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Preface
This cumulative dissertation is the outcome of the investigations I carried out as doctoral researcher in
the Research Training Group 2010, RESPONSE (Biological responses to novel and changing
environments) harboured by Greifswald University. This umbrella program endeavours to understand
range shift as well as species’ in situ adaptions to global change in an integrative framework. My project
was among those focusing on the colonization of new habitat as a means of escaping deteriorating
environmental conditions. I hence sought to determine if adaptations in a trait that is ecologically relevant
for range expansion can be observed in my study species. My target trait was dispersal, a key component
of range expansion. I investigated fitness implications of increased dispersal by comparing the population
dynamics of expanding and non-expanding populations (Chapter 2.2); and assessed levels and drivers of
genetic diversity in leading edge populations, an important prerequisite for the colonization of new
habitats (Chapter 2.3). As a member of the first cohort of RESPONSE, I furthermore pursued the
development of a novel approach that will allow the investigation of colony formation, a crucial aspect
range expansion, in the subsequent phase of the project (Chapter2.4).
International collaborations are an integral part of RESPONSE, and I had the great fortune to benefit from
and become part of a collaboration with the group of Dr. Eric Petit at the INRA in Rennes, France. The
existence of this collaboration from the very start of my project provided us with a unique opportunity to
assess the implications of range expansion: A growing and expanding metapopulation of Rhinolophus
hipposideros in Germany and a non-expanding one located in France were being studied in parallel. This
setup resulted in an extensive and close collaboration including numerous research stays in the partner
group. I spent altogether four months in Rennes in 2016 and 2017, and Pierre-Loup Jan from the French
sister project visited Greifswald to jointly work on publications for a total of five months between 2016
and 2018. Due to the entwined nature of our projects, three of the four publications of my thesis are
imbedded in this collaborative context, and Pierre-Loup Jan and I share first authorship on two of them.
This project would not have been possible without another important collaboration: Martin Biedermann
and Wigbert Schorcht introduced and shared their expertise in (lesser horseshoe) bat protection in my
study area. Collaborating with a local conservation group allowed me to select suitable study sites,
facilitated the access to roosts and samples, and granted access to priceless long-term monitoring data.
Finally, and perhaps most importantly, it provided a valuable additional perspective helping me to stay
on the path towards my ultimate goal: to contribute to the development of appropriate conservation
measures for the protection of the lesser horseshoe bat.
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Abstract
Species persistence in the face of rapidly progressing environmental change requires adaptive
responses that allow organisms to either cope with the novel conditions in their habitat or to follow
their environmental niche in space. A poleward range shift due to global warming induced habitat loss
in the south has been predicted for the lesser horseshoe bat, Rhinolophus hipposideros. Theoretical as
well as numerous empirical studies link range expansion success to increased dispersal and
reproduction rates due to spatial sorting and r-selection resulting from low population densities at the
expansion front. R. hipposideros females however are highly philopatric and the species life history
reflects a K- rather than an r-strategy, encompassing a long life span and limited individual annual
reproductive output. I therefore investigated if adaptations in these traits determining range
expansion success (dispersal and reproduction) can be observed in this bat species of high
conservation concern. Genetic diversity presents a critical factor for adaptive responses to global
change, both for range expansion and for coping with novel environmental conditions. I hence
explored the genetic diversity levels of European R. hipposideros leading edge populations and their
drivers for an assessment of these populations evolutionary potential and the development of
conservation recommendations.
Comparing range expansion traits between an expanding R. hipposideros metapopulation in Germany
and a non-expanding one in France revealed that range expansion was associated with an increase in
juvenile survival and fecundity, and no decrease in adult survival. These results demonstrate than an
increase in reproduction and growth rates is generally possible in R. hipposideros, indicating a
potential adaptation (sensu lato) to range expansion. A positive correlation between adult and juvenile
survival in the expanding metapopulation suggests higher resource acquisition in the expanding
metapopulation, giving rise to the question if the observed demographic changes have a genetic basis
or if they are rather induced by differences in environmental conditions between the two
metapopulations. Long-term range expansion success requires adaptive evolutionary changes. The
relative contribution of the former and that of undirected changes resulting e.g. from differences in
resource availability therefore will have to be investigated in more detail in the future to allow
predictions about range expansion dynamics in R. hipposideros.
The number of individuals within a radius of approximately 60 to 90 km around a population (as a
measure of connectivity) was identified as the main positive driver of the studied populations genetic
diversity. Overall genetic diversity levels in German R. hipposideros populations were found to be
reduced compared to populations in France as a legacy of demographic bottlenecks resulting from
severe population declines in the mid-20th century. This finding is alarming as future range expansion
can be expected to entail a further decrease in genetic diversity. The resulting loss of genetic diversity
can be expected to be particularly strong in R. hipposideros due to the detected dependence of genetic
diversity on connectivity, because range expansion often results in small and patchy populations.
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Protecting and ideally re-installing genetic diversity in R. hipposideros leading edge populations
therefore presents a conservation goal of utmost importance. To achieve this endeavour,
conservation efforts should target the protection of extensive networks of well-connected
populations. Geographical concentration of individuals should be avoided and populations in key
locations that connect clusters must be protected particularly well to prevent populations from
becoming isolated. Continuous, regular monitoring of population trends is also important for a quick
registration of disturbances or threats, and the subsequent rapid development of countermeasures to
preclude further demographic declines.
The reduced levels of genetic diversity in the German metapopulation precluded a reliable
quantification of dispersal rates due to the reduced power of discrimination between individuals.
While ongoing re-colonization and the establishment of new maternity colonies provide evidence for
increased dispersal in the expanding metapopulation, evaluating the expected range expansion
velocity of R. hipposideros in relation to the estimated velocity of global warming induced habitat loss
will require the confirmation of the existing preliminary dispersal data by employing more genetic
markers.

Zusammenfassung
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Zusammenfassung
Der Fortbestand von Arten trotz rapide fortschreitender Umweltveränderungen erfordert
Anpassungsreaktionen von Organismen, die es ihnen ermöglichen, entweder mit den neuen
Bedingungen in ihrem Habitat zurecht zu kommen oder abzuwandern und neue, ihren
Lebensraumanforderungen entsprechende Gebiete aufzusuchen. Für die Kleine Hufeisennase,
Rhinolophus

hipposideros,

wird

eine

Arealverschiebung

nach

Norden

in

Folge

des

klimawandelbedingten Lebensraumverlusts im Süden vorhergesagt. Sowohl theoretische als auch
zahlreiche empirische Studien stellen eine Verbindung der dafür benötigten erfolgreichen
Arealausdehnung mit erhöhten Ausbreitungs- und Reproduktionsraten her. Letztere können durch
die Anreicherung dispersiver Phänotypen (spatial sorting) und die Begünstigung von r-Selektion
aufgrund geringer Populationsdichten an der Ausbreitungsfront hervorgerufen werden.

R.

hipposideros Weibchen sind jedoch sehr ortstreu und bringen jährlich nicht mehr als ein Jungtier zur
Welt, was die Art zusammen mit ihrer langen Lebensdauer eher als K-Strategen ausweist. Es galt
daher herauszufinden, ob in dieser bedrohten Fledermausart eine Anpassung von Ausbreitungs- und
Reproduktionsraten beobachtet werden kann. Genetische Diversität ist ein entscheidender Faktor für
die Anpasssung an den globalen Wandel, sowohl für Arealerweiterung als auch die Bewältigung neuer
Umweltbedingungen. Die Untersuchung der genetischen Diversität von R. hipposideros leading edge
Populationen und die Identifikation ihr zugrunde liegender Faktoren stellte somit einen weiteren
wichtigen Aspekt dieser Arbeit dar, um das Potenzial der Art für genetische Anpassung abschätzen
und entsprechende Empfehlungen für den Artenschutz entwickeln zu können.
Der Vergleich von für Arealerweiterung relevanten Merkmalen zwischen einer expandierenden R.
hipposideros Metapopulation in Deutschland und einer nicht-expandierenden in Frankreich offenbarte
eine erhöhten Überlebensrate von Jungtieren und höhere Fortpflanzungsrate in der deutschen
Metapopulation, welche nicht mit einer Reduktion der Überlebensrate adulter Tiere einherging. Diese
Ergebnisse zeigen, dass eine Erhöhung von Reproduktions- und Populationswachstumsraten
grundsätzlich möglich ist und deuten auf eine Anpassung (im weiteren Sinne) an Arealerweiterung
hin. Eine positive Korrelation zwischen der Überlebensrate von Adulten und Juvenilen weist auf eine
höherere Ressourcenverfügbarkeit in der expandierenden Metapopulation hin. Es stellt sich somit die
Frage, ob die beobachtete Zunahme der Reproduktionsrate genetisch bedingt ist oder vielmehr durch
bessere

Umweltbedingungen

hervorgerufen

wird.

Um

Vorhersagen

bezüglich

des

Ausbreitungserfolgs von R. hipposideros treffen zu können, werden mehr Informationen über die
Stärke des jeweiligen Einflusses evolutionärer Anpassungen und ungerichteter Veränderungen auf
die beobachteten demographischen Veränderungen benötigt.
Konnektivität in Form der Anzahl an Individuen in einem Umkreis von ca. 60 bis 90 km um eine
Population wurde als der einflussreichste der untersuchten Faktoren für die Aufrechterhaltung
genetischer Diversität identifiziert. Die genetische Vielfalt der deutschen R. hipposideros
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Populationen wurde im Vergleich zu den untersuchten Populationen in Frankreich in Folge
demographischer Bottlenecks durch starke Bestandseinbrüche Mitte des 20. Jahrhunderts als
deutlich reduziert eingestuft. Dieser Befund ist alarmierend, da mit einem weiteren Rückgang der
genetischen Vielfalt im Verlauf des Arealausbreitungsprozesses zu rechnen ist. Dieser Rückgang wird
für R. hipposideros aufgrund der nachgewiesenen Abhängigkeit der genetischen Vielfalt von
Konnektivität vermutlich besonders stark ausfallen, da Arealausbreitung meist mit der Bildung
kleiner, lückenhafter Vorkommen einhergeht.
Die Aufrechterhaltung und idealerweise Wiederherstellung der genetischen Vielfalt von R.
hipposideros leading edge Populationen stellt daher ein Naturschutzziel von größter Bedeutung dar.
Hierfür ist der Erhalt ausgedehnter Netzwerke von Populationen von besonderer Bedeutung. Es gilt,
eine

räumliche

Konzentrierung

von

Individuen

zu

vermeiden,

und

Populationen

an

Schlüsselstandorten zu schützen, welche Populationscluster miteinander verbinden, um die
geografische Isolierung von Populationen zu verhindern. Regelmäßiges Monitoring der
Bestandsentwicklung ist des Weiteren unerlässlich, um schnell negative Einflüsse registrieren und
geeignete Gegenmaßnahmen entwickeln zu können um somit weiteren Bestandsrückgängen
vorzubeugen.
Die Quantifizierung von Ausbreitungsraten war aufgrund der reduzierten genetischen Vielfalt der
deutschen R. hipposideros Populationen nicht möglich, da diese die zuverlässige Unterscheidung
einzelner Individuen erschwert. Zwar deuten die andauernde Wiederbesiedlung ehemaligen Habitats
und die Etablierung neuer Wochenstubenkolonien auf erhöhte Ausbreitungsraten in den deutschen
Populationen hin, erlaubt jedoch noch keine Abschätzung der Langszeitkonsequenzen des
Klimawandels für den Fortbestand der Art. Hierfür ist eine explizite Einschätzung der
Ausbreitungsgeschwindigkeit von R. hipposideros im Verhältnis zur Geschwindigkeit des
klimawandelbedingten Arealverlusts von Nöten, die erst nach Bestätigung der vorliegenden
vorläufigen Ergebnisse mit zusätzlichen genetischen Markern erfolgen kann.

Introduction
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1. Introduction
Ongoing global change involves a growing number of species shifting their distribution range, both
invasive species rapidly spreading into new areas and native species following their shifting climatic
envelope to escape deteriorating conditions (Travis and Dytham 2002; Lenoir and Svenning 2014). The
interplay of both types of range shift will shape future species distribution and thus, community
composition and biodiversity, with some species benefitting from global change and others going
extinct (Lancaster et al. 2017).
Range shifts are eco-evolutionary processes (Henry et al. 2013), where ecological and evolutionary
changes are intricately linked, acting at the same temporal scale (Pelletier et al. 2009; Hendry 2016).
It is crucial that conservation strategies aiming to curtail biological invasions or to support range shifts
consider this evolutionary component: It can considerably alter the outcome of conservation
measures, especially in the context of environmental change (Shefferson et al. 2018). Rapid evolution
of traits during range expansion can drastically increase expansion speed, for example, which
determines invasion success (Perkins et al. 2013) and species abilities to follow suitable climatic
conditions shifting in space to avoid extinction (Pacifici et al. 2015). A species whose long-term
persistence will depend on successful range shift on the heels of its climatic envelope is the lesser
horseshoe bat, Rhinolophus hipposideros (Box 1). For this, as well as for other Mediterranean bat
species, a pronounced northward range shift has been predicted to ensue global warming (Rebelo et
al. 2010). However, it is questionable if the evolutionary changes that have been identified to promote
successful range expansion can be achieved in R. hipposideros.
Theoretical studies name increased dispersal and increased reproduction as the main drivers of range
expansion success. R. hipposideros however is generally highly philopatric, with most females staying
in the natal colony (Biedermann et al. 2012; Dietz et al. 2016). It is therefore unclear whether a
sufficient increase of dispersal will be realized by this species, so its spread rate will not be lower than
that of climate change induced habitat loss. Increased reproduction and ensuing rapid population
growth are postulated to result from low population densities at the expansion favouring r-selection
(Burton et al. 2010; Phillips et al. 2010). Empirical studies supporting this claim however have been
carried out with species of relatively variable fecundity (Chuang and Peterson 2016), whereas R.
hipposideros females cannot bear more than one juvenile per year. This species might thus lack
adaptive potential to achieve the required increase in reproduction. Sufficient adaptive potential and
thus, genetic diversity, is another important prerequisite for the colonization of new habitats. The goal
of this thesis therefore was to study these three factors determining range expansion success in the
R. hipposideros, seeking to inform conservation measures. In the following sections, I will introduce in
more detail the specific work dedicated to their respective investigation.
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Box 1: The lesser horseshoe bat - Rhinolophus hipposideros (BECHSTEIN, 1800)
This bat species is distributed across a wide range of climate zones and regions, from North Africa to the
British Isles in the West, Saudia-Arabia in the South, and the Caspian Sea and the Persian Gulf in the East.
Additional disjunct populations even further east can be found in Middle Asia. The main distribution area is
in the Mediterranean (Dietz et al. 2016; Taylor 2016). For Mediterranean bats, species distribution models
predict severe habitat loss in the original range and a pronounced range shift due to climate change (Rebelo

et al. 2010). Females gather in maternity colonies during summer, where they give birth and raise their
respective single juvenile (Biedermann et al. 2012). Colony size can range from a few to 200 individuals, in
rare cases even 800 (Dietz et al. 2016), and can include males to a varying extent (Gaisler 1966; Zarzoso‐

Lacoste et al. 2018). In the warmer parts of the range, maternity roosts can be found in natural caves and
relatively exposed structures like bridges or crevices. North of the Alps, they are usually restricted to
insulated or heated buildings (mostly attics, boiler rooms, or church towers, Biedermann et al. 2012; Dietz

et al. 2016), resulting in a relatively high degree of synanthropy. Foraging in contrast takes place nearly
exclusively in forest, forbs, and wood-like structures or along hedgerows (Bontadina et al. 2002; Reiter

2004). Proximity to water also seems to play a role for habitat suitability (Dietz et al. 2016). Overall, R.
hipposideros thus has very specific habitat demands. Lesser horseshoe bats are small and display high
manoeuvrability, but have confined home ranges usually not exceeding a radius of 2.5 km (Biedermann et

al. 2012; Reiter et al. 2013; Dietz et al. 2016). Females are highly philopatric and male dispersal seems to
be limited (Dool et al. 2016). Due to the elusive behaviour of males and the unknown mating system in this
species, defining populations is challenging and depends on the study question of interest (also see Waples
and Gaggiotti 2006). For simplicity, I use the te

populatio s o

ousl

ith (maternity) olo

© Sèbastien J. Puechmaille

Global distribution of R.hipposideros © IUCN (International Union for Conservation of Nature) 2016.
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1.1 Is an adaptation of demographic traits to range expansion possible in R. hipposideros?
The adaptation of population dynamics to range expansion has wide implications both for invasive
species and for native species responding to global warming via range shift (Kubisch et al. 2014;
Colautti et al. 2017). Range expansion population dynamics and their evolution have thus been
increasingly studied since the onset of global change research. Theory and simulations of simple range
expansion scenarios paint a clear picture: When unoccupied suitable habitat is available beyond the
distribution margin, range expansion will enlarge resource availability and result in escape from
competition and/or co-evolved enemies (Phillips et al. 2010). Spatial sorting and r-selection due to low
population densities should result in an increase of dispersal and reproduction at the expansion front,
thereby allowing rapid colonization of new habitat patches and subsequent population growth
(Burton et al. 2010; Phillips et al. 2010).
Reality, as always, is far more complex. Allee effects (Courchamp et al. 1999; Shaw and Kokko 2015;
Walter et al. 2017; Kramer et al. 2018), inter-specific interactions (Brooker et al. 2007; Burton et al.
2010; Lancaster et al. 2017), dispersal costs (Bonte et al. 2012) and dispersal characteristics (Henry et
al. 2013) as well as genetic effects (Peischl et al. 2013; Van Petegem et al. 2016) or stochastic influences
(Anderson et al. 2017; Caswell and Vindenes 2018) can result in intricate trade-off patterns and
negative fitness implications for pioneer populations. The actual population dynamics and
implications for population performance and growth are thus highly context-dependent (Phillips et al.
2010; Chuang and Peterson 2016).
Only if range-shifting species are able to track their shifting environmental envelope while
maintaining viable populations of sufficient fitness and adaptive potential will they be able to cope
with global change in the long term (Perrier et al. 2017). Trade-offs between different traits can
decrease fitness parameters such as survival in individuals that primarily invest into dispersal and
reproduction (Hanski et al. 2005; Amundsen et al. 2012). Expansion front populations with a high
proportion of such individuals may thus suffer from overall lower growth rates. High dispersal
resulting in establishment, but not growth, of new populations can corrupt long-term range expansion
success: If population sizes at the edge remain small, density-dependent dispersal will attenuate
(Chaine and Clobert 2012) and range expansion may come to a standstill after the initial expansion
wave (Clark et al. 2001; Keitt et al. 2001). Furthermore, small population size is usually associated with
genetic drift and thus, a reduction of genetic diversity, diminishing adaptive potential and increasing
extinction risk due to the accumulation of deleterious mutations (Reed 2005; Willi et al. 2006; Neaves
et al. 2015, also see Chapter 2.3). Finally, small populations are more susceptible towards
demographic stochasticity, which also increases extinction risk (Lande et al. 2003; Anderson et al.
2017). Trade-offs between life history traits and resulting lack of population growth can thus greatly
diminish range expansion speed. A study by Santini et al. (2016) for example found that when
accounting for the effect of covariance between life history traits,

% of mammal species may have
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spread rates slower than the global mean
velocity

of

climate

change .

Fitness

implications of increased dispersal thus warrant
investigation,

especially

for

species

of

conservation concern such as R. hipposideros,
which is listed as near threatened in the
European Union and as critically endangered in
the German Red List (Dietz et al. 2016). Survival
and reproduction rates carry information on
fitness and population growth at the same time
(Takada and Shefferson 2018, see Figure 1), but
are difficult to estimate in wild populations of
long-lived species. Among mammals, R.
hipposideros falls into this category with an
average age of approximately five years in
maternity colonies (see Box 1) and the highest
reported age being nearly 30 years (Issel 1950;
Dietz et al. 2016).
The first part of my thesis hence was directed
towards the estimation of reproduction and

Figure 1: From Takada and Shefferson (2018). Illustration
of demographic parameters as an interface between
ecology and evolution, linking population dynamics and
fitness. Being demographic and fitness parameters at the
same time, survival and reproduction are excellently
suited to investigate eco-evolutionary changes
associated with range shift and their fitness implications.

survival of R. hipposideros populations to assess
implications of increased dispersal rates in range expanding populations in this species.
For this purpose, I collected non-invasive samples (faeces) from twenty R. hipposideros maternity
colonies in three consecutive years, visiting each colony twelve times in total. I assembled an
extensive genetic dataset by extracting and amplifying bat DNA from 13056 faeces samples, followed
by genotyping at eight polymorphic loci to obtain individual multi-locus genotypes (see Box 3: From
samples to data). I furthermore contributed to a collaborative study for the development of a sexspecific marker and a protocol allowing the distinction of R. hipposideros individuals and the
identification of their sex and reproductive state based on these genetic samples (Chapter 2.1). In a
consecutive collaboration, we used the information acquired with this protocol to estimate population
dynamics and fitness parameters developed Integrated Population Model (Chapter 2.2). To
investigate fitness consequences of increased dispersal, we compared the estimated parameters
between the data set I assembled for an expanding R. hipposideros metapopulation in Germany and
an according data set assembled for a non-expanding metapopulation in France (see Box 2: The study
system).
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Box 2: The study system
Traits assocatiated with range expansion were investigated in a comparative approach, contrasting an
expanding metapopulation (sensu lato, see Gurevitch et al. 2016) in Germany and a non-expanding one in
France (see Preface). The German metapopulation underwent a drastic decline associated with a
contraction of the distribution range in the mid-20th century. Since the 1980s, populations have been
recovering and re-colonization of previously occupied habitat is observed (Tress et al. 2012, personal
communication Martin Biedermann, Wigbert Schorcht, Michael Franz, Wolfgang Sauerbier). Samples from
the non-expanding metapopulation were collected from 2013 to 2016; samples from the expanding
metapopulation were collected from 2015 to 2017.

Table 1: Characteristics of the studied
populations

Trait

MP 1

MP 2

Country

Germany

France

Trend

growing

stable

Expansion

yes

no

MP= metapopulation

Locations of colonies sampled in Germany (expanding metapopulation) for the CMR dataset (see Box 3).

1.2 Which factors determine genetic diversity in R. hipposideros leading edge populations?
Genetic diversity, as a prerequisite for long-term population persistence and evolution, is one of the
cornerstones of conservation biology (Frankel and Soulé 1981; Avise and Hamrick 1996; Avise 2008).
Reduced heterozygosity, a concomitant effect of inbreeding (Falconer and Mackay 1996), diminishes
population fitness, e.g. via the accumulation of deleterious alleles Saccheri et al.

; O Grady et al.

