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Abstract
Animal size, a trait sensitive to spatial and temporal variables, is a key element in 
ecological and evolutionary dynamics. In the context of climate change, there is evi-
dence that some bat species are increasing their body size via phenotypic responses 
to higher temperatures at maternity roosts. To test the generality of this response, we 
conducted a >20-year study examining body size changes in 15 bat species in Italy, 
analysing data from 4393 individual bats captured since 1995. In addition to examin-
ing the temporal effect, we considered the potential influence of sexual dimorphism 
and, where relevant, included latitude and altitude as potential drivers of body size 
change. Contrary to initial predictions of a widespread increase in size, our findings 
challenge this assumption, revealing a nuanced interplay of factors contributing to the 
complexity of bat body size dynamics. Specifically, only three species (Myotis dauben-
tonii, Nyctalus leisleri, and Pipistrellus pygmaeus) out of the 15 exhibited a discernible 
increase in body size over the studied period, prompting a reassessment of bats as re-
liable indicators of climate change based on alterations in body size. Our investigation 
into influencing factors highlighted the significance of temperature-related variables, 
with latitude and altitude emerging as crucial drivers. In some cases, this mirrored 
patterns consistent with Bergmann's rule, revealing larger bats recorded at progres-
sively higher latitudes (Plecotus auritus, Myotis mystacinus, and Miniopterus schreibersii) 
or altitudes (Pipistrellus kuhlii). We also observed a clear sexual dimorphism effect 
in most species, with females consistently larger than males. The observed increase 
in size over time in three species suggests the occurrence of phenotypic plasticity, 
raising questions about potential long-term selective pressures on larger individuals. 
The unresolved question of whether temperature-related changes in body size reflect 
microevolutionary processes or phenotypic plastic responses adds further complexity 
to our understanding of body size patterns in bats over time and space.
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1  |  INTRODUC TION

Climate change is undeniably affecting many facets of animal bi-
ology, encompassing morphology (Ryding et al., 2021; Sheridan & 
Bickford, 2011), biomechanics (Domenici & Seebacher, 2020), phys-
iology (Bradshaw & Holzapfel, 2010; Mitchell et al., 2018; Pörtner & 
Farrell,  2008), ecology (Hill et  al.,  2021; Kubelka et  al.,  2022; 
Scheffers et  al.,  2016), and behaviour (Buchholz et  al.,  2019). 
While some species may thrive in a warmer environment (Roeder 
et al., 2021; Sandoval-Castillo et al., 2020; Schneider et al., 2022; 
Tayleur et  al., 2016), accumulating evidence suggests that climate 
change often yields adverse consequences, leading to a loss of bio-
diversity (Habibullah et al., 2022). A range of adverse reactions with 
impacts on animal populations has been recorded, including, among 
others, increased mortality due to thermal stress or dehydration 
(Welbergen et  al., 2008), alterations in reproductive patterns and 
development (Milligan et  al.,  2009), prey–predator phenological 
mismatches (Damien & Tougeron, 2019), shifts in pathogen distri-
butions (Gallana et al., 2013), changes in interspecific competition 
(Elmhagen et  al.,  2017), and exacerbated conflicts with humans 
(Abrahms et al., 2023).

The initial discernible “fingerprints” of climate change in animals 
encompass alterations in species' geographic ranges (Smeraldo 
et al., 2021; Thomas, 2010), shifts in phenological events such as 
changes in migration timing and reproductive patterns (Parmesan & 
Yohe,  2003), and, intriguingly, changes in body size (Gardner 
et  al., 2011). The prevailing trend toward decreased body size in 
response to climate change was primarily interpreted as an adapta-
tion to enhance heat dissipation in warmer conditions (Sheridan & 
Bickford, 2011). However, it is crucial to acknowledge that coping 
with climate-induced episodes such as heatwaves might lead to an 
opposite response, as larger body sizes can help conserve water 
due to a reduced surface-to-volume ratio, aiding in avoiding dehy-
dration (Gardner et  al., 2011). Adding to the complexity, changes 
in body size may also be driven by various ecological factors, in-
cluding increased food availability or alterations in land use, making 
it challenging to isolate purely climate-driven patterns (Yom-Tov & 
Geffen, 2011).

Body size is an outcome of a multifaceted interplay of eco-
logical and evolutionary pressures, encompassing factors such 
as phylogeny (Ashton, 2004; Naisbit et  al., 2011), sexual selec-
tion (Janicke  & Fromonteil,  2021), growth conditions (Toïgo 
et  al.,  2006), body heat regulation, and water management 
(Gardner et al., 2011). Identifying factors that influence body size 
patterns is therefore especially challenging, and studying these 
patterns across multiple species can provide valuable insights, 
particularly when patterns might be less informative at the indi-
vidual species level.

Bats, a diverse mammal order comprising over 1460 species 
and distributed worldwide excluding polar regions (Simmons  & 
Cirranello,  2023), provide invaluable ecosystem services (Kunz 
et al., 2011), including insect control (Tuneu-Corral et al., 2023), pol-
lination (Macgregor & Scott-Brown, 2020), and seed dispersal (van 
Toor et al., 2019), with substantial implications for human well-being. 
However, bats are highly vulnerable due to their intrinsic k-selected 
life history and their susceptibility to environmental changes such as 
habitat loss, pesticide exposure, wind turbines, light pollution, inva-
sive species, pathogen spread, and climate change (Frick et al., 2020; 
O'Shea et al., 2016).

As facultative heterotherms (Dzal et al., 2021), bats are directly in-
fluenced by temperature in various aspects of their lives. Temperature 
significantly affects the seasonal selection of roosts, with hibernacula 
typically cooler than reproductive sites (Altringham,  2011). In the 
former, torpor is favoured by lower temperatures (e.g., Geiser, 2004), 
while in the latter, warmer roosts help mitigate the energy costs of 
maintaining a constant body temperature during pregnancy and 
lactation (e.g., Russo et al., 2017). Climate change can disrupt these 
roosting patterns in multiple ways, potentially exposing some bat 
species to the adverse effects of heatwaves and turning warm roosts 
into ecological traps associated with high mortality (Crawford  & 
O'Keefe, 2021; Flaquer et al., 2014; Salinas-Ramos et al., 2023).

Increasing body sizes in bats over time, linked to climate change, 
have been documented in several species (Mundinger et al., 2021; 
Salinas-Ramos, Agnelli, Bosso, Ancillotto, Russo, 2021; Stapelfeldt 
et  al.,  2023). An extensive body of research on Bechstein's bats 
(Myotis bechsteinii) in Germany has demonstrated that female body 
size has increased in response to rising temperatures (Mundinger 
et al., 2021). Such an increase in size may be driven by higher roost 
temperatures, which accelerate embryo development and lead 
to larger individuals (Mundinger, van Schaik, et  al., 2023). This in-
crease is associated with higher mortality, at least in Bechstein's 
bats (Mundinger et al., 2021), yet not in other species (Stapelfeldt 
et al., 2023), possibly due to greater food requirements imposed by a 
relatively large body size, which might not be fully sustained in areas 
of suboptimal food availability. Bats compensate for this higher mor-
tality by increasing their reproductive rate (Mundinger et al., 2022). 
Furthermore, the growth in body size is a phenotypically plastic 
response that can be experimentally induced by heating bat boxes 
(Mundinger, van Schaik, et al., 2023; Mundinger, Wolf, et al., 2023).

