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The speed and dynamics of range expansions shape species distributions
and community composition. Despite the critical impact of population
growth rates for range expansion, they are neglected in existing empirical
studies, which focus on the investigation of selected life-history traits.
Here, we present an approach based on non-invasive genetic capture—
mark—recapture data for the estimation of adult survival, fecundity and
juvenile survival, which determine population growth. We demonstrate
the reliability of our method with simulated data, and use it to investigate
life-history changes associated with range expansion in 35 colonies of the
bat species Rhinolophus hipposideros. Comparing the demographic par-
ameters inferred for 19 of those colonies which belong to an expanding
population with those inferred for the remaining 16 colonies from a non-
expanding population reveals that range expansion is associated with
higher net reproduction. Juvenile survival was the main driver of the
observed reproduction increase in this long-lived bat species with low per
capita annual reproductive output. The higher average growth rate in the
expanding population was not associated with a trade-off between increased
reproduction and survival, suggesting that the observed increase in repro-
duction stems from a higher resource acquisition in the expanding
population. Environmental conditions in the novel habitat hence seem to
have an important influence on range expansion dynamics, and warrant
further investigation for the management of range expansion in both
native and invasive species.

1. Introduction

In the light of current global change, understanding range expansion mechan-
isms is an increasingly important challenge for ecology and conservation.
A growing number of species are expanding their distribution range, both inva-
sive species rapidly spreading into new areas and native species following their
shifting climatic envelope [1,2]. Range expansion depends on the colonization
and long-term settlement in new habitat patches and thus, on dispersal and
reproduction [3]. Changes in life-history traits as a response to the environ-
mental conditions encountered at the expansion front can promote range
expansion if they lead to increased dispersal and reproduction [4]. The
evolution of life-history traits such as increased dispersal by spatial sorting
and higher reproduction due to relaxed density dependence [5-8] can consider-
ably speed up spread [9] and play a crucial role for the long-term persistence of
species following suitable climatic conditions in space [5-7].

© 2019 The Author(s) Published by the Royal Society. Al rights reserved.
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While evolutionary theory predicts increased dispersal
and reproduction rates in expanding populations, the reality
is more complex: density dependence, resource limitation
and resulting trade-offs, density-independent environmental
fluctuations, as well as changes in interspecific interactions
present potentially important and interacting components
of selection shaping changes in life-history traits [5,8,10].
Empirical results are accordingly heterogeneous: range
expansion studies document increases in reproduction or dis-
persal traits, but decreases in others, or no change at all (see
[11] for an extensive review). In addition to inherent complex-
ities of each study system, there is great variation between
studies in the choice of the investigated trait(s), which
inevitably influences the detection (or the absence thereof)
of life-history changes [11].

The impact of range expansion is extremely challenging to
quantify for all relevant life-history traits [8]. Ultimately,
however, range expansion depends on dispersal and a posi-
tive local population growth rate [12,13] (i.e. reproduction
plus immigration exceeding mortality plus emigration). Sur-
vival rates, therefore, play a crucial role for range expansion
success [14]. Nevertheless, very few range expansion studies
have investigated adult survival or related traits (e.g.
[15-17]). Differences between edge and core populations in
juvenile survival are, to our knowledge, not investigated at
all, with empirical studies focusing rather on fecundity,
even though net reproduction depends on both fecundity
and juvenile survival. Neglecting adult and juvenile survival
may bias predictions of range expansion dynamics because
population growth is implicitly overestimated [15,18].
Changes in demographic parameters (adult and juvenile
survival, fecundity) and resulting population dynamics (e.g.
growth rates) therefore present a valuable source of infor-
mation that allows a more realistic evaluation of range
expansion speed and success.

Understanding and predicting critical ecological processes
like range expansion requires the investigation of how demo-
graphic statistics vary among populations across spatial
scales [19]. The deficiency of studies quantifying demographic
parameters in the context of range expansion may stem from
challenges associated with estimating adult and juvenile sur-
vival rates in wild populations. Here, we estimate those
demographic parameters through capture—mark-recapture
(CMR) data collected non-invasively over multiple years and
multiple sites. Information from genetic parentage assignment
is included to estimate fecundity. We finally combine the CMR
dataset with population size estimates in an integrated popu-
lation model (IPM) framework. IPMs are powerful modelling
tools that allow to estimate population dynamic parameters by
combining information obtained from different datasets,
enhancing the reliability of estimations [20,21].

