, 3899, 3906, 3912–3915, 3919, 3923, 3925, 4481–4483,
4486–4490, 4500–4513, 4515–4525, 4527, 4529, 4534–4535, 4537–4552, 4556–4561, 4563–4568,
4570–4571, 4573, 4577–4579, 4581–4584, 4726–4733, 6711–6716, 7652–7655, 9047, 9052–9054,
9056, 9111–9115, 9117–9120, 9122–9125, 9128–9129, 9565, 9959, 9964–9965, 9974, 10501,
12631, 12641, 12761–12765, 13009, 13035, 13231, 13438, 13656, 14110–14111, 14114, 14315,
14323, 16735, 18906, 18913, 20613, 21314–21315, 22085. The time of collection spanned
through three centuries: 99 specimens were from the 19th century (1869–1899), 73 from
the 20th century (1904–1999), and two from the 21st century (2002, 2016). They originated
from the entire Italian territory, including Sicily and Sardinia: Collection locations were
comprised between latitudes 37.0◦ N and 41.1◦ N and altitudes of 0–2790 m a.s.l. Specimens
were preserved in alcohol and all skulls extracted. The bat’s exact age could not be assessed
due to the lack of ageing criteria, but dentition was consistent across specimens (V.B.S.-R.,
pers. obs.), so we ruled out that age could play a significant role in our results.

We measured FAL on the right forelimb as a robust and reliable indicator of body
size [33]. Moreover, since bat skull morphology may effectively unveil adaptive processes
at the intraspecific level [34] we also characterised skull size using the same morpholog-
ical parameters examined by [25]: greatest length of skull (GSL); mastoid breadth (MB);
condylobasal length (CBL); cranial depth (CRD); width of upper incisors (I2I2); the length
from the craniomandibular joint to the origin of the masseter muscle (A); and the length
from the craniomandibular joint to the insertion of the masseter muscle, at the bottom of
the angular process (B). V.S.R. measured such variables using an electronic digital calliper
(0.01 mm precision) and expressed them in hundredths of a millimetre.
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2.2. Data Analysis

First, to avoid spatial autocorrelation, we screened records in ArcGis (v. 10.2.2) using
the average nearest neighbour analysis to remove spatially correlated records and ensure
independence (Supplementary Material Figures S1 and S2). This analysis calculates the
mean distance (expressed as Euclidean distance) between presence records and compares it
to the mean distance obtained for a random distribution [35–37]. This resulted in a forearm
length sample size = 36 and skull sample size = 31 (Figure 1; Supplementary Material
Tables S1 and S2).

Biology 2021, 10, x 4 of 10 
 

 

We measured FAL on the right forelimb as a robust and reliable indicator of body 

size [33]. Moreover, since bat skull morphology may effectively unveil adaptive processes 

at the intraspecific level [34] we also characterised skull size using the same morphological 

parameters examined by [25]: greatest length of skull (GSL); mastoid breadth (MB); 

condylobasal length (CBL); cranial depth (CRD); width of upper incisors (I2I2); the length 

from the craniomandibular joint to the origin of the masseter muscle (A); and the length 

from the craniomandibular joint to the insertion of the masseter muscle, at the bottom of 

the angular process (B). V.S.R. measured such variables using an electronic digital calliper 

(0.01 mm precision) and expressed them in hundredths of a millimetre. 

2.2. Data Analysis 

First, to avoid spatial autocorrelation, we screened records in ArcGis (v. 10.2.2) using 

the average nearest neighbour analysis to remove spatially correlated records and ensure 

independence (Supplementary Material Figures S1 and S2). This analysis calculates the 

mean distance (expressed as Euclidean distance) between presence records and compares 

it to the mean distance obtained for a random distribution [35–37]. This resulted in a 

forearm length sample size = 36 and skull sample size = 31 (Figure 1; Supplementary 

Material Tables S1 and S2).  

 

Figure 1. Geographic distribution of Rhinolophus hipposideros specimens from Italian populations considered for analysis 

after removing all spatially autocorrelated records. (a) Forearms: N = 36; (b) skulls: N = 31. 

To explore the correlations between FAL and cranial variables, we used the whole 

sample and applied a Spearman’s rank correlation coefficient [38].  