Given these observations, it is reasonable to question the ex-
tent to which body size increases in response to climate change are 
widespread among bats. However, conducting multispecies studies 
is challenging due to the limited availability of long-term temporal 
data generated by longitudinal studies, often constrained by fund-
ing limitations and the growing demands for research output in 
modern academia (Festa et al., 2023).

T A X O N O M Y  C L A S S I F I C A T I O N
Autecology, Biodiversity ecology, Biogeography, Conservation ecology, Ecophysiology, 
Evolutionary ecology, Global change ecology
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In this study, we focused on 15 bat species in Italy, for which 
body size measurements spanning a sufficiently long period (20+ 
years) were available. Italy has experienced a discernible pattern of 
rising temperatures associated with climate change (Bocchiola  & 
Diolaiuti, 2010; Brunetti et al., 2006; Polemio & Casarano, 2008). We 
hypothesize that body size would change over time and predict an 
increase similar to the findings in the German studies on Bechstein's 
bats (Mundinger et al. 2021, 2022; Mundinger, van Schaik, et al., 2023; 
Mundinger, Wolf, et al., 2023), and partly Natterer's bats Myotis nat-
tereri (Stapelfeldt et  al., 2023). We also considered other potential 
influencing factors, such as latitude, altitude, and sex. Latitude and 
altitude are predicted to influence body size following the classical 
“Bergmann's law” pattern (Bergmann, 1847), favouring larger individ-
uals at higher latitudes or altitudes, i.e., in colder climates, to conserve 
body heat (e.g., Blackburn & Hawkins, 2004; Teplitsky & Millien, 2014). 
However, the “rule” is seen as controversial, and even for the many 
cases that confirm it (Meiri  & Dayan,  2003), heat retention is not 
always a satisfactory explanation (Ashton et al., 2000). Despite the 
exceptions, such influences cannot be disregarded, particularly when 
samples cover significant latitudinal or altitudinal ranges. Additionally, 
sexual dimorphism, where female bats are larger than males, occurs 
in many species (e.g., Myers, 1978; O'Mara et al., 2016) and needs to 
be controlled to prevent biases in the sample's sex ratio, which could 
falsely attribute body size patterns to other factors, including time. 
Moreover, the larger females may show different trends from those 
seen in males.

2  |  MATERIAL S AND METHODS

2.1  |  Fieldwork

Bats have been captured under licence in the years 1995–2023 
across the entire Italian territory, in a range of environmental situa-
tions (foraging and drinking sites, commuting routes, and near roost 
entrances). Techniques employed to catch bats included the use of 
6, 9, and 12 m mistnets and harp traps, and in some cases, the Sussex 
Autobat, an acoustic lure that increases capture success when mist-
netting bats in forests (Hill & Greenaway, 2005).

Captures were generally conducted for 3–5 h after sunset. 
Within this context, we took measurements on each captured bat, 
encompassing assessments of body mass, employing a digital scale, 
with a sensitivity to the nearest 0.1 g, and forearm length (FAL), using 
a calliper with a precision to the nearest 0.1 mm. Bats were identified 
to the species level according to Dietz and Kiefer (2016), and cryptic 
species were identified and used for further analysis only when their 
identification was fully reliable based on molecular analysis, unique 
diagnostic features (e.g. penis shape in whiskered bats), or echolo-
cation (end frequency and frequency of maximum energy recorded 
on release from Pipistrellus pipistrellus and Pipistrellus pygmaeus; e.g., 
Russo & Jones, 2002).

Sexual differentiation was ascertained through the examination 
of genital morphology (Racey,  1988). Juveniles were identified by 

the presence of cartilaginous epiphyseal plates in their finger bones 
and the presence of more slender finger joints (Anthony, 1988). To 
discern the reproductive status of adult bats, we categorized males 
into reproductive or nonreproductive groups based on the obser-
vation of enlarged testicles or swollen epididymides. For female 
bats, classification encompassed pregnant, lactating, postlactating, 
or nonreproductive states. Lactation status among female bats was 
confirmed by the gentle manipulation of the mammary region, elicit-
ing extrusion of milk (Racey, 1988).

2.2  |  Data analysis

For our aims, we used FAL as a reliable indicator of body size (e.g., 
Mundinger et  al.,  2021; Salinas-Ramos, Agnelli, Bosso, Ancillotto, 
Russo,  2021; Salinas-Ramos, Agnelli, Bosso, Ancillotto, Sánchez-
Cordero et al., 2021) and limited our analysis to (fully grown) adult 
bats. Since preliminary data exploration showed that small latitudinal 
differences did not affect FAL, latitude was only added to the mod-
els when its range for a species' dataset was sufficiently large (>2°). 
Latitude, altitude, and year were treated as continuous variables, while 
“sex” was used as a categorical term. “Latitude” was used as a metric 
value within the WGS84 system, and “altitude” was expressed in m 
above sea level (a.s.l.). To investigate the impact of these factors on 
FAL, we used Multiple Linear Regression with Categorical Predictors 
using Dummy Coding, in combination with a best subset selection 
approach. This technique involves evaluating all possible combina-
tions of predictor variables and selecting the subset that results in the 
optimal model, based on specific criteria. These criteria encompass 
maximizing the number of significant predictors and achieving strong 
goodness of fit, as indicated by the adjusted R-squared value, while 
also prioritizing model simplicity to guard against overfitting. In some 
instances, nonsignificant factors were included when their presence 
in the model notably increased the adjusted R-squared values. In es-
sence, we prioritize models that, all other criteria being equal, mini-
mize the number of model terms. Significance was set at p < .05 for all 
tests. The statistical analyses were performed using JASP 0.17.0.2.1 
(JASP Team, 2023) for all tests.

3  |  RESULTS

Overall, we analysed data from 4393 bats from 15 species cap-
tured since 1995 and covering spatial and temporal ranges (Table 1; 
Table S1).

Here, we present only the most robust subset of multiple linear 
regression models with categorical predictors predominantly com-
prising significant factors (Table 2). The full ANOVA and coefficient 
tables for the best models are provided in Tables S2–S16, while ad-
justed R-squared values, overall levels of significance, and significant 
predictors for all term combinations are displayed in Table S17.

Notably, only 20% of the species we considered (n = 3) dis-
played a significant impact of the year of capture on body size: in 
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M. daubentonii, N. leisleri, and P. pygmaeus, body size exhibited an 
increase in FAL trend over time (Figure 1).

The effects of latitude were only tested for the seven species 
whose records spanned across a sufficiently large latitude range, i.e., 
Myotis daubentonii, Myotis emarginatus, Myotis mystacinus, Nyctalus 
leisleri, Plecotus auritus, P. pipistrellus, and Miniopterus schreibersii. 
Latitude demonstrated a consistent influence on body size for three 
species, following the classic “Bergmann” pattern, with bats being 
larger at higher latitudes. This pattern was evident in P. auritus, M. 
mystacinus, and M. schreibersii (Figure 1). However, in M. mystacinus, 
latitude explained only a minimal amount of sample variability, as 
evidenced by the small adjusted R-squared value.

Across all species, except for Myotis crypticus, sex had a signifi-
cant influence on the model, with males being smaller than females 
(Table 1). Univariate t-tests or Mann–Whitney tests confirmed this 
difference for all species except for M. crypticus and M. schreibersii 
(Figure 2; Table S18).