2006; Vandewoestijne et al. 2008) and loss of phenotypic variation (Neaves et al. 2015), which
ultimately may result in extinction (Frankham 2005) under stressful conditions (Armbruster and Reed
2005), but even in benign environments (Markert et al. 2010). Furthermore, standing genetic variation
is the basis for adaptive potential (Lande 1988; Reed and Frankham 2003), which is gaining in
importance with proceeding global change as it is crucial for coping with changing environments
(Markert et al. 2010; Perrier et al. 2017, also see Chapter 2.3). The genetic diversity of the population
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of origin can also have a great impact on the successful colonization of novel habitats, which is critical
for species responding to climate change via range shift Roques et al.

; Forsman

; Szűcs et

al. 2017).
While the adaptation to novel conditions encountered during range expansion requires high levels of
genetic diversity on one hand, the very process of range expansion is prone to diminish genetic
diversity on the other hand (Estoup et al. 2004; Slatkin and Excoffier 2012), especially in the case of
rapid climate change induced range shifts (Garnier and Lewis 2016). Protecting pre-expansion levels
of genetic diversity and maintaining genetic diversity during range expansion are thus important
conservation goals to support long-term species persistence. The identification of factors determining
genetic diversity in leading edge populations is a critical step towards that objective. A part of my
thesis is thus devoted to the quantification of the genetic diversity of R. hipposideros leading edge
populations and the identification of factors influencing genetic diversity in this species (Chapter 2.3).
1.3 What can sex ratios tell us about colony formation in R. hipposideros?
For range expansion, not only the number or proportion of dispersers in a population is critical, but
also their destination. The colonization of new habitat requires sufficient settlement of females in
empty patches and subsequent establishment of new populations (Kerth and Petit 2005; Chaine and
Clobert 2012). This process might considerably differ from immigration into existing populations and
be influenced by a plethora of factors such as the social system (Kerth and Petit 2005), Allee effects
(Stephens and Sutherland 1999; Kramer et al. 2008), the individual s phenotype and state (Clobert et
al. 2009) or personality type (Wolf et al. 2007; Cote et al. 2011; Thorlacius et al. 2015), patch quality
(Franken and Hik 2004; Resetarits and Binckley 2013), the landscape characteristics of the matrix
(Gustafson and Gardner 1996; Franken and Hik 2004; Hamman et al. 2018), and interactions thereof
(Pintar and Resetarits 2017).
Conservation strategies seeking to facilitate the foundation and establishment of new (maternity)
colonies and thus, range expansion, depend on information about the underlying processes (Kerth
and Petit 2005; Kerth 2008a). To pinpoint conservation targets for R. hipposideros, both factors
determining the occupation of a new roost and factors influencing subsequent population growth
must be understood to a certain extent. Their elucidation however is a great challenge, as the
foundation of a new colony in bats is a rare and elusive event (Kerth 2008b).
While the direct observation and investigation of foundation events is near impossible, indirect
molecular methods can provide valuable information on the number (Anderson and Slatkin 2007;
Munilla et al. 2016), origin (Munilla et al. 2016), or relatedness of individuals (Metheny et al. 2008;
Boston et al. 2012) founding a new colony. Such information can help to infer colony formation
models and processes (Munilla et al. 2016). In the European Myotis bechsteinii and the North-American
Eptesicus fuscus, for example, genetic data have indicated that the most likely process of colony
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formation is by a group of females splitting off from an existing colony (G. Kerth 2008; Metheny et al.
2008).
In our study system, the inference of the underlying processes of colony formation from allele
frequency data is challenging due to several confounding factors. The observed genetic patterns are
influenced by historic demographic bottlenecks and characterized by an overall reduced genetic
diversity (Chapter 2.3) and high degree of relatedness. While present-day allele frequencies still carry
the legacy of historic bottlenecks, which is difficult to disentangle from the effects of colony
formation, the genetic data which I have collected throughout this thesis also convey information
about the sampled individuals identity and sex see Box 3: From samples to data).
Using this information to assess the proportion of males revealed that this parameter greatly differs
between colonies (Chapter 2.1). Discussing possible explanations for this phenomenon gave rise to
the idea that the proportion of males in a maternity colony might be associated with colony age, i.e.
that males could potentially be more frequent in younger colonies because they play a role in colony
formation. They could contribute to the colonization process by scouting behaviour, for example. R.
hipposideros males are generally more mobile and explorative than females (Biedermann et al. 2012;
Dietz et al. 2016), and scouting males that detect high-quality roosts for their female mates might sire
more offspring because the mothers of this offspring encounter better conditions during pregnancy
and lactation.
A higher proportion of males in newly established colonies could also be a consequence of low initial
population densities which are likely to incur costs in social species. R. hipposideros displays social
thermoregulation by aggregation in dense clusters in the Northern part of its range, especially during
pregnancy (Dietz et al. 2016). In other species, the contribution of non-lactating females to social
thermoregulation in maternity colonies has already been suggested (G. Kerth 2008; Pretzlaff et al.
2010). This might also apply to males, especially when the initial number of females in the colony is
very low.
This behaviour however is dependent on weather conditions, which may influence the number of
males sampled in a colony. The resulting noise in the data may weaken a potential signal of a
correlation of the proportion of males with colony age. Uncertainty in the data (e.g. concerning the
year when the colony was established) and the influence of other ecological factors (e.g. roost quality)
can present further obstacles. Statistical power to detect a potential correlation between the
proportion of males and colony age can be increased by sampling more colonies. In addition to twenty
colonies sampled to create the genetic dataset used in this thesis, approximately another twenty
colonies could be accessed to investigate the proportion of males (personal communication Martin
Biedermann, Wigbert Schorcht, Intenressengemeinschaft für Fledermausschutz und –forschung
Thüringen). The relatively high cost and time investment associated with molecular sexing however
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precludes to estimate the proportion of males from genetic samples for such a large number of
colonies.
Passive acoustic monitoring provides a cheap high-throughput alternative for the assembly of a
sufficiently large dataset as data can be collected non-invasively and with minimal time effort. The
main financial investment is upon the acquisition of the recording devices, which are now available at
unprecedented low costs and accompanied by according open-source software (e.g. Hill et al. 2017).
One part of my thesis was thus dedicated to the development and testing of a method to infer sex
from recorded echolocation calls of R. hipposideros with the help of Approximate Bayesian
Computation (Chapter 2.4). In the next project phase(s), his approach will be further tested and be
used to search for evidence of males playing a role in the process of colony formation by determining
the proportion of males for a large number of colonies and testing for a correlation of this parameter
with colony age.
Box 3: From samples to data

I assembled a capture-mark-recapture (CMR) dataset for the analyses presented in Chapter 2.2 by noninvasively collecting DNA samples (faeces) from 20 R. hipposideros colonies in Thuringia, Central Germany
(see Box 2). Each colony was sampled twice per year (once before and once after the birth of juveniles) in
three consecutive years (2015-2017). From 13,056 samples analysed in this dataset, I identified 3910
individual genotypes.

Introduction
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1.4 Summary of hypotheses and research questions
The first aim of my thesis was to test the hypothesis that R. hipposideros populations in Germany
have overall higher dispersal and reproduction rates than populations in France as an adaptation
to range expansion. I further sought to answer the research question if adult survival rates would be
decreased (as a result of potential trade-offs), increased (because of range expansion resulting in
higher resource availability), or unaltered (if trade-offs affect traits of negligible fitness consequences,
or because the aforementioned processes cancel each other out) in range-expanding populations, and
what are the resulting fitness consequences of increased dispersal and reproduction. The explicit
quantification of dispersal rates was unfortunately prevented by the reduced genetic diversity of the
studied populations, which resulted in an insufficient power to reliably discriminate closely related
individuals based on their multi-locus-genotype. Discriminating individuals with very high certainty is
however crucial for the estimation of dispersal rates: Due to the overall very low dispersal rates in R.
hipposideros, a single dispersing individual greatly impacts the estimated average dispersal rate.
Therefore, more genetic markers will have to be employed to achieve the high resolution required for
reliable dispersal rate estimation. This endeavour was beyond the financial budget and time frame of
my thesis and will thus realized in the next project phase. Individuals which I have identified as
potential dispersers will be re-genotyped with more markers to confirm that they really are identical
rather than distinct individuals of high genetic similarity.
As the dispersal events which I have identified in my dataset have not been confirmed yet, the
existence of ongoing range expansion was used as an indicator for increased dispersal to investigate
its according fitness consequences. Reproduction and survival rates are less susceptible to bias
introduced by two genotypes being falsely assumed to originate from the same individual. I was
therefore able to estimate the population dynamics and fitness parameters to investigate implications
of range expansion in R. hipposideros (Chapter 2.2).
The second aim of my thesis was to identify drivers of genetic diversity in leading edge population of
R. hipposideros, an important prerequisite for the colonization of new habitats. More specifically, I
addressed the research question if genetic diversity levels of R. hipposideros leading edge populations
indicate sufficient adaptive potential for the colonization of new habitats or rather a lack thereof, and
tested the hypothesis that present-day connectivity and historic bottlenecks are important drivers
of contemporary levels of genetic diversity in R. hipposideros (Chapter 2.3).
Finally, I laid the ground for testing the hypothesis that newly established R. hipposideros maternity
colonies harbour a higher proportion of males by developing a cheap and relatively time-efficient
method to infer colony sex ratios from passive acoustic monitoring data (Chapter 2.4). The actual
testing of this hypothesis will be addressed in the next project phase.
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genetic methods provide robust data from individual free-ranging animals, which can
be used in capture–mark–recapture (CMR) models to estimate demographic parameviour, which may lead to differences in detection probabilities, is rarely considered in
monitoring. Here, we investigated population size, sex ratio, sex- and status-related
behaviour in 19 Rhinolophus hipposideros maternity colonies (Northern France) with a
noninvasive genetic CMR approach (using faeces) combined with parentage assignments. The use of the DDX3X/Y-Mam sexual marker designed in this study, which
shows inter- and intrachromosomal length polymorphism across placental mammals,
together with eight polymorphic microsatellite markers, produced high-quality
genetic data with limited genotyping errors and allowed us to reliably distinguish different categories of individuals (males, reproductive and nonreproductive females)
and to estimate population sizes. We showed that visual counts represent well-adult
female numbers and that population composition in maternity colonies changes
dynamically during the summer. Before parturition, colonies mainly harbour pregnant
and nonpregnant females with a few visiting males, whereas after parturition, colonies are mainly composed of mothers and their offspring with a few visiting nonmothers and males. Our approach gives deeper insight into sex- and status-specific
behaviour, a prerequisite for understanding population dynamics and developing
effective monitoring and management strategies. Provided sufficient samples can be
obtained, this approach can be readily applied to a wide range of species.
KEYWORDS

chiroptera, molecular sexing, noninvasive genetics, parentage assignments, Rhinolophus
hipposideros

1 | INTRODUCTION

monitoring protocols is challenging (Nichols & Williams, 2006), particularly regarding detection probability issues (Pollock et al., 2002;

Monitoring wild populations is crucial for their effective management

Vos, Meelis, & Ter Keurs, 2000; Yoccoz, Nichols, & Boulinier, 2001).

(McMahon et al., 2011; Pereira et al., 2013). Yet, developing robust

While extrinsic factors (related to observer identity, time, climate,
habitat or site) that lead to detection probability variation can be

D. Zarzoso-Lacoste and P.-L. Jan are the co-first authors.

Mol Ecol Resour. 2017;1–12.

accounted for using covariates, this is not the case when variation
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results from interindividual variation in behaviour. A common source
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genetic

methods

have

become

a
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well-

of intraspecific variation is sex, with males and females displaying

established tool to study free-ranging animals by identifying each

different behaviour that leads to large differences in detection prob-

individual through its unique DNA fingerprint, without having to cap-

abilities (e.g., Christy, Yackel Adams, Rodda, Savidge, & Tyrrell, 2010;

ture or disturb them. DNA is extracted from noninvasive samples

Ogutu, Piepho, Dublin, Reid, & Bhola, 2006; Singh, Qureshi, Sankar,

(hair, faeces, urine) and amplified at genetically informative markers.

Krausman, & Goyal, 2014). This observation leads to the develop-

As a drawback, noninvasive samples often contain only low amounts

ment of statistical frameworks accounting for specific forms of

of degraded target DNA, resulting in genotyping errors (Broquet,

intraspecific variation (e.g., Veech, Ott, & Troy, 2016), but the most

nard, & Petit, 2007). Previous work has proven that high-quality
Me

obvious and efficient way of correcting potential bias is to a priori

genotypes can be efficiently obtained from bat feaces (Puechmaille,

identify subsets of populations that differ in detection probabilities.

Mathy, & Petit, 2007). Multilocus genotypes are then treated as indi-

Numerous bat species are threatened by human-induced pertur-

vidual molecular marks, and identical genotypes are considered as

bations and global change, and their loss could dramatically impact

recaptures. This information can be used in CMR models to estimate

ecosystem functions and services (Jones, Jacobs, Kunz, Willig, &

demographic parameters (Lukacs & Burnham, 2005). The data pro-

Racey, 2009; Mickleburgh, Hutson, & Racey, 2002; Rebelo, Tarroso,

vided can also be analysed using population genetic tools to gather

& Jones, 2010). Monitoring programmes that are set up to assess

critical information on sex ratio (using a sex-linked genetic marker),

bat population trends most often use visual counts or, more recently,

relatedness, pedigrees, population structure or genetic diversity

passive acoustics. One important caveat of these approaches is that

within or between populations (Waits & Paetkau, 2005).

different categories of individuals, which are not identifiable during

Rhinolophus hipposideros is the Palearctic bat species whose popu-

census, may differ in detection probabilities. For example, sexual

lation decline is best documented. During the last century, it became

segregation varies both spatially and temporally in bats and many

rare or extinct at the northern edge of its range in Northern Europe,

other organisms (Angell, Butlin, & Altringham, 2013; Wearmouth &

likely due to pesticides use, food shortage and habitat loss (Bontadina

Sims, 2008). Different behaviour may even occur between individu-

et al., 2000; Farcy, Le Rouxel, & Queau, 2009; Weiner & Zahn, 2000).

als of the same sex (Senior, Butlin, & Altringham, 2005), potentially

Females are known to return to their natal roost in late spring or early

leading to differences in detection probabilities (Marescot et al.,

summer to give birth and raise their single young (Gaisler, 1966). Males

2011). Moreover, visual counts may cause disturbance to roosting

are usually assumed to live alone or to gather in small groups through-

bats, especially during the parturition and hibernation periods (Kunz,

out the year, but their presence in maternity roost has already been

Betke, Hristov, & Vonhof, 2009). Despite these limitations, visual

reported (Bontadina, Schofield, & Naef-Daenzer, 2002; Gaisler & Chy-

counts are widely used in maternity colonies to study bat population

til, 2002). Pregnant and lactating females have stricter roost require-

structure and dynamics, either by assuming that males are not a sub-

ments than others (Speakman, Thomas, Kunz, & Fenton, 2003). Such

stantial component of maternity colonies (Johnson, Edwards, & Ford,

possible intraspecific variations in roosting requirements and beha-

2011; Olson & Barclay, 2013) or by acknowledging that the

viour depending on sex or reproductive status could result in intrinsic

unknown amount of males within colonies does not permit to cor-

heterogeneity in detection probabilities, and therefore, affect colony

rectly estimate essential parameters such as fecundity (Seckerdieck,

size (i.e., total number of adults) and fecundity (i.e., ratio juveniles/

Walther, & Halle, 2005). When unverified, the first assumption is

€nig, &
adults) measurements when estimated by visual counts (Safi, Ko

particularly likely to lead to incorrect inferences on population struc-

Kerth, 2007; Veech et al., 2016). Here, we provide evidence that

ture and dynamics. Furthermore, because females are the most

genetic approaches, including molecular sexing, are of great interest to

important contributors to population dynamics in bats and many

elucidate the population structure of bat maternity colonies and to

other animals, it is crucial to be able to differentiate both sexes

investigate possible differences in sex- and/or status-related behaviours.

when estimating colony sizes.

The main goals of this study were to investigate population size,

Capture–mark–recapture (CMR) techniques deliver individual-level

sex ratio and sex-related behaviour in R. hipposideros maternity colo-

data, which allow insights into bat life history and ecology, including

nies with a noninvasive genetic CMR approach combined with

longevity, physiology, social organization, movement behaviour,

parentage assignment. We developed a robust molecular protocol,

reproduction, sex ratio and, to some degree, survival and population

using eight polymorphic microsatellites and one sexual marker which

size (Ellison, 2008; O’Shea, Ellison, & Stanley, 2004). However, CMR

we applied on samples from 19 R. hipposideros colonies situated in

methods have generally proven unsuccessful for reliably estimating

Northern France, assessing the importance of taking into account

bat population size due to bias associated with the need to capture

sex and reproductive status when monitoring populations.

individuals multiple times, heterogeneity in individual detection probability, low recapture rates, trap happiness or shyness, or mark loss
(Kunz, 2003; Schorr, Ellison, & Lukacs, 2014). Therefore, CMR is difficult to apply to bats, which are elusive and sometimes rare organisms
that are usually small-sized, nocturnal, cryptic, highly mobile and cap-

2 | MATERIALS AND METHODS
2.1 | Study site and sampling protocol

ture-sensitive. Superior censusing methods should minimize distur-

Nineteen colonies located in Northern France (Picardie) were investi-

bance and sampling bias (Kunz et al., 2009; Yoccoz et al., 2001).

gated (Figure 1). Bat faeces were collected during two successive
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Location of the 19 monitored colonies (Picardie, France)

sessions conducted before and after parturition in 2013. Newspaper

AAA; DDX3X/Y-Mam-R: TCATACCGCTCTAGAGTTCGC) targets a

was spread on the ground under the main hanging sites of each col-

locus that exhibits different lengths on the X (154 bp from the

ony to gather bat faeces. After approximately 10 days, faeces were

DDX3X gene, also called DBX) and Y (131 bp from the DDX3Y

collected and stored in plastic boxes containing silica gel fragments

gene, also called DBY) chromosomes, respectively.

to prevent DNA degradation until analysis (Puechmaille & Petit,
2007). The number of visible adults was recorded during each visit.

The suitability of this marker for R. hipposideros sex identification
was tested using 22 male and 17 female pure DNA samples
extracted from postmortem biopsies following a salting out protocol

2.2 | DNA isolation

(Petit, Excoffier, & Mayer, 1999). PCRs were conducted in a final
volume of 15 ll containing 1 ll of template DNA, 109 PCR Buffer

All pre-PCR procedures were carried out with aerosol barrier tips and

(20 mM Tris–HCl ph 8.4, 50 mM KCl; Promega), 0.2 mM dNTPs (Invit-

single-use nontalc gloves, and pre- and post-PCR procedures were

rogen), 1.5 mM MgCl2 (Promega), 0.3 lM of forward and reverse pri-

performed in separate rooms to avoid cross-contamination. For each

mer, 0.05 U/ll Taq DNA polymerase (Promega). The cycling

colony, the desired number of faeces (twice the number of bats visu-

conditions included an initial denaturing step of 95°C for 15 min fol-

ally counted during colony sampling; see Table 2) was randomly

lowed by 45 cycles of 94°C for 45 s, 56°C for 45 s, and 72°C for

picked. Faeces were individually homogenized using two glass beads

1 min and a final extension step of 72°C for 1 hr. The PCR products

(2 mm diameter) for 2 9 30 s at 30 Hz (Tissuelyser, Retsch). DNA

obtained from two females and two males were cloned and purified

was extracted using the NucleoSpinâ 96 Plant II Kit (Macherey-Nagel)

(Strataclone PCR Cloning Kit, Agilent). Consensus sequences for

with slight modifications from the original protocol (Appendix S1).

DDX3 fragments amplified from both X and Y chromosomes were
obtained by forward/reverse sequencing seven clones from each

2.3 | Development of a new polymorphic sexlinked marker

individual (Sanger technology).
In silico PCR (ecoPCR programme: Ficetola et al., 2010) was conducted to assess the theoretical coverage (Bc) of our sex-linked pri-

A primer pair was designed to target a pseudo-autosomal portion of

mer pair. To do so, we compiled a customized sequence database by

the 8th intron of the sex-linked DEAD-box helicase 3 gene (DDX3).

blasting (Blastn) our consensus X-linked amplicon on the entire

This gene was previously amplified in bats, with amplicon lengths

EMBL database, and by retrieving from GenBank the mRNA

suitable for degraded DNA analyses (Hellborg & Ellegren, 2003). The

sequences of each available mammalian (sub)species (taxid: 40674).

new primer pair (DDX3X/Y-Mam-F: CAGATCTATGAGGAAGCCAG

We then filtered out those that (i) did not align correctly, (ii) were

4
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too short to cover the entire length of the corresponding amplicon

was included at the end of the cycles before holding at 4°C. Amplifi-

(i.e., partial sequences) and (iii) contained ambiguous nucleotides

cations were replicated three times to allow for genotyping error

(e.g., N). We randomly kept one sequence per (sub)species to reduce

detection and to build robust consensus genotypes. Alleles were

overrepresentation of a few species. Sequences were trimmed to

scored using

contain only the amplicon (including primer binding sites), and inter-

DNA Analyzer sequencer with GeneScanTM–500LIZ size standard

nal insertions were removed. Our customized mRNA sequence data-

(Applied Biosystems).

GENEMAPPER

v.5 from electrophoreses run on a 3730xl

base, containing 91 unique mammalian (sub)species (Appendix S2),
was used with ecotaxstat (Ficetola et al., 2010) to compute Bc (allowing three mismatches).

2.5 | Bioinformatic pipeline and genotyping quality

We also looked for length polymorphism of our sex-linked mar-

An automatic procedure that scores genotypes and determines con-

ker in Mammalian species. We first compiled a customized sequence

sensus genotypes was developed to avoid problems associated with

database by blasting (Blastn) our consensus X-linked amplicon on all

subjective/inconsistent scoring of alleles and human errors and mini-

available mammalian reference genomic sequences (refseq_genomic)

mize the time necessary for scoring alleles. This bioinformatic pipe-

and by retrieving the sequences (and corresponding chromosome,

line is based on a comparison between alleles obtained from

gene and sex annotations) from each matching (sub)species. We then

different scoring parameters for each replicate, and a comparison

filtered out those that did not align correctly, as well as partial

between replicates. A first scoring mode, “stringent,” only considered

sequences, and trimmed the sequences to contain only the amplicon

peaks high enough to avoid genotyping errors associated with small

(including primer binding sites). Finally, we calculated the theoreti-

peaks, with a threshold depending on the fluorescent dye (200 for

cally amplified amplicon length for all the 162 sequences, belonging

PET, 100 for others). A second scoring mode, “nonstringent,”

to 85 unique mammalian (sub)species, contained in our customized

employed peak height thresholds of 20, 40, 50 and 60 for FAM,

genomic sequence database (Appendix S2).