Previous empirical range expansion studies have mainly
focused on species with fast life histories (i.e. the classical
r-strategists) [11,22,23]. Climate change-induced range shift,
however, also concerns species on the other extreme of the
pace-of-life continuum [24]. For species with slow life his-
tories (i.e. the classical K-strategists), it is less clear whether
the predicted increase in reproduction can be achieved,
because evolutionarily constraints can limit the number of
offspring per reproduction event or age at maturity, for
example [25]. We apply the developed CMR/IPM approach
to Rhinolophus hipposideros (lesser horseshoe bat), a bat species
for which range expansion is expected to play a central role in

coping with climate change [26]. Even for bats of the temper-
ate zone, Rhinolophus hipposideros has a slow life strategy [27]
as it is relatively long-lived (maximum reported age: 29.4
years [28]) and uniparous [29,30].

We employ a comparative approach, contrasting esti-
mated demographic parameters and resulting population
dynamics of an expanding and a non-expanding Rhinolophus
hipposideros population (equivalent to edge and core popu-
lations, respectively) to investigate if the predicted increase
in reproduction in expanding populations can also be
observed in this long-lived species where the individual
number of offspring per reproduction event and the
number of reproduction events per year are fixed. Relaxed
density dependence is a potential driver which may lead to
demographic responses in expanding populations, but
directly testing density dependence is extremely challenging
and requires long-term longitudinal data [31,32]. As such
data are not available for our studied populations, we focus
here on testing the hypothesis that reproduction is higher in
an expanding population of a long-lived species. Further-
more, we elucidate which of fecundity or juvenile survival
contributes most to this increase, and assess potential trade-offs
between reproduction and survival.

2. Methods

(a) Data collection

(i) Study site and sampling protocol

We studied two Rhinolophus hipposideros populations. ‘Popu-
lation” here refers to a set of maternity colonies within a
confined geographical region where individual movements
between colonies are possible. The German population (Thurin-
gia, 19 colonies sampled) is currently growing and expanding
into previously occupied areas after a severe range contraction
in the second half of the twentieth century [33], and hence
referred to as the ‘expanding population’. The French popu-
lation (Picardy, 16 colonies sampled), which has displayed a
stable demographic trend and no expansion during the last dec-
ades (personal communication, Office National des Foréts,
Compiegne, France), is termed the ‘non-expanding population’.
The two are treated as distinct populations as they are
demographically independent from each other.

In R. hipposideros, females aggregate in the so-called mater-
nity colonies during spring and summer to give birth and raise
their single offspring [29,30]. Males can be present in these
maternity colonies to a varying extent [34], but we only
consider females for the investigation of population dynamics.

Bat droppings, as a source of bat DNA, were collected
from each of the 35 colonies during two successive sampling
sessions per year. We sampled once before parturition when
only adults were present in the colony and a second time
when juveniles were weaned and flying, following the proto-
col described by Zarzoso-Lacoste et al. [34]. The pre-birth
sampling session was performed in early to mid-June in
France and around the end of June/in early July in Germany
to match the respective parturition dates, which slightly
differ between the geographical regions. The post-birth ses-
sion accordingly took place in the beginning to middle of
July in France, and in mid- to late August in Germany.

The number of adult and juvenile Rhinolophus hipposideros
individuals in the sampled roosts was obtained by visual
counts. Adults were counted during each sampling session,
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and juveniles were counted in mid-July, with a few excep-
tions where juvenile counts were not possible. More
detailed information about visual counts is provided in the
electronic supplementary material, file S1: Visual Counts.
Sampling was performed from 2013 to 2016 in France, and
from 2015 to 2017 in Germany. In the first sampling year
(2013 in France, 2015 in Germany), the number of samples
analysed per colony was twice the colony size (i.e. twice
the maximum number of adults registered during visual
counts in the respective year). For economic reasons, the
number of samples analysed had to be reduced to the equiv-
alent of the respective colony size for the pre-birth sampling
session in Germany and for both sampling sessions in France
in later sampling years.