After controlling for sexual dimorphism, altitude significantly in-
fluenced body size in Pipistrellus kuhlii and Barbastella barbastellus, 
however in opposite directions. Bats exhibited larger sizes at higher 
altitudes in the former, and smaller sizes at higher altitudes in bar-
bastelles (Figure 3).

In the Hypsugo savii models that did not include sex as a cat-
egorical term, altitude showed a significant effect. However, this 

TA B L E  1 Sample size, sex ratio, forearm length (FAL) values, temporal (years) and altitude ranges, and minimum and maximum latitudes 
for 15 bat species in Italy.

Species

Sample size Mean FAL (mm)

Years
Alt. Range 
(m a.s.l.)

Latitude

Females Males Females Males Min Max

Rhinolophus euryale 78 37 48.0 ± 1.0 47.4 ± 0.9 2002–21 195–334 41.28 42.16

Myotis bechsteinii 17 15 41.9 ± 1.1 41.2 ± 0.7 2005–23 29–1412 40.37 42.23

Myotis capaccinii 47 15 41.9 ± 0.9 40.9 ± 1.2 2005–23 195–876 41.28 42.15

Myotis crypticus 44 79 38.7 ± 1.2 38.7 ± 0.9 2000–22 3–1740 38.23 43.74

Myotis daubentonii 255 364 37.6 ± 1.0 36.8 ± 1.0 1995–2023 2–1558 41.27 46.29

Myotis emarginatus 193 1107 40.3 ± 1.1 38.5 ± 1.0 2000–23 29–1290 39.74 45.44

Myotis mystacinus 55 174 34.6 ± 1.6 34.2 ± 1.4 2000–23 95–1553 38.50 46.49

Plecotus auritus 93 90 39.5 ± 1.0 38.8 ± 1.1 2000–22 870–1691 38.50 46.47

Barbastella barbastellus 192 55 40.1 ± 1.2 38.9 ± 0.8 2000–22 95–1403 40.47 42.55

Nyctalus leisleri 44 156 44.0 ± 1.1 43.2 ± 1.1 1995–2023 211–1610 38.50 46.48

Hypsugo savii 185 190 34.1 ± 1.1 32.9 ± 1.0 2000–23 250–1553 40.31 42.22

Pipistrellus kuhlii 61 37 34.0 ± 1.1 33.3 ± 0.9 2000–23 29–1324 40.81 42.17

Pipistrellus pipistrellus 82 71 31.8 ± 0.7 30.9 ± 0.9 2000–23 21–1527 40.37 46.30

Pipistrellus pygmaeus 10 17 32.1 ± 0.5 30.4 ± 1.0 2000–23 876–1234 41.74 41.82

Miniopterus schreibersii 286 344 46.0 ± 0.8 45.9 ± 0.8 2002–22 20–1283 40.47 45.69

Species Best subset AdjR2
Model 
significance

Significant 
factors

Rhinolophus euryale Sex .065 0.004 Sex

Myotis bechsteinii Sex .107 0.038 Sex

Myotis capaccinii Altitude, Sex .172 0.001 Sex

Myotis crypticus – −.012 0.657 –

Myotis daubentonii Year, Sex .178 <0.001 Year, Sex

Myotis emarginatus Latitude, Sex .295 <0.001 Sex

Myotis mystacinus Latitude, Altitude, Sex .026 0.031 Latitude, Sex

Plecotus auritus Latitude, Altitude, Sex .183 0.031 Latitude, Sex

Barbastella barbastellus Altitude, Sex .296 <0.001 Altitude, Sex

Nyctalus leisleri Year, Sex .111 <0.001 Year, Sex

Hypsugo savii Sex .250 <0.001 Sex

Pipistrellus kuhlii Altitude, Sex .248 <0.001 Altitude, Sex

Pipistrellus pipistrellus Sex .235 <0.001 Sex

Pipistrellus pygmaeus Year, Altitude, Sex .569 <0.001 Year, Sex

Miniopterus schreibersii Year, Latitude, Sex .112 <0.001 Latitude, Sex

TA B L E  2 Multiple regression models 
with best subset selection for forearm 
length (mm) in 15 bat species in Italy, 
featuring adjusted R2 values, model 
significance (p-values), and significant 
factors.
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was an artefact associated with the fact that males were more 
frequently captured at high elevations than females, and the for-
mer were smaller than the latter. A Mann–Whitney test conducted 
on altitudes vs. the sex of the bat revealed that median altitudes 
were greater for captured males compared to females (U = 6999.5, 
p < .001). A similar situation was found in P. pygmaeus, in which 
case females were caught more frequently at high altitudes than 
males, and as females are larger, this simulated an effect of al-
titude that vanished once sex was added to the models. Again, 
a Mann–Whitney test conducted on altitudes vs. the sex of the 
bat revealed that altitudes differed between sexes, this time being 
higher for females (U = 156.0, p < .001).

4  |  DISCUSSION

4.1  |  Temporal trends in body size

Our investigation reveals that, among the 15 species under scru-
tiny, only three exhibited a discernible augmentation in body size 
over the observed temporal span. This trend was previously docu-
mented in Italy for the greater horseshoe bat, Rhinolophus ferrum-
equinum, for which it extended over a century due to the dataset's 
longevity (Salinas-Ramos, Agnelli, Bosso, Ancillotto, Russo, 2021). 
Notably, within the species we considered, this trend was most 
conspicuous in Pipistrellus pygmaeus, as evidenced by a relatively 

F I G U R E  1 Partial regression plots from a Multiple Linear Regression with Categorical Predictors using Dummy Coding drawn for forearm 
length (FAL, in mm) vs. year of record (top row) and latitude (bottom row) for six bat species in Italy. Only species for which significant 
relationships were found are depicted.

Myotis mystacinus Plecotus auritus Miniopterus schreibersii

Myotis daubentonii Pipistrellus pygmaeusNyctalus leisleri

F I G U R E  2 Violin plots of forearm length (FAL) in 15 bat species recorded in Italy, categorized by sex (orange: females; blue: males). 
Intersexual differences were explored through univariate tests (details are given in Table S17). Levels of significance are expressed as 
follows: n.s., not significant; *<.05; **<.005; ***<.0001. In all cases, where significant differences were found, females were larger than 
males. Species abbreviations are as follows: B.b.: Barbastella barbastellus; H.s.: Hypsugo savii; M.b.: Myotis bechsteinii; M.c.: M. capaccinii; 
M.cr.: M. crypticus; M.d.: M. daubentonii; M.e.: M. emarginatus; M.m.: M. mystacinus; M.s.: Miniopterus schreibersii; N.l.: Nyctalus leisleri; P.k.: 
Pipistrellus kuhlii; P.p.: P. pipistrellus; P.py.: P. pygmaeus; P.a.: Plecotus auritus; R.e.: Rhinolophus euryale. Sample sizes are shown in Table 1.
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high R-squared value in multiple regression analysis. Nevertheless, 
we acknowledge that the limited sample size available for P. pyg-
maeus might have introduced an element of overfitting into our 
analysis. However, the conspicuous temporal trend for an increase 
in body size of a riparian bat specialist (P. pygmaeus) is also re-
corded in another riparian species, Myotis daubentonii, suggesting 
potential parallels in the underlying environmental factors influ-
encing this temporal increase.