We assessed the influence of sex, year of collection, latitude, longitude (in degrees), 

elevation (in m) and insularity (island versus mainland specimen) on FAL employing a 

generalized linear model (GLM) analysis of covariance (ANCOVA). We carried out a 

Principal Component Analysis (PCA) on the seven cranial parameters to generate lower-

dimensional data and test a subset of principal components that retained sufficient 

variation (e.g., [39]) against sex, year of collection, latitude, longitude (in degrees) and 

elevation (in m) in a general linear model multivariate analysis of variance (GLM 

MANOVA). In such analysis, the only categorical variable (sex) was entered as the main 

effect and the remaining, continuous variables as covariates. In this case, insularity was 

not tested for due to the small sample size of non-spatially autocorrelated insular records 
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after removing all spatially autocorrelated records. (a) Forearms: N = 36; (b) skulls: N = 31.

To explore the correlations between FAL and cranial variables, we used the whole
sample and applied a Spearman’s rank correlation coefficient [38].

We assessed the influence of sex, year of collection, latitude, longitude (in degrees),
elevation (in m) and insularity (island versus mainland specimen) on FAL employing
a generalized linear model (GLM) analysis of covariance (ANCOVA). We carried out a
Principal Component Analysis (PCA) on the seven cranial parameters to generate lower-
dimensional data and test a subset of principal components that retained sufficient variation
(e.g., [39]) against sex, year of collection, latitude, longitude (in degrees) and elevation (in
m) in a general linear model multivariate analysis of variance (GLM MANOVA). In such
analysis, the only categorical variable (sex) was entered as the main effect and the remaining,
continuous variables as covariates. In this case, insularity was not tested for due to the
small sample size of non-spatially autocorrelated insular records for which reliable cranial
measurements were available (n = 3). We explored further the relationships between the
principal components and the independent variables for which the GLM MANOVA led
to significant results using regression analysis. We made sure that datasets conformed to
univariate and multivariate test assumptions checking their structure with Ryan–Joiner and
Mardia tests, and in case they did not, they were log-transformed to meet such assumptions.
Significance was set at p < 0.05 and analyses were done with MINITAB 14.

3. Results

FAL showed a moderately strong correlation only with CBL (rs = 0.44, p < 0.001) and
a weaker correlation with GSL (rs = 0.29; p < 0.05), while correlations with the remaining
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five cranial variables were not significant. According to the GLM analysis, FAL was influenced
significantly only by latitude and sex whereas the other factors had no effect (Table 1).

Table 1. General linear model (GLM) analysis of covariance (ANCOVA) of forearm length in
36 specimens of Rhinolophus hipposideros from Italian populations collected between 1869 and 2016.
Data that did not meet test assumptions were log-transformed for analysis.

Source d.f. F p

Latitude (decimal degrees) 1 4.27 <0.05
Longitude (decimal degrees) 1 0.02 n.s.

Altitude (m a.s.l.) 1 0.98 n.s.
Year of collection 1 0.29 n.s.

Sex 1 5.95 <0.05
Mainland vs. Island 1 0.08 n.s.

Error 29
Total 35

FAL showed a strong latitudinal pattern, with larger individuals corresponding to
higher latitudes (regression analysis, p < 0.0001, R2 = 33.1%) so it conformed to Bergmann’s
rule (Figure 2).
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Figure 2. Linear regression (with 95% confidence intervals) between forearm length (FAL, in mm) of
36 Rhinolophus hipposideros from Italian populations and latitude (LAT, in degrees) (p < 0.0001, R2 = 33.1%).

We also confirmed that FAL of females was greater than that of males both in the
non-autocorrelated sample (females, 37.2 ± 1.27 mm, N = 15 vs. 36.5 mm ± 1.34 mm,
N = 21, p < 0.001) and in the total sample (females, 37.3 ± 1.16 mm, N = 91 vs. males,
36.6 mm ± 1.20 mm, N = 84, p < 0.001).

The first four principal components arising from the PCA cumulatively expressed 0.35,
0.54, 0.68, and 0.80 of skull sample variance, respectively. Most variables provided a similar
contribution to PC1, whereas PC2 was mostly influenced by B, A, MB the PC3 component
was dominated by a negative loading provided by I2I2, and PC4 was negatively influenced
by A and B (Table 2).

We used such components to carry out the GLM MANOVA (Table 3), according to
which only latitude influenced significantly the sample’s multivariate distribution (p < 0.05),
whereas longitude, altitude, year of collection and sex had no effect. Separate regressions
done using latitude as the independent variable and CBL, MB, B, GLS, CRD, I2I2 and A
as dependent variables respectively showed that only PC3 increased significantly with
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latitude and was, thus, the factor that mostly influenced separation in the multivariate
space (regression equation: PC3 = −30.3 + 8.08 Log Latitude; R2 = 18.0; F = 6,36, p < 0.002;
non-significant results for PC1, PC2, PC4 vs. latitude regressions are not shown for brevity).
Since PC3 was negatively dominated by I2I2 (Table 2), the latter parameter tends in fact to
increase at lower latitudes.

