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Many migratory species have shifted their geographic distribution in
response to climate change, yet the underlying mechanisms are poorly
understood, particularly for mammals. We hypothesized that generational
shifts are underlying the observed colonization of hibernation sites further
north in a migratory bat, the common noctule (Nyctalus noctula). To evaluate
our hypothesis, we collected long-term data on the migratory status and
demography of common noctules in a recently colonized hibernation area.
Based on isotopic data of 413 individuals, we observed a significant decline
in the proportion of long-distance migrants from 2004 to 2015 for both sexes
and across all age groups. Demographic data collected between 2007 and
2016 from 3394 individuals demonstrated that subadult males were more
abundant during the early colonization stage, followed by a gradual shift
to a more balanced age and sex composition. Our results suggest that the
colonization of hibernacula at higher latitudes is promoted by generational
shifts, involving mostly first-year males. Generational shifts seem to be a
likely mechanism for distribution changes in other bats and potentially
also in other mammals.
1. Introduction
The current geological epoch of the Anthropocene is characterized by unprece-
dented rates of human-driven environmental changes [1]. These rapid changes
force animals to respond adequately to survive and reproduce [2]. Migratory
species are uniquely vulnerable to anthropogenic threats such as climate change
[3,4]. The most commonly observed response of migratory species to climate
change is an altered departure and arrival phenology. Yet, migratory animals
may also change the geographic distribution of their wintering and summering
areas. Such changes present key conservation challenges because altered phenol-
ogy may cause mismatches between migratory events and resource availability.
Also, newly established areas may be poorly protected [5]. Besides understanding
these specific changes, it is equally important to investigate the underlying
mechanisms, preferably based on long-term data that are sensitive to the
dynamics of climate change. This might improve our ability to predict how
responsive migratory species are to climate change.

Recently, Gill et al. [6] evaluated two possible mechanisms driving changes
in the phenology and geographic distribution of black-tailed godwits. The first
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postulated mechanism was based on individual plasticity,
i.e. individuals decide on destinations using environmental
or social cues and thus migratory strategies may vary
throughout their lifetimes. The second mechanism is based
on migratory strategies changing from generation to gener-
ation, assuming that juveniles are key in colonizing new
areas because of their dispersal capacity, whereas adults
may not be able to respond adequately because they lack
the flexibility in migration strategies. This mechanism may
lead to a shift in the geographic distribution over several
generations when individuals with successful migration
strategies survive and reproduce. For black-tailed godwits,
the authors confirmed the importance of a generational
shift [6]. Yet, it is unknown if this mechanism is also relevant
for other migratory taxa, such as mammals.

Bats are a diverse mammal taxon, with many species
known to migrate over long distances [7]. Bats are particu-
larly sensitive to adverse environmental conditions because
the powered flight is energetically demanding [8], forcing
individuals to feed almost constantly when airborne [9].
Accordingly, insectivorous bats strongly depend on the
availability of insects throughout their active season. During
winter, temperate-zone bats enter hibernation, a prolonged
state of rest with lowered body temperature and metabolic
rates. Bat survival during hibernation depends on an appro-
priate balance of fat stores, an adequate timing of hibernation
and suitable hibernacula. Hence, many temperate-zone bats
migrate to hibernate, particularly tree-dwelling species such
as common noctules (Nyctalus noctula).

In common noctules, females migrate to hibernacula
over longer distances than males [10,11], because in summer,
females reach higher latitudes to give birth to their young.
Males remain at lower latitudes where they mate with females
in autumn close to hibernacula [10]. After weaning, young
males are more likely to disperse than young females, and
males do so in random directions [12]. Yet, most young
males from northern breeding grounds seem to establish in
areas south of their natal region [13], where they also occupy
hibernacula at the northern border of the wintering range
[14]. Survival of bats in these hibernacula depends on local
temperatures and the length of the winter period [15],
making the survival in these hibernacula highly dependent
on climate change.