To investigate whether our model (see ‘Integrated popu-
lation model’) was able to reliably estimate demographic
parameters despite slight differences between the sampling
regimes and visual counts of juveniles in France and Germany,
we simulated populations subjected to either sampling regime,
whose demographic parameters were estimated in addition to
those of the empirical dataset. More details are provided in the
electronic supplementary material, file S2: Simulations.

(ii) Capture—recapture data and colony size estimation
Individual capture-recapture data were obtained by extract-
ing DNA from bat droppings and genotyping them. The
complete procedure is described by Zarzoso-Lacoste et al.
[34]. The resulting CMR dataset encompassed 3480 individ-
uals (distinct genotypes with identified alleles on at least
seven of the nine loci) in the French colonies, 2437 of which
were females, and 3826 individuals (2171 females) in the
German dataset. Those datasets include both adults and
juveniles. Only females were considered in the subsequent
analyses, because males are not suitable to study demo-
graphic parameters in R. hipposideros due to their low roost
fidelity and capture probability [34].

As females cannot be distinguished from males in visual
counts and because the proportion of males present in mater-
nity roosts can be highly variable between colonies [34], the
number of adult females was estimated using a Bayesian esti-
mator for single session CMR data [35,36]. This estimator was
used for samples from the pre-birth session only, which is
less prone to capture heterogeneity than the post-birth
sampling session [34]. Given the low detection probability
of juveniles [34] and the state uncertainty concerning samples
from post-birth sessions (see below), we estimated the
number of female juveniles by dividing the number of visu-
ally counted juveniles by two, because the average birth
sex-ratio is balanced in R. hipposideros [29].

(b) Integrated population model

We developed an IPM for the estimation of demographic par-
ameters in R. hipposideros from CMR data, parentage
assignment analysis and abundance data. To assess its
reliability, we progressively constructed three models: a
multi-event model based on CMR data only (CMRo model),
a multi-event model including information from parentage
assignment (CMRpa model) and the IPM presented here,
which includes a state—space model implementing infor-
mation on the number of adult and juvenile females. We
then ran all three models on the simulated datasets and
assessed their respective reliability by computing the relative

bias, the precision (standard error, s.e.) and the accuracy n

(mean squared error, MSE), following Abadi et al. [37]. We
then applied the best-performing model to the empirical data-
set (IPM, see Results and electronic supplementary material,
table S1). Details of the CMRo and CMRpa models and the
results of the performance test are presented in the electronic
supplementary material.

The multi-events part of the IPM uses CMR and parentage
assignment data. Maternity assignment was carried out inde-
pendently for each year using the software Colony 2 with a
full-pedigree likelihood method [38], with data processing
as described by Zarzoso-Lacoste et al. [34]. All individuals
initially sampled during the pre-birth session were considered
as adults. All adults were given a single detection probability
(pa). In the post-birth session, we distinguished mothers
(i.e. adults that gave birth to a female juvenile), non-mothers
(i.e. other adults) or juveniles. Only bats that were sampled
for the first time in a post-birth session were considered as
potential juveniles in the model and for parentage assignment.

As the true number of juveniles among the individuals seen
for the first time in a post-birth sampling session was unknown,
and because parentage assignment may fail to detect all
mother—juvenile pairs, we introduced state uncertainty [39]
by estimating the proportions of mothers and juveniles that
were correctly assigned (Mass and Jass) and the proportion of
individuals wrongly assigned as mother or juvenile (NasM,
Mas] and Nas], figure 1). The detection probability of mothers
(pm) was set to be higher than that of non-mothers (py) due
to their higher roost fidelity [34]. Juveniles can only be
detected at one sampling event as juvenile, because they
will already be considered as adult at the next sampling
event (the year following their birth). Therefore, juvenile
detection probability cannot be quantified per se.