Table 2. Loadings for the first four components from a principal component analysis of seven cranial variables of Rhinolophus
hipposideros (n = 31) from Italian populations collected between 1869 and 2002.

Cranial Variable PC1 PC2 PC3 PC4

Greatest length of skull (GSL) −0.536 −0.030 0.143 −0.141
Condylobasal length (CBL) −0.490 −0.070 0.178 0.174

Mastoid breadth (MB) −0.398 −0.477 0.116 −0.095
Cranial depth (CRD) −0.488 0.188 −0.089 0.295

Width of upper incisors (I2I2) −0.227 0.168 −0.917 −0.094
Length from the craniomandibular joint to

the origin of the masseter muscle (A) −0.150 0.494 0.200 −0.793

Length from the craniomandibular joint to
the insertion of the masseter muscle (B) 0.052 −0.678 −0.213 −0.465

Table 3. Results of general linear model multivariate analysis of variance (GLM MANOVA) on the
first five Principal Components obtained from a PCA done on cranial measurements of Rhinolophus
hipposideros from Italian populations (n = 31) collected between 1869–2002. Sex (a categorical variable)
was entered as the main factor, all other (continuous) variables as covariates. Data that did not meet
test assumption were log-transformed for analysis.

Variable Wilk’s Statistic d.f. F p

Latitude (decimal degrees) 0.646 4, 21 2.873 <0.05
Longitude (decimal degrees) 0.778 4, 21 1.497 n.s.

Altitude (m a.s.l.) 0.823 4, 21 1.127 n.s.
Year of collection 0.785 4, 21 1.438 n.s.

Sex 0.888 8, 42 0.319 n.s.

4. Discussion

In this study, we found no temporal variation in forearm length and cranial size over
ca. one century and a half in a rhinolophid bat species that is sensitive to human alteration
of landscapes, including light pollution. Specifically, neither FAL nor cranial dimensions
varied temporally, ruling out the existence of responses to climate change and indirectly
confirming the hypothesis based on [25] that no illumination-driven cranial size variation
should occur in a light-averse bat species.

The lack of temporal trends in body size also rejects alternative interpretations, such
as, for instance, the possible occurrence of any response to changes in land use, and conse-
quently, productivity, according to the “resource rule” pattern [18]. Rhinolophus hipposideros
mostly prey on dipterans and moths, which in many cases have declined due to land use
change [40], so factors such as agricultural intensification, urban expansion and forest
reduction and fragmentation have likely contributed to a reduction in food availability
for this bat [41]. As a pest suppressor [42], R. hipposideros is also exposed to the direct
and indirect effects of pesticides [43]. Although a positive population trend was recorded
in 1993–2011 across European hibernacula [44], in Italy R. hipposideros is still at risk and
classified as endangered in the Italian Red List of Vertebrates [45]. Clearly, the adverse
effects of land use change do not necessarily reveal themselves as a modification in linear
traits such as FAL or cranial variables, which tend to be less variable than body mass [27].
Reductions in habitat or food availability may affect aspects other than body size at the
individual level, such as mortality and fitness [46].
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The authors in [15] compared specimens collected in the ‘60s versus others collected
in 2017 of a frugivorous (Rousettus leschenaultia) and an insectivorous (Hipposideros armiger)
bat species, respectively, and found that the former showed changes in diet-related cranial
traits, while the latter increased both FAL and cranial variables, as well as carbon and
nitrogen isotope contents. In both cases, this was interpreted as a response to land use
change, and, in turn, food availability rather than climate change.

An alternative hypothesis proposed for larger skull sizes and thus, larger brain vol-
umes observed in urbanized landscapes, is that urbanization would select for individuals
possessing higher cognitive skills, capable of coping with the unpredictable nature of urban
environment [47,48]. From this viewpoint too, we did not expect any variation in cranial
capacity over time (i.e., over a temporal gradient of urbanization): R. hipposideros may roost
in buildings, especially in marginal urban settlements, but it is not an urban exploiter and
its main foraging habitat is the forest [49]. Research has shown mixed results, however
(e.g., [50]): For instance, a study on the effects of urbanization on birds rejected the hy-
pothesis that large brains favour colonization of urban habitat, but proposed a relationship
between skewness in brain size and this capacity [51].