VIC, NED and PET, respectively. This allowed the recovery of peaks
that were not detected with the first thresholds. Thresholds for
stringent and nonstringent analyses were chosen after careful obser-

2.4 | Multilocus genotyping

vation of randomly selected samples to account for the different

Bat DNA was amplified and genotyped using nine polymorphic molec-

markers’ propensities to generate higher peaks or smaller artefacts.

ular markers including a panel of eight microsatellites selected from

Peaks detected with the nonstringent analysis were only scored if

the literature, and our new sex-linked maker (Table 1; Appendix S3).

they were detected in at least two of the three PCR replicates.

These nine markers were optimized into a single 8-ll multiplexed

Automated scoring with GeneMapper tends to not consider peaks

reaction containing 3.5 ll Multiplex PCR buffer mix (Qiagen),

obviously high enough when another peak is drastically higher. To

0.0875 lM of each primer (Table 1) and 2 ll DNA templates.

overcome this issue, in a third approach, we scored our data as

A touchdown thermal cycle programme was used to prevent

amplified

fragment

length

polymorphisms

(AFLP)

instead

of

nonspecific amplification, which included an initial denaturation at

microsatellites. This allowed the detection of all the peaks within

95°C for 15 min followed by 16 cycles each of denaturation at 94°C

defined bins independently of the height of other peaks, retaining

for 45 s, 58°C with 0.5°C decrease per cycle for 45 s and extension

only those that had already been detected in previous scorings in at

at 72°C for 1 min, and completed with 20 additional cycles with an

least one other replicate. When more than two alleles per locus

annealing temperature of 50°C. A final extension at 72°C for 1 hr

were scored by the software, only the two highest were kept.

T A B L E 1 Description, sources and amplification conditions of markers used this study and their respective measures of allelic dropout rate
(ADO), false allelic rate (FA), quality index (QI) and expected heterozygosity (Hs)

Sexing marker

Concentration
of each
primer (lM)

Size range

RHA101

130–150

NED

56

0.0875

Struebig et al. (2011)

0.07

0.01

0.94

0.43

RHA7

221–249

VIC

56

0.0875

Struebig et al. (2011)

0.07

0.03

0.91

0.83

RHA109

168–198

PET

56

0.0875

Dool et al. (2013)

0.05

0.02

0.93

0.76

RHA4

264–298

FAM

56

0.0875

Rossiter et al. (2012)

0.07

0.03

0.91

0.77

RHC108

150–174

FAM

56

0.0875

Puechmaille, Mathy, &
Petit (2005)

0.09

0.02

0.89

0.73

RHC3

186–194

FAM

56

0.0875

Puechmaille et al. (2005)

0.10

0.05

0.87

0.52

RHD102

224–272

PET

56

0.0875

Puechmaille et al. (2005)

0.06

0.02

0.91

0.80

RHD103

200–240

NED

56

0.0875

Puechmaille et al. (2005)

0.05

0.03

0.93

0.73

DDX3X/Y-Mam

128–157

VIC

56

0.0875

This study

0.06

0.02

0.95

0.23

Locus
Microsatellites

Annealing
temperature
(°C)

Fluorolabel

Source

ADO

FA

QI

Hs
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The three replicates obtained from each sample were then used

(i.e., the number of faeces corresponding to the same individual).

to create a consensus genotype by applying the following rule: one

This method assumes a homogenous detection probability and a

allele of the consensus must appear at least twice over the three

closed population. The homogeneity of detection probability was

replicates. In the rare case of problematic consensus (three alleles

tested with the method developed in Puechmaille and Petit (2007),

seen twice), the smallest peak was discarded. To rule out that dis-

which consists in simulating the sampling process under an assump-

tinct genotypes actually corresponded to the same individual

tion of homogeneous capture probability, and to compare the

because of genotyping errors, we manually checked every consensus

observed with the expected number of captures per individual. Pop-

that differed from others by one or two loci (mismatches 1 and 2—

ulation closure is highly likely as samples were deposited over a

Puechmaille & Petit, 2007). If there was any evidence for distinct

maximum of 2 weeks. Population size estimates were computed

genotypes originating from the same individual (i.e., if a particular

when considering adult (i) females and males and (ii) females only.

allele was present in at least one replicate of the genotype of the

Individuals assigned as juveniles were removed from population size

individual scored as homozygous for that locus), this allele was retro-

estimates. To compare visual and genetic estimation methods, we

spectively validated, to create a common genotype and merge

performed a generalized linear mixed model (glmm) with population

samples.

size as a response variable (following a Poisson distribution) and with

Samples with missing data on at least one locus were discarded

the estimation method and sampling session as fixed effects. Colo-

for subsequent analyses, except the juvenile data set for parentage

nies were considered a random effect. Fixed effect significances

assignment (see below). Allelic dropout (ADO) and false allele (FA)

were tested with a Wald chi-square test followed by post hoc pair-

rates, as well as the quality index (QI), were estimated by comparing

wise least-square means test. Glmm and chi-square tests were per-

consensus genotypes to PCR replicates (Broquet & Petit, 2004;

formed in

Miquel et al., 2006). The expected heterozygosity of each locus was

estimated the population size with the

computed with unique genotypes (i.e., individuals) using the

Stansbury, Waits, & Miller, 2013), by performing either the “Equal

ADEGENET

package (Jombart, 2008) to evaluate the markers’ polymorphism.

R

3.2.2 (R Core Team 2016). For comparison, we also
CAPWIRE

package (Pennell,

Capture Model” or the “Two-Innate Rates Model” (depending on the

Deviations from Hardy–Weinberg proportions were quantified

likelihood ratio test included in the package) before performing the

and tested with FIS and the corresponding permutation test using

same glmm and subsequent tests. To validate the suitability of our

the software

(Belkhir, Borsa, Chikhi, Raufaste, & Bonhomme,

molecular markers to discriminate among a large number of individu-

1996). Only individuals encountered before parturition (adults) were

als, population size estimates were compared with the reciprocal of

used in these two tests.

the probabilities of identity computed for unrelated individuals (PID-

GENETIX

rand) and full siblings (PID-sibs) using

2.6 | Parentage assignment

samples collected before parturition.

To identify mothers, parentage was assigned using the software Col-

2.8 | Sex-related behaviour

ony 2 with a full-pedigree likelihood method (Jones & Wang, 2010).

GIMLET

re, 2002) and for
(Valie

Males were designated as polygamous, and mothers as monogamous

The overall and offspring sex ratio of each colony (i.e., the ratio of

with only one possible offspring because samples were taken over a

males to total number of individuals genotyped) was estimated sepa-

single reproductive event (Gaisler, 1966). Individuals sampled before

rately before and after parturition. To investigate the capture proba-

parturition were considered as potential parents, while those only

bility of females and males depending on the sampling session, we

sampled after parturition were considered as potential juveniles.

performed a generalized linear mixed model (glmm) with the number

Only individuals successfully genotyped at nine loci were considered,

of recaptures for each individual as a response variable (following a

except potential juveniles for which the selection threshold was low-

Poisson distribution) and with sex and sampling session as fixed

ered to seven loci as these individuals, only sampled after parturi-

effects. Because the same individual could be sampled before and

tion, were less likely to represent a clean genotype due to the lack

after parturition, we considered individuals as a random effect. The

of comparison between sampling sessions. We ran analyses ten

fixed effect significance was tested with a Wald chi-square test fol-

times to assess the robustness of the results. Only individuals

lowed by a pairwise least-square means post hoc test. A chi-square

assigned at least five times of ten runs were considered as parents.

test was performed to investigate whether the intersession recapture rate (number of individuals captured before and after parturi-

2.7 | Population size estimates
Population sizes were calculated using a Bayesian estimator based
re, 2006). This method,
on single-session CMR data (Petit & Valie
adapted to noninvasive genetic data, considers every population size
between a minimum (the number of genotypes detected) and a max-

tion) differed between sexes and with female reproductive status.

3 | RESULTS
3.1 | Molecular protocol validation and sex ratio

imum size (set to 10 times the visual count) and determines the

The results of the amplification tests carried out with the DDX3X/Y-

most probable population size given the distribution of recaptures

Mam sex-linked marker on 37 known R. hipposideros males and

6
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females confirmed its reliability for sex identification (100% were
correctly sexed). Sequenced amplicons provided one allele from the

ET AL.

3.3 | Sex ratio and sex-related behaviour

X chromosome (154 bp) and two from the Y chromosome (129 and

Among the 662 females sampled before parturition and the 670

131 bp). Furthermore, in silico PCRs confirmed the reliability of the

potential juveniles, only 174 were assigned as mother–juvenile pairs

DDX3X/Y-Mam marker for sex identification, its length polymor-

at least 5 times among 10 Colony runs. Mother–juvenile assignments

phism between and within 85 unique mammalian (sub)species, and

were possible for all 19 sampled colonies, but with very heteroge-

the wide taxonomic coverage of the corresponding primer pair that

neous proportions of mothers, varying from 8% to 80% (31.4% on

theoretically amplified 88% of the 91 tested (sub)species belonging

average). This analysis allowed us to distinguish mothers and unas-

to all described placental mammal super-orders (detailed results are

signed females (hereafter, nonmother females).
The number of samples collected from individuals assigned as

available in Appendix S2).
In this study, 3,544 samples of 5,099 (69.5%) were genotyped at

mothers was significantly higher than for males for both sampling

all nine loci. Mean ADO and FA rates over loci were 6.7% and 2.5%,

sessions (least-square means, p-values <.05). The number of recap-

respectively, resulting in a QI of 91.6%. The average expected

tures for mothers was particularly high after parturition and signifi-

heterozygosity of the eight microsatellite loci was 70% (range: 43%–

cantly

83%). Over all loci and colonies, the minimal number of individuals

significantly more intersession recaptures for mothers (63.8%) than

that could be discriminated for unrelated individuals (1/PID-rand)

for nonmothers (34.2%), and more for both types of females than

and assuming full siblings (1/PID-sibs) was above 1.46 9 106 and

for males (20.6%) (Table 3; chi-square test; p-values <.001).

higher

than

for

nonmothers

(Figure 3).

There

were

2.77 9 104, respectively, and was always clearly greater than the
corresponding

colony

sizes

estimated

visually

or

genetically

(Table 2).
We distinguished 1,337 unique genotypes, inferred to correspond to different individuals, 345 (25.8%) of which were males. The

4 | DISCUSSION
4.1 | Molecular protocol validation

number of unique genotypes identified for each colony and sampling

We developed a widely applicable noninvasive molecular protocol,

session ranged from 4 to 200 with a mean of 43.7 and was in the

involving eight microsatellite loci and one sex-linked marker, for popu-

range of corresponding visual counts (Table 2). FIS values were vari-

lation genetic studies conducted on R. hipposideros. Our results con-

able between colonies, with four significantly positive values (Pic4,

firmed the suitability of the DDX3 sex-linked marker for reliable

Pic5, Pic6, Pic19) and one significantly negative (Pic8). Males were

molecular sexing from DNA extracted from different sources, including

sampled in each colony and at each sampling session, except in the

noninvasive samples. Indeed, the amplification of different pseudo-

smallest colony (Pic1) before parturition. The mean overall sex ratio

autosomal DNA fragment sizes (i.e., length polymorphism) from both X

of the sampled colonies was 0.22 (range: 0–0.5) and varied between

and Y chromosomes in a single PCR allowed the unequivocal distinc-

colonies and sampling sessions (Table 2).

tion between sexes by avoiding misidentification due to PCR failure
(i.e., false-negative results) when using chromosome-specific markers.
We showed that this interchromosomal length polymorphism, which is

3.2 | Population size estimates

linked to an indel located in the 8th intron of the DEAD-box helicase 3

Population sizes estimated from all individuals ranged from 8 to 235,

gene, is observed in 85 mammalian (sub)species, making it a potentially

with a mean of 64.16 (SD = 46.16) individuals before parturition, and

widely applicable molecular sexing tool (Appendix S2).

60.28 (SD = 34.49) after parturition (Table 2). When only considering

Despite the challenging low concentration and degraded nature

females, average population sizes decreased to 47.9 (SD = 28.71) and

of noninvasive DNA samples, our protocol allowed the complete

44.56 (SD = 24.49) before and after parturition, respectively. How-

genotyping of 70% of analysed faeces and provided high-quality

ever, capture probabilities were not homogenous in half of the colo-

genetic data (QI: 91.6%) with low genotyping error rates (ADO < 7%

nies (in 9–11 colonies depending on male presence and sampling

and FA < 3%). When including the samples with missing data, the

session, see Table 2). Because no recapture occurred at Pic1 after

quality index dropped to 73.3% but ADO and FA rates remained rel-

parturition, we were unable to estimate its population size.

atively stable (6.6% and 3.2%, respectively). These ADO and FA val-

Mean population sizes calculated from all individuals, before and

ues are among the best recorded when compared to other studies

after parturition, were greater than those estimated from females

directly amplifying nuclear DNA from faeces (Broquet et al., 2007),

only. Mean adult population sizes estimated through visual counts

but are higher than those obtained in Puechmaille et al. (2007),

were closer to those calculated from females only (Figure 2), and no

where microsatellites markers were only genotyped if mtDNA was

significant difference was observed between them before parturition

previously amplified in a given sample. This suggests that directly

(least-square means, p-value = .22). Independently of the estimation

performing three PCR replicates per sample can represent a good

method, adult population sizes decreased after parturition.

compromise between sufficiently reducing genotyping error rates

CAPWIRE

estimates gave similar results, with no significant differences between
visual counts and female population size before and after parturition,
with p-values of .25 and .32, respectively (data not shown).

while keeping the cost of large scale studies as low as possible.
Here, 1,337 unique genotypes were obtained from 19 colonies,
which, in combination with the low PIDs calculated for our data set
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T A B L E 2 Colonies’ demographic and genetic characteristics
Before parturition

Colony
Pic1

Count
5

Number of
genotypes
(sex ratio)
8 (0.0%)

After parturition
Population size estimate (95% CI)
Females + males
24 (12–49)

Females only
24 (12–49)

Count
5

Number of
genotypes
(sex ratio)
4 (25.0%)

Genetic characteristics
Population size estimate (95% CI)
Females + males
NA

Females only
NA

FIS
0.05085

1/PIDunb

1/PIDsib

7.03 9 10

10

6.75 9 102

7

4.13 9 102

Pic2

16

21 (9.5%)

24* (21–30)

22* (19–27)

26

20 (35.0%)

32 (24–60)

20 (15–43)

0.0254

2.02 9 10

Pic3

60

53 (20.8%)

60* (55–69)

47* (43–53)

60

45 (15.6%)

54* (48–64)

44* (39–52)

0.00802

3.36 9 108

1.24 9 103

8

1.02 9 103

Pic4

45

43 (20.9%)

Pic5

40

34 (14.7%)

90 (67–155)
60* (46–99)

67 (49–121)
50* (38–87)

21

17 (23.5%)

21* (18–29)

15 (13–21)

0.05155

2.12 9 10

6

27 (18.5%)

40 (32–62)

30 (24–45)

0.06916

1.09 9 108

7.86 9 102

7

7.87 9 102

Pic6

70

50 (12.0%)

87 (69–128)

73 (58–108)

101

62 (12.9%)

65* (62–70)

56* (54–60)

0.09212

7.25 9 10

Pic7

30

36 (36.1%)

58 (46–89)

33 (27–53)

20

24 (33.3%)

28* (25–35)

18* (16–22)

0.01676

1.06 9 108

8.00 9 102

0.069

1.59 9 10

8

8.20 9 102

0.00381

2.36 9 108

1.20 9 103

7

8.20 9 102

Pic8

35

35 (17.1%)

38* (35–44)

31* (29–36)

50

30 (16.7%)

40 (33–55)

32* (27–45)

Pic9

55

36 (8.3%)

54* (44–79)

49* (40–72)

25

33 (39.4%)

45* (37–62)

26 (21–38)

Pic10

35

37 (32.4%)

44 (39–55)

30 (26–38)

40

28 (32.1%)

41 (33–63)

26 (21–40)

0.01185

8.93 9 10

Pic11

37

33 (18.2%)

44 (37–59)

34 (29–45)

7

17 (17.6%)

18* (17–21)

15* (14–17)

0.01587

4.93 9 107

7.59 9 102

8

9.58 9 102

Pic12

91

60 (20.0%)

65* (61–72)

53* (49–59)

50

62 (16.1%)

68* (63–74)

56* (52–61)

0.03741

1.27 9 10

Pic13

50

51 (15.7%)

58* (53–66)

48* (44–55)

25

45 (13.3%)

60 (52–78)

50 (43–63)

0.00619

1.79 9 107

5.95 9 102

2.94 9 10

7

8.05 9 102

8

4.52 9 102

Pic14

80

63 (22.2%)

108 (88–151)

Pic15

5

10 (50.0%)

35 (17–59)

Pic16

222

200 (39.0%)

235* (222–253)

86 (68–129)
19 (7–29)
140* (131–152)

45

25 (20.0%)

58 (40–135)

41 (28–98)

0.031

10

16 (31.3%)

85 (36–84)

60 (21–59)

0.01548

5.15 9 10

215

143 (32.2%)

152* (146–159)

101* (97–105)

0.00448

7.90 9 107

1.09 9 103

6

2.77 9 102

Pic17

41

39 (25.6%)

51* (44–67)

41* (33–59)

3

24 (16.7%)

36* (28–57)

29* (23–48)

0.01043

1.46 9 10

Pic18

40

55 (16.4%)

67 (60–80)

54 (49–64)

60

33 (3.0%)

45* (37–62)

43* (36–59)

0.04052

9.37 9 107

9.94 9 102

0.12659

8

3.04 9 102

Pic 19

10

12 (41.7%)

17 (13–34)

9 (7–20)

10

4 (25.0%)

8 (5–29)

6 (3–23)

1.09 9 10

The number of adults visually counted, the number of unique genotypes (and corresponding proportion of males) and population sizes estimated genetically before and after parturition are presented separately. * indicates that population size estimates did not meet the homogeneous sampling assumption. Genetic characteristics were calculated using microsatellites data from the first sampling session only.
FIS values in bold are significantly different from 0 (10,000 permutations), and the ratio 1/probability of identity considering unrelated (PID-rand) or siblings (PID-sibs) individuals.
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4.2 | Extrinsic factors affecting detection
probability and population size estimates

Visual counts
CMR (adult females and males)
CMR (adult females only)

Mean bat colony sizes estimated visually were always closer to the
total population (Figure 2). Hence, visual counts, which do not allow
sex differentiation, underestimate the total number of individuals

80

b

that occupy colonies. Indeed, individuals which are not present when

a
60

a

c

a

the visual count occurs are missed. Individuals with the highest

d

40

Colony size

100

genetic estimates of female population sizes than to those of the

philopatry, that is, females, are more likely to be detected. Beyond
sex, individual detection probability may be heterogeneous due to a
multitude of time- or site-dependent extrinsic factors affecting the

20

observation process itself (observers’ skills, timing and duration of
censusing) and/or conditions (environmental factors restraining visibility or observers’ proximity to the animals and/or factors related to
species biology and ecology; Kunz et al., 2009; Veech et al., 2016).

0

Before birth

After birth

Our results confirm that visual counts represent a reliable and cost-

Sampling session

effective method for censusing the more settled individuals within
F I G U R E 2 Colony sizes estimated by visual counts or capture–
mark–recapture (CMR) approach for both sampling sessions. CMR
models were applied to all sampled individuals and to adult females
only. Error bars represent standard error. Letters represent
significant differences (least-square means, p-values <.05)

colonies (i.e., adult females) when only interested in bat demographic
trends. However, when more detailed demographic data are required
(e.g., population structure, reproduction or vital rates), sampling noninvasively over several consecutive days combined with CMR

4

approaches represents a powerful alternative. Genotypes were
obtained at a cost of 7.25€ per sample (consumables only), and

Males
Nonmother females
Mothers

approximately two months of laboratory work and data analysis

d

were required to obtain clean consensus genotypes for all 19 colo-

3

a,b

b

level while minimizing both disturbance of colonies and the effects
of extrinsic factors on individual detection probability and population
re, 2006; Puechmaille
size estimates (Kunz et al., 2009; Petit & Valie

c

2

a

b

& Petit, 2007).
Half of the population size estimates did not meet the assumption of homogeneous detection probability, and this heterogeneity
can alter population size estimates (Link, 2003). Therefore, popula-

1

Mean number of capture

nies. This investment provided high-quality data at the individual

tion size estimates taken at the colony level should be treated carefully. Indeed, in most wild animal populations, standardizing sampling
0

effort is helpful to reduce biases due to extrinsic factors, but will not

Before birth

After birth

Sampling session
F I G U R E 3 Number of captures for males, nonmother females
and females assigned as mothers for both sampling sessions. Error
bars correspond to the standard error. Different letters correspond
to a significant difference (least-square means, p-values <.05)
(even assuming full siblings), demonstrates that our molecular marker
set is variable enough to discriminate a large number of individuals.
FIS spanned a wide range of values around zero, with the most

totally eliminate heterogeneity, because other intrinsic variables, like
interindividual behavioural variations, will influence their detection
probability through space and time (Veech et al., 2016; Yoccoz et al.,
2001). It is thus crucial to define subsets of populations that differ
in detection probability for a more accurate evaluation of key parameters such as population sizes or vital rates.

4.3 | Intrinsic factors affecting detection probability
and demography

extreme ones being significantly different from zero (Table 2). No

Within a population, individuals may exhibit distinct types of beha-

particular locus was involved in these extreme values (data not

viour that will make them more or less detectable. This heterogene-

shown), excluding potential experimental artefacts. These FIS values

ity in detection probability can be related to one or several intrinsic

may rather be related to different underlying structures (e.g., Wah-

factors including age (e.g., Crespin, Harris, Lebreton, & Wanless,

lund effect or family structures, see Parreira & Chikhi, 2015) in the

2006), sex (e.g., Tavecchia, Pradel, Lebreton, Biddau, & Mingozzi,

different colonies, a topic that will require further investigation.

2002), breeding or social status (e.g., Ogutu et al., 2006).
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Although intrinsic heterogeneity remains difficult to measure and
to control for statistically (Veech et al., 2016), its underlying factors

9

4.3.2 | Female reproductive status

are important to identify and consider whenever possible, because

The combination of our noninvasive CMR approach with parentage

behaviour is often the primary force responsible for changes in den-

analysis allowed deeper insights into the structure of maternity colo-

sity, genetic diversity, and sex or age structure.

nies, revealing that female roost fidelity can change over time
according to reproductive status, and providing fecundity estimates.
Only 26.3% of the females sampled before parturition were

4.3.1 | Sex-related behaviour

assigned a mother status. This is surprisingly low considering previ-

The set of molecular markers used allowed us to assess variation of

ously reported values of this species’ fecundity (e.g., 0.38 and 0.5 in

bat maternity colony structure over time. Our results show that

Schofield, 1996 and Petit, Le Texier, & Farcy, 2014; respectively). A

these colonies are indeed mainly composed of females but also that

possible explanation would be that we failed to assign a significant

the number of males is substantial (25.8%). This is in agreement with

number of mothers due to insufficient sampling, or because of geno-

sex ratios recorded in other European maternity colonies (Bontadina

typing failure of some mothers before parturition and/or some juve-

et al., 2002), although our results demonstrate that sex ratio is not

niles after. The latter is particularly likely because sex ratios of

homogenous between colonies and through time within the same

assigned juveniles, which are supposed to be balanced (Gaisler,

colony.