State transition from the post-birth session to the pre-birth
session allowed us to estimate local adult and juvenile survival
rates (¢, and ¢;, respectively), i.e. the probability to survive to
the next year and to remain in the same colony. Survival
greatly differs between adult and juvenile bats [40-42] and
was therefore estimated separately for the two categories.
The transition from pre-birth to post-birth states allows the
estimation of fecundity (F). Fecundity is here defined as the
proportion of females giving birth to a juvenile (only female
juveniles considered). As the annual number of offspring per
female in R. hipposideros is either zero or one, this is equivalent
to the number of female juveniles per adult female in the
colony per year. More details about this part of the model
can be found in the electronic supplementary materials
(CMRpa model), and the likelihood of this model is
Lemrpa = (1 ¢u, dj, F, pa, pm, pn, Mass, Jass, NasM, Mas], Nas]).

In addition to the individual CMR data, the IPM uses
colony size estimates of adult females (Bayesian estimator
for single session CMR) and juvenile females (visual
counts). Population dynamic parameters were linked to
colony size in a state—space model with the following Poisson
distributions to account for demographic stochasticity:

Na,t+1 ~ Po (Nu,t * d)u + Nj,f * d)])
and
Nt ~ Po(Ng * F).

As colony sizes can be challenging to estimate from visual
counts, and because different surveyors performed the
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Figure 1. Acyclic graph illustrating the components of model likelihood in the IPM. ¢; = apparent juvenile survival, ¢, = adult survival, p,= adult detection
probability, F = fecundity, m* = capture—recapture data including parentage assignment information, py= mother detection probability, py= non-mother
detection probability, Mass = proportion of mothers correctly assigned, Jass = proportion of juveniles correctly assigned, NasM = proportion of non-mothers
wrongly assigned as a mother, Mas/ = proportion of mothers wrongly assigned as juvenile, Nas/ = proportion of non-mothers wrongly assigned as a juvenile.
Yo= number of females estimated from single session CMR estimator, y,= number of juveniles estimated from visual counts, N, = adult colony size, N; = juvenile

colony size.

visual counts in our study, we considered counting error
independently for each sampling session and colony in the
model, assuming a greater observation error when the
colony is larger [43]. Estimated colony size (v, where x rep-
resents either adults (a) or juveniles () and t corresponds to
the year) was assumed to be related to actual colony size
(Ny,r) with a Poisson distribution as y,; ~ Po(Ny). The likeli-
hood of the state—space model is Lss = (y|N, ¢, ¢;, F), which
makes the joint likelihood used in the IPM (figure 1): Lipp =
(y, m|N, ¢a, ¢j, F, pa, pm, PN, Mass, Jass, NasM, Mas], Nas]).
A JAGS script of this model is provided in the electronic
supplementary material.

We did not consider emigration or immigration in our
simulations and models, assuming no dispersal between
colonies, because it would result in more than 60 additional
states which need to be considered in the multi-event
models, requiring immense computational power which
was not at our disposal. Furthermore, R. hipposideros females
are reported to be highly philopatric [44-46], which was
confirmed in our study: only 0.37% of females of the
non-expanding population were detected in different colonies
(i.e. had dispersed) during the 4 years of sampling (less than
0.1% detected dispersers per year), and only 0.57% in the
expanding population during 3 years of sampling (less than
0.2% per year). We also assumed in the models that demo-
graphic parameters were constant over years to focus on
differences between colonies rather than on temporal
variations of these parameters.

(c) Model computation

We calculated the posterior distribution of the demographic
parameters (¢,, ¢; and F) for all three models with Markov
chain Monte Carlo computations implemented in the pro-
gram JAGS [47]. JAGS was executed from R version 3.3.3
[48] with the package jagsUI [49]. We ran 1200 000 iterations
and discarded the first 1 100 000 iterations as a burn-in, with
a thinning interval of two. Convergence of the models was
checked with the potential scale reduction factor [50].