We are aware that the lack of change in body size may result from limited sample
size rather than representing a genuine pattern [27], and that we deliberately reduced
our sample size to avoid spatial autocorrelation. Yet, this (often neglected) choice was
important to avoid overrepresentation of areas for which more material was available.
Moreover, the sample size we used could still successfully detect body patterns in space,
which makes us confident of the reliability of our results.

The evidence we provide that body size in R. hipposideros varies in response to latitude
is in agreement with Bergmann’s rule [52], since we found a clear positive relationship
between latitude and FAL. Whether this represents a reaction to thermoregulatory require-
ments under different climatic conditions rather than to latitude-dependent productivity is
an open question [27]. Noticeably, FAL responded positively to latitude but did not change
over time, suggesting that the existence of Bergmann’s rule trends does not imply that
temporal responses to the warming climate are also expected. In P. kuhlii, no latitudinal
effect on FAL was recorded, showing that such patterns are species-specific [25]. This might
be an effect of a deeper genetic structuring of R. hipposideros compared to P. kuhlii, which is
a generalist, common bat species not affected by fragmentation unlike the former.

We found that neither longitude nor elevation influenced body size (FAL and cra-
nial dimension), and rejected the hypothesis that either dwarfism or gigantism occurred,
although we caution that insular sample size of FAL was limited. However, our results
agree with [32], which, based on current specimens, also found no FAL difference between
Sardinian and mainland populations of this species, as well as of R. euryale.

Cranial measurements lacked any temporal or spatial patterns with the only exclusion
of PC3, which basically expressed an inverse relationship between I2I2 and latitude. This
observation, along with the significant correlations found between FAL and two cranial
length parameters (CBL and GSL) show that in bats as in other mammals [53], skull length
is correlated with body size. In bats, other important ecomorphological constraints act
over cranial design, such as echolocation, food acquisition and processing [54], which
may lead to departure from size-scaling relationships. The functional significance of the
inverse relationship between I2I2 and latitude is unknown and might simply reflect a causal
relationship between the former parameter and a diet-related variable that was neglected
in our analysis, such as food type availability at different latitudes [15].

5. Conclusions

From a methodological viewpoint, our work confirms the importance of examining
historical material preserved in natural history collections [55], in order to answer ecological
and evolutionary questions regarding patterns in space and time. However, this approach
is constrained by the limited availability of comprehensive temporal series of samples. We
also found forearm length to be more sensitive to geographical factors than are cranial



Biology 2021, 10, 16 8 of 10

measurements. This finding reinforces the importance of forearm length in bat research. This
variable can be measured readily and non-invasively, and large datasets may be gathered to
explore spatial and temporal patterns at different scales. Our work contributes towards a better
understanding of the environmental correlates of bat body size, and shows that generalizations
are difficult because responses to climate and land-use change differ across species. Future
research should focus on exploring spatial and temporal patterns across a larger geographic
scale—ideally in Europe—including more bat species, and relating taxonomical and functional
diversity to spatiotemporal climate and land-use variation.

Supplementary Materials: The following items are available online at https://www.mdpi.com/
2079-7737/10/1/16/s1, Figure S1: Average Nearest Neighbor summary obtained from spatial
autocorrelation analysis of forearm length of Italian Rhinolophus hipposideros, Figure S2: Average
Nearest Neighbor summary obtained from spatial autocorrelation analysis of skull variables of Italian
Rhinolophus hipposideros, Table S1: Main data used for Rhinolophus hipposideros forearm length analysis
selected according to spatial autocorrelation analysis. All specimens are hosted at the ‘La Specola’
Zoological Museum of Florence University. Values are expressed in mm, Table S2: Main data used for
Rhinolophus hipposideros skull analysis selected according to spatial autocorrelation analysis. All speci-
mens are hosted at the ‘La Specola’ Zoological Museum of Florence University. CRD = Cranial depth;
GSL = Greatest length of skull; CBL = Condylobasal length; MB = Mastoid breadth; A = Length from
the craniomandibular joint to the origin of the masseter muscle; B = Length from the craniomandibu-
lar joint to the insertion of the masseter muscle. Values are expressed in mm.

Author Contributions: Conceptualization, D.R. and V.B.S.-R.; methodology, D.R., V.B.S.-R., L.B. and
P.A.; investigation, D.R., V.B.S.-R. and L.B.; writing—original draft preparation, V.B.S.-R., D.R., V.S.-C.,
L.B. and L.A.; writing—review and editing, V.B.S.-R., D.R., V.S.-C., L.B., L.A.; supervision, D.R.; funding
acquisition, V.B.S.-R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by CONACYT, grant number [294178], recipient V.B.S.-R.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the Supplementary
Material annexed to this article.