Additionally, our findings affirm the absence of any temporal shift 
in the body size of Pipistrellus kuhlii, corroborating earlier research 
spanning 133 years, which focused on specimens from mainland 
Italy housed in museum collections (Tomassini et al., 2014). Notably, 
Tomassini et al. (2014) detected an enlargement solely in skull size, 
commencing shortly after World War II. The authors of that study 
posited a plausible link between the proliferation of artificial noctur-
nal lighting during that period in Italy and the associated increased 
presence of tympanate moths attracted to streetlamps, which, in 
turn, impaired their antipredatory responses due to the influence of 
artificial light. Larger skulls would be advantageous to capture and 
handle moths, bigger than the usual dipteran prey pursued by this 
bat species in dark habitats (Tomassini et  al., 2014). However, we 
underscore that our present study exclusively examined FAL, leaving 
open the possibility that other unmonitored morphometric changes 
occurred within some of the studied species, evading our notice. 
Climate-change influences on animal morphology besides overall 
body size effects have been recorded for several taxa (Anderson 
et al., 2019; Babin-Fenske et al., 2008; MacLean et al., 2019; Onley 
et al., 2020; Wereszczuk et al., 2023). In cave-dwelling bats such as 
M. schreibersii, the absence of a significant increase in body size over 
time might be attributed to the colonies' deeper location within karst 
underground sites, where the effects of climate change on tempera-
ture are less pronounced (Mammola et al., 2019).

Any increase in body size over time, as suggested by our findings, 
is therefore by no means a universal phenomenon. Nevertheless, 
several limitations of our study merit consideration. Firstly, it is 

conceivable that such an effect may be contingent upon specific 
populations. For instance, an upsurge in body size observed in 
Myotis nattereri in Germany manifested solely in a northern pop-
ulation, while a southern population that experienced a warmer 
climate exhibited no such pattern (Stapelfeldt et  al.,  2023). Such 
population-level distinctions likely account for why the Bechstein's 
bats included in our study failed to show any temporal alterations 
in size, in contrast to those examined in Germany (Mundinger 
et al. 2021, 2022; Mundinger, van Schaik, et al., 2023; Mundinger, 
Wolf, et al., 2023). Conversely, all size increments identified within 
Italy (M. daubentonii, N. leisleri, and P. pygmaeus, this study; and R. fer-
rumequinum, Salinas-Ramos, Agnelli, Bosso, Ancillotto, Russo, 2021) 
were measured in individuals aggregated from several populations. 
Notably, the temporal body size increase that we identified in M. 
daubentonii remained conspicuous in a population situated in cen-
tral Italy whose females also shifted upwards their altitudinal limit 
(Russo et  al.,  2024). The compelling evidence indicating that the 
body size augmentation is instigated by increasingly warm nursery 
roosts, which favour pregnancy and lactation, ultimately resulting 
in larger offspring via a phenotypically plastic process (Mundinger, 
Wolf, et  al.,  2023), underscores the pivotal role of local factors, 
including roost structure and microclimate, in either facilitating or 
impeding the size increase. Alternative explanations to support in-
creasing body size patterns over time in the scientific literature are 
rare. The FAL increase recorded in Hipposideros armiger in China over 
65 years was explained as the result of selective pressures acting on 
body size, enabling the bats to cover longer distances to find the 
progressively rarer foraging sites (Yue et al., 2020).

The increase in body size we recorded in migratory bat species 
(N. leisleri, and, possibly, Pipistrellus pygmaeus; Lindecke et al., 2019) 
is intriguing. It might be expected that nonmigratory species would 
be more likely to exhibit morphological responses to climate change 
than migratory species. Partial migration is likely to occur in migra-
tory bats such as N. leisleri, so the individuals we measured may have 
been given birth and exposed to different temperature trends in 

F I G U R E  3 Partial regression plots from a Multiple Linear Regression with Categorical Predictors using Dummy Coding drawn for 
forearm length (FAL, in mm) vs. altitude for two bat species observed in Italy. Only species for which significant relationships were found are 
depicted.

 20457758, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10872 by T

est, W
iley O

nline L
ibrary on [08/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  7 of 11RUSSO et al.

different reproductive quarters. Even if for this reason our samples 
included individuals born in different regions, an increasing trend in 
body size is still conceivable if temperatures have risen over time 
in their respective birth regions, especially if the proportion of in-
dividuals of different geographic regions remained about constant 
over time.

4.2  |  Bergmann's rule effects: Latitude and altitude

Our investigation revealed limited effects of latitude on bat body size. 
However, it is important to note that the available datasets covered a 
sufficiently large latitudinal range for only 47% of the species under 
consideration. Therefore, we cannot discount the possibility that 
latitude may also influence body size in other species for which our 
dataset was geographically restricted. Among the three species for 
which a latitude effect was detected, there was a consistent pattern 
of increasing body size at higher latitudes, conforming to Bergmann's 
rule. It is worth mentioning that in the case of Myotis mystacinus, 
the observed effect was relatively weak, as indicated by the small 
adj-R-squared value. Additionally, another species, Rhinolophus hip-
posideros, exhibited an increase in body size at higher latitudes in 
Italy. This observation was based on museum specimens collected 
across most of Italy over a time exceeding a century (Salinas-Ramos, 
Agnelli, Bosso, Ancillotto, Sánchez-Cordero et al., 2021).

Regarding the response to altitude, which was also anticipated to 
correlate with body size, we observed such effects in only two spe-
cies: Barbastella barbastellus and Pipistrellus kuhlii. However, these 
effects exhibited opposing directions. In the instance of Pipistrellus 
kuhlii, there was a correlation between larger sizes and higher alti-
tudes, in alignment with Bergmann's rule. A parallel trend emerged 
in a different pipistrelle species, P. pipistrellus in France, where 
FAL exhibited a negative correlation with temperature (Penone 
et al., 2018). However, the same species did not exhibit a response to 
temperature in our current study. Conversely, barbastelles displayed 
larger body sizes at lower altitudes. These findings corroborate 
findings by Ancillotto et al.  (2015), who observed that barbastelle 
bats roosting in clay badlands at lower altitudes (106–468 m a.s.l.) 
exhibited larger body sizes than bats roosting in trees at altitudes 
exceeding 1200 m a.s.l. The differences in size are most plausibly at-
tributed to phenotypically plastic responses induced by the higher 
temperatures in the clay badland roosts (Mundinger, van Schaik, 
et al., 2023; Mundinger, Wolf, et al., 2023). In contrast, bats roosting 
in dead trees at higher altitudes are exposed to the cold spells typi-
cal of mountainous regions, which likely limit offspring development 
due to reduced thermal insulation (Russo et al., 2017).

Overall, our findings indicate that altitudinal effects on body size 
are not universally consistent, and their direction is likely influenced 
by the roosting ecology of the species and the specific microclimatic 
conditions within their nursery roosts.