(d) Statistical analyses
All statistical analyses were performed in R version 3.3.3 [48].
We first tested for differences in demographic parameters

(adult and juvenile survival, fecundity, net reproduction
[fecundity x juvenile survival], and colony growth rate
[adult survival + net reproduction]) between the expanding
and the non-expanding population. For this purpose, we
used linear models with the demographic parameter of inter-
est as a response variable and the population of origin
(expanding or non-expanding) as an explanatory variable.
We used a weighted least-square model to take into consider-
ation the uncertainty in parameter estimates (standard error)
provided by the IPM (electronic supplementary material,
table S2). To test the significance of the influence of the popu-
lation of origin, we performed an analysis of variance
(ANOVA) on the respective model. We repeated these
analyses with jackknifing colonies (one at a time) to assess
if outliers were influencing the overall outcome. ANOVA
p-values were re-calculated for all jackknifed datasets.

Correlations between demographic parameters among
colonies were assessed for both populations with a Spearman
correlation test. We additionally used a Bartlett test to exam-
ine if the variance between colonies in the estimated
demographic parameters differed between the expanding
and the non-expanding population.

3. Results

For the estimation of adult survival and fecundity from simu-
lated data, the IPM provided accurate (relative bias < 0.02)
estimates of high precision, irrespectively of the sampling
regime (s.e. < 0.03; MSE < 0.001; electronic supplementary
material, table S1 and figure S7). Juvenile survival was sys-
tematically overestimated (relative bias < 0.12) and also less
precise (s.e. < 0.13), resulting in an overall higher MSE of
up to 0.017 (electronic supplementary material, table S1 and
figure S7). The overestimation of juvenile survival was con-
sistent between the two simulated datasets representing the
two populations of the empirical dataset (electronic
supplementary material, table S1 and figure S7). Compared
with the simpler models using only part of the information,
the performance of the IPM was clearly superior (electronic
supplementary material, table S1 and figure S7).

For the empirical datasets, the resulting estimates pro-
vided by the IPM revealed that all demographic parameters
were significantly increased in the expanding compared to
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Figure 2. Survival rates of adults (filled symbols) and juveniles (empty symbols) and fecundity inferred with the IPM (sorted by juvenile survival estimates in
ascending order within each population). Squares, non-expanding population; circles, expanding population. Lines represent the standard error. (Online version

in colour.)

the non-expanding population (table 1). The largest differ-
ence was observed in juvenile survival, followed by
fecundity (table 1). Average net reproduction and average
growth rate of the expanding population concordantly
exceeded those of the non-expanding one (table 1).

Adult survival differed only marginally between the two
populations (figure 2 and table 1). When jackknifing, the
difference became non-significant when removing from the
dataset any of the three colonies with the highest adult survi-

Table 1. Demographic parameters (fecundity, adult and juvenile survival)
estimated via the IPM for an expanding and a non-expanding population of
R. hipposideros and corresponding standard errors. Average values of the
clculated net reproduction rates (fecundity x juvenile survival) and growth
rates (adult survival + net reproduction) for both populations. An ANOVA on
weighted least-square models was used to test for significant differences in
these parameters between populations. *p < 0.05; **p < 0.01; ***p < 0.001.

non-

val from the expanding population (Thu33, Thu35 and arameter exandin exandin sianificance
Thu37) or one specific colony with relatively low adult survi- P P 9 P 9 9
val from the non-expanding population (Pic6; figure 2). fecundity 042+ 003 0334005 **
Iackkl‘ufmg did not chaflge the results for any of the other adult survival 080 + 002 0744002 *
investigated demographic parameters. S . : e

The variance of fecundity was significantly higher in the juvenile survival 056+ 002 035+ 003
non-expanding population (0.034) than in the expanding net reproduction 023 £002 011 £002
one (0.012; p=0.04; figure 2). Adult and juvenile survival rate
were positively correlated in the expanding population growth rate 1034002 085400 *

(Spearman’s rs=0.74; p <0.005), but not in the non-
expanding one. No significant correlation was detected
between other life-history traits in either population.

4. Discussion

(a) IPM performance and demographic estimates

The general superiority of the IPM compared with simpler
models indicates that including population size estimates of
adults (via CMR) and juveniles (via visual counts) greatly
improves the estimation of demographic parameters, stres-
sing the importance of monitoring data. Overall, the
demographic parameters estimated by the IPM are in concor-
dance with values of adult survival, fecundity and juvenile
survival reported for temperate zone bat species
[40-42,46,51], even though testing the performance of the
IPM with simulated data indicates a positive bias in esti-
mated juvenile survival. Other studies dealing with adult
survival in Rhinolophus hipposideros reported lower survival

rates than those estimated here [52,53]. However, the authors
of these previous studies concede that survival rates may
have been lowered due to the invasiveness of banding, the
marking method used in their studies. The fecundity values
estimated in our study were in the range of values previously
reported for R. hipposideros [54,55].