Shifts in hibernation latitude have already been documen-
ted for common noctules [16]. Over the last three decades,
this species has colonized new wintering sites further north
by around 4° latitude compared to previous wintering sites
in Eastern Europe. The recent change in the distribution has
led to a partial overlap of hibernation and breeding areas
[14,17] (electronic supplementary material, S1), resulting in
populations consisting of both migrating and non-migratory
individuals [18]. Presumably, these changes in migratory
behaviour may be driven by milder winters and longer plant
growth periods [16,19,20]. However, the exact mechanisms
mediating the observed changes in wintering sites remain
unknown for bats. A mechanism based on behavioural
plasticity would enable bats to respond quickly to new
environmental conditions, whereas a generational shift may
require more time since it depends on the recruitment of suba-
dults with appropriate migration strategies. Our previous
work demonstrated an individual consistency of migratory
strategies in common noctules [11]. This argues against the
individual plasticity hypothesis. Therefore, we hypothesized
that changes in the northern limit of winter distribution of
common noctules bats may bemediated by generational shifts.

Here, we used long-term observation data of common noc-
tules in a region with newly occupied hibernacula in Eastern
Europe to evaluate how migratory strategies changed within
local wintering populations over time. Specifically, we used
hydrogen stable isotope ratios in fur keratin to identify the
summer origin of bats observed during 12 years in a newly
colonized hibernation area. In the remainder of our paper, we
refer to regional bats as those that remained within the range
of similar isotopic composition, so-called isoclines, which
encompasses usually 300–500 km in Europe, whereas long-
distance migrants move beyond one or several isoclines [11].
Additionally, we document the age (subadults/adults) and
sex composition in hibernacula of common noctules through-
out this period. In line with the generational shift hypothesis
and the male-biased dispersal documented for this species,
we predict young males to be more present during the early
colonization than other individuals. Due to climate change,
young males may survive better at higher latitudes than
before, which may account for the observed shift further
north in the species’ winter distribution, even when young
males disperse in random directions [12,21].
2. Material and methods
(a) Study site
We conducted our fieldwork between 2004 and 2017 in the
Kharkiv region (49.9935°N, 36.2304°E; Ukraine), where the
local climate is strongly seasonal, with mostly dry-cold winters
(−7.1°C in January) and hot summers (+20.5°C in July).
Although common noctules are known to breed there since the
onset of monitoring in the early twentieth century, the first
hibernating common noctule was documented in 1986 [22].
(b) Collection of fur samples and demographic
parameters

Fur samples were obtained from carcasses (n = 137) in the repo-
sitory of the Bat Rehabilitation Center (BRC) of Feldman
Ecopark and from individuals (n = 276) that were encountered
in hibernacula in the Kharkiv area (https://datadryad.org/
stash/share/mV6qK-JyQwbj4StU3h1On0Z6Ip3Ph38ULw45A8be
s0w). Fur samples were taken with scissors from the interscapu-
lar region (electronic supplementary material, S4, for a more
detailed description of moulting in common noctules). Between
2007 and 2016, we conducted surveys of 10 hibernacula and
noted the sex and age (subadult (sad), i.e. individuals younger
than 1 year, adult (ad)) of bats based on tooth wear and repro-
ductive organs [23] (electronic supplementary material, S4).
(c) Stable isotope analysis
Stable hydrogen isotope ratios of bat fur were analysed at
the Leibniz Institute for Zoo and Wildlife Research (IZW) in
Berlin as described before [24]. Samples were dried in silver
capsules over several days in a drying oven and then transferred
to an autosampler. We report stable isotope ratios of non-
exchangeable hydrogen in fur keratin in the delta notation (δ) as
parts per thousand (‰) deviations from Vienna Standard Mean
Ocean Water (V-SMOW). The precision of measurements was
always better than 3‰ (one standard deviation) for repeated
measurements of internal keratin standards.
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Figure 1. Probability for hibernating common noctule bats (Nyctalus noctula) of getting assigned as a long-distance migrant over the 12-year study period in the
Kharkiv area.