The limited support for “Bergmann's rule” that we found may be 
partly attributed to the relatively narrow altitude and latitude ranges 
within our study area. Expanding our analysis to encompass the 

entire European territory could potentially yield different results. 
Notably, in a study involving 20 bat species covering a substantial 
portion of North American territory, Alston et al.  (2023) observed 
a latitudinal gradient in body size that aligns with Bergmann's rule. 
This gradient was characterized by a negative correlation between 
body mass and mean annual temperature, providing support for 
the heat conservation hypothesis underlying Bergmann's rule. It 
is important to acknowledge that body mass in bats is highly vari-
able, influenced by factors such as food availability and individual 
body condition. Therefore, we opted to employ FAL as a more ro-
bust proxy for body size, as has been done in other studies (e.g., 
Mundinger et al., 2021, 2022; Mundinger, van Schaik, et al., 2023; 
Mundinger, Wolf, et  al.,  2023; Salinas-Ramos, Agnelli, Bosso, 
Ancillotto, Russo, 2021; Salinas-Ramos, Agnelli, Bosso, Ancillotto, 
Sánchez-Cordero et  al.,  2021; Stapelfeldt et  al.,  2023; Tomassini 
et al., 2014).

4.3  |  Intersexual differences in body size

Our study underscores the statistical significance of body size dif-
ferences between sexes in most bat species, particularly within two 
out of the three bat families examined. Notably, M. schreibersii from 
the Miniopteridae family exhibited no discernible intersexual differ-
ence in forearm length (FAL).

Traditionally, bats have been regarded as characterized by lim-
ited sexual size dimorphism (Lu et al., 2014). However, it is important 
to recognize that various other morphological, physiological, and 
behavioural traits exhibit significant disparities between the sexes 
(Muñoz-Romo et  al., 2021). Although the body size difference we 
observed may be subtle, with females marginally but significantly 
larger than males, it is a prevalent phenomenon, particularly ev-
ident within families such as vespertilionids (Myers,  1978). This 
disparity in size has been linked to the physiological necessity of a 
greater wing loading required to carry the embryo during pregnancy 
(Myers, 1978; Stevens et al., 2013). Furthermore, in numerous bat 
species, females are known to carry their offspring clinging to their 
ventral fur when departing from roosts, particularly during roost 
switching events (e.g., Russo et al., 2005).

5  |  CONCLUSIONS

Our principal aim was to investigate whether a discernible increase 
in body size over time, potentially indicative of climate change ef-
fects, is evident across various bat species. Contrary to our predic-
tion, however, our examination revealed that only three out of the 
15 species under scrutiny showed this specific pattern. Considering 
these findings, it appears that while bats exhibit promising charac-
teristics as potential indicators of climate change, alterations in their 
body size may not offer a reliable metric (Russo et al., 2021). One 
possible challenge lies in establishing the appropriate geographic 
scale necessary to elucidate responses, which may be specific to 
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populations and can become diluted when individuals from dispa-
rate populations exhibiting distinct trends are analysed collectively 
without accounting for their origin.

Our study has also unveiled a complex interplay of factors in-
fluencing body size in bats. Temperature-related variables, such as 
latitude and altitude, have emerged as significant drivers in some 
cases, with the manifestation of Bergmann's-like patterns suggest-
ing the involvement of natural selection. These spatial dynamics un-
derscore the importance of geographic variations in shaping body 
size. Furthermore, we propose that the increase in size over time is 
primarily driven by phenotypic plasticity, as exemplified by the stud-
ies done on Bechstein's bats in Germany (Mundinger, van Schaik, 
et al., 2023; Mundinger, Wolf, et al., 2023). The question of whether 
this will result in adverse long-term selective pressures on larger in-
dividuals, leading to a shorter lifespan, as observed in Bechstein's 
bats but not in Natterer's bats (Stapelfeldt et al., 2023), is a subject 
of debate and warrants longitudinal studies focused on the popula-
tion level.

The question of whether temperature-related changes in body 
size, following Bergmann's rule patterns, primarily stem from micro-
evolution favouring larger body sizes for enhanced heat retention 
in colder climates or heat dissipation in hotter climates (Salewski 
et  al., 2010) or if they instead reflect a phenotypically plastic re-
sponse (Teplitsky et al., 2008) remains unresolved. In either scenario, 
conflicting factors may come into play, as bats inhabiting warmer 
climates may produce larger offspring while still needing smaller 
body sizes for more efficient heat dissipation. Additional selective 
pressures countering a phenotypically plastic increase in body size 
may arise from the progressively reduced availability of food, a likely 
scenario in many regions and ecosystems around the world affected 
by the global decline in insect populations driven by pesticides and 
changes in land use (Goulson, 2019; Wagner, 2020).

In summary, our study not only highlights the limited occur-
rence of body size increase over time among bat species but also 
elucidates the intricate interplay of multiple factors. These factors 
encompass species-  or population-level tendencies in phenotypic 
responses, species-specific environmental preferences, geographic 
variations in roosting site availability, and the potential influence 
of other limiting factors, such as food resources. In essence, the 
observed patterns present a mosaic of contrasting pressures that 
collectively contribute to the complexity of bat body size dynam-
ics, providing insights into the multifaceted nature of ecological and 
evolutionary processes.

AUTHOR CONTRIBUTIONS
Danilo Russo: Conceptualization (lead); data curation (supporting); 
formal analysis (lead); funding acquisition (lead); investigation (lead); 
methodology (lead); supervision (lead); writing – original draft (lead); 
writing – review and editing (lead). Gareth Jones: Investigation (sup-
porting); writing – original draft (supporting); writing – review and 
editing (supporting). Adriano Martinoli: Data curation (supporting); 
investigation (supporting); writing – original draft (supporting); writ-
ing – review and editing (supporting). Damiano G. Preatoni: Data 

curation (supporting); investigation (supporting); writing – origi-
nal draft (supporting); writing – review and editing (supporting). 
Martina Spada: Data curation (supporting); investigation (sup-
porting); writing – original draft (supporting); writing – review and 
editing (supporting). Andrea Pereswiet-Soltan: Data curation (sup-
porting); investigation (supporting); writing – original draft (sup-
porting); writing – review and editing (supporting). Luca Cistrone: 
Conceptualization (supporting); data curation (lead); investigation 
(supporting); methodology (supporting); writing – original draft (sup-
porting); writing – review and editing (supporting).

ACKNO​WLE​DG E​MENTS
We sincerely thank the Abruzzo Lazio and Molise National Park, 
as well as the Vesuvius National Park, for their generous finan-
cial support, which greatly facilitated our data collection efforts. 
Additionally, we extend our appreciation to Federazione Speleologica 
Veneta and Associazione Faunisti Veneti specifically funding AP-S 
for the collection of data on M. schreibersii. LC was funded with a 
research grant funded by the University of Naples Federico II within 
the “PNRR – AgriTech” Project, MUR Project Code CN_00000022, 
CUP: E63C22000920005. We also extend our appreciation to two 
anonymous reviewers for their supportive and valuable comments.

DATA AVAIL ABILIT Y S TATEMENT
All data used for the preparation of this article are provided in 
Table S1.

ORCID
Danilo Russo   https://orcid.org/0000-0002-1934-7130 

R E FE R E N C E S
Abrahms, B., Carter, N. H., Clark-Wolf, T. J., Gaynor, K. M., Johansson, 

E., McInturff, A., Nisi, A. C., Rafiq, K., & West, L. (2023). Climate 
change as a global amplifier of human–wildlife conflict. Nature 
Climate Change, 13(3), 224–234.