1966), were biased towards females in our study (21.8% males, data

Unsurprisingly, a greater number of samples was analysed per

not shown). This could be explained by an unexpected difficulty to

female than per male before and after parturition (Figure 3). This

sample juveniles (e.g., particular composition and/or frequency of

number significantly increased in females, while it decreased in males

deposition of juvenile faeces, coprophagy behaviour of the mother),

after parturition, suggesting that most males leave or spend less time

or by a significant part of the assigned juveniles actually correspond-

in the roost and are not recaptured (Table 3). This is supported by

ing to philopatric adult or subadult females sampled only after partu-

the fact that our female population size estimates were slightly

rition. Nevertheless, variation in offspring sex ratio has been

lower (13.7% on average) than visual counts, which only encompass

reported in numerous mammal species including bats (Barclay, 2012),

the most settled individuals independently of their sex. Such beha-

and different adaptive explanations have been proposed (Clutton-

viour has been observed in many other temperate bats where

Brock & Iason, 1986).

females segregate from males in spring and summer to form mater-

We cannot currently accept or reject one of those two hypothet-

~ ez et al., 2009; McCracken
nity colonies and raise their young (Iban

ical explanations for the low number of assigned mothers observed,

& Wilkinson, 2000; Safi et al., 2007; Senior et al., 2005). Indeed,

the reality being probably a mix of both. If low juvenile sampling pre-

during this period of low mating willingness, the lower fidelity of

vails in shaping the observed patterns, sampling twice in a single

males to maternity colonies may reduce local resource competition

year might not be optimal for correctly identifying all mothers of

with pregnant and lactating females that display more stringent for-

that year or to estimate fecundity. Sampling colonies twice a year

aging and roosting requirements (Safi et al., 2007; Senior et al.,

over multiple years would enhance both adult and offspring sample

2005).

sizes and could help elucidating the causes of the observed low

These results highlight the potential of molecular approaches to

parentage assignment and female-biased offspring sex ratios.

investigate sex-related behaviour, in relation to species biology and

Differences between the fecundity observed in bibliography, esti-

ecology, and to evaluate how it could affect individual detection

mated from visual counts, and our molecular approach could also be

probabilities during population surveys. Such sex-specific information

related to intrinsic heterogeneity in individual detection probabilities

can inform conservation programmes, especially in social and/or

due to behavioural differences in roost occupancy between individu-

colonial species in which females, which are key individuals for pop-

als of different reproductive status. Indeed, the mean number of

ulation growth, form isolated groups to give birth and raise their

samples analysed per individual after parturition was higher for

young, a period in which they are particularly vulnerable.

females assigned as mothers than for any nonmother in both sampling sessions (Figure 3). For mothers, the number of samples anal-

T A B L E 3 Number of adults sampled only before parturition vs. in
both sessions, depending on their sex and, for females, their
assignment as a mother

ysed per individual increased after parturition, suggesting a smaller
mobility of females that gave birth. This number did not vary for
nonmother females between sampling sessions, suggesting a stable
behaviour over this period. Furthermore, the proportion of females
resampled after parturition was higher for females assigned as mothers (Table 3). These results clearly show that all females seem to frequent the maternity colony before the permanent settlement of

*
*

*

mothers. Because the costs and benefits of site fidelity for females
may change with reproductive conditions and associated energetic
requirements, we hypothesize that nonmothers are less faithful to

*Significant chi-square test (p-values <.001).

their colony because of intraspecific competition for local resources
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with mothers (see Anthony, Stack, & Kunz, 1981; Kunz et al., 2009;

provided field and logistical support. E. Meglecz and V. Dubut pro-

Ngamprasertwong, Piertney, Mackie, & Racey, 2014).

vided support in taxonomic coverage analysis. E. Hartmann and A.

Finally, our results highlight the suitability of our approach (in-

Monchaux provided informatics support. S. Dool and E. Teeling from

volving a well-conserved polymorphic pseudo-autosomal sexual mar-

University College Dublin provided us with an unpublished R. hip-

ker) to (i) gather high-quality data at the individual level; (ii) decipher

posideros DBY8 sequence used for primer design.

complex interindividual behavioural variations that may influence
individual detection probability; and (iii) consider these factors for
more precise population size and reproduction rate estimates, which
are fundamental for efficient management of wild populations.
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With noninvasive genetic sampling and an analysis method adapted
to large data sets, we obtained high-quality genetic data with minimal disturbance of the colonies. We showed that distinguishing
males from females, using a sex-linked marker, offers unique opportunities to more reliably determine different categories of individuals (males, females, potential breeders, reproductive individuals), to
identify extrinsic and intrinsic factors of heterogeneity in individual
detection probabilities and to estimate population sizes, which is
critical for understanding population dynamics and optimize wildlife
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management. By combining parentage with CMR analyses, we
showed that the population structure of R. hipposideros in maternity
colonies changes dynamically during the summer. Parentage assignment provided valuable insights into female behaviour revealing
that, after parturition, maternity colonies are mainly composed of
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mothers and their offspring, while males and nonmother females
continue to frequent them without residing there permanently.
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Abstract
The speed and dynamics of range expansions increasingly shape future species distributions and
community compositions. 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 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 range expansion induced life history changes in Rhinolophus
hipposideros. The comparison of the inferred demographic parameters between an expanding and a
non-expanding metapopulation reveals that range expansion is associated with higher net
reproduction. Juvenile survival was the main driver of the observed reproduction increase in this longlived bat species of limited annual reproductive output.
A higher average growth rate in the expanding metapopulation do not indicate a trade-off between
increased reproduction and survival, suggesting that the observed increase in reproduction stems
from higher resource acquisition in the expanding metapopulation. 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.

Background
Range expansion is gaining in importance for ecology and conservation with ongoing global change.
A growing number of species are expanding their distribution range, both invasive species rapidly
spreading into new areas and native species following their shifting climatic envelope (Travis and
Dytham 2002; Lenoir and Svenning 2014). Eco-evolutionary changes associated with range expansion
(e.g. increased reproduction or dispersal (Burton et al. 2010; Kubisch et al. 2014), determine invasion
success and the persistence of native species following suitable climatic conditions in space (Colautti
et al. 2017).
Theoretical studies predict spatial sorting and r-selection due to low population density to result in
increased dispersal and reproduction in edge compared to core populations, driving successful range
expansion (Clark et al. 2001; Burton et al. 2010; Phillips et al. 2010). Reality however is more compex
due to trade-offs and other confounding factors such as changes in biotic interactions that are
associated with range expansions (Burton et al. 2010; Phillips et al. 2010). Empirical results are
accordingly heterogeneous: range expansion studies document increases in reproduction or dispersal
traits, but decreases in others, or no change at all (see (Chuang and Peterson 2016) for an extensive
review). In addition to inherent complexities of each study system, there is great variation between
studies in the choice of the investigated trait(s), which inevitably influences the detection (or absence
thereof) of life history changes (Chuang and Peterson 2016).
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The impact of range expansion is extremely challenging to quantify for all relevant life history traits
(Phillips et al. 2010). Ultimately, however, range expansion depends on dispersal and a positive local
population growth rate (Phillips 2009; Iles et al. 2015), i.e. reproduction plus immigration exceeding
mortality plus emigration. Survival rates therefore play a crucial role for range expansion success
(Capellini et al. 2015). Nevertheless, very few range expansion studies investigate adult survival or
related traits (e.g. (Hanski et al. 2005; Amundsen et al. 2012; Kilkenny and Galloway 2012)).
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 (Clark
et al. 2001; Hanski et al. 2005). Changes in demographic parameters (adult and juvenile survival,
fecundity) and resulting population dynamics (e.g. growth) rates therefore present a valuable source
of information 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 demographic and population statistics vary among populations across spatial
scales (Gurevitch et al. 2016).
The deficiency of studies quantifying demographic parameters in the context of range expansion may
stem from challenges associated with estimating adult and juvenile survival 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 and to improve the accuracy of our estimates. We finally
combine our CMR dataset with population size estimates in an Integrated Population 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
(Schaub and Abadi 2011; Schaub et al. 2007).
Previous empirical range expansion studies have focused on species which fall into the r-strategist
rather than the K-strategist category (Chuang and Peterson 2016; Jaspers et al. 2017; Reim et al. 2018).
Global warming induced range shift however also concerns the species of the latter category, where
the predicted increase in reproduction for expanding populations is questionable. We apply our newly
developed method to Rhinolophus hipposideros, a long-lived mammal with limited annual
reproductive output for which range expansion is expected to play a central role in coping with global
warming (Rebelo et al. 2010). We employ a comparative approach, contrasting estimated
demographic parameters and resulting population dynamics of an expanding and a non-expanding
metapopulation (equivalent to edge and core populations, respectively) to investigate if the predicted
increase in reproduction in expanding populations can also be observed in a K-strategist species.

32

Publications

Methods
Data collection
Study site and sampling protocol

We studied two Rhinolophus hipposideros metapopulations. Metapopulation here refers to a set of
populations (maternity colonies) between which individual movements are possible. The German
metapopulation (Thuringia, 19 populations) is currently growing and expanding into previously
occupied areas after a severe range contraction in the second half of the 20th century (Tress et al.
2012b), and hence referred to as the expanding metapopulation . The French metapopulation
(Picardy, 16 populations), which has displayed a stable demographic trend and no expansion during
the last decades (personal communication Office National des Forêts, Compiègne, France), is termed
the non-expanding metapopulation .
In R. hipposideros, females aggregate in so-called maternity colonies during spring and summer to give
birth and raise their single offspring (Biedermann et al. 2012; Dietz et al. 2016). Males can be present
in these maternity colonies to a varying extent (Zarzoso‐Lacoste et al. 2018), 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. By sampling before and after parturition, following the
protocol described by Zarzoso-Lacoste et al. (Zarzoso‐Lacoste et al. 2018), we were able to distinguish
between the "pre-birth session" and "post-birth session . The number of individuals present in the
monitored roosts was estimated visually at each sampling session, with juveniles differentiated from
adults where possible. Sampling was performed from 2013 to 2016 in France, and from 2015 to 2017
in Germany. The number of samples analysed per colony was based on colony size estimated per
visual count in the according year. For each colony, the number of samples analysed corresponded to
twice the estimated colony size in the first year (2013 in France and 2015 in Germany). After that, the
number of processed samples was reduced to once the colony size for the pre-birth sampling sessions
in Germany and for both sampling sessions in France due to technical and financial constraints. The
comparability of the two sampling regimes was assessed via simulations.
No permit was required to access roosts in France. Sampling in Germany was approved of by local
authorities (permit number Jena AV09_AGO7_17).
Capture-recapture data and colony size estimation

Individual capture-recapture data were obtained by extracting DNA from bat droppings and
genotyping them. The complete procedure is described by Zarzoso-Lacoste et al. (Zarzoso‐Lacoste et
al. 2018). The resulting capture-mark-recapture (CMR) dataset encompassed 3480 individuals
(distinct genotypes with identified alleles on at least seven of the nine loci) in the French colonies,
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2437 of which were females; and 3826 individuals (2171 females) in the German dataset. Only females
were considered in the subsequent analyses, because males are not suitable to study demographic
parameters in R. hipposideros due to their low roost fidelity and capture probability (Zarzoso‐Lacoste
et al. 2018).
The number of adult females was estimated using a Bayesian estimator for single session CMR data
(Petit and Valière 2006; Puechmaille and Petit 2007) at the pre-birth sampling sessions, which are less
prone to capture heterogeneity (Zarzoso‐Lacoste et al. 2018). The number of female juveniles was
estimated by dividing the number of visually counted juveniles by two, since the average birth sexratio is balanced in R. hipposideros (Gaisler 1966).
Integrated Population Model
We developed an Integrated Population Model (IPM) for the estimation of demographic parameters
in R. hipposideros from capture-mark-recapture (CMR) data, parentage assignment analysis and
abundance data. To assess its reliability, we progressively constructed three models: A multi-events
model only based on CMR data only (CMRo model), a multi-events model including information from
parentage assignment (CMRpa model), and an IPM presented here, which includes a state-space
model implementing information on the number of adult and juvenile females. We then ran all three
models on simulated datasets and assessed their respective reliability by computing the relative bias,
the precision (standard error, SE) and the accuracy (mean squared error, MSE), following Abadi et al.
(2013). We present the details of the best-performing model (IPM, see Figure1 and Table S1) below.
Details of the CMRo and CMRpa models and the results of the performance test are presented in
Supplementary Material.
The multi-events part of the IPM uses CMR and parentage assignment data. Maternity assignment
was carried out independently for each year using the software Colony 2 with a full-pedigree
likelihood method (Jones and Wang 2010), with data processing as described by Zarzoso-Lacoste et
al. (Zarzoso‐Lacoste et al. 2018). All individuals initially sampled during the pre-birth session were
considered to be adults, with their own detection probability

�

. 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 (bats that were sampled for the first time in this sampling session).
We introduced state uncertainty (Pradel et al. 2010) by estimating the proportions of Mothers and
Juveniles that were correctly assigned ( ��� and ����) and proportion of individuals wrongly
assigned as Mother or Juvenile ( �� ,
Mothers

��� and ���, see Figure 1)a. The detection probability of

was set to be higher than that of Non-mothers

due to their higher roost fidelity

(Zarzoso‐Lacoste et al. 2018). State transition from the post-birth session to the pre-birth session
allowed us to estimate local adult and juvenile survival rates (ϕ� and ϕ� , respectively), i.e. the

probability to survive to the next year and to remain in the same colony. Survival greatly differs
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between adult and juvenile bats (Rossiter et al. 2001; Sendor and Simon 2003; Humphrey and Oli 2015)
and was therefore estimated separately for the two categories. The transition from pre-birth to postbirth states allows the estimation of fecundity � . 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 lesser horseshoe 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
Supplementary materials (CMRpa model), and the likelihood of this model is
|ϕ� , ϕ� , �,

�,

,

,

���, ���� , �� ,

���, ��� .

�

�

=

In addition to the individual CMR data the IPM uses colony size estimates of adult females (Bayesian
estimator) 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:
�,�+1

~�

�,�

�,�

~�

∗ �� +
�,�

∗�

�,�

∗ ��

Counting error was implemented in the model by considering that the colony visual count data (yx,t,
where x represents either adults (a) or juveniles (j) and t corresponds to the year) were related to actual
colony size (Nx,t) with a Poisson distribution as ��,� ~ �

model is
�,

�,�

. The likelihood of the state-space

= �| , ϕ� , ϕ� , � , which makes the joint likelihood used in the IPM (Figure1):

|N, ϕ� , ϕ� , �,

�,

,

,

���, ���� , �� ,

provided as Supplementary Material.

�

=

���, ��� . A JAGS script of this model is

Figure 1: Acyclic graph illustrating the components of model likelihood in the IPM. ϕj=apparent juvenile survival, ϕa=adult
survival, pA=adult detection probability, F = fecundity, m* = capture–recapture data including parentage assignment
information, pM = mother detection probability, pN = 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 Mothers, MasJ = proportion of Mothers wrongly assigned as Juvenile, NasJ = proportion of Non-mothers wrongly
assigned as a Juvenile,. ya = number of females estimated from single session CMR estimator, yj =number of juveniles
estimated from visual counts, Na = Adult population size, Nj = Juvenile population size.
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We did not consider emigration or immigration in our simulations and models, assuming closed
populations, because R. hipposideros females are highly philopatric (Biedermann et al. 2012; Dietz et
al. 2016; Dool et al. 2016). We also assumed in the models that demographic parameters were
constant over years to focus on differences between populations rather than on temporal variations
of these parameters.
Model computation
We calculated the posterior distribution of the demographic parameters (ϕ� , ϕ� and �) for all three
models with Markov Chain Monte Carlo (MCMC) computations implemented in the program JAGS

(Plummer 2003). JAGS was executed from R version 3.3.3 (R Core Team 2017) with the package jagsUI
(Kellner 2017). We ran 1,200,000 iterations and discarded the 1,100,000 first iteration as a burn-in,
with a thinning interval of two. Convergence of the models was checked with the potential scale
reduction factor (Brooks and Gelman 1998). Estimates were averaged over all sampling years of the
expanding and the non-expanding metapopulation, respectively, because we were interested in
variation between the two metapopulations rather than between single sampling years.
Statistical analyses
All statistical analyses were performed in R version 3.3.3 (R Core Team 2017). We first tested for
differences in demographic parameters (adult and juvenile survival, fecundity, net reproduction
(fecundity * juvenile survival), and population growth rate (adult survival + net reproduction))
between the expanding and the non-expanding metapopulation. For this purpose, we used linear
models with the demographic parameter of interest as a response variable and the metapopulation
of origin (expanding or non-expanding) as an explanatory variable. We used a weighted least square
model to take into consideration the uncertainty in parameters estimates (standard error) provided
by the IPM (Table S 2). To test the significance of the influence of the metapopulation of origin, we
performed an analysis of variance (ANOVA) on the respective model. We repeated this analyses with
jacknifing colonies (one at a time) to assess if outliers were influencing the overall outcome. ANOVA
p-values were re-calculated for all jacknifed datasets with one colony removed respectively.
Correlations between demographic parameters among colonies were assessed for both
metapopulations with a Spearman correlation test. We additionally used a Bartlett test to examine if
the variance between colonies in the estimated demographic parameters differed between the
expanding and the non-expanding metapopulation.

Results
For the estimation of adult survival and fecundity from simulated data, the IPM provided accurate
(relative bias < 0.02) estimates of high precision (SE< 0.03; MSE<0.001; Table S 1, Figure S7. Juvenile
survival was systematically overestimated (relative bias < 0.12) and also less precise (SE<0.13),
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resulting in an overall higher MSE of up to 0.017 (Table S 1, Figure S7). The overestimation of juvenile
survival was consistent between the two simulated datasets representing the two metapopulations
of the empirical dataset (Table S 1, Figure S7). Compared to the simpler models using only part of the
information, the performance of the IPM was clearly superior (Table S 1, Figure S7).
For the empirical datasets, the resulting estimates provided by the IPM revealed that all demographic
parameters were significantly increased in the expanding compared to the non-expanding
metapopulation (Table 1). The largest difference was observed in juvenile survival, followed by
fecundity (Table 1). Average net reproduction and average growth rate of the expanding
metapopulation concordantly exceeded those of the non-expanding one (Table 1).
Table 1: Demographic parameters (fecundity, adult and juvenile survival) estimated via the IPM for an expanding and a nonexpanding metapopulation of R. hipposideros and corresponding standard errors. Average values of the calculated net
reproduction rates (fecundity*juvenile survival) and growth rates (adult survival + net reproduction) for both
metapopulations. An ANOVA on weighted least-square models was used to test for significant differences in these
parameters between metapopulations.

Parameter

expanding

non-expanding

Significance

Fecundity

0.42 ± 0.03

0.33 ± 0.05

**

Adult survival

0.80 ± 0.02

0.74 ± 0.02

*

Juvenile survival

0.56 ± 0.02

0.35 ± 0.03

***

Reproduction rate

0.23 ±0.02

0.11 ± 0.02

***

Growth rate

1.03 ± 0.02

0.85 ± 0.02

***

Adult survival differed only marginally between the two (Figure 2, Table1). When jacknifing, the
difference became non-significant when removing from the data set either of the three colonies with
the highest adult survival from the expanding metapopulation (Thu33, Thu35, Thu37) or one specific
colony with relatively low adult survival from the non-expanding metapopulation (Pic 6, see Figure2).
Jacknifing did not change the results for any of the other investigated demographic parameters.

Publications

37

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 metapopulation). Squares: non-expanding metapopulation;
Circles: expanding metapopulation. Lines represent the standard error.

The variance of fecundity was significantly higher in the non-expanding metapopulation (0.034) than
in the expanding one (0.012; p-value=0.04; also see Figure2). Adult and juvenile survival were
positively correlated in the expanding metapopulation 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
metapopulation.