The overestimation of juvenile survival in the simulated
dataset may stem from adult individuals first sampled in a
post-birth sampling session and thus considered as potential
juveniles. Juvenile survival can be overestimated in our study
system when adults sampled late (i.e. detected for the first
time in the second sampling session) are wrongly considered
as a juvenile and assigned to a mother, because their mother
or another closely related female is present in the colony. As
average survival is higher in adults than in juveniles, such
cases would result in an overestimation of juvenile survival.
Another explanation might be a particularly high mortality
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of juveniles in the first weeks after birth [33] (i.e. before the
post-birth sampling session). Juveniles who are thus never
sampled would artificially decrease the estimated fecundity
because their mother would appear to be a non-mother.
Moreover, they would increase the estimated juvenile survi-
val as juveniles which die before being sampled are not
considered in the estimation of juvenile survival.

It is important to note that a downward bias in the survi-
val rates estimated for the empirical dataset may potentially
be introduced because emigration and immigration are cur-
rently not implemented in our model. Therefore, emigrating
bats are considered dead, whereas immigrating ones are
registered as previously unsampled individuals. Overall, we
expect the resulting bias to be negligible for population
dynamics, because of the high philopatry of R. hipposideros
females as discussed in the Methods section. While being
rare, proportionally more dispersal events were detected in
the expanding population (details are provided in the last
paragraph of the ‘Integrated population model’ section),
so survival rates are more prone to be underestimated in
the expanding population. Our results are thus conservative,
since the adult survival rate and average growth rate
of the expanding population could exceed those of the
non-expanding one to an even higher degree.

(b) Higher reproduction in the expanding population
The higher average net reproduction and average growth rate
observed in the expanding population (figure 2 and table 1)
are in concordance with the population dynamics expected
under range expansion. Notably, R. hipposideros females
cannot bear more than one juvenile per year, and there is
very limited variation in the age at first parturition [29].
Investigating demographic parameters demonstrates that
proportionally more birth events, and hence higher reproduc-
tion rates, can be detected in the expanding population.
A major part of the observed increase in reproduction
however originates from higher juvenile survival. In previous
empirical studies, range expansion induced changes in repro-
duction were mainly associated with altered clutch or litter
size and age at sexual maturity [11,22,56—58]. Our findings
demonstrate that net reproduction rate can increase during
range expansion also in a species where the annual number
of offspring per female cannot be increased above one and
where the minimum age at sexual maturity can be reduced
only marginally [27,59]. The great contribution of juvenile
survival to the observed increase in net reproduction
suggests that the latter may be achieved via different mechan-
isms in long-lived, uniparous species and in short-lived,
multiparous species, with juvenile survival potentially play-
ing a more important role in species of limited annual
reproductive output.

(c) Searching for trade-offs

No trade-off with increased reproduction was detected in the
expanding population, as it had a higher average growth rate
and an adult survival rate which at least equalled, or even
exceeded that of the non-expanding population. The theory
of life-history evolution under range expansion postulates
that increased reproduction and dispersal entail negative fit-
ness consequences for other traits, but empirical studies
frequently fail to detect the expected trade-offs [11]. This
can be the case if the affected trait is not investigated, for
example, or if it is not under strong selection pressure and

the resulting fitness loss is low [11]. Trade-offs diminishing n

competitive ability present a typical case: they are negligible
during colonization due to low population density, but selection
pressure on this trait increases with rising population density
in the post-colonization phase, mediating the attenuation of
dispersal and/or reproduction [5,60].