Alston, J. M., Keinath, D. A., Willis, C. K., Lausen, C. L., O'Keefe, J. 
M., Tyburec, J. D., Broders, H. G., Moosman, P. R., Carter, T. C., 
Chambers, C. L.,  & Gillam, E. H. (2023). Environmental drivers 
of body size in North American bats. Functional Ecology, 37(4), 
1020–1032.

Altringham, J. D. (2011). Bats: From evolution to conservation. Oxford 
University Press.

Ancillotto, L., Cistrone, L., Mosconi, F., Jones, G., Boitani, L., & Russo, D. 
(2015). The importance of non-forest landscapes for the conserva-
tion of forest bats: Lessons from barbastelles (Barbastella barbastel-
lus). Biodiversity and Conservation, 24, 171–185.

Anderson, A. M., Friis, C., Gratto-Trevor, C. L., Morrison, R. G., Smith, 
P. A.,  & Nol, E. (2019). Consistent declines in wing lengths of 
Calidridine sandpipers suggest a rapid morphometric response to 
environmental change. PLoS One, 14(4), e0213930.

Anthony, E. L. P. (1988). Age determination in bats. In T. H. Kunz (Ed.), 
Ecological and behavioral methods for the study of bats (pp. 47–58). 
Smithsonian Institution Press.

Ashton, K. G. (2004). Comparing phylogenetic signal in intraspecific and 
interspecific body size datasets. Journal of Evolutionary Biology, 
17(5), 1157–1161.

Ashton, K. G., Tracy, M. C., & Queiroz, A. D. (2000). Is Bergmann's rule 
valid for mammals? The American Naturalist, 156(4), 390–415.

 20457758, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10872 by T

est, W
iley O

nline L
ibrary on [08/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-1934-7130
https://orcid.org/0000-0002-1934-7130


    |  9 of 11RUSSO et al.

Babin-Fenske, J., Anand, M.,  & Alarie, Y. (2008). Rapid morphological 
change in stream beetle museum specimens correlates with climate 
change. Ecological Entomology, 33(5), 646–651.

Bergmann, C. (1847). Über die verhältnisse der warmeökonomie der 
thiere zuihrer grosse. Gottinger Studien, 1, 595–708.

Blackburn, T. M., & Hawkins, B. A. (2004). Bergmann's rule and the mam-
mal fauna of North America. Ecography, 27, 715–724.

Bocchiola, D., & Diolaiuti, G. (2010). Evidence of climate change within 
the Adamello Glacier of Italy. Theoretical and Applied Climatology, 
100, 351–369.

Bradshaw, W. E., & Holzapfel, C. M. (2010). Light, time, and the physiol-
ogy of biotic response to rapid climate change in animals. Annual 
Review of Physiology, 72, 147–166.

Brunetti, M., Maugeri, M., Monti, F.,  & Nanni, T. (2006). Temperature 
and precipitation variability in Italy in the last two centuries from 
homogenised instrumental time series. International Journal of 
Climatology, 26(3), 345–381.

Buchholz, R., Banusiewicz, J. D., Burgess, S., Crocker-Buta, S., Eveland, 
L.,  & Fuller, L. (2019). Behavioural research priorities for the 
study of animal response to climate change. Animal Behaviour, 
150, 127–137.

Crawford, R. D., & O'Keefe, J. M. (2021). Avoiding a conservation pit-
fall: Considering the risks of unsuitably hot bat boxes. Conservation 
Science and Practice, 3(6), e412.

Damien, M.,  & Tougeron, K. (2019). Prey–predator phenological mis-
match under climate change. Current Opinion in Insect Science, 35, 
60–68.

Dietz, C.,  & Kiefer, A. (2016). Bats of Britain and Europe. Bloomsbury 
Natural History.

Domenici, P., & Seebacher, F. (2020). The impacts of climate change on 
the biomechanics of animals. Conservation. Physiology, 8(1), coz102.

Dzal, Y. A., Menzies, A. K., Webber, Q. M., & Willis, C. K. (2021). Torpor 
and Tinbergen: Integrating physiological and behavioral traits with 
ontogeny, phylogenetic history, survival and fitness to understand 
heterothermy in bats. In B. K. Lim, M. B. Fenton, R. M. Brigham, S. 
Mistry, A. Kurta, E. H. Gillam, A. Russell, & J. Ortega (Eds.), 50 Years 
of bat research: Foundations and New Frontiers (pp. 223–238). 
Springer.

Elmhagen, B., Berteaux, D., Burgess, R. M., Ehrich, D., Gallant, D., 
Henttonen, H., Ims, R. A., Killengreen, S. T., Niemimaa, J., Norén, 
K.,  & Ollila, T. (2017). Homage to Hersteinsson and Macdonald: 
Climate warming and resource subsidies cause red fox range ex-
pansion and Arctic fox decline. Polar Research, 36(sup1), 3.

Festa, F., Ancillotto, L., Santini, L., Pacifici, M., Rocha, R., Toshkova, N., 
Amorim, F., Benítez-López, A., Domer, A., Hamidović, D., & Kramer-
Schadt, S. (2023). Bat responses to climate change: A systematic 
review. Biological Reviews, 98(1), 19–33.

Flaquer, C., Puig-Montserrat, X., López-Baucells, A., Torre, I., Freixas, L., 
Mas, M., Porres, X., & Arrizabalaga, A. (2014). Could overheating 
turn bat boxes into death traps. Barbastella, 7(1), 46–53.

Frick, W. F., Kingston, T., & Flanders, J. (2020). A review of the major 
threats and challenges to global bat conservation. Annals of the New 
York Academy of Sciences, 1469(1), 5–25.

Gallana, M., Ryser-Degiorgis, M. P., Wahli, T.,  & Segner, H. (2013). 
Climate change and infectious diseases of wildlife: Altered interac-
tions between pathogens, vectors and hosts. Current Zoology, 59(3), 
427–437.

Gardner, J. L., Peters, A., Kearney, M. R., Joseph, L.,  & Heinsohn, R. 
(2011). Declining body size: A third universal response to warming? 
Trends in Ecology & Evolution, 26(6), 285–291.

Geiser, F. (2004). Metabolic rate and body temperature reduction during 
hibernation and daily torpor. Annual Review of Physiology, 66, 
239–274.

Goulson, D. (2019). The insect apocalypse, and why it matters. Current 
Biology, 29(19), R967–R971.

Habibullah, M. S., Din, B. H., Tan, S. H., & Zahid, H. (2022). Impact of 
climate change on biodiversity loss: Global evidence. Environmental 
Science and Pollution Research, 29(1), 1073–1086.

Hill, D. A.,  & Greenaway, F. (2005). Effectiveness of an acoustic lure 
for surveying bats in British woodlands. Mammal Review, 35(1), 
116–122.

Hill, G. M., Kawahara, A. Y., Daniels, J. C., Bateman, C. C., & Scheffers, 
B. R. (2021). Climate change effects on animal ecology: Butterflies 
and moths as a case study. Biological Reviews, 96(5), 2113–2126.

Janicke, T., & Fromonteil, S. (2021). Sexual selection and sexual size di-
morphism in animals. Biology Letters, 17(9), 20210251.

JASP Team. (2023). JASP (Version 0.18.1).
Kubelka, V., Sandercock, B. K., Székely, T.,  & Freckleton, R. P. (2022). 