Discussion
The demographic parameter estimates of the IPM are in concordance with values of adult survival,
fecundity, and juvenile survival reported for temperate zone bat species (Rossiter et al. 2001; Sendor
and Simon 2003; Humphrey and Oli 2015; Dool et al. 2016; Fleischer et al. 2017), even though
simulations indicate a positive bias in estimated juvenile survival. This overestimation of juvenile
survival may stem from adult individuals first sampled in a post-birth sampling sessions and thus
considered potential juveniles. This status may be supported if a mother is assigned to this individual,
inflating juvenile survival without changing fecundity or adult survival. 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 considered as a juvenile and assigned to a mother. As adult survival on
average is higher than that of juveniles, such cases would result in an overestimation of juvenile
survival. Another explanation might be a particularly high mortality of juveniles in the first weeks after
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birth (Tress et al. 2012b), i.e. before the post-birth sampling session. Juveniles who are thus never
sampled can increase estimated juvenile survival.
Emigration and immigration are currently not implemented in our model, presenting a potential
source of bias. Emigrating bats are considered dead, and immigrating ones are registered as
previously unsampled adults. Not accounting for dispersal should not bias the growth rate estimates,
however, if immigration and emigration are balanced. This seems to be the case in the non-expanding
metapopulation, indicated by its overall stable metapopulation trend observed during the last
decades. In the expanding metapopulation, on the other hand, ongoing colonization demonstrates
the existence of female dispersal. Spatial sorting can result in higher dispersal rates in expansion front
populations, which would entail emigration exceeding immigration and thus, an underestimation of
the expanding metapopulation s average growth rate. Our results thus are conservative because the
expanding metapopulation s average growth rate could exceed the non-expanding metapopulation s
one by an even higher degree.
Comparing demographic parameters estimated with the developed model for the two populations
shows an increase in net reproduction in the expanding one, resulting from greater fecundity and
particularly from higher juvenile survival (Figure2, Table1). Notably, R. hipposideros females cannot
bear more than one juvenile per year and there is very limited variation in the age at first parturition
in females that give birth in their first year (Dietz et al. 2016). The number of offspring per female and
year being either zero or one in R. hipposideros, variation in fecundity is determined by the proportion
of females giving birth. Investigating demographic parameters at the population level demonstrates
that proportionally more birth events and hence, higher reproduction rates, can be detected in the
expanding metapopulation. A major part of the observed increase in reproduction however originates
from higher juvenile survival.
In previous empirical studies, range expansion induced changes in reproduction were mainly
associated with altered clutch or litter size and age at sexual maturity (Chuang and Peterson 2016;
Courant et al. 2017; Jaspers et al. 2017; Lustenhouwer et al. 2017; Masson et al. 2018). Our findings
demonstrate that net reproduction can increase during range expansion also in a K-strategist species
(Gaisler 1989; Racey and Entwistle 2000) 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.
The great contribution of juvenile survival to the observed increase in net reproduction suggests that
the latter may be achieved via different mechanisms in K- and r-strategists, with juvenile survival
potentially playing a more important role in species of limited annual reproductive output.
No negative fitness implication of increased reproduction were detected in the expanding
metapopulation, which did not display a decrease in adult survival and had a higher average growth
rate. Thus, no trade-off of increased reproduction is apparent in the expanding metapopulation. The
theory of life history evolution under range expansion postulates that increased reproduction and
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dispersal entail negative fitness consequences for other traits, but empirical studies frequently fail to
detect the expected trade-offs (Chuang and Peterson 2016). 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 (Chuang and Peterson 2016). Trade-offs diminishing competitive ability present a typical
case: they are negligible during colonization, but selection pressure on this trait increases with rising
population density in the post-colonization phase, mediating the attenuation of dispersal and/or
reproduction (Burton et al. 2010; Perkins et al. 2016).
Importantly, trade-offs can also be masked when variation in resource acquisition dominates over the
variation in resource allocation (van Noordwijk and de Jong 1986). Studies on female performance
(albeit not in a range expansion context) often find no detectable trade-offs of reproduction, but
strong variation between individuals, which is attributed to individual differences in resource
acquisition (Hamel et al. 2010; Gimenez and Gaillard 2017). Such differences can depend e.g. on home
range quality (McLoughlin et al. 2007) or environmental conditions, including density (Hamel et al.
2009). Our study suggests that this phenomenon can also occur at the population level: the expanding
metapopulation 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 metapopulation. While a negative correlation between traits indicates a trade-off, a
positive correlation is indicative of a strong influence of resource acquisition (van Noordwijk and de
Jong 1986). The observed differences between the studied metapopulations thus seem to originate
from higher resource acquisition, implying overall better conditions in the expanding compared to the
non-expanding metapopulation.
Possible reasons for this higher resource acquisition in the expanding metapopulation include for
example decreased foraging costs due to lower population density (Phillips et al. 2010), or higher
quality of available roosts. Identifying which of the manifold potential factors (or combination
thereof ultimately determines the observed expanding metapopulation s better performance is
beyond the scope of our study. Yet, mechanisms underlying differences in resource acquisition
warrant investigation, because they are highly relevant for the assessment of range expansion
dynamics. Low initial population density is nearly always an intrinsic feature of range expansion and
usually considered when predicting range shift scenarios. If however resource acquisition and hence,
population growth, are rather determined by other environmental characteristics intrinsic to the
colonized habitat (e.g. climate, landscape, enemy or competitor species), range expansion dynamics
will depend more on the habitat to be colonized, and become less predictable.
Variation in resource acquisition also within the non-expanding metapopulation (in addition to
variation in resource acquisition between metapopulations) might further explain the high variance in
fecundity observed in the latter. High variance in fecundity and thus, reproduction, but not in adult
survival under suboptimal conditions (i.e. populations at or close to carrying capacity) is in
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concordance with the life history strategy of R. hipposideros. In K-strategists, lifetime reproductive
success is critically determined by life span (Clutton-Brock 1988) and resource limitation manifests in
lowered reproduction rather than adult survival (van Noordwijk and de Jong 1986; Gaillard and Yoccoz
2003; Hamel et al. 2010). In bats, longevity is particularly important for lifetime reproduction success,
because their reproductive potential diminishes only marginally with age (Fleischer et al. 2017).
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 metapopulation. In contrast to the
reproduction parameters, adult survival was only marginally higher in the expanding metapopulation,
and the difference became non-significant when removing any of the three colonies with the highest
adult survival rate from the data set of the expanding metapopulation. This finding indicates that the
observed significant difference in adult survival between the two metapopulations originates from
outliers in our dataset, and should be interpreted with caution. Moreover, weighting by the standard
error may result in a very strong influence of higher values: The variance of estimates will be lower for
colonies with higher adult survival because they are closer to the maximum value of one (Gaillard and
Yoccoz 2003). A marginal or even non-significant increase in adult survival despite assumed higher
resource acquisition in the expanding metapopulation hence is in concordance with the strong
selection pressure on adult survival in K-strategists. In such species, adult survival will already be close
to the possible maximum, with little potential for further increase.
Interestingly, the lower average growth rate of the non-expanding metapopulation seems to be
associated with a higher variation also in the conditions prevailing in the single colonies, resulting in a
high variance of fecundity between colonies (Figure 2). The expanding metapopulation s much more
homogenous fecundity might either be due to a smaller variation in patch quality or to a larger choice
of patches due to the lower population density, allowing the majority of colonies to establish in highquality patches. Unlike the expanding metapopulation, which underwent severe declines in the
second half of the 20th century, the non-expanding one has persisted in its current habitat at relatively
high population densities, which probably resulted in the colonization also of patches of poorer
quality.
To assess which of those two aspects dominates in creating differences in resource acquisition, future
studies could investigate differences in habitat quality (e.g. food abundance, roost quality, climatic
conditions etc.) and compare its influence to that of differences in the per capita availability of
resources (e.g. food, high-quality roosts, etc.). The latter requires an estimation of population
densities in addition to habitat quality, both of which were beyond the scope of this study, but which
could prove worthwhile for predicting range expansion dynamics in future studies, especially in
species where reliable census data are available on a large scale.
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Conclusions
Taken together, the present study highlights that range expansion is associated with increased
reproduction also in R. hipposideros, a K-strategist (Gaisler 1989; Racey and Entwistle 2000), 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 nonexpanding metapopulation are due to resource acquisition varying between metapopulations, but
also between populations of the non-expanding metapopulation. The fact that we did not detect a
trade-off of increased reproduction as well as the positive correlation between adult and juvenile
survival in the expanding metapopulation indicates that these differences in resource acquisition
dominate over resource allocation effects in shaping the observed population dynamics. The
characteristics of the novel habitat being colonized may have a strong impact on resource acquisition,
thus potentially influencing range expansion speed and dynamics, and should be accounted for by
predictions and conservation strategies (Angert et al. 2011; Gurevitch et al. 2016). Assisting ongoing
range expansion and optimizing future habitat could be crucial for many species shifting their range
poleward in response to global warming, and identifying habitat features associated with invasion
success could help to predict invasion dynamics more precisely.
Our study demonstrates that demographic parameters (fecundity, juvenile and adult survival) are
excellently suited to investigate the impact of range expansion. First, they are key aspects of life
history and allow the investigation of life history changes associated with range expansion, such as
increased reproduction. At the same time, they provide valuable information about the associated
fitness consequences (Takada and Shefferson 2018). While studying selected life history traits (e.g.
age at maturity) can provide more detailed insights into the specific changes associated with range
expansion and trade-offs, comparing the overall performance of edge and core (here, expanding and
non-expanding) populations is more conclusive concerning the relevance of potential trade-offs and
consequences for long-term range expansion success.
Targeting demographic parameters when investigating range expansions also has another important
advantage: they are comparable among study settings and organisms. The plethora of different life
history traits investigated in empirical studies on life history changes under range expansion results in
very heterogeneous findings (Chuang and Peterson 2016) of little comparability. Our presented
approach for the estimation of demographic parameters presents a step towards a more homogenous
framework in which to quantify and compare life history changes and their fitness implications
associated with range expansion. The ability to compare the findings of such studies across various

42

Publications

study systems and organisms presents an important prerequisite for meta-analyses seeking to
identify general patterns of eco-evolutionary changes associated with range expansion.
Studies investigating variation in demographic parameters and the resulting population dynamics
across sufficiently large numbers of populations and spatial scales are crucial to understand complex
ecological phenomena such as range shifts and thus, for the development of monitoring programs
and conservation strategies (Gurevitch et al. 2016). Our study illuminates patterns of variation of
these parameters in the context of range expansion, i.e. within and between metapopulations.
Linking the observed patterns to the environmental conditions in the populations respective habitats
will pave the way for predicting range expansion dynamics more precisely.
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Supplementary Materials
File S1: Simulations
To test the reliability of models that utilize genetic data for estimating vital rates, we simulated two
times 36 colonies consisting of 100 females each (representing the two different metapopulations of
our empirical data set) and tested the three different models. Mimicking the different sampling
regimes in our empirical data, the life histories of each individual and the appearance of new ones
(juveniles) were simulated for four years in the non-expanding, and for three years in the expanding
metapopulation. We also simulated the birth of male juveniles, but they were excluded from the
dataset used in CMR models. Based on previous knowledge on R. hipposideros and other bat species
(Rossiter et al. 2001; Sendor and Simon 2003; Petit et al. 2014; Dool et al. 2016; Fleischer et al. 2017),
we set adult survival to 0.85, juvenile survival to 0.4, and fecundity (considering only female juvenile)
to 0.4 in our simulated colonies.
Simulated individuals were then sampled to create CMR data, considering two sessions each year and
juveniles being captured only in post-birth sessions. Each simulated colony was sampled twice,
following either the sampling procedure of the non-expanding meta-population (i.e. the number of
samples corresponding to twice the estimated the colony size in the first year and being equal to the
estimated colony size in the following years), or the sampling procedure of the expanding population
(i.e. the number of samples corresponding to twice the estimated colony size in all post-birth sampling
sessions and the pre-birth sampling session of the first year, and being equal to the estimated colony
size for the pre-birth sampling sessions of the following years). Based on previous knowledge on
detection probabilities in maternity colonies (Zarzoso‐Lacoste et al. 2018), detection probabilities
were set depending on the reproductive status: For sessions where the number of samples was
equivalent to colony size, we set detection probabilities between 0.45 and 0.55 for adults (pre-birth,
no distinction of reproductive state) and non-mothers (post-birth), and between 0.65 and 0.75 for
mothers (post-birth) due to higher roost fidelity of mothers in the post-reproduction phase. Juvenile
detection probabilities were set relatively low, between 0.25 and 0.35, because there is only a single
sampling session where a juvenile can be sampled and because juvenile mortality is expected to be
particularly high in the first few weeks in European bats (Tress et al. 2012b), which greatly reduces
overall detection probability compared to adults. Detection probabilities (dp) were increased for
sessions when the number of samples corresponded to twice the estimated colony size (Increased
detection probability = dp + (dp*(1-dp))).
Colony size estimates were simulated including observation errors with a Poisson distribution, using
the true colony size as lambda. Parentage assignment was was conditional on the detection of both
juvenile and mother and included a proportion of unassigned dyads between 5 and 15%.
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Once the dataset was simulated, we estimated demographic parameters with three different models
(see following sections for more details): One considering only the capture-recapture data to estimate
adult and juvenile local survival (CMRo), a model including parentage assignment data to also
estimate fecundity (CMRpa), and an IPM combining the CMRpa model with a state space model using
colony size estimates see section )ntegrated Population Model in the main manuscript). We then
estimated and compared the reliability of those models by computing their relative bias, precision
(standard error) and accuracy (mean squared error), following Abadi et al. (2013).
File S2: CMRo model
This model draws exclusively on CMR data for the estimation of adult and juvenile survival (see
Section )ntegrated Population Model in the main manuscript for more details). Two observations are
considered: "Possible Juveniles", which corresponds to individuals detected for the first time during a
post-birth session, and "Adults". The observation process follows a multinomial distribution with cells
that are a function of adult detection probability

and the proportion of adults only detected later,

at the post-birth sampling session � . The state process also follows a multinomial distribution with

cells that are a function of juvenile survival (ϕ� – the probability for a Juvenile to survive and become

an Adult) and adult survival (ϕ� – the probability for an Adult to survive to the next year). Intra-annual
survival, i.e. survival between pre- and post-birth sampling was not considered, because we expect
adult mortality to be negligible during the few days between sampling sessions. Survival rates and the
proportion of adults detected late (i.e. post- instead of pre-reproduction) were assumed to remain
constant in time. Detection probability however was considered to be specific for the sampling session
to fit the varying sampling effort in our protocol. Given previous knowledge on bat survival probability,
we constrained juvenile survival rates to be lower than adult survival by at least 0.1 (Rossiter et al.
2001; Sendor and Simon 2003; Humphrey and Oli 2015). The state process and the observation
process are illustrated in Figure S 1. The initial state matrix, the transition matrix and the detection
matrix containing the parameters of the multinomial distributions are displayed in Figure S 2. The
likelihood of this model (Figure S 3) is
File S3: CMRpa model

�

=

|ϕ� , ϕ� , , � .

In addition to CMR data, information from parentage assignment is included in this model to estimate
fecundity (see section )ntegrated Population Model in the main manuscript for more details).
Individuals sampled at the pre-reproduction session or already sampled in previous years were
considered as adults and thus, potential parents. Individuals first sampled at the post-birth session
were considered as potential juveniles. The full parentage assignment method is described by
Zarzoso-Lacoste et al. (Zarzoso‐Lacoste et al. 2018).
In this model, all individuals sampled in pre-reproduction sessions are still considered as Adults (with
their own capture probability -

� ), but three states are possible for post-birth sessions: Mother

(of a
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female offspring), Non-mother and Juvenile (Figure S 4). The state process still follows a multinomial
distribution with cells that are a function of ϕ� and ϕ� for the state transition from post-birth to pre-

reproduction sessions (Figure S 5), because we considered that the survival probability was the same
for mothers and non-mothers. Cells considering the transition from Adults to Mothers or Nonmothers are a function of fecundity (�). We directly included the parentage assignment results in the
CMR data by adding the observations "assigned as mother" and "assigned as juvenile" in the
observation process (Figure S 4). The parentage assignment protocol implies that an individual can
only be assigned as a mother if it was previously sampled, and assigned as a juvenile if it is its first
detection (Zarzoso‐Lacoste et al. 2018). A previous study on R. hipposideros demonstrated that roost
fidelity, and thus detection probability is higher in mothers than in non-mothers (Zarzoso‐Lacoste et
al. 2018). The multinomial distribution of the observation process is thus a function of the Adult,
Mother, and Non-mother detection probabilities, respectively (
higher than

�,

, and

, with

set to be

) and parameters considering assignment error. Juveniles can only be sampled during

their first detection, hence their detection probability cannot be quantified and is not considered in
the model. The proportions of Mothers and Juveniles that were correctly assigned ( ��� and ����,
respectively,) were set in the model without constraints: We expected a good parentage assignment

between the potential mothers and potential juveniles from the Colony software, but accurate
assignments require both the detection of the Mother before birth and the detection of the Juvenile,
which will probably lower

��� and ���� (Zarzoso‐Lacoste et al. 2018). The proportion of individuals

wrongly assigned as Mother or Juvenile, termed �� ,

��� and ��� depending on their states and

observation (see Figure S 5) were assumed to be low, and set to less than 5%. The initial state matrix,
the transition matrix and the detection matrix containing the parameters of the multinomial
distributions are displayed in Figure S4. The likelihood of this model (Figure S 6) is
|ϕ� , ϕ� , �,

�,

,

,

as a Supplementary File.

���, ���� , �� ,

�

�

=

���, ��� . The JAGS script of this model is provided

File S4: JAGS script of the Integrated Population Model
###### Values supplied to the model #######
# X.phi : vector used to distinguish from one
transition to another,
# X.phi=c(1,2,1,2,1,2,1)
# CountA : Number of adult females estimated at
each session
# CountJ : Number of juvenile females estimated
at each post#
#
females (estimation from
#
#
#
individual
#

reproduction session
Adinit : Starting value for the number of adult
the first session)
y : CMR data
f : Session of first

detection

n.occasions : number of sessions

for

each
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# n.ind : number of individuals in the CMR data
#########################################
model {
# Between pre-birth and post-birth sessions :

adult
#
#
#
#

survival = 1, and juvenile survival = 0.
Between post-birth and pre-birth sessions :
fecundity = 0.
For every other transitions : Vital rates are

supposed constant.

for (t in 1:(n.occasions-1)){
phiAd[t] <- survAd[X.phi[t]]
}
for (t in 1:(n.occasions-1)){
phiJu[t] <- survJu[X.phi[t]]
}
for (t in 1:(n.occasions-1)){
Fec[t] <- Fecund[X.phi[t]]
}

survAd[1]~ dunif(0.999, 1)
survAd[2]~ dunif(0, 1)
survJu[1]~ dunif(0, 0.001)
survJu[2]~ dunif(0, 1)
Fecund[1]~ dunif(0, 1)
Fecund[2]~ dunif(0, 0.001)

#########
#
# State-Space Model
#
#########
# Initial population size (NJu : juvenile
population size, NAd : adult
# population size).
# At the first session (pre-reproduction), there
is not any juvenile
n1 ~ dnorm(0, 1000000)T(0,0)
nad ~ dnorm(Adinit, 0.1)T(0,)
NJu[1] <- round(n1)
NAd[1] <- round(nad)
#

Juvenile

population

size

:

0

at

pre-

reproduction session,
# Fecundity * Adult population size at postreproduction session.
# index 7 and 8 are only used for the non-expading
meta-population
# (only six sessions in the expanding one)
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mean1[2]
mean1[4]
mean1[6]
mean1[8]
mean1[1]
mean1[3]
mean1[5]
mean1[7]
NJu[2]
NJu[4]
NJu[6]
NJu[8]
NJu[3]
NJu[5]
NJu[7]

<<<<<<<<-

Fecund[1]
Fecund[1]
Fecund[1]
Fecund[1]
0
0
0
0

*
*
*
*

~ dpois(mean1[2]
~ dpois(mean1[4]
~ dpois(mean1[6]
~ dpois(mean1[8]
<- 0
<- 0
<- 0

NAd
NAd
NAd
NAd

[1]
[3]
[5]
[7]

)
)
)
)

# Adult population size : depend of the survival
of individuals from
# one year to another
for (t in 2:n.occasions){
meanAd[t] <- survAd[X.phi[t-1]] * NAd [t-1] +
survJu[X.phi[t-1]] * NJu [t1]
NAd[t] ~ dpois(meanAd[t])
}
# Count of population size : include observation
# error with a Poisson distribution
for (t in 1:n.occasions){
CountA[t] ~ dpois(NAd[t])
}
CountJ[2]
CountJ[4]
CountJ[6]
CountJ[8]

~
~
~
~

dpois(NJu[2])
dpois(NJu[4])
dpois(NJu[6])
dpois(NJu[8])

#########
#
# CMR
#
#########
# Probability of detection : Adults are only seen
during pre-birth
# session.
# Other states

are

seen

session. pN are
# always inferior to pM.
pAd[1]
pAd[3]
pAd[5]
pAd[7]
pAd[2]
pAd[4]
pAd[6]

~ dunif(0,
~ dunif(0,
~ dunif(0,
~ dunif(0,
<- 0
<- 0
<- 0

1)
1)
1)
1)

during

post-birth
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pAd[8] <- 0
pN[2] ~ dunif(0, pMo[2])
pMo[2] ~ dunif(0, 1)
pN[4] ~ dunif(0, pMo[4])
pMo[4] ~ dunif(0, 1)
pN[6] ~ dunif(0, pMo[6])
pMo[6] ~ dunif(0, 1)
pN[8] ~ dunif(0, pMo[8])
pMo[8] ~ dunif(0, 1)
pN[1] <- 0
pMo[1] <- 0
pN[3] <- 0
pMo[3]<- 0
pN[5] <- 0
pMo[5] <- 0
pN[7] <- 0
pMo[7] <- 0
JuvAssign ~ dunif(0, 1)
MAssignasJuv ~ dunif(0, 0.05)
MAssign ~ dunif(0, 1)
NAssignasJuv ~ dunif(0, 0.05)
NAssignasM ~ dunif(0, 0.05)
# Diritchlet distribution for gamma distribution
for (i in 1:4) {
a[i] ~ dgamma(1,1)
pi[i] <- a[i]/sum(a[])
}
###### Define state-transition and observation

matrices ########
# Define state probability when an individual is
sampled
for (i in 1:nind){
for (t in f[i]:f[i]){
pj[i,t,1]
pj[i,t,2]
pj[i,t,3]
pj[i,t,4]

<<<<-

pi[1]
pi[2]
pi[3]
pi[4]

# Define probabilities of observation(t) given
the state(t) at the session
# of first marking. See initial state matrix of
the CMRpa model
p1o[1,i,t,1]
p1o[1,i,t,2]
p1o[1,i,t,3]
p1o[1,i,t,4]
p1o[1,i,t,5]

<<<<<-

1
0
0
0
0

p1o[2,i,t,1]
p1o[2,i,t,2]
p1o[2,i,t,3]
p1o[2,i,t,4]
p1o[2,i,t,5]

<<<<<-

0
JuvAssign
1-JuvAssign
0
0

p1o[3,i,t,1] <- 0
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p1o[3,i,t,2]
p1o[3,i,t,3]
p1o[3,i,t,4]
p1o[3,i,t,5]

<<<<-

MAssignasJuv
(1-MAssignasJuv)
0
0

p1o[4,i,t,1]
p1o[4,i,t,2]
p1o[4,i,t,3]
p1o[4,i,t,4]
p1o[4,i,t,5]

<<<<<-

0
NAssignasJuv
(1-NAssignasJuv)
0
0

}

#

Define

probabilities

of

state(t+1)

given

state(t)
# See Transition matrix of the CMRpa model

for (t in f[i]:(n.occasions-1)){
ps[1,i,t,1]
ps[1,i,t,2]
ps[1,i,t,3]
ps[1,i,t,4]
ps[1,i,t,5]
ps[2,i,t,1]
ps[2,i,t,2]
ps[2,i,t,3]
ps[2,i,t,4]
ps[2,i,t,5]
ps[3,i,t,1]
ps[3,i,t,2]
ps[3,i,t,3]
ps[3,i,t,4]
ps[3,i,t,5]
ps[4,i,t,1]
ps[4,i,t,2]
ps[4,i,t,3]
ps[4,i,t,4]
ps[4,i,t,5]
ps[5,i,t,1]
ps[5,i,t,2]
ps[5,i,t,3]
ps[5,i,t,4]
ps[5,i,t,5]

<<<<<<<<<<<<<<<<<<<<<<<<<-

0
0
Fec[t]
1-Fec[t]
1-phiAd[t]
phiJu[t]
0
0
0
1-phiJu[t]
phiAd[t]
0
0
0
1-phiAd[t]
phiAd[t]
0
0
0
1-phiAd[t]
0
0
0
0
1

}
# Define probabilities of observation(t) given
state(t) after first sampling
# See detection matrix of the CMRpa model
for (t in (f[i]+1):(n.occasions)){
po[1,i,t,1]
po[1,i,t,2]
po[1,i,t,3]
po[1,i,t,4]
po[1,i,t,5]
po[1,i,t,6]
po[2,i,t,1]

<<<<<<<-

pAd[t]
0
0
0
0
1-pAd[t]
0
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po[2,i,t,2]
po[2,i,t,3]
po[2,i,t,4]
po[2,i,t,5]
po[2,i,t,6]
po[3,i,t,1]
po[3,i,t,2]
po[3,i,t,3]
po[3,i,t,4]
po[3,i,t,5]
po[3,i,t,6]
po[4,i,t,1]
po[4,i,t,2]
po[4,i,t,3]
po[4,i,t,4]
po[4,i,t,5]
po[4,i,t,6]
po[5,i,t,1]
po[5,i,t,2]
po[5,i,t,3]
po[5,i,t,4]
po[5,i,t,5]
po[5,i,t,6]

<<<<<<<<<<<<<<<<<<<<<<<-

0
0
0
0
0
0
0
0
pMo[t] * MAssign
pMo[t] * (1-MAssign)
1-pMo[t]
0
0
0
pN[t] * (NAssignasM)
pN[t] * (1 - NAssignasM)
1-pN[t]
0
0
0
0
0
1

} }
####### Likelihood ##############
for (i in 1:nind){
# Define latent state at first capture
z[i,f[i]] ~ dcat(pj[i,f[i],])
y[i,f[i]] ~ dcat(p1o[z[i,f[i]],i, f[i],])
for (t in (f[i]+1):n.occasions){
# State process: draw state(t) given state(t-1)
z[i,t] ~ dcat(ps[z[i,t-1],i,t-1,])
# Observation process: draw observation(t) given
state(t)
y[i,t] ~ dcat(po[z[i,t],i,t,])
} #t
} #i
} #model

Publications

59

Table S 1: Relative bias, standard error, and mean squared error (MSE) of the three developed models for the estimation of
adult survival, juvenile survival, and fecundity.

expanding
Parameter Model Relative Standard
bias
error
CMRo
0.01
0.02
Adult
CMRpa
0.01
0.03
survival
IPM
0.01
0.03
CMRo
0.20
0.06
Juvenile
CMRpa
0.07
0.09
survival
IPM
0.07
0.07
CMRo
NA
NA
Fecundity CMRpa
0.86
0.06
IPM
0.02
0.02

MSE
0.001
0.001
0.001
0.010
0.009
0.006
NA
0.122
0.001

non-expanding
Relative Standard
bias
error
0.01
0.03
0.01
0.03
0.01
0.03
0.24
0.07
0.10
0.13
0.11
0.12
NA
NA
1.05
0.03
0.02
0.03

MSE
0.001
0.001
0.001
0.014
0.019
0.017
NA
0.176
0.001
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Table S 2: demographic parameters of studied Rhinolophus hipposideros colonies

Colony
Thu20
Thu21
Thu22
Thu23
Thu24
Thu25
Thu26
Thu27
Thu28
Thu29
Thu30
Thu31
Thu32
Thu33
Thu34
Thu35
Thu36
Thu37
Thu39
Pic1
Pic2
Pic3
Pic4
Pic5
Pic6
Pic7
Pic8
Pic10
Pic11
Pic14
Pic15
Pic16
Pic17
Pic18
Pic19

Metapopulation
expanding
expanding
expanding
expanding
expanding
expanding
expanding
expanding
expanding
expanding
expanding
expanding
expanding
expanding
expanding
expanding
expanding
expanding
expanding
non-expanding
non-expanding
non-expanding
non-expanding
non-expanding
non-expanding
non-expanding
non-expanding
non-expanding
non-expanding
non-expanding
non-expanding
non-expanding
non-expanding
non-expanding
non-expanding

Adult
Survival
0.65 ± 0.04
0.86 ± 0.06
0.81 ± 0.05
0.81 ± 0.07
0.90 ± 0.09
0.78 ± 0.11
0.85 ± 0.06
0.71 ± 0.07
0.74 ± 0.05
0.73 ± 0.06
0.83 ± 0.07
0.78 ± 0.08
0.90 ± 0.07
0.90 ± 0.05
0.59 ± 0.12
0.92 ± 0.06
0.78 ± 0.07
0.93 ± 0.05
0.77 ± 0.06
0.65 ± 0.07
0.73 ± 0.05
0.63 ± 0.05
0.80 ± 0.05
0.76 ± 0.04
0.69 ± 0.03
0.82 ± 0.05
0.80 ± 0.04
0.79 ± 0.06
0.72 ± 0.05
0.77 ± 0.04
0.93 ± 0.05
0.72 ± 0.03
0.72 ± 0.07
0.68 ± 0.04
0.70 ± 0.07

Juvenile
Survival
0.45 ± 0.07
0.66 ± 0.09
0.49 ± 0.09
0.47 ± 0.13
0.52 ± 0.24
0.59 ± 0.13
0.67 ± 0.08
0.47 ± 0.10
0.53 ± 0.09
0.54 ± 0.09
0.60 ± 0.12
0.58 ± 0.10
0.67 ± 0.13
0.68 ± 0.09
0.34 ± 0.15
0.65 ± 0.12
0.49 ± 0.12
0.66 ± 0.11
0.61 ± 0.07
0.38 ± 0.11
0.26 ± 0.12
0.33 ± 0.10
0.39 ± 0.17
0.55 ± 0.09
0.35 ± 0.07
0.31 ± 0.10
0.19 ± 0.09
0.28 ± 0.09
0.19 ± 0.11
0.30 ± 0.13
0.65 ± 0.15
0.30 ± 0.06
0.43 ± 0.15
0.27 ± 0.13
0.39 ± 0.14

Fecundity
0.33 ± 0.05
0.24 ± 0.04
0.40 ± 0.06
0.53 ± 0.18
0.48 ± 0.20
0.43 ± 0.12
0.47 ± 0.09
0.44 ± 0.12
0.72 ± 0.12
0.33 ± 0.06
0.59 ± 0.09
0.48 ± 0.13
0.36 ± 0.07
0.39 ± 0.08
0.30 ± 0.10
0.39 ± 0.09
0.34 ± 0.06
0.32 ± 0.09
0.38 ± 0.07
0.73 ± 0.14
0.38 ± 0.11
0.61 ± 0.09
0.1 ± 0.03
0.12 ± 0.03
0.28 ± 0.05
0.46 ± 0.11
0.41 ± 0.11
0.21 ± 0.06
0.21 ± 0.05
0.23 ± 0.04
0.24 ± 0.07
0.37 ± 0.04
0.17 ± 0.05
0.2 ± 0.06
0.58 ± 0.2

Reproduction
Rate
0.15 ± 0.05
0.16 ± 0.05
0.20 ± 0.07
0.25 ± 0.15
0.25 ± 0.22
0.25 ± 0.13
0.32 ± 0.10
0.21 ± 0.10
0.38 ± 0.13
0.18 ± 0.06
0.35 ± 0.13
0.27 ± 0.12
0.24 ± 0.10
0.27 ± 0.09
0.10 ± 0.08
0.25 ± 0.11
0.16 ± 0.07
0.22 ± 0.09
0.23 ± 0.07
0.28 ± 0.14
0.10 ± 0.08
0.20 ± 0.09
0.04 ± 0.03
0.06 ± 0.02
0.10 ± 0.04
0.14 ± 0.08
0.08 ± 0.06
0.06 ± 0.04
0.04 ± 0.03
0.07 ± 0.04
0.16 ± 0.08
0.11 ± 0.03
0.07 ± 0.05
0.06 ± 0.04
0.22 ± 0.16

Growth
Rate
0.80 ± 0.09
1.02 ± 0.11
1.01 ± 0.11
1.06 ± 0.23
1.15 ± 0.31
1.03 ± 0.24
1.17 ± 0.16
0.91 ± 0.17
1.12 ± 0.18
0.90 ± 0.12
1.19 ± 0.19
1.05 ± 0.20
1.14 ± 0.16
1.17 ± 0.14
0.69 ± 0.19
1.17 ± 0.16
0.94 ± 0.14
1.14 ± 0.14
1.00 ± 0.12
0.93 ± 0.21
0.83 ± 0.13
0.83 ± 0.14
0.84 ± 0.08
0.82 ± 0.06
0.79 ± 0.07
0.96 ± 0.12
0.88 ± 0.10
0.85 ± 0.09
0.76 ± 0.08
0.84 ± 0.08
1.09 ± 0.13
0.83 ± 0.06
0.79 ± 0.12
0.74 ± 0.08
0.93 ± 0.23
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Figure S 1: State and observation process of the CMRo model (model using CMR data only). More details are given in the
section File S2: CMRo model in Supplementary Materials and in )ntegrated Population Model section of the main
manuscript.

Figure S 2: Matrices containing the parameters of the multinomial distributions of the CMRo model. See methods or figure
S3 for the definition of parameters. Initial state matrix shows the probability of detection (column – Adult and Possible
juvenile) for any state (row – Adult and Juvenile) at first ecounter. Transition matrix shows the probability of transition from
a state at time t (rows – Adult, Juvenile and Dead) to t+1 (columns – same order). Detection matrix shows the probability of
detection (column – Adult, Possible juvenile, Not sampled) for any state ( row – Adult, Juvenile and Dead) after first ecounter.
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Figure S 3: Acyclic graph illustrating the components of model likelihood in the CMRo model. ϕj=apparent juvenile survival,
ϕa=adult survival, p=adult detection probability, lA=proportion of adults detected at post-reproduction sampling.

Figure S 4: State and observation process of the CMRpa model (model using CMR data and parentage assignment). More
details are given in the CMRpa model section in Supplementary Materials and in the section )ntegrated Population Model
of the main manuscript.
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Figure S 5: Matrices containing the parameters of the multinomial distributions of the CMRpa model. See methods or Figure
S6 for the definition of parameters. Initial state matrix shows the probability of detection (column – Adults, Assigned
juvenile, Not assigned as juvenile, Assigned as mother and Not assigned as mother) for any state (row – Adult, Juvenile,
Mother, Non-mother) at first ecounter. Transition matrix shows the probability of transition from a state at time t (rows –
Adult, Juvenile, Mother, Non-mother and Dead) to t+1 (columns – same order). Detection matrix shows the probability of
detection (column – Adults, Assigned juvenile, Not assigned as juvenile, Assigned as mother, Not assigned as mother and
Not detected) for any state ( row – Adult, Juvenile, Mother, Non-mother, and Dead) after first ecounter.

Figure S 6: Acyclic graph illustrating the components of model likelihood in the CMRpa model. ϕj=apparent juvenile
survival, ϕa=adult survival, F = fecundity, pA = adult detection probability, pM = mother detection probability, pN = nonmother detection probability, Mass = proportion of Mothers correctly assigned, Jass = proportion of Juveniles correctly
assigned, NasM = proportion of Non-mothers wrongly assigned as a Mothers, MasJ = proportion of Mothers wrongly
assigned as Juvenile, NasJ = proportion of Non-mothers wrongly assigned as a Juvenile.
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Figure S 7: Illustration of the relative bias, standard error, and mean squared error (MSE) of the three developed models for
the estimation of adult survival, juvenile survival, and fecundity in the expanding metapopulation (A) and the non-expanding
one (B).
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Abstract
Within-species genetic diversity is crucial for the persistence and integrity of populations, ecosystems,
and the biosphere. Conservation actions require an understanding of factors influencing genetic
diversity, especially in the context of global change. Both population size and connectivity between
populations are factors greatly influencing genetic diversity; the relative importance of these factors
can however change through time. Hence, although challenging, quantifying the degree to which
population size or genetic connectivity are shaping genetic diversity and at which ecological time scale
(past or present), is crucial to develop efficient conservation strategies. In this study, we estimated the
genetic diversity of 42 populations of a long-lived mammal vulnerable to global change, sampling
locations spanning its continental northern range. We present an integrative approach that
disentangles and quantifies the contribution of different connectivity measures, and contemporary
and historic population size, in shaping genetic diversity. In our study, historic and contemporary
population sizes explained 25% and 15% of genetic diversity respectively, highlighting the substantial
impact of both factors and the predominance of past demographic events. Contemporary
connectivity explained most genetic diversity (23%) when considering a 92 km radius around the focal
populations, emphasizing the large geographic scale at which the positive impact of connectivity on
genetic diversity is most profound and hence the minimum scale at which conservation should be
planned. Our results highlight that the relative importance of the two main factors shaping genetic
diversity varies through time, hence emphasizing the relevance of disentangling the two to ensure
appropriate conservation strategies.
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Results and Discussion
We addressed this issue by combining empirical and simulated datasets to identify the main drivers
of genetic diversity in the lesser horseshoe bat, Rhinolophus hipposideros, in historic and present
times. We used non-invasively collected samples from 42 populations (breeding colonies) distributed
along

km of the species North-Western leading edge (Fig 1) to capture variations in genetic

diversity (expected heterozygosity, Hs). To quantify the relative importance of different factors
influencing contemporary genetic diversity, we used a linear model framework considering different
combinations of explanatory variables. Model fit was compared based on the Akaike Information
Criterion (AIC). We used census size Nc of the focal population as an explanatory variable representing
contemporary demography. Testing six different connectivity measures revealed that the best
performance was achieved for a composite measure that also included a demographic component
(see Supplementary Materials for details). This measure was the number of individuals within a radius
around the population (Co), and was subsequently used as a proxy for contemporary connectivity. The
impact of population history was assessed in models including the binary variable bottlenecked (Bk).

Fig. 1. Location of Rhinolophus hipposideros colonies investigated in this study. Colored dots represent genetically sampled
populations with bottleneck signal (yellow) or without (blue), with circle size proportional to expected heterozygosity. Purple
diamonds correspond to colonies located in a 140 km radius (dashed white lines) around sampled populations. The species
distribution range (Taylor 2016) is indicated. AT: Austria, BE: Belgium, CH: Switzerland, CZ: Czech Republic, DE: Germany,
FR: France.
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Genetic diversity varied drastically from 0.36 to 0.73 (Fig. 1, Table S1) but was not unusual when
compared to other terrestrial vertebrate species (Fig. S3). Taken independently, explanatory variables
explained between 15% and 25% of the variance in genetic diversity (R² = 0.15 for Hs ~ Nc, R² = 0.23
for Hs ~ Co at a radius of 92 km, R² = 0.25 for Hs ~ Bk). Models including the binary variable
bottlenecked (Bk) consistently outperformed models without this variable, highlighting the
considerable impact of bottlenecks in shaping genetic diversity in our studied species (Fig. 2A and 2B,
Fig. S4). This is further illustrated by the average genetic diversity (0.57 ± 0.018) of bottlenecked
populations (22 out of 42; Table S1) being significantly lower than that of non-bottlenecked
populations (0.65 ± 0.014; p < 0.001, Fig. 2B). In addition to the category bottlenecked, the best
models included connectivity (Co) and census size (Nc), both of which had a positive effect on genetic
diversity (Fig. 2A, 2C and 2D). Co greatly contributed to model performance, especially when
considering radii in the range of 60-80 km (Fig. 2A, Fig. S4). This result suggests that connectivity at
scales less than 60 km is insufficient to uphold genetic diversity, whereas gene flow quickly diminishes
for distances larger than 80 km. Taken together, this emphasizes the geographic scale at which the
positive impact of connectivity on genetic diversity is most profound and hence the scale at which
conservation should be planned.

Fig. 2. Factors affecting genetic diversity in Rhinolophus hipposideros. A. AIC of models explaining the genetic diversity (Hs)
of R. hipposideros populations. The explanatory variables include connectivity (number of individuals in a buffer around the
focal population, Co), census population size (Nc), and the category bottlenecked (Bk). The model indicated in blue also
includes the interaction between Co and Nc. Models including Co were run for 62 different radii (see Supplementary Material
for more details). B-D. Effect size of the category bottlenecked (Bk, B), connectivity (Co, C), and census population size (Nc,
D) for the best model, which considers all three variables and the interaction Co:Nc for a radius of 65 km. The effect of the
interaction is illustrated by presenting the effect size of concerned variables (connectivity, census size) with varying values
of the interacting variable in different panels (minimum, first quartile, median, third quartile, maximum, from left to right).
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No interaction between variables resulted in an increase in model performance except the negative
interaction between census size Nc and connectivity Co (Fig. 2A). This is concordant with the
expectation that the larger a population is, the less it depends on connectivity to maintain high levels
of genetic diversity, and that vice versa, well-connected populations can be smaller without forfeiting
genetic diversity. The best performance was observed for a model considering Bk, Nc, Co at a 65 km
radius, and the interaction between Nc and Co, which together explained 64% of the variation in
genetic diversity. In this model, effect sizes indicate that for the average Nc observed in our data set
(¯Nc=45), increasing connectivity from 1000 to 5000 individuals corresponds to an increase of almost
0.1 in expected heterozygosity (Fig. 2C). These data clearly demonstrate that the availability of
individuals within the radius around focal populations has a profound positive effect on genetic
diversity. This particularly applies when populations are small Nc ≤

, which is the case in

% of the

1307 populations that were used to calculate Co in our study.
To uncover if historic bottlenecks were related to changes in demography or rather to a disruption of
gene flow, we developed a method to distinguish between the two types of bottlenecks based on their
respective effects on isolation-by-distance, IBD (Rousset 1997; Broquet et al. 2006). Following the
principles of population genetics theory, bottlenecks induced by demographic crashes are expected
to result in higher IBD slopes, because gene flow still prevails, but fewer migrants are exchanged
between populations. Disconnection on the other hand should result in a decreased IBD signal and
slope due to the complete disruption of gene flow and predomination of genetic drift, which does not
depend on the spatial context. As a result, the ratios between IBD slopes for populations that
underwent a demographic bottleneck and those that did not is expected to be higher than one, while
the ratio is expected to be less than one in the case of disconnection bottlenecks.
Mimicking the two scenarios leading to bottleneck signatures described by Broquet et al. (Broquet et
al. 2010), we simulated i) populations that underwent a reduction in population size and ii) wellconnected populations that suddenly became isolated without a change in population size. The
resulting simulated data sets confirmed the expectation that demographic bottlenecks increased the
slope of IBD, resulting in average slope ratios above one (Fig. 3). In contrast, disconnection
bottlenecks, as expected, led to slope ratios below one, with a clearer signal when the time since
disconnection was great and/or pre-disconnection gene flow levels were high (Fig. 3). Allowing the regrowth of crashed populations however erased the signal in many cases, also resulting in slope ratios
of approximately one for demographic bottlenecks (Fig. 3). While slope ratios of approximately one
or less prevent unambiguous bottleneck classification, slope ratios higher than one warrant
categorization of the bottleneck as demographic. The IBD slope ratio between bottlenecked and nonbottlenecked populations in our empirical data set was certainly in the latter category with a value of
3.4 (95% confidence interval: 1.4 - 435.1), clearly identifying the overall bottleneck signal detected as
originating from demographic collapse rather than the disruption of gene flow (Fig. 3). These results
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are concordant with historical records of severe population declines reported for many North Western
European populations in the 1950-

s Ohlendorf

; Bontadina et al.

.

Taken together, our results highlight that today, large-scale connectivity dominates over local
population size in supporting genetic diversity (Fig. 2A), whereas in the past, the influence of
demography prevailed (Fig. 3). In our study system, the majority of bottlenecked populations
currently display a positive population trend (Tress et al. 2012; Van der Meij et al. 2015), suggesting
that the initial cause of the past demographic collapse has already been rectified. This is in
concordance with better protection of roosts (Marnell, F. and Presetnik, P. 2010) and the banning of
DDT in Europe (Lambsdorff, Otto Graf 1978), whose use has been suggested to be one of the major
causes of the species population s declines Bontadina et al.

. Population sizes however have

not yet fully recovered; hence the availability of habitat currently exceeds its occupancy. The provision
and protection of high-quality habitat for re-colonization is therefore likely to increase the number of
populations and individuals therein and thus, connectivity. Populations in key locations that spatially
connect clusters of populations (e.g. populations Vex1 and Pic17 in Fig. S7) warrant prioritization in
conservation efforts as gaps of more than 60-80 km between such clusters need to be avoided in order
to maintain genetic diversity. Given that within-species variations in genetic diversity are ubiquitous
but yet poorly understood, applying similar approaches as presented here could help to understand
major drivers of genetic diversity. This knowledge can provide a foundation for the development of
sustainable conservation strategies to mitigate the ongoing massive loss of genetic diversity in many
species worldwide.

Publications

71

Fig. 3. Effect of disconnection-induced and demographic bottlenecks on isolation-by-distance (IBD) slopes. Simulated
bottlenecks considered original population size (N), gene flow (Nm), time since the bottleneck (in generations), and the
possibility for populations to regrow after a bottleneck or not. Boxplots show the ratio of the slope of IBD computed between
bottlenecked populations compared to the slope of IBD between non-bottlenecked populations. Negative slope ratios,
which may occur stochastically when there is no isolation-by-distance between bottlenecked populations were given null
values. Slope ratios were transformed using the x/(x+1) function to make all values easily viewable on the [0;1] interval and
symmetric around the expected value under no effect of bottlenecks (0.5, shown as a black line on the figure). In this figure,
demographic bottlenecks correspond to a reduction factor in population size of 10. The value observed in our empirical data
set and its confidence interval limits are shown in red.

Methods
Empirical data set
Range shift, and thus particularly the genetic diversity of leading edge populations, is gaining in
importance in the context of global warming Chaine and Clobert

; Szűcs et al.

, also for

Rhinolophus hipposideros (Rebelo et al. 2010). We therefore focused on 42 breeding colonies
hereafter termed populations , along the species North-Western distributional leading edge for the
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genetic sampling (Fig. 1, Fig. S7). Great Britain and Ireland were excluded from the sampling to avoid
the potential introduction of a bias due to island effects. The non-invasive collection of samples and
the overall DNA extraction protocol were as described by Zarzoso-Lacoste et al. Zarzoso‐Lacoste et
al. 2018). DNA was extracted from 40 samples (=single droppings) per population to allow the
distinction of a sufficient number of individuals at reasonable cost, with the exception of five
populations where synergism with other projects allowed us to process more samples, and two
populations where population size estimates based on visual counts suggested that fewer samples
would suffice to distinguish all individuals of the population (see Table S1). Population size was
estimated based on visual counts or, in two cases where count data were not available, based on the
CMR estimator developed by Puechmaille & Petit (Puechmaille and Petit 2007). This estimator has
been demonstrated to yield colony size estimates that are consistent with visual counts in
Rhinolophus hipposideros Zarzoso‐Lacoste et al.