Importantly, trade-offs can also be masked when vari-
ation in resource acquisition dominates over the variation in
resource allocation [61]. Studies on female performance
(albeit not in a range expansion context) often find no detect-
able trade-offs with reproduction, but strong variation
between individuals, which is attributed to individual differ-
ences in resource acquisition [62,63]. Our study suggests that
this phenomenon can also occur at a higher level (here, at the
colony level): the expanding population displays a greater
average growth rate, suggesting higher resource acquisition.
This is consistent with the detected positive correlation
between adult and juvenile survival for the expanding popu-
lation. While a negative correlation between traits indicates a
trade-off, a positive correlation is generally indicative of a
strong influence of resource acquisition [61]. Conclusively,
the higher average juvenile survival and fecundity observed
in the expanding population could be a manifestation of
individuals acquiring more resources there.

(d) Differing selection pressures for fecundity and adult

survival
Variation in resource acquisition within the non-expanding
population (in addition to variation in resource acquisition
between populations) might further explain the high variance
in fecundity observed in this population. High variance in
fecundity, and thus reproduction, but not in adult survival
under suboptimal conditions (i.e. populations at or close to car-
rying capacity), is in concordance with the life-history strategy
of R. hipposideros. In long-lived, iteroparous species, lifetime
reproductive success is critically determined by lifespan [64]
and resource limitation or environmental variation manifest
in lowered reproduction or juvenile survival rather than adult
survival [61,62,65]. In bats, longevity is particularly important
for lifetime reproduction success, because their reproductive
potential diminishes only marginally with age [51].

A strong selection pressure on adult survival in our study
species is also supported by the comparison of this parameter
between the expanding and the non-expanding population.
In contrast to the reproduction parameters, adult survival
was only marginally higher in the expanding population,
and the difference became non-significant when removing
any of the three colonies with the highest adult survival
rate from the dataset of the expanding population. This find-
ing indicates that the observed significant difference in adult
survival between the two populations is strongly influenced
by a few single colonies in our dataset. Moreover, weighting
by the standard error may result in a very strong influence of
values close to the parameter interval limits, and the variance
of estimates will be lower for colonies with higher adult sur-
vival because they are closer to the maximum value of one
[65]. A marginal or even non-significant increase in adult sur-
vival despite assumed higher resource acquisition in the
expanding population is therefore in concordance with the
strong selection pressure on adult survival in long-lived, iter-
oparous species. For them, adult survival will already be
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close to the possible maximum, with little potential for
further increase.

(e) Potential mechanisms behind demographic
differences

The detected support for a strong influence of resource
acquisition and the role played by juvenile survival and
fecundity are consistent with the expanding population’s
higher average reproduction rate being a demographic
response to relaxed density dependence [66]. Relaxed density
dependence at the expansion edge represents exactly the con-
ditions under which most theoretical [5,67] and experimental
[68,69] models of range expansions are built, but for which
empirical examples are lacking. Such conditions favour
increased dispersal and reproduction [5,8], and can lead to
highly variable invasion speed [67-69].

Though density dependence per se is notoriously difficult
to disentangle from density-independent processes in driving
demographic rates [31,32], both kinds of factors are likely to
come into play in most empirical situations [70] (see [71]
for an example). Density-independent factors include climatic
conditions and the availability and quality of resources such
as roosts and foraging areas. Weather conditions during
spring transition, which may differ between the two popu-
lations, have been demonstrated to be highly relevant for
reproduction success in R. hipposideros [72] and two other
bat species [73,74]. The availability of high-quality roosts
may also be better for the expanding population due to an
extensive conservation programme for roost amelioration
and protection which was implemented there a decade ago
[44].

5. Conclusion

Taken together, the present study highlights that range
expansion is associated with increased reproduction in R. hip-
posideros, a long-lived, uniparous species, and that this
increase can be achieved by a combination of proportionally
more females giving birth and higher juvenile survival. The
latter had a particularly pronounced impact, indicating that
in species where individual annual reproductive output
cannot be increased, juvenile survival rather than the
number of offspring may be the critical factor to achieve a
higher annual reproduction rate.

Our results further suggest that the observed differences
between the expanding and the non-expanding populations
are due to resource acquisition varying between populations,
but also between colonies of the non-expanding population.
The fact that we did not detect a trade-off between survival
and increased reproduction, as well as the positive correlation
between adult and juvenile survival in the expanding popu-
lation, indicate that these differences in resource acquisition
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