Table 1. Odds ratio, 95% confidence interval (CI) and p-values for the
binomial GLM fit of the migratory status data. Significant effects are
highlighted in italics.

predictors

migratory status

odds ratios CI p

(intercept, male sad) 0.07 0.04–0.15 <0.001

year 0.82 0.73–0.92 0.001

female 2.78 1.09–7.08 0.032

ad 0.37 0.11–1.22 0.104

year : female 1.15 0.96–1.38 0.126

year : ad 0.94 0.68–1.30 0.703

observations 413

AIC 328.406
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(d) Statistics
We performed statistical analyses in the R 3.6.0 environment [25].
First, we used the ‘prepsource’ function from the ‘IsoriX’ package
[26] to aggregate data from the Global Network of Isotopes in Pre-
cipitation (GNIP) for years (from 1960 to present time) (electronic
supplementary material, S2) [27]. Next, we used the ‘IsoriX’ pack-
age to assign the geographic origin of bats. We classified all bats to
either regional or long-distant migrants based on a published
transfer function [11]. We categorized bats as regional if δ2Hf

values were inside of the 95% confidence interval (CI) of the
expected δ2Hf values for the specific site and as long-distance
migrants if individual δ2Hf values fell outside the 95% CI.
To estimate the probability of being a long-distance migrant, we
used binomial generalized linear model (GLM) via the ‘glm’ func-
tion from R, with the binary migratory category (regional versus
long-distance migrant) as a response variable and year, sex, age
and interaction of year with sex and age as explanatory variables.
To trace changes in demographic structure, we used amultinomial
model from the package ‘nnet’ [28] function ‘multinom’ with
year factor as the explanatory variable and the sex-age category
(subadult male, subadult female, adult male or adult female)
as a response. To test if migratory status was influenced by the
proportion of subadult males, we used the ‘glm’ function with
migratory category as a response variable and subadult male
versus all other sex-age categories as a binary explanatory variable.
3. Results
(a) Temporal changes in the geographic origin of

hibernating bats
For hibernating common noctules of our study area, we did not
observe an effect of the interaction of sex or age with time on
the inferred migratory status, which suggests that both sexes
and all age groups responded over time in a similar way
(table 1). The probability of hibernating common noctules to
be categorized as long-distance migrants decreased through-
out the 12-year period, irrespective of sex and age (figure 1).
Additionally, we observed an effect of sex on the probability
of assignment as a long-distance migrant, with females being
2.8 times more likely to be long-distance migrants than males.
(b) Temporal changes in the demography of
hibernating bats

Between 2007 and 2016, our hibernacula surveys comprised
3,394 individuals (https://datadryad.org/stash/share/Xms
W1SVv9mebDMjjQOW_tLOAnuZ-Yfbm1qsy1hlm5Zc). We
observed a decrease in the proportion of subadult males from
60% to 23% and an increase in the proportion of adult males
from 7% to 35% and adult females from 12% to 25% in the
winter population (figure 2; table 2). The probability of being
a subadult male did not reliably predict the probability of
being migratory (electronic supplementary material, S3). Thus,
changes in the proportions of demographic groups alone did
not explain the decrease in long-distance migrants.

4. Discussion
Westudied themechanismunderlying the colonization of a new
wintering area in common noctule bats. We observed that
regional bats dominated the hibernacula while the proportion
of migrants decreased over time. Furthermore, first-year males
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Figure 2. Probability for hibernating common noctules (Nyctalus noctula) of
being in one out of four sex-age categories during the 10-year study period.