Animal migration to northern latitudes: Environmental changes and 
increasing threats. Trends in Ecology & Evolution, 37(1), 30–41.

Kunz, T. H., Braun de Torrez, E., Bauer, D., Lobova, T., & Fleming, T. H. 
(2011). Ecosystem services provided by bats. Annals of the New York 
Academy of Sciences, 1223(1), 1–38.

Lindecke, O., Elksne, A., Holland, R. A., Pētersons, G.,  & Voigt, C. C. 
(2019). Orientation and flight behaviour identify the Soprano pipis-
trelle as a migratory bat species at the Baltic Sea coast. Journal of 
Zoology, 308(1), 56–65.

Lu, D., Zhou, C. Q., & Liao, W. B. (2014). Sexual size dimorphism lacking 
in small mammals. North-Western Journal of Zoology, 10(1), 53–59.

Macgregor, C. J., & Scott-Brown, A. S. (2020). Nocturnal pollination: An 
overlooked ecosystem service vulnerable to environmental change. 
Emerging Topics in Life Sciences, 4(1), 19–32.

MacLean, H. J., Nielsen, M. E., Kingsolver, J. G., & Buckley, L. B. (2019). 
Using museum specimens to track morphological shifts through 
climate change. Philosophical Transactions of the Royal Society B, 
374(1763), 20170404.

Mammola, S., Piano, E., Cardoso, P., Vernon, P., Domínguez-Villar, D., 
Culver, D. C., Pipan, T.,  & Isaia, M. (2019). Climate change going 
deep: The effects of global climatic alterations on cave ecosystems. 
The Anthropocene Review, 6(1–2), 98–116.

Meiri, S., & Dayan, T. (2003). On the validity of Bergmann's rule. Journal 
of Biogeography, 30(3), 331–351.

Milligan, S. R., Holt, W. V., & Lloyd, R. (2009). Impacts of climate change 
and environmental factors on reproduction and development in 
wildlife. Philosophical Transactions of the Royal Society, B: Biological 
Sciences, 364(1534), 3313–3319.

Mitchell, D., Snelling, E. P., Hetem, R. S., Maloney, S. K., Strauss, W. 
M., & Fuller, A. (2018). Revisiting concepts of thermal physiology: 
Predicting responses of mammals to climate change. Journal of 
Animal Ecology, 87(4), 956–973.

Mundinger, C., Fleischer, T., Scheuerlein, A., & Kerth, G. (2022). Global 
warming leads to larger bats with a faster life history pace in the 
long-lived Bechstein's bat (Myotis bechsteinii). Communications 
Biology, 5(1), 682.

Mundinger, C., Scheuerlein, A.,  & Kerth, G. (2021). Long-term study 
shows that increasing body size in response to warmer summers is 
associated with a higher mortality risk in a long-lived bat species. 
Proceedings of the Royal Society B, 288(1952), 20210508.

Mundinger, C., van Schaik, J., Scheuerlein, A., & Kerth, G. (2023). Heat 
over heritability: Increasing body size in response to global warm-
ing is not stabilized by genetic effects in Bechstein's bats. Global 
Change Biology, 29, 4939–4948.

Mundinger, C., Wolf, J. M., Gogarten, J. F., Fierz, M., Scheuerlein, A., & 
Kerth, G. (2023). Artificially raised roost temperatures lead to 
larger body sizes in wild bats. Current Biology, 33, 3977–3984.e4.

Muñoz-Romo, M., Page, R. A., & Kunz, T. H. (2021). Redefining the study 
of sexual dimorphism in bats: Following the odour trail. Mammal 
Review, 51(2), 155–177.

Myers, P. (1978). Sexual dimorphism in size of vespertilionid bats. The 
American Naturalist, 112(986), 701–711.

 20457758, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10872 by T

est, W
iley O

nline L
ibrary on [08/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10 of 11  |     RUSSO et al.

Naisbit, R. E., Kehrli, P., Rohr, R. P., & Bersier, L. F. (2011). Phylogenetic 
signal in predator–prey body-size relationships. Ecology, 92(12), 
2183–2189.

O'Mara, M. T., Bauer, K., Blank, D., Baldwin, J. W., & Dechmann, D. K. 
(2016). Common noctule bats are sexually dimorphic in migratory 
behaviour and body size but not wing shape. PLoS One, 11(11), 
e0167027.

Onley, I. R., Gardner, J. L., & Symonds, M. R. (2020). Spatial and tem-
poral variation in morphology in Australian whistlers and shrike-
thrushes: Is climate change causing larger appendages? Biological 
Journal of the Linnean Society, 130(1), 101–113.

O'Shea, T. J., Cryan, P. M., Hayman, D. T., Plowright, R. K., & Streicker, 
D. G. (2016). Multiple mortality events in bats: A global review. 
Mammal Review, 46(3), 175–190.

Parmesan, C., & Yohe, G. (2003). A globally coherent fingerprint of cli-
mate change impacts across natural systems. Nature, 421(6918), 
37–42.

Penone, C., Kerbiriou, C., Julien, J. F., Marmet, J., & Le Viol, I. (2018). 
Body size information in large-scale acoustic bat databases. PeerJ, 
6, e5370.

Polemio, M., & Casarano, D. (2008). Climate change, drought and ground-
water availability in southern Italy. Geological Society, London, 
Special Publications, 288(1), 39–51.

Pörtner, H. O., & Farrell, A. P. (2008). Physiology and climate change. 
Science, 322(5902), 690–692.

Racey, P. A. (1988). Reproductive assessment in bats. In T. H. Kunz (Ed.), 
Ecology and behavioral methods for the study of bats (pp. 31–43). 
Smithsonian Institution Press, 533.

Roeder, K. A., Bujan, J., de Beurs, K. M., Weiser, M. D., & Kaspari, M. 
(2021). Thermal traits predict the winners and losers under cli-
mate change: An example from north American ant communities. 
Ecosphere, 12(7), e03645.

Russo, D., Cistrone, L., Budinski, I., Console, G., Della Corte, M., 
Milighetti, C., Di Salvo, I., Nardone, V., Brigham, R. M., & Ancillotto, 
L. (2017). Sociality influences thermoregulation and roost switch-
ing in a forest bat using ephemeral roosts. Ecology and Evolution, 
7(14), 5310–5321.

Russo, D., Cistrone, L., & Jones, G. (2005). Spatial and temporal patterns 
of roost use by tree-dwelling barbastelle bats Barbastella barbastel-
lus. Ecography, 28(6), 769–776.

Russo, D., & Jones, G. (2002). Identification of twenty-two bat spe-
cies (Mammalia: Chiroptera) from Italy by analysis of time-
expanded recordings of echolocation calls. Journal of Zoology, 
258(1), 91–103.

Russo, D., Jones, G., Polizzi, M., Meola, V., & Cistrone, L. (2024). Higher 
and bigger: How riparian bats react to climate change. Science of the 
Total Environment, 913, 169733 (in press).

Russo, D., Salinas-Ramos, V. B., Cistrone, L., Smeraldo, S., Bosso, L., & 
Ancillotto, L. (2021). Do we need to use bats as bioindicators? 
Biology, 10(8), 693.

Ryding, S., Klaassen, M., Tattersall, G. J., Gardner, J. L., & Symonds, M. 
R. (2021). Shape-shifting: Changing animal morphologies as a re-
sponse to climatic warming. Trends in Ecology  & Evolution, 36(11), 
1036–1048.