Acknowledgments: We are grateful to Luca Cistrone for providing the pictures used in the graphical
abstract.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Walther, G.R. Community and ecosystem responses to recent climate change. Philos. Trans. R. Soc. B Biol. Sci. 2010, 365, 2019–2024.

[CrossRef]
2. Perry, A.L.; Low, P.J.; Ellis, J.R.; Reynolds, J.D. Climate change and distribution shifts in marine fishes. Science 2005, 308, 1912–1915.

[CrossRef] [PubMed]
3. Kullberg, C.; Fransson, T.; Hedlund, J.; Jonzén, N.; Langvall, O.; Nilsson, J.; Bolmgren, K. Change in spring arrival of migratory

birds under an era of climate change, Swedish data from the last 140 years. Ambio 2015, 44, 69–77. [CrossRef] [PubMed]
4. Visser, M.E.; Both, C.; Lambrechts, M.M. Global climate change leads to mistimed avian reproduction. Adv. Ecol. Res. 2004, 35, 89–110.
5. Lane, J.E.; Kruuk, L.E.; Charmantier, A.; Murie, J.O.; Dobson, F.S. Delayed phenology and reduced fitness associated with climate

change in a wild hibernator. Nature 2012, 489, 554–557. [CrossRef] [PubMed]
6. Sheridan, J.A.; Bickford, D. Shrinking body size as an ecological response to climate change. Nat. Clim. Change 2011, 1, 401–406.

[CrossRef]
7. Meiri, S.; Dayan, T. On the validity of Bergmann’s rule. J. Biogeogr. 2003, 30, 331–351. [CrossRef]
8. Gardner, J.L.; Peters, A.; Kearney, M.R.; Joseph, L.; Heinsohn, R. Declining body size: A third universal response to warming?

Trends Ecol. Evol. 2011, 26, 285–291. [CrossRef]
9. Stawski, C.; Willis, C.K.R.; Geiser, F. The importance of temporal heterothermy in bats. J. Zool. 2014, 292, 86–100. [CrossRef]
10. Adams, R.A. Bat reproduction declines when conditions mimic climate change projections for western North America. Ecology

2010, 91, 2437–2445. [CrossRef]
11. Arbuthnott, D.; Brigham, R.M. The influence of a local temperature inversion on the foraging behaviour of big brown bats,

Eptesicus fuscus. Acta Chiropt. 2007, 9, 193–201. [CrossRef]

https://www.mdpi.com/2079-7737/10/1/16/s1
https://www.mdpi.com/2079-7737/10/1/16/s1
http://dx.doi.org/10.1098/rstb.2010.0021
http://dx.doi.org/10.1126/science.1111322
http://www.ncbi.nlm.nih.gov/pubmed/15890845
http://dx.doi.org/10.1007/s13280-014-0600-1
http://www.ncbi.nlm.nih.gov/pubmed/25576282
http://dx.doi.org/10.1038/nature11335
http://www.ncbi.nlm.nih.gov/pubmed/22878721
http://dx.doi.org/10.1038/nclimate1259
http://dx.doi.org/10.1046/j.1365-2699.2003.00837.x
http://dx.doi.org/10.1016/j.tree.2011.03.005
http://dx.doi.org/10.1111/jzo.12105
http://dx.doi.org/10.1890/09-0091.1
http://dx.doi.org/10.3161/1733-5329(2007)9[193:TIOALT]2.0.CO;2


Biology 2021, 10, 16 9 of 10

12. Russo, D.; Bosso, L.; Ancillotto, L. Novel perspectives on bat insectivory highlight the value of this ecosystem service in farmland:
Research frontiers and management implications. Agric. Ecosyst. Environ. 2018, 266, 31–38. [CrossRef]

13. O’Shea, T.J.; Cryan, P.M.; Hayman, D.T.; Plowright, R.K.; Streicker, D.G. Multiple mortality events in bats: A global review.
Mamm. Rev. 2016, 46, 175–190. [CrossRef]

14. Wang, M.; Chen, K.; Guo, D.; Luo, B.; Wang, W.; Gao, H.; Liu, Y.; Feng, J. Ambient temperature correlates with geographic
variation in body size of least horseshoe bats. Curr. Zool. 2020, 66, 459–465. [CrossRef]

15. Yue, X.; Hughes, A.C.; Tomlinson, K.W.; Xia, S.; Li, S.; Chen, J. Body size and diet–related morphological variation of bats over
the past 65 years in China. J. Mammal. 2020, 101, 61–79. [CrossRef]

16. Wolf, T.; Menne, B.; World Health Organization. Environment and Health Risks from Climate Change and Variability in Italy (No.
EUR/07/5046244); WHO Regional Office for Europe: Copenhagen, Denmark, 2007.

17. Spano, D.; Mereu, V.; Bacciu, V.; Marras, S.; Trabucco, A.; Adinolf, M.; Barbato, G.; Bosello, F.; Breil, M.; Chiriacò, M.V.; et al.
Analisi del rischio. I cambiamenti climatici in Italia. 2020. [CrossRef]

18. McNab, B.K. Geographic and temporal correlations of mammalian size reconsidered: A resource rule. Oecologia 2010, 164, 13–23.
[CrossRef]

19. Yom-Tov, Y.; Yom-Tov, S.; Moller, H. Competition, coexistence, and adaptation amongst rodent invaders to Pacific and New
Zealand islands. J. Biogeogr. 1999, 26, 947–958. [CrossRef]

20. Phillips, B.L.; Shine, R. Adapting to an invasive species: Toxic cane toads induce morphological change in Australian snakes.
Proc. Natl. Acad. Sci. USA 2004, 101, 17150–17155. [CrossRef]

21. Ancillotto, L.; Santini, L.; Ranc, N.; Maiorano, L.; Russo, D. Extraordinary range expansion in a common bat: The potential roles
of climate change and urbanisation. Sci. Nat. 2016, 103, 15. [CrossRef]

22. Stone, E.L.; Harris, S.; Jones, G. Impacts of artificial lighting on bats: A review of challenges and solutions. Mamm. Biol. 2015,
80, 213–219. [CrossRef]

23. Polak, T.; Korine, C.; Yair, S.; Holderied, M.W. Differential effects of artificial lighting on flight and foraging behaviour of two
sympatric bat species in a desert. J. Zool. 2011, 285, 21–27. [CrossRef]

24. Serangeli, M.T.; Cistrone, L.; Ancillotto, L.; Tomassini, A.; Russo, D. The post-release fate of hand-reared orphaned bats: Survival
and habitat selection. Anim. Welf. 2012, 21, 9. [CrossRef]

25. Tomassini, A.; Colangelo, P.; Agnelli, P.; Jones, G.; Russo, D. Cranial size has increased over 133 years in a common bat,
Pipistrellus kuhlii: A response to changing climate or urbanization? J. Biogeogr. 2014, 41, 944–953. [CrossRef]

26. Minnaar, C.; Boyles, J.G.; Minnaar, I.A.; Sole, C.L.; McKechnie, A.E. Stacking the odds: Light pollution may shift the balance in an
ancient predator-prey arms race. J. Appl. Ecol. 2014, 52, 522–531. [CrossRef]

27. Yom-Tov, Y.; Geffen, E. Recent spatial and temporal changes in body size of terrestrial vertebrates: Probable causes and pitfalls.
Biol. Rev. 2011, 86, 531–541. [CrossRef]

28. Stone, E.L.; Jones, G.; Harris, S. Street lighting disturbs commuting bats. Curr. Biol. 2009, 19, 1123–1127. [CrossRef]
29. Ashton, K.G.; Tracy, M.C.; Queiroz, A.D. Is Bergmann’s rule valid for mammals? Am. Nat. 2000, 156, 390–415. [CrossRef]
30. van Valen, L. Body size and numbers of plants and animals. Evolution 1973, 27, 27–35. [CrossRef]
31. Lindenfors, P.; Gittleman, J.L.; Jones, K.E. Sexual Size Dimorphism in Mammals. In Sex, Size and Gender Roles: Evolutionary Studies

of Sexual Size Dimorphism; Fairbairn, D.J., Blanckenhorn, W.U., Szekely, T., Eds.; Oxford University Press: New York, NY, USA,
2007; pp. 19–26.

32. Russo, D.; Mucedda, M.; Bello, M.; Biscardi, S.; Pidinchedda, E.; Jones, G. Divergent echolocation call frequencies in insular
rhinolophids (Chiroptera): A case of character displacement? J. Biogeogr. 2007, 34, 2129–2138. [CrossRef]

33. Kunz, T.H. Reproduction, growth, and mortality of the vespertilionid bat, Eptesicus fuscus, in Kansas. J. Mammal. 1974, 55, 1–13.
[CrossRef] [PubMed]

34. Richards, L.R.; Taylor, P.J.; Schoeman, M.C.; Goodman, S.M.; Van Daele, P.A.A.G.; Lamb, J.M. Cranial size and shape variation in
Afrotropical Otomops (Mammalia: Chiroptera: Molossidae): Testing species limits using a morphometric approach. Biol. J. Linn.
Soc. 2012, 106, 910–925. [CrossRef]