Table 2. Odds ratio, 95% confidence interval (CI) and p-values and
categorical response for the multinomial model fit of the sex and age classes
during the 12-year study period. Significant effects are highlighted in italics.

predictors

Sex-age group

odds ratios CI p response

(intercept) 0.09 0.07–0.13 <0.001 male ad

year 1.32 1.26–1.38 <0.001 male ad

(intercept) 0.31 0.23–0.41 <0.001 female sad

year 1.08 1.04–1.13 <0.001 female sad

(intercept) 0.17 0.12–0.23 <0.001 female ad

year 1.21 1.16–1.26 <0.001 female ad

observations 3394

AIC 8997.969
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were more abundant during the early colonization and likely
also the first to colonize the new wintering area. Our findings
are consistent with a generational shift mechanism for the colo-
nization of the new wintering area at higher latitude [6]. This is
the first study showing the relevance of generational shifts
underlying a changing geographic distribution of a mammal,
most likely driven by climate change.

We showed that winter aggregations of common noctules
in the recently occupied sites were predominantly formed by
regional individuals. During our study period, we noted
fewer long-distance migrants with a northern summer
origin and thus a lower variability in migratory behaviour,
yet females tended to migrate over longer distances than
males [11]. The decrease in the proportion of long-distance
migrants in the hibernacula might be explained by two, not
mutually exclusive, processes. On the one hand, the absolute
number of long-distance migrants may have decreased over
time as a result of a change in migration behaviour. On the
other hand, the number of non-migratory individuals may
have increased over time as a result of an increasing local
population. Since we lack data on the sizes of source popu-
lations, we can only speculate about these scenarios but
both seem likely for our study area. Indeed, long-distance
migrants may become less abundant in the study region as
northern areas become more suitable for wintering. This
would be consistent with the occurrence of milder winter
allowing for shorter hibernation periods [16]. The disappear-
ance of long-distance migrants from the wintering population
might simultaneously be driven by old long-distance
migrants not being replaced by conspecifics with a similar
migration strategy. Notably, common noctule bats are rela-
tively short-lived (2–3 year lifespan [29,30]), which could
explain the fast demographic changes observed in our
study. Since reproductive rates of common noctules are rela-
tively high for a bat [31], it is likely that favourable climatic
conditions could cause rapid growth of the local populations,
when breeding and hibernating individuals benefit from an
extended plant growth period.

We observed higher recruitment of subadult males than
of subadult females in the newly colonized wintering area.
This pattern contrasts with those observed in black-tailed
godwits where juveniles of both sexes mediate the change
in distribution [6,32]. For common noctules, we expected
this sex-difference because young males are more likely to
disperse than young females [12,21]. Despite males being
known to disperse randomly, we observed that young
males from northern breeding grounds dispersed most
likely to the south where they established in an area close
to the wintering site. By doing so, some young males may
establish successfully at higher latitudes than previous gener-
ations because climate change may have turned wintering
conditions suitable. This could move the northern border of
the wintering area to high latitudes over time. We consider
it likely that the summer range in common noctules is also
undergoing a similar northward shift like the one documen-
ted for the wintering range, yet we acknowledge that we lack
data on this. Male-biased dispersal is commonly observed in
other mammals as well [33], including other bats [34,35].
Therefore, sex differences in the early establishment of win-
tering areas may occur more broadly across migratory bats
and other mammals.

The relevance of generational shifts for mediating changes
in the geographic distribution of animals implies that popu-
lations may respond slowly to global climate change. The
capacity to respond adequately on the population level may
be defined by the level of intra-specific variation in migratory
strategies, the reproductive rate and the rate at which young
individuals are able to settle at new, suitable wintering areas,
which is largely defined by the dispersal capacity in case of
bats. We envisage that common noctule bats may respond
relatively quickly to changing climatic conditions, owing to
their relatively short lifespan, high reproductive rate and
high dispersal capacity. We anticipate that species with a
lower intra-specific variation of migration strategies, lower
reproductive rates and a lower dispersal capacity may require
more time to adjust to a changing climate. In the extreme,
these species may not be able to respond adequately to a
rapidly changing climate. The conservation of mammal
species may require the development of suitable measures
that take into account the susceptibility of a species to climate
change which seems to be largely defined by how species-
specific traits influence the speed at which generational
shifts can compensate the effect of a changing climate.
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