. Extraction of DNA as well as the following

steps of genotyping using eight neutral microsatellite loci, bioinformatic pipeline processing, and
genotyping quality assessment were identical to those described in Zarzoso-Lacoste et al. Zarzoso‐
Lacoste et al. 2018). Departure from Hardy-Weinberg proportions was assessed at the population
level via FIS and tested with the corresponding permutation test using the software GENETIX. Genetic
diversity (expected heterozygosity) was calculated in R version 3.3.1 via the adegenet package.
Detection of genetic bottlenecks
We searched for bottlenecks in each of the 42 populations in our empirical data set with the program
MSVAR v.1.3. (Beaumont 1999; Storz and Beaumont 2002). MSVAR draws on a Bayesian method to
infer mutational and demographic parameters via simulations. The most likely mutation rate (µ), time
since the bottleneck (tf), and the ratio of the original population size to the observed population size
(r) conditional on the observed population size and allele frequencies are estimated. MSVAR has been
shown to reliably detect demographic changes such as population declines, provided that they are not
too recent or too weak, and to be relatively robust to moderate departures from a strict stepwise
mutation model (Girod et al. 2011). However, wide credibility intervals are usually obtained for
estimates of the time since bottleneck occurrence (tf) and its strength (r). Therefore, we only focused
on the detection of signals for reductions in effective population size as a binary variable. Three
independent chains with different priors were run for each population. Priors differed among the three
chains, considering reductions in effective population size of distinct severity and/or distinct time
periods since the reduction, but were identical for each population (with the exception of the random
seed). Those priors are presented in the Supporting Information. The first 50 000 values of each chain
were discarded as burn-in before the computation of Bayes factors and the Gelman & Rubin's
convergence diagnostic (Brooks and Gelman 1998). Since without prior knowledge about mutation
rates and meta-population structure, MSVAR is prone to detect spurious bottleneck signals (Chikhi et
al. 2010), we chose a more conservative threshold than usual and only considered bottlenecks for
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, which corresponds to a strong support

(Jeffreys 2000). We tested if genetic diversity was significantly lower in populations where bottlenecks
were detected with a permutation test (10 000 permutations).
Estimation of connectivity measures
Ecological studies draw on a plethora of indirect connectivity measures or proxies due to the
numerous challenges and difficulties associated with directly determining connectivity. A metaanalysis investigating the power of three classes of connectivity measures to predict colonization
events detected pronounced differences in their performance, which were further confirmed with two
empirical data sets (Moilanen and Nieminen 2002). In order to identify the appropriate connectivity
measure for our study system, we tested and compared the performance of different connectivity
measures in predicting the genetic diversity of focal populations. We used the three main classes of
connectivity metrics described by Moilanen et al (Moilanen and Nieminen 2002): 1) nearest neighbor
measures, which only take into account the population which is closest to the focal one; 2) buffer
measures, which consider surrounding populations within a certain buffer but not their respective
distances from the focal population; and 3) Incidence Function Model measures, where the impact of
surrounding populations is weighted depending on their distance from the focal one. For the nearest
neighbor category, we considered I) the distance of the nearest neighboring population to the focal
one (34, eq. 1a).
The buffer metrics we used were IIa) the number of populations within a certain buffer area around
the focal population and IIb) the cumulative census size of all populations within a certain buffer area
around the focal one. The original study approximated source population size by patch area in
combination with emigration/immigration parameters (34, eq. 2a). As Moilanen et al. (Moilanen and
Nieminen 2002) found the performance of the buffer measure to be highly sensitive to the choice of
the emigration/immigration parameter values (Moilanen and Nieminen 2002), we used census size as
a more robust proxy for population size instead.
From the Incidence Function Model category, we used III) the accumulated census size of all
populations surrounding the focal one, weighted by the negative exponential dispersal kernel (34, eq.
3a). We thus investigated the isolation-by-distance pattern of our dataset to construct the negative
exponential dispersal kernel (Nathan et al. 2012) based on the effective dispersal distance. For this
purpose, we first quantified the linear relationship between genetic distance FST/(1-FST) and the
logarithm of Euclidean geographic distance, i.e. isolation-by-distance (IBD), and calculated the 95%
confidence interval with the ABC bootstrap method implemented in the "Genepop" software.
Bottlenecked and non-bottlenecked populations were analyzed separately to obtain the ratio of the
slope of the IBD regression line between bottlenecked populations over the slope of the IBD
regression between non-bottlenecked populations, in order to determine the major process behind
the bottleneck signal (see Simulations). A geometric bootstrap confidence interval of this ratio was
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obtained through the construction of conservative confidence regions by following the method
described by von Luxburg & Franz (von Luxburg and H. Franz 2009) for general distributions.
Because the relationship between the slope of IBD and the dispersal distance assumes that
populations are at migration-drift equilibrium (Rousset 1997), we only considered non-bottlenecked
populations to infer the dispersal kernel. Population density was calculated for each area monitored
by a certain NGO (see below) by dividing the number of individuals in the entire region by the
geographic area covered in the census assessment (removing sea/ocean surfaces). Because visual
counts of maternity colonies mainly include females Zarzoso‐Lacoste et al.

and sex ratios are

usually balanced in this species (Gaisler 1966), we assumed the total number of individuals in a region
to be twice the number of individuals counted in maternity colonies. Population density was divided
by 10 to obtain the effective density, D (Frankham 2007).
The resulting IBD (Fig. S1) and density estimates were used to calculate the effective dispersal
distance, σ, using the equation provided by Rousset

:

σ²= /b Dπ
where b is the slope of the linear isolation-by-distance-relationship and D is the effective population
density. The resulting dispersal kernel is presented in Fig. S2. We used R version 3.3.1 packages
hierfstat and adegenet to determine pairwise FST and IBD regression line slopes and to perform the
Mantel test.
For the first four connectivity measures described, the information on distance to the nearest
neighboring population (I), number of populations (IIa), and number of individuals (IIb and III) was
taken from a database built by assembling locations and adult census sizes of populations (=breeding
colonies) provided by local nature conservation NGOs in France, Belgium, Germany, Austria and the
Czech Republic. This database allowed us to estimate Rhinolophus hipposideros distribution and
abundance in a radius of 140 km around every sampled population. Only populations hosting a
minimum of five adults and with evidence for reproduction were considered, resulting in a data set of
1307 colonies recorded up to 140km distance around the genetically sampled colonies, far beyond the
maximum movement recorded for that species in this region (81km, (Fairon 1967)). The buffer area
within which the number of populations (IIa) or their census size (IIb) was considered, increased in
incremental steps of approximately 1000km². We also computed two small buffers of 100 and 500 km²
around sampled populations, resulting in a total of 62 different buffers.
All of the described measures are based solely on the availability of potential immigrants, considering
homogenous gene flow across the landscape. However, landscape composition and configuration can
considerably impact the movement of individuals between patches/populations. Following the
recommendation by Moilanen et al. (Moilanen and Nieminen 2002) to account for habitat matrix
quality and spatial configuration, we therefore further tested two connectivity measures that
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explicitly take landscape features into account. We focused on mixed and deciduous forest, because
Rhinolophus hipposideros forages nearly exclusively in broadleaved woodland (Reiter 2004), and we
hypothesized that this landscape could also affect the connectivity between populations. We chose
the following simple metrics: IV) the total surface area of mixed and deciduous forest within a certain
buffer zone around the focal population, as a composition metric, and V) the total length of mixed and
deciduous forest perimeters within a certain buffer zone around the focal population, as a
configuration metric. The same radii were used in the assessment of landscape connectivity as in the
buffer measures IIa and IIb.
Moilanen et al. found that the performance of all tested connectivity measures considerably increased
when including local population effects (Moilanen and Nieminen 2002). In contrast to their approach,
we did not integrate local population effects into the respective connectivity measures, but included
them as an extra explanatory variable in the linear model framework (cf. next section). Again, we
approximated population size by census size.
Demographic declines, connectivity, and genetic diversity
The impact of the category bottlenecked, connectivity, population size and their respective
interactions on genetic diversity was tested with linear models. We compared the resulting models
based on their AIC. The proportion of variance explained by the respective models/model variables
was assessed by calculating the adjusted R² values of the linear models. All statistical analyses were
performed in R version 3.3.1, and the effect of each predictor included in the best model was displayed
using the R package "effects".
Landscape connectivity variables did not improve the AIC of the models (Fig. S4). Out of the six
connectivity measures tested, the best performance was achieved with one of the composite
measures also considering source population demography: IIb, the number of individuals in a certain
buffer around the focal population (Fig. S4). Hence, models considering other connectivity measures
are not presented in the main document. The observed model performance did not differ when
genetic diversity was estimated via allelic richness instead of expected heterozygosity (Fig. S5).
Simulations
In order to test our hypotheses regarding how IBD patterns are affected by bottlenecks caused by
reductions in population size or a cessation of gene flow, respectively, we simulated 81 populations
evolving in a strict stepping stone model of gene flow using the coalescent as implemented in
fastsimcoal2. We simulated two different population sizes (100 and 500 diploid individuals) and gene
flow rates (1 and 10 migrants per generation), resulting in four basic simulation scenarios (Table S2).
In each simulation, we randomly bottlenecked 40 of the 81 populations. Bottlenecks were caused
either by disconnection or by demographic crashes. Only total disconnection was considered, because
incomplete reductions of gene flow do not lead to bottleneck signatures (Broquet et al. 2010). A
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simulated total disconnection corresponds to a population that loses its neighboring population(s),
thus becoming isolated and not receiving any immigrants anymore. We assumed that disconnection
was definitive: disconnected populations remained isolated for the whole simulation after
disconnection had occurred. Demographic crashes mimicked the effects of reductions in population
size. We reduced population sizes using two different crash magnitudes by applying two reduction
size factors (10 and 25, Fig. 3 and Fig. S6 respectively) to population sizes. Populations may or may
not recover their initial population size after a demographic crash. We thus distinguished between
scenarios in which populations could regrow immediately after the demographic crash back up to
their original population sizes, and scenarios in which growth after the demographic crashes was not
allowed. These situations are the most extreme cases, between which most realistic situations are
likely to occur when demographic crashes do not end up in population collapses. We chose an intrinsic
growth rate of . based on the available literature for bats O Shea et al.

; Froidevaux et al.

.

Finally, we explored different times at which the bottlenecks occurred (20, 50, and 100 generations
back in time). The resulting 60 parameter sets (see Table S2) were replicated 100 times each, resulting
in 6000 simulated data sets.
To avoid edge effects, we only sampled the 49 (7 x 7) populations that formed the central part of the
(9 x 9) simulation grid. We sampled 35 individuals from each population and classified populations as
bottlenecked or non-bottlenecked according to their demographic history. To test our hypothesis
that the two kinds of bottlenecks have diverging effects on the IBD slope, we recorded, for each
simulation replicate, the ratio of the slope of the IBD regression between bottlenecked populations
over the slope of the IBD regression between non-bottlenecked populations.
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MSVAR analyses
The prior used for each of the three chains of the MSVAR analyses are presented below:
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Chain 3:
"random seed"
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VarVer database
The VarVer (Variation in Vertebrates) database provides information regarding microsatellite
variation in natural populations of vertebrates (Yashima and Innan 2017). We investigated this
database to put the variation of genetic diversity between populations observed in Rhinolophus
hipposideros into context by comparing it to other species. We only considered terrestrial vertebrates
with data available for at least 10 populations, collected at a spatial scale in the same order of
magnitude as our data (between 105 and 106 km²). Comparing the variance of genetic diversity
between populations observed in our dataset to those of the 15 species that met the aforementioned
criteria demonstrates that the variance in genetic diversity of Rhinolophus hipposideros is well within
the overall range of the assessment (Fig. S3).
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Fig. S1. Relationship between genetic distance (FST/(1-FST)) and the logarithm of Euclidean geographic distances for nonbottlenecked populations.

Fig. S2. Negative exponential dispersal kernel according to (Nathan et al. 2012), based on the effective dispersal distance of
Rhinolophus hipposideros.
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Fig. S3. Interpopulation variance (with confidence interval) of genetic diversity for 15 species based on an assessment of the
VarVer database (black) and Rhinolophus hipposideros populations investigated in our study (red).
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Fig. S4. AIC of models explaining genetic diversity (expected heterozygosity, Hs) of Rhinolophus hipposideros populations
(see Fig. 2A for legend of colors and line types). The explanatory variables considered include census population size of the
focal population (Nc), the category bottlenecked (Bk), and the following six connectivity measures: A. the distance to the
nearest colony (I), B. the number of colonies (IIa), C. the number of individuals around the sampled colonies depending of
the buffer (IIb, same plot as Fig. 2A), D. the number of individuals weighted by the dispersal kernel (III), E. the forest area
)V , F. the forest perimeter V . Details of the different connectivity measures are described in the section Estimation of
connectivity measures .
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Fig. S5. AIC of models explaining genetic diversity of Rhinolophus hipposideros populations. As Fig. S4, but estimating
genetic diversity via allelic richness instead of expected heterozygosity.
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Fig. S6. Effect of disconnection and demographic bottlenecks on isolation-by-distance (IBD). In this figure, demographic
bottlenecks correspond to a reduction factor in population size of 25. Disconnection bottleneck data are the same as
presented in Fig. 3. See Fig. 3 for more details.
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Fig. S7. Locations of sampled populations with names as in Tables S1 and S3.
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Abstract
Population sex ratios are of high ecological relevance, but are challenging to determine in
species lacking conspicuous external cues indicating their sex. Acoustic sexing is an option
if vocalizations differ between sexes, but is precluded by overlapping distributions of the values of male and female vocalizations in many species. A method allowing the inference of
sex ratios despite such an overlap will therefore greatly increase the information extractable
from acoustic data. To meet this demand, we developed a novel approach using Approximate Bayesian Computation (ABC) to infer the sex ratio of populations from acoustic data.
Additionally, parameters characterizing the male and female distribution of acoustic values
(mean and standard deviation) are inferred. This information is then used to probabilistically
assign a sex to a single acoustic signal. We furthermore develop a simpler means of sex
ratio estimation based on the exclusion of calls from the overlap zone. Applying our methods
to simulated data demonstrates that sex ratio and acoustic parameter characteristics of
males and females are reliably inferred by the ABC approach. Applying both the ABC and
the exclusion method to empirical datasets (echolocation calls recorded in colonies of lesser
horseshoe bats, Rhinolophus hipposideros) provides similar sex ratios as molecular sexing.
Our methods aim to facilitate evidence-based conservation, and to benefit scientists investigating ecological or conservation questions related to sex- or group specific behaviour
across a wide range of organisms emitting acoustic signals. The developed methodology is
non-invasive, low-cost and time-efficient, thus allowing the study of many sites and individuals. We provide an R-script for the easy application of the method and discuss potential
future extensions and fields of applications. The script can be easily adapted to account for
numerous biological systems by adjusting the type and number of groups to be distinguished (e.g. age, social rank, cryptic species) and the acoustic parameters investigated.

Introduction
The proportion of males (POM) in animal populations is of great interest to ecologists and
conservationists, because sex ratios influence mating systems and effective population size, the
latter being crucial for the maintenance of genetic diversity [1]. In species whose sex cannot be
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easily identified visually because they are elusive or nocturnal, or lack visible secondary sex
dimorphism, other means of determining the POM are required. Molecular sexing can offer
an alternative [2,3], but is usually time and cost-intensive, and often invasive due to the challenges arising from non-invasively collected samples, e.g. the need to process replicates of each
sample and the associated increase in costs [3,4].
In species with vocal sexual dimorphism, these issues can be circumvented by acoustic sexing. In the last decades, passive acoustic monitoring has become a popular tool for collecting
information about biodiversity [5], population densities [6,7], animal movement and behaviour [8], and how these factors are impacted by anthropogenic activities [9]. Both in terrestrial
and marine environments, acoustic data have gained in importance [9,10] across taxonomic
groups from insects [11], amphibians [12], reptiles [13], fish [14,15], and birds [16] to mammals [17–22]. Alongside species identity [21,23,24] acoustic data can encode information
about sex [25–28], individual identity [25,29], body size, age, and social group [28,30–32] or
geographic origin [33–35]. Sex identification based on calls, for example, has successfully been
applied to 25 of 69 investigated bird species lacking external sex dimorphism [36]. Acoustic
sexing was however less reliable or even impossible in many of the studied species due to varying degrees of overlap in acoustic characteristics of males and females. Such overlap, which is
commonly encountered across taxonomic groups [36,37], strongly limits the scope of the
application of acoustic data. Therefore, novel approaches are required that allow acoustic sexing and inferences of sex ratios despite such an overlap.
To investigate the possibility to infer sex ratios and to provide sexing methods from acoustic data, we use Rhinolophus hipposideros (Rhip) as a biological model showing acoustic sexual
dimorphism with overlap between sexes [28]. This bat species is of high conservation concern:
it is classified as near threatened in the European Union Red List and listed in the annex II and
IV of the EU Habitats and Species Directive. Hence population monitoring is legally required.
In Rhip, the reproductive output of colonies is usually estimated by dividing the number of
juveniles by the number of adult females. The latter however cannot be easily determined from
visual counts of adults in the colony, because most bat species, including Rhip, show no visible
secondary sex dimorphism. As in many mammalian species, sex identification in bats mostly
relies on catching individuals and inspecting their sexual organs. For regular monitoring, this
approach is unsuitable due to the large time effort required and handling stress for the animals,
especially for vulnerable or threatened species. Current estimates of reproductive output therefore usually assume all adults present in the colony to be females. Males have however been
reported to be present in Rhip maternity colonies in the past [38–40]. Zarzoso-Lacoste & Jan
et al. [3] further demonstrated that the POM in maternity colonies can be substantial and
importantly, differ between colonies. Traditional estimates are therefore prone to underestimate the number of offspring per female to an unpredictable degree and therefore call for
alternative methods to be developed and tested.
The high calling rates of echolocating bats make them ideal for acoustic monitoring (e.g.
[23,41]) and for developing methods of acoustic sexing. However, sexing based on simple
call parameters such as the call frequency has not yet been possible, because these acoustic
parameters overlap between sexes [28,42,43]. Hence, an approach that would allow a quick
and simple determination of sex ratios in free-ranging populations despite such an overlap
would greatly benefit monitoring programs and ecological studies. While different mixture
model approaches exist to address this situation (cf. section “Screening for and testing available
approaches”), we did not encounter an approach allowing reliable inference of the POM for
overlapping ranges of acoustic parameters. As a consequence, we use Approximate Bayesian
Computation (ABC) to infer sex ratios from passively recorded calls in a species with vocal sex
dimorphism, where acoustic value ranges of males and females overlap. The developed novel
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approach moreover allows the investigation of spatial or temporal changes in sex composition,
and the assignment of sex to calls. We additionally develop a simpler approach that only considers calls outside the overlap zone. The performance of all methods is tested with simulated
data. We additionally validate the reliability of acoustic sex ratio determination with empirical
data (recorded echolocation calls) from four molecularly sexed Rhip colonies.
All methods are implemented in the provided R-scripts (S1 and S2 Files). Users do not
need to have programming experience if their study system meets the assumptions of the currently implemented approach, because the adjusted priors are the only input required. More
experienced users can change additional settings to relax various assumptions and extend the
approach to other study systems. Consequently, our approach has a wide range of applications
in ecology and conservation biology.

Materials and methods
Screening for and testing available approaches
We assessed the list of R-based cluster analyses and finite mixture modelling approaches available on CRAN (https://cran.r-project.org/web/views/Cluster.html) for their suitability concerning our study question. The maximum-likelihood (ML) based package mclust [44] was
considered a promising candidate and its performance was tested (see S3 File for details) with
the simulated data described in the section “Simulated data set”. mclust performed relatively
poorly in determining the POM, especially for low sample sizes, i.e. 100 or 200 calls (S1 Fig).
The mclust package was therefore judged unsuitable for reliable estimation of the POM from
acoustic data in Rhip colonies, where datasets of fewer than 200 calls are not uncommon.
Other ML approaches were not tested as they did not meet the requirements of ratio inference
from univariate, normally distributed data.
A major advantage of Bayesian approaches compared to ML approaches is the specification
of priors [45] by the user, which permits the algorithm to draw on existing information, hence
potentially greatly increasing performance. In our study system, the value ranges of male and
female mean peak frequencies are known, providing information that can be used as priors to
improve performance in the estimation of POM. Existing Bayesian clustering approaches however do not allow the specification of uniform, or flat, priors where all possible values within
the range are equally likely a priori. To overcome this issue, we developed an ABC approach
that incorporates both the required feature of ratio inference from univariate, normally distributed data and the flexibility to define uniform priors.

Inferring sex ratios with ABC
The approach we developed is based on an ABC framework inferring the most likely parameters given some observed distribution by comparing summary statistics of the observed data to
summary statistics of simulated datasets. In our case, the main parameter investigated was the
POM in a given dataset (set of echolocation call recordings from many individuals). The characteristics of the simulated datasets are described in the section “Simulated data set” below. To
generalize our approach and to allow for some uncertainty in prior knowledge in acoustic
parameters for both sexes, we included three additional parameters: the mean peak frequency
of each sex separately (two parameters) and the standard deviation (sd) of peak frequency of
each sex. The latter was assumed to be equal for both sexes, and hence was represented by a
single parameter, an assumption that can be relaxed. Based on our own observations (I.Karst,
W. Schorcht, M. Biedermann) and published data on our focal species [28,46–48], the following parameter priors (with uniform distribution) were used: POM: 0–1, mean peak frequency
of males: 104–107 (kHz), mean peak frequency of females: 108–111 (kHz), sd of peak
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frequency: 0.8–1.2 kHz. We used two additional constraints stating that the mean peak frequency of males was at least 2.5 kHz, but not more than 5 kHz lower than the mean peak frequency of females [47]. The comparisons between observed and simulated datasets used the
following summary statistics a) median of peak frequencies, b) mean of peak frequencies, c)
standard deviation of peak frequencies (all irrespective of sex), d) Kolmogorov-Smirnov distance between the observed and simulated distributions of peak frequencies.
We used the adaptive population Monte-Carlo ABC algorithm developed by Lenormand
et al. [49]. This algorithm was preferred over others as it was designed to minimise the number
of models necessary to reach a given quality of the posterior distribution and was the only one
providing reasonably good estimates when sex ratios were severely imbalanced (data not
shown). The ABC algorithm was implemented via the EasyABC package [50] in R version
3.4.2 [51]. Unless otherwise stated, the input arguments used for the algorithm were 1000 for
the initial number of simulations (nb_simul), 0.4 for the proportion α of best-fit simulations to
update the tolerance level at each step (alpha), and 0.01 as the stopping criterion (p_acc_min).
The values of alpha and p_acc_min can influence the quality of the posterior approximation,
and the present values were chosen as they performed best in simulations exploring all 42 different combinations of values between both parameters tested (alpha: 0.4, 0.5, 0.6, 0.7, 0.8, 0.9;
p_acc_min: 0.001, 0.005, 0.01, 0.02, 0.03, 0.04, 0.05; see S2 Fig). The 95% highest density intervals (HDI) of the estimates obtained via the ABC approach were computed using the ‘hdi’
function from the ‘HDInterval’ package [52].

Simulated data set
Simulations used in the testing phase of the ABC algorithm and to perform the ABC analyses
were implemented via a custom R script (S1 and S2 Files). For a given total sample size (here,
number of calls) and POM, we calculated the number of data points (calls) from females and
males, respectively, and simulated normally distributed peak frequency data for each sex separately. We assumed the ratio of male to female calls to be equal to the ratio between the number of males and the number of females. The samples sizes used were 100, 500, 1000, 2500,
5000, and 10000; the POM ranged from 0 to 1 in incremental steps of 0.05, with 100 replicates
per parameter combination. The mean peak frequency was either set by the user to create test
datasets or was automatically chosen by the ABC algorithm. For the test datasets, the following
parameter values were used: male mean peak frequency = 106 kHz, female mean peak frequency = 109 kHz, and sd of peak frequency = 1 for each sex. When running the ABC algorithm, priors were used as defined in the above section. The normal distribution was used as it
fitted well to the distribution of peak frequencies observed in Rhip [47].