Salewski, V., Hochachka, W. M., & Fiedler, W. (2010). Global warming and 
Bergmann's rule: Do central European passerines adjust their body 
size to rising temperatures? Oecologia, 162, 247–260.

Salinas-Ramos, V. B., Agnelli, P., Bosso, L., Ancillotto, L.,  & Russo, D. 
(2021). Body size of Italian greater horseshoe bats (Rhinolophus fer-
rumequinum) increased over one century and a half: A response to 
climate change? Mammalian Biology, 101, 1–5.

Salinas-Ramos, V. B., Agnelli, P., Bosso, L., Ancillotto, L., Sánchez-
Cordero, V., & Russo, D. (2021). Body size variation in Italian lesser 
horseshoe bats Rhinolophus hipposideros over 147 years: Exploring 
the effects of climate change, urbanization and geography. Biology, 
10(1), 16.

Salinas-Ramos, V. B., Tomassini, A., Ferrari, F., Boga, R.,  & Russo, D. 
(2023). Admittance to wildlife rehabilitation centres points to 
adverse effects of climate change on insectivorous bats. Biology, 
12(4), 543.

Sandoval-Castillo, J., Gates, K., Brauer, C. J., Smith, S., Bernatchez, L., & 
Beheregaray, L. B. (2020). Adaptation of plasticity to projected 
maximum temperatures and across climatically defined biore-
gions. Proceedings of the National Academy of Sciences, 117(29), 
17112–17121.

Scheffers, B. R., De Meester, L., Bridge, T. C., Hoffmann, A. A., Pandolfi, 
J. M., Corlett, R. T., Butchart, S. H., Pearce-Kelly, P., Kovacs, K. 
M., Dudgeon, D., & Pacifici, M. (2016). The broad footprint of cli-
mate change from genes to biomes to people. Science, 354(6313), 
aaf7671.

Schneider, L., Rebetez, M., & Rasmann, S. (2022). The effect of climate 
change on invasive crop pests across biomes. Current Opinion in 
Insect Science, 50, 100895.

Sheridan, J. A., & Bickford, D. (2011). Shrinking body size as an ecological 
response to climate change. Nature Climate Change, 1(8), 401–406.

Simmons, N. B., & Cirranello, A. L. (2023). Bat Species of the World: A tax-
onomic and geographic database. Version 1.4.

Smeraldo, S., Bosso, L., Salinas-Ramos, V. B., Ancillotto, L., Sánchez-
Cordero, V., Gazaryan, S., & Russo, D. (2021). Generalists yet dif-
ferent: Distributional responses to climate change may vary in 
opportunistic bat species sharing similar ecological traits. Mammal 
Review, 51(4), 571–584.

Stapelfeldt, B., Tress, C., Koch, R., Tress, J., Kerth, G., & Scheuerlein, A. 
(2023). Long-term field study reveals that warmer summers lead 
to larger and longer-lived females only in northern populations of 
Natterer's bats. Oecologia, 201(3), 853–861.

Stevens, R. D., Johnson, M. E., & McCulloch, E. S. (2013). Absolute and 
relative secondary-sexual dimorphism in wing morphology: A mul-
tivariate test of the ‘Big Mother’ hypothesis. Acta Chiropterologica, 
15(1), 163–170.

Tayleur, C. M., Devictor, V., Gaüzère, P., Jonzén, N., Smith, H. G.,  & 
Lindström, Å. (2016). Regional variation in climate change win-
ners and losers highlights the rapid loss of cold-dwelling species. 
Diversity and Distributions, 22(4), 468–480.

Teplitsky, C., & Millien, V. (2014). Climate warming and Bergmann's rule 
through time: Is there any evidence? Evolutionary Applications, 7(1), 
156–168.

Teplitsky, C., Mills, J. A., Alho, J. S., Yarrall, J. W., & Merilä, J. (2008). 
Bergmann's rule and climate change revisited: Disentangling en-
vironmental and genetic responses in a wild bird population. 
Proceedings of the National Academy of Sciences of the United States 
of America, 105(36), 13492–13496.

Thomas, C. D. (2010). Climate, climate change and range boundaries. 
Diversity and Distributions, 16(3), 488–495.

Toïgo, C., Gaillard, J. M., Van Laere, G., Hewison, M.,  & Morellet, N. 
(2006). How does environmental variation influence body mass, 
body size, and body condition? Roe deer as a case study. Ecography, 
29(3), 301–308.

Tomassini, A., Colangelo, P., Agnelli, P., Jones, G.,  & Russo, D. (2014). 
Cranial size has increased over 133 years in a common bat, 
Pipistrellus kuhlii: A response to changing climate or urbanization? 
Journal of Biogeography, 41(5), 944–953.

Tuneu-Corral, C., Puig-Montserrat, X., Riba-Bertolín, D., Russo, D., 
Rebelo, H., Cabeza, M., & López-Baucells, A. (2023). Pest suppres-
sion by bats and management strategies to favour it: A global re-
view. Biological Reviews, 98, 1564–1582.

van Toor, M. L., O'Mara, M. T., Abedi-Lartey, M., Wikelski, M., Fahr, J., & 
Dechmann, D. K. (2019). Linking colony size with quantitative esti-
mates of ecosystem services of African fruit bats. Current Biology, 
29(7), R237–R238.

Wagner, D. L. (2020). Insect declines in the Anthropocene. Annual Review 
of Entomology, 65, 457–480.

 20457758, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10872 by T

est, W
iley O

nline L
ibrary on [08/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  11 of 11RUSSO et al.

Welbergen, J. A., Klose, S. M., Markus, N.,  & Eby, P. (2008). Climate 
change and the effects of temperature extremes on Australian 
flying-foxes. Proceedings of the Royal Society B: Biological Sciences, 
275(1633), 419–425.

Wereszczuk, A., Fedotova, A., Marciszak, A., Popiołek, M., Zharova, A., & 
Zalewski, A. (2023). Various responses of pine marten morphology 
and demography to temporal climate changes and primary produc-
tivity. Journal of Zoology, 319(1), 42–53.

Yom-Tov, Y., & Geffen, E. (2011). Recent spatial and temporal changes in 
body size of terrestrial vertebrates: Probable causes and pitfalls. 
Biological Reviews, 86(2), 531–541.

Yue, X., Hughes, A. C., Tomlinson, K. W., Xia, S., Li, S., & Chen, J. (2020). 
Body size and diet–related morphological variation of bats over the 
past 65 years in China. Journal of Mammalogy, 101(1), 61–79.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Russo, D., Jones, G., Martinoli, A., 
Preatoni, D. G., Spada, M., Pereswiet-Soltan, A., & Cistrone, 
L. (2024). Climate is changing, are European bats too? A 
multispecies analysis of trends in body size. Ecology and 
Evolution, 14, e10872. https://doi.org/10.1002/ece3.10872

 20457758, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10872 by T

est, W
iley O

nline L
ibrary on [08/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/ece3.10872

	Climate is changing, are European bats too? A multispecies analysis of trends in body size
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Fieldwork
	2.2|Data analysis

	3|RESULTS
	4|DISCUSSION
	4.1|Temporal trends in body size
	4.2|Bergmann's rule effects: Latitude and altitude
	4.3|Intersexual differences in body size

	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