35. Azil, A.H.; Bruce, D.; Williams, C.R. Determining the spatial autocorrelation of dengue vector populations: Influences of mosquito
sampling method, covariables, and vector control. J. Vector Ecol. 2014, 39, 153–163. [CrossRef] [PubMed]

36. Smeraldo, S.; Bosso, L.; Fraissinet, M.; Bordignon, L.; Brunelli, M.; Ancillotto, L.; Russo, D. Modelling risks posed by wind
turbines and power lines to soaring birds: The black stork (Ciconia nigra) in Italy as a case study. Biodivers. Conserv. 2020,
29, 1959–1976. [CrossRef]

37. Ancillotto, L.; Bosso, L.; Smeraldo, S.; Mori, E.; Mazza, G.; Herkt, M.; Galimberti, A.; Ramazzotti, F.; Russo, D. An African bat
in Europe, Plecotus gaisleri: Biogeographic and ecological insights from molecular taxonomy and Species Distribution Models.
Ecol. Evol. 2020, 10, 5785–5800. [CrossRef] [PubMed]

38. Dytham, C. Choosing and Using Statistics: A Biologist’s Guide; John Wiley & Sons: Hoboken, NJ, USA, 2011; p. 264.
39. Yom-Tov, Y.; Yom-Tov, S.; Jarrell, G. Recent increase in body size of the American marten Martes americana in Alaska. Biol. J. Linn.

Soc. 2008, 93, 701–707. [CrossRef]
40. Aldasoro, M.; Garin, I.; Vallejo, N.; Baroja, U.; Arrizabalaga-Escudero, A.; Goiti, U.; Aihartza, J. Gaining ecological insight on

dietary allocation among horseshoe bats through molecular primer combination. PLoS ONE 2019, 14, e0220081. [CrossRef]

http://dx.doi.org/10.1016/j.agee.2018.07.024
http://dx.doi.org/10.1111/mam.12064
http://dx.doi.org/10.1093/cz/zoaa004
http://dx.doi.org/10.1093/jmammal/gyz161
http://dx.doi.org/10.25424/CMCC/ANALISI_DEL_RISCHIO
http://dx.doi.org/10.1007/s00442-010-1621-5
http://dx.doi.org/10.1046/j.1365-2699.1999.00338.x
http://dx.doi.org/10.1073/pnas.0406440101
http://dx.doi.org/10.1007/s00114-016-1334-7
http://dx.doi.org/10.1016/j.mambio.2015.02.004
http://dx.doi.org/10.1111/j.1469-7998.2011.00808.x
http://dx.doi.org/10.7120/096272812799129510
http://dx.doi.org/10.1111/jbi.12248
http://dx.doi.org/10.1111/1365-2664.12381
http://dx.doi.org/10.1111/j.1469-185X.2010.00168.x
http://dx.doi.org/10.1016/j.cub.2009.05.058
http://dx.doi.org/10.1086/303400
http://dx.doi.org/10.1111/j.1558-5646.1973.tb05914.x
http://dx.doi.org/10.1111/j.1365-2699.2007.01762.x
http://dx.doi.org/10.2307/1379252
http://www.ncbi.nlm.nih.gov/pubmed/4819591
http://dx.doi.org/10.1111/j.1095-8312.2012.01899.x
http://dx.doi.org/10.1111/j.1948-7134.2014.12082.x
http://www.ncbi.nlm.nih.gov/pubmed/24820568
http://dx.doi.org/10.1007/s10531-020-01961-3
http://dx.doi.org/10.1002/ece3.6317
http://www.ncbi.nlm.nih.gov/pubmed/32607190
http://dx.doi.org/10.1111/j.1095-8312.2007.00950.x
http://dx.doi.org/10.1371/journal.pone.0220081


Biology 2021, 10, 16 10 of 10

41. Arlettaz, R.; Godat, S.; Meyer, H. Competition for food by expanding pipistrelle bat populations (Pipistrellus pipistrellus) might
contribute to the decline of lesser horseshoe bats (Rhinolophus hipposideros). Biol. Conserv. 2000, 93, 55–60. [CrossRef]

42. Baroja, U.; Garin, I.; Aihartza, J.; Arrizabalaga-Escudero, A.; Vallejo, N.; Aldasoro, M.; Goiti, U. Pest consumption in a vineyard
system by the lesser horseshoe bat (Rhinolophus hipposideros). PLoS ONE 2019, 14, e0219265. [CrossRef]