Inferring sex ratios by excluding the overlap zone
Mirroring approaches from species without overlapping acoustic value ranges, we developed a
second method determining sex ratios that solely considered calls that can be classified with
high confidence as male or female. The POM was then simply the proportion of male calls in
the dataset. Calls falling within the overlap range were therefore excluded in this method
(exclusion method). To investigate trade-offs between confidence levels and reductions in
sample size, we tested the performance of this method using different thresholds for the exclusion zone. For simplicity, we always considered males to call lower than females, so that the
exclusion zone encompassed the right tail of the distribution of male calls and the left tail of
the distribution of female calls. In the most stringent case (widest exclusion zone), the lower
boundary of the exclusion zone was set to the frequency that was lower than the frequency of
99.9% of all female calls, and the higher boundary to the frequency that was higher than the
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Fig 1. Illustration of the exclusion method. The x-axis represents the acoustic variable of interest (e.g. peak
frequency) with different, but overlapping, distributions in males (blue) and females (red); both represented as a
probability density function. Red/blue dashed lines depict the investigated lower/upper boundaries for the exclusion
zone, with different stringency thresholds used to define the overlap zone.
https://doi.org/10.1371/journal.pone.0199428.g001

frequency of 99.9% of male calls (Fig 1). The less stringent approaches used thresholds of 99
and 95%.
This exclusion method used normally distributed data with the mean of the acoustic parameter for each sex and the sd given by the ABC estimation. It can also be applied without using
the ABC method but then the value of these parameters must be provided by the user based on
prior knowledge of the system. We therefore examined how the accuracy of the assumed
parameter values affected the estimated POM. For this purpose, we explored the effect of
assuming mean peak frequency values that were up to 3 kHz higher or lower than the true
(simulated) value. For simplicity, we did not investigate errors in the assumed sd of peak frequencies and the difference in mean peak frequency between sexes, hence our calculations are
most likely underestimating the true error. The 95, 99 and 99.9% thresholds were calculated as
explained above based on the user provided values of mean peak frequencies of males and
females. Calculations were carried out for male proportions between 0 and 1 in incremental
steps of 0.05.

Methods’ performance
The performance of the different methods in estimating the POM was evaluated by computing
the root-mean-squared error (RMSE):
sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R
X
2
RMSE ¼
ðpi PÞ =R
k¼1

where pi is the estimate of the simulated (≙true) proportion of males P for the ith data set
(i = 1, 2, . . ., R).
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Two-step approach for small data sets
As the precision of estimates obtained with the ABC method diminished with decreasing sample size (see Results), precise sex ratio estimation might be precluded for small datasets (i.e.
low numbers of calls). This applies to studies that are interested in temporal or spatial changes
in the POM, e.g. over a month or between different habitat patches, thus requiring estimates
on a daily basis or for restricted spatial areas. Using simulated data, we explored the use of a
two-step ABC procedure whereby we first estimated the acoustic parameters for each sex
(mean and sd) across the whole dataset (e.g. for a whole month). A second step used the 95%
highest posterior density interval of these estimates as new priors to run the ABC procedure
for a subset of these data (e.g. each day separately). This two-step approach assumes that the
sex-specific mean of acoustic parameters does not change in time/space within the dataset considered, i.e. the mean peak frequencies and sd do not change for example from day to day
(time) or between two foraging patches (space). We investigated the performance of the twostep procedure using simulated datasets mimicking a POM increase over time in steps of 0.05
from 0 to 1 (≙21 steps, each representing a certain time period). The number of calls per period
was kept constant. Simulations were carried out for 25, 50 and 100 calls per period so that the
total number of calls per dataset was 525, 1050 and 2100, respectively. A total of 100 simulated
datasets was used per parameter combination.

Inferring the sex per recording
The ABC framework does not provide information about the sex of each data point (here,
call). Nevertheless, the information on acoustic parameters and the POM it provides can be
subsequently used to probabilistically assign a sex to each data point. To do so, we calculated
the likelihood ratio of a call being from a male versus a female as the conditional probability of
a call being from a male given its frequency divided by the conditional probability of a call
being from a female given its frequency. Following Bayes’ theorem, the conditional probability
of observing a male given the peak frequency can be written as:
PðMale j FreqÞ ¼ PðFreq j MaleÞ x PðMaleÞ = PðFreqÞ
The conditional probability of observing a female given the peak frequency can be written
as:
PðFemale j FreqÞ ¼ PðFreq j FemaleÞ x PðFemaleÞ = PðFreqÞ
The likelihood ratio (LR) can thus be reduced to:
LR ¼ PðFreq j MaleÞ x PðMaleÞ = PðFreq j FemaleÞ x PðFemaleÞ
Calls with a likelihood ratio >1 or <1 were considered as being from males or females,
respectively.
Using simulated datasets, we investigated the proportion of calls assigned to the correct sex
using this probabilistic approach. Simulated datasets and simulation parameters were as
detailed in ‘Simulated data set’ and the POM ranged from 0.1 to 0.9 in steps of 0.1. To investigate the performance of the approach with varying levels of overlap between male and female
call distributions, differences of 1, 2, 3, 4, and 5 kHz between male and female mean peak frequencies were considered. Sample sizes of 25, 50, 100, 500 and 1000 calls were investigated
with 1000 replicates per parameter combination (225,000 simulated datasets).
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Empirical dataset
The empirical data set consisted of Rhip echolocation calls recorded in four maternity colonies
in Thuringia, Central Germany, in the summers of 2015 and 2016 (see S1 and S2 Tables for
details). Accessing the roosts was approved by local nature conservation authorities (permit
Jena AV09_AGO7_17). One automatic recording device (Anabat SD2 bat detector, Titley Scientific) was positioned inside each of the four studied roosts and directed towards the entrance
(ca. 3 m away) to record bats entering between 1:00 am and 6:00 a.m. using a zero-crossing
division ratio of eight. We used the Anabat CFCread program (Titley Scientific) to split the
continuous data into recordings, i.e. sequences of calls considered to be emitted by one animal
passing the detector (for details see S4 File: What is a recording in our study?). Recordings
were then filtered via the software AnaLook version 4.2.n to include only Rhip calls (S5 File).
Subsequently, calls with an average frequency (Fmean) below 100 kHz were removed as they
were outside the value range of the call parameter for adult Rhip and to exclude social calls,
which have a lower frequency [53]. Fmean and sd were calculated for each recording. The
mean of Fmean calculated over all calls for each recording was considered representative of
the acoustic parameter (i.e. peak frequency) of the emitter.

Molecular sexing
Bat faeces were non-invasively collected in the studied colonies during the summers of 2015
and 2016 (see Table 1). Newspapers were spread on the ground beneath the roosting sites and
faeces were collected approximately 10–20 days later (Table 1). Upon collection, faeces were
stored in plastic boxes (1 per colony) pre-filled to 1/3 with absorbing silica-gel beads to prevent
DNA degradation until analysis [54,55]. Animals were not touched during the sampling, and
accessing the roosts was approved by local nature conservation authorities (permit Jena
AV09_AGO7_17). DNA extraction and amplification, as well as multilocus genotyping were
carried out as described by Zarzoso-Lacoste & Jan et al. [3], but employing centrifugation
instead of a vacuum pump during DNA extraction (see S6 File for a detailed protocol). We
also used the same bioinformatics pipeline, with slight modifications: In the current study, all
relative fluorescence unit (RFU) peaks corresponding to sex specific alleles were visually reinspected and validated by plotting the RFUs for the appropriate marker with the aid of the Rpackage Fragman [56]. Furthermore, we applied a different rule for the peak of the Y-linked
allele to be accepted: it was counted only if the corresponding peak was present in all three replicates and higher than the peak of the X-linked allele in at least one replicate. An exception
was made in the rare case where a multilocus genotype (MLG) was found to be identical to
Table 1. Proportion of males and peak frequencies of the studied colonies. The proportion of males was estimated with the genetic (Gen.), acoustic ABC (ABC), and
acoustic 99.9% exclusion methods. The 95% highest density interval (HDI) is presented for parameters estimated via the ABC approach. Peak frequencies were estimated
with the acoustic ABC approach.
Samples

Proportion of males

ABC estimate of the mean peak frequency in kHz

ID

a)

b)

c)

Gen.

ABC, mean (HDI)

99.9

Male, mean (HDI)

Female, mean (HDI)

Thu22

144

138

78

0.22

0.21 (0.19–0.23)

0.19

105.9 (105.72–106.08)

109.1 (109.02–109.15)

Thu26

168

153

83

0.63

0.63 (0.57–0.69)

0.67

105.9 (105.78–106.09)

108.6 (108.39–108.86)

Thu47

40

38

19

0.32

0.37 (0.34–0.39)

0.34

105.5 (105.33–105.57)

108.8 (108.70–108.88)

Thu35

40

39

23

0.26

0.37 (0.32–0.41)

0.38

105.0 (104.73–105.27)

108.3 (108.14–108.56)

a) number of genetic samples.
b) number of samples that provided multilocus genotypes (MLGs) of sufficient quality (see Materials and methods for details).
c) number of unique MLGs.
https://doi.org/10.1371/journal.pone.0199428.t001
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another MLG in all loci but the sex specific one. In that case, the Y-linked allele was also
counted if it was missing in one replicate and if the corresponding peak was not higher than
the peak of the X-linked allele. In general, only MLGs with missing data at no more than two
loci were kept, provided that the peaks at the sex specific locus were unambiguous.

Results
Estimation of acoustic parameters and sex ratios with ABC
The estimated male and female mean peak frequencies matched the simulated values. Inaccurate estimates were obtained however if the proportion of the focus sex was zero (Figs 2 and 3).
Both precision and accuracy increased with sample size (Fig 3). The estimated sd of call frequencies was slightly underestimated when only one sex was present (Figs 2 and 3). Generally,
there was a slight upward bias in the estimated sd that disappeared with increasing sample size
(Fig 3).
POM values estimated via ABC showed a high degree of concordance with the real values
in the simulated data set for all sample sizes (Fig 4). Both precision and accuracy increased
with sample size (Figs 4 and 5). The RMSE did not exceed 0.05 for the lowest sample size (100
calls), and dropped to less than 0.02 when increasing the number of calls to 500 (Fig 5). Further
increases in the number of calls resulted in even lower RMSEs for all sample sizes tested, but
beyond 5000 calls the improvement became marginal (Fig 5).
For the four sampled Rhip colonies (empirical datasets), mean peak frequencies were
inferred to be between 105.0 and 105.9 for males, and between 108.3 and 109.1 for females
(Table 1). The POM estimates ranged between 0.21 and 0.63 depending on the colony, differing from the genetically determined one by 0 to 0.11.

Two-step ABC approach
Applying a two-step ABC procedure improved the performance of POM estimates compared
to an approach where acoustic parameters (male and female peak frequencies and sd) were

Fig 2. Mean peak frequencies of males and females and within-sex standard deviation of peak frequency. Same sd for both sexes, estimated via ABC
across simulations (i.e. including all tested sample sizes: 100, 500, 1000, 2500, 5000, 10000; with 100 simulated data sets for each of the 126 combinations of
a given proportion of males and sample size).
https://doi.org/10.1371/journal.pone.0199428.g002
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Fig 3. Mean peak frequency of males (top) and females (middle) and the within-sex (equal for males and females) standard deviation of calls (bottom).
Estimated via ABC for the same datasets as in Fig 2, but plotted separately for the six different sample sizes (represented by blocks).
https://doi.org/10.1371/journal.pone.0199428.g003

estimated separately for each subset (Fig 6). RMSEs below 0.04 were obtained for datasets of
50 calls, which matched the performance of the one-step approach but with a sample size
reduced by half (Fig 6).
The proportion of calls assigned to the correct sex using the probabilistic approach was
influenced by the difference in mean peak frequency between sexes, the number of calls as well
as the POM (Table 2; Fig 7). For minor overlaps between sexes (i.e. 4–5 kHz difference in
mean), the method performed extremely well (> 98% calls correctly assigned; Table 2). When
the overlap increased, the method still performed relatively well, with e.g. 78% calls correctly
assigned when the overlap zone comprises 95% of calls in the dataset (1 kHz difference,
N = 1000 calls; Table 2). The variance across datasets, but not the mean correct assignment,
decreased with increasing number of calls. The POM affected the results in two ways; first, the
more common sex had a larger proportion of correct assignment (Fig 7); second, the overall
proportion of correct assignments was higher for more unbalanced sex ratios (Fig 8).

Estimation of sex ratios via the exclusion method
Sex ratios estimated via the exclusion method varied in their performance in relation to the
thresholds considered for the overlap zone. The 99% and particularly 95% approach performed as well as the ABC method for rather balanced sex ratios only, but resulted in higher
RMSEs for unbalanced ones (Fig 5). A threshold of 99.9% yielded similar RMSEs as the ABC
approach (Fig 5). However, the exclusion method was highly sensitive to the accuracy of the
prior information, i.e. assumed mean peak frequencies of males and females (Fig 9). The
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Fig 4. Proportion of males estimated via the ABC method versus the simulated (true) value. For 100, 500, 1000, 2500, 5000, and 10000 calls (same datasets as Figs 2
and 3). The dashed line depicts a perfect match between simulated and estimated values.
https://doi.org/10.1371/journal.pone.0199428.g004

sensitivity was dependant on the difference between the true and assumed mean peak frequency, the sign of this difference and the true POM.
The POM estimated via the 99.9% exclusion method in the four sampled Rhip colonies was
between 0.19 and 0.67 depending on the colony. These estimates differed from the corresponding ABC results by 0.01 to 0.04, and from the genetically determined sex ratios by 0.02 to
0.12 (Table 1).

Fig 5. Root mean square error (RMSE) for different sex ratios estimated via the exclusion method using thresholds of 95% (blue), 99% (yellow),
and 99.9% (green), and via the ABC approach (black). Blocks correspond to different sample sizes as indicated. The X-axis represents the simulated
proportion of males (from 0 to 1 in steps of 0.05, same datasets as Figs 2–4).
https://doi.org/10.1371/journal.pone.0199428.g005
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Fig 6. Comparison of RMSEs obtained with the one-step versus the two-step ABC method.
https://doi.org/10.1371/journal.pone.0199428.g006

Discussion
We have developed and tested two methods to infer the sex ratio of groups of vocalizing animals where acoustic parameters of the signals overlap between males and females. The newly
developed Bayesian (ABC) approach infers male and female mean peak frequencies and the
according sd as well as the proportion of males (POM). These inferences can then be used to
separately analyse subsets of the data that correspond e.g. to certain time periods of interest
and/or to probabilistically assign a sex to single data points (e.g. calls). Finally, the inferred
acoustic parameters can be used to define the exclusion zone for a second, simpler approach
based on the exclusion of calls from the overlap zone.
Table 2. Identification of the caller’s sex from simulated datasets. The difference between male and female simulated mean peak frequencies (Δ) was between 1 and 5
kHz. The number of calls per dataset ranged from N = 25 to N = 1000. Values presented correspond to the percentage (mean and sd) of individuals assigned to the correct
sex out of 9,000 simulations (1000 simulations per considered proportion of males going from 0.1 to 0.9 in steps of 0.1). The percentage of calls within the overlap zone
between sexes is also presented as a measure of overlap (mean and sd).
Mean (sd) % correctly assigned

Mean (sd) % overlapping

Δ

N = 25

N = 50

N = 100

N = 500

N = 1000

N = 25

N = 50

N = 100

N = 500

5

99.5 (1.4)

99.5 (1.0)

99.5 (0.3)

99.5 (0.3)

99.5 (0.2)

0.2 (1.2)

0.3 (1.3)

0.5 (1.5)

1.7 (2.1)

2.6 (2.6)

4

98.1 (2.7)

98.2 (1.9)

98.1 (0.7)

98.1 (0.7)

98.1 (0.6)

1.7 (4.6)

2.7 (4.7)

4.4 (5.2)

11.0 (7.1)

15.0 (7.9)

3

94.5 (4.6)

94.6 (3.4)

94.7 (2.5)

94.6 (1.6)

94.6 (1.4)

9.3 (11.7)

13.8 (11.8)

20.0 (12.5)

36.8 (13.2)

45.0 (12.8)

2

87.7 (7.0)

87.7 (5.4)

87.7 (4.5)

87.7 (3.5)

87.7 (3.4)

30.4 (19.9)

40.5 (18.6)

51.0 (17.2)

71.7 (12.3)

78.7 (10.1)

1

78.1 (10.2)

78.1 (8.9)

78.1 (8.3)

78.1 (7.8)

78.1 (7.7)

61.0 (22.2)

72.7 (17.0)

81.2 (12.8)

93.1 (5.4)

95.6 (3.6)

N = 1000

https://doi.org/10.1371/journal.pone.0199428.t002
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Fig 7. Percentage of calls correctly identified as male (yellow) or female (blue). In this example, simulated mean peak frequencies of both sexes differed
by 2 kHz and the number of calls per dataset ranged from N = 25 to N = 1000. Values are presented for 1000 simulated datasets per considered proportion
of males (0.1 to 0.9 in steps of 0.1) and number of calls.
https://doi.org/10.1371/journal.pone.0199428.g007

Acoustic parameter estimation via ABC
The estimate of the mean call frequency for a specific sex becomes more precise and accurate
with higher sample sizes and/or a higher proportion of that sex (Figs 2 and 3). However, in the
absence of males, male mean peak frequency values are systematically overestimated, because
calls from the left tail of the female distribution are treated as male calls. Vice versa, female
mean peak frequencies are systematically underestimated in the absence of females (Fig 2).
Consequently, call parameter estimates should be interpreted cautiously when inferred sex
ratios are very imbalanced (i.e. when the estimated proportion of one of the sexes is less than
0.05), especially for low sample sizes (i.e. less than 500 calls).
Our method of estimating call parameters has broad applications beyond the determination
of sex ratio. It could for example benefit studies interested in ecogeographic variation in call
parameters, which has been observed in various taxa [35,47,57,58]. Our method favours the
quick, relatively cheap, and non-invasive collection of a large amount of data, thus enabling
researchers to compare acoustic traits across many sites. Our method could also be used to
study other biological groups beyond sexes. For example, in some species, acoustic features differ based on social rank (e.g. [30,59]), age, or body size (e.g. [26,28,31,32,60]). Cryptic species
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Fig 8. Influence of the proportion of males on the global percentage of correct sex assignment of calls when male and female mean peak
frequencies differ by 1–5 kHz. Values for different sample sizes (cf. Fig 7) and sexes are combined.
https://doi.org/10.1371/journal.pone.0199428.g008

could also be investigated if they differ (at least on average) for some acoustic parameter,
which is often the case [61–67]. Our ABC approach can be used to determine the values which
are characteristic for vocalizations of subgroups and to estimate their ratio in abundance. Even
though the method has been developed for obtaining ratios for two groups, it can be extended
to any number suitable for the study question.

Sex ratio estimation
We confirm the robustness of the ABC and to some extent the exclusion method for sex ratio
estimation with simulated data sets of varying sample size. Obtaining larger numbers of calls
clearly improves precision and accuracy, but even for as few as 100 calls, errors are minor for
the Bayesian approach (Fig 5). For our simulated datasets, the 99.9% exclusion method is
slightly less accurate than the Bayesian approach for small sample sizes, but performs better
compared to the 95% and 99% exclusion approaches (Fig 5). The exclusion method is very
straightforward, providing an advantage for practitioners (easily applicable and very quick).
However, the mean peak frequencies of males and females (and their sd) used in this approach
must be known with very high accuracy to obtain reliable POMs (Fig 9). If this is not the case,
we strongly recommend using the ABC method instead.
We additionally tested the ABC and exclusion methods with empirical data. For three of
the four Rhip colonies, the POM determined from recorded calls is nearly equal to the ratio
obtained via molecular sexing (Thu22, Thu26, Thu47; Table 1). These results provide clear
evidence that the reliable estimation of the POM from acoustic recordings demonstrated via
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Fig 9. Impact of the accuracy of the assumed mean peak frequencies on the performance of the exclusion method (99.9% threshold). The x-axis
shows the difference between the assumed and true mean peak frequency of male calls. Green lines represent an overestimation of the proportion of
males, blue lines an underestimation. The dashed, broken, and dotted lines depict sex ratios estimated for different assumed male mean peak
frequencies when the simulated POM is 0, 0.5, or 1, respectively.
https://doi.org/10.1371/journal.pone.0199428.g009

simulation also applies to empirical datasets. Our method thus can be used to obtain sex
ratios and hence, the number of females, providing more reliable information to calculate the
number of offspring per female in Rhip colonies from passive acoustic monitoring data. An
overestimation of the POM via ABC compared to molecular sexing was observed in the
remaining colony (Thu35; Table 1). Theoretically, the molecular sexing approach could suffer from a bias introduced by different sampling probabilities of males and females, e.g.
because they prefer different hanging sites or due to differences in roost fidelity [3]. Due to
the very good match between molecular and acoustic sexing for the other three colonies we
however rather suspect an underrepresentation of some individuals in the recorded calls. The
roost of this colony has two entrances, but only one was acoustically monitored. Hence, if
more females than males preferred the unmonitored entrance over the one where recordings
were made, their calls might be missing or less frequent in the data set, resulting in an overestimation of males. Therefore, we strongly recommend considering sex-specific or individual
behavioural differences in the study design of future applications. Importantly, our method
assumes a similar acoustic detection probability for individuals belonging to different groups
of interest. If for example males call louder or more often than females, they will be overrepresented in the dataset and their proportion will be overestimated. If such differences in
detection probability are well quantified for the study species/context, they can be corrected
for when simulating datasets within the ABC method. For our target species, the calls are
used for orientation and hence likely to be emitted equally often and at similar intensity by
individuals of both sexes. Nevertheless, for a successful application of our method to other
contexts or species, similarities in signal detection probability should be considered and
discussed.
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Two-step sex ratio determination for data subsets
We have developed and tested a method to track changes in the POM via a two-step ABC
approach. With this method, sex ratios can be estimated quite reliably even for relatively low
numbers of acoustic signals, e.g. short time periods such as days, or small spatial scales such as
single foraging/commuting sites. This allows the detection of temporal or spatial patterns in
the POM, which could provide interesting insights into the flexibility of social organisation
and behavioural differences of males and females in habitat use [68]. The method could be
used to compare sex ratios obtained for groups of migrating animals passing a recorder station
at different time periods (temporal) or to compare data simultaneously collected from different stations (spatial), for example. Migratory birds are a particularly promising target for such
an approach, as acoustic signals even of flying flocks can be used for sex determination in certain species [69]. Furthermore, existing acoustic data from monitoring programs (e.g. [70])
could be used to test for within-species (or between—species, in the case of cryptic species)
temporal/spatial segregation or habitat preferences. Similarly to the estimation