43. Afonso, E.; Tournant, P.; Foltête, J.C.; Giraudoux, P.; Baurand, P.E.; Roué, S.; Canella, V.; Vey, D.; Scheifler, R. Is the lesser horseshoe
bat (Rhinolophus hipposideros) exposed to causes that may have contributed to its decline? A non-invasive approach. Glob. Ecol.
Conserv. 2016, 8, 123–137. [CrossRef]

44. Van der Meij, T.; Van Strien, A.J.; Haysom, K.A.; Dekker, J.; Russ, J.; Biala, K.; Canella, V.; Vey, D.; Scheifler, R. Return of the bats? A
prototype indicator of trends in European bat populations in underground hibernacula. Mamm. Biol. 2015, 80, 170–177. [CrossRef]

45. Rondinini, C.; Battistoni, A.; Peronace, V.; Teofili, C. per il Volume: Lista Rossa IUCN dei Vertebrati Italiani; Comitato Italiano IUCN e
Ministero dell’Ambiente e della Tutela del Territorio e del Mare: Roma, Italy, 2013.

46. Russo, D.; Ancillotto, L. Sensitivity of bats to urbanization: A review. Mamm. Biol. 2015, 80, 205–212. [CrossRef] [PubMed]
47. Snell-Rood, E.C.; Wick, N. Anthropogenic environments exert variable selection on cranial capacity in mammals. Proc. R. Soc.

Lond. B Biol. Sci. 2013, 280, 20131384. [CrossRef] [PubMed]
48. Santini, L.; González-Suárez, M.; Russo, D.; Gonzalez-Voyer, A.; von Hardenberg, A.; Ancillotto, L. One strategy does not fit all:

Determinants of urban adaptation in mammals. Ecol. Lett. 2019, 22, 365–376. [CrossRef] [PubMed]
49. Reiter, G.; Pölzer, E.; Mixanig, H.; Bontadina, F.; Hüttmeir, U. Impact of landscape fragmentation on a specialised woodland bat,

Rhinolophus hipposideros. Mamm. Biol. 2013, 78, 283–289. [CrossRef]
50. Carrete, M.; Tella, J.L. Inter-individual variability in fear of humans and relative brain size of the species are related to contempo-

rary urban invasion in birds. PLoS ONE 2011, 6, e18859. [CrossRef]
51. Møller, A.P.; Erritzøe, J. Brain size and urbanization in birds. Avian Res. 2015, 6, 8. [CrossRef]
52. Mayr, E. Animal Species and Evolution; Belknap Press: Cambridge, MA, USA, 1963; p. 797.
53. Janis, C.M. Correlation of cranial and dental variables with body size in ungulates and macropodoids. In Body Size in Mammalian

Paleobiology: Estimation and Biological Implications; Damuth, J.D., Damuth, J., MacFadden, B.J., John, D., Eds.; Cambridge University
Press: Cambridge, UK, 1990; pp. 255–299.

54. Arbour, J.H.; Curtis, A.A.; Santana, S.E. Signatures of echolocation and dietary ecology in the adaptive evolution of skull shape in
bats. Nat. Commun. 2019, 10, 1–13. [CrossRef]

55. Andreone, F.; Bartolozzi, L.; Boano, G.; Boero, F.; Bologna, M.A.; Bon, M.; Bressi, N.; Capula, M.; Casale, A.; Casiraghi, M.; et al.
Italian natural history museums on the verge of collapse? ZooKeys 2014, 456, 139. [CrossRef]

http://dx.doi.org/10.1016/S0006-3207(99)00112-3
http://dx.doi.org/10.1371/journal.pone.0219265
http://dx.doi.org/10.1016/j.gecco.2016.09.002
http://dx.doi.org/10.1016/j.mambio.2014.09.004
http://dx.doi.org/10.1016/j.mambio.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/32226358
http://dx.doi.org/10.1098/rspb.2013.1384
http://www.ncbi.nlm.nih.gov/pubmed/23966638
http://dx.doi.org/10.1111/ele.13199
http://www.ncbi.nlm.nih.gov/pubmed/30575254
http://dx.doi.org/10.1016/j.mambio.2012.11.003
http://dx.doi.org/10.1371/journal.pone.0018859
http://dx.doi.org/10.1186/s40657-015-0017-y
http://dx.doi.org/10.1038/s41467-019-09951-y
http://dx.doi.org/10.3897/zookeys.456.8862

	Introduction 
	Materials and Methods 
	Data Collection 
	Data Analysis 

	Results 
	Discussion 
	Conclusions 
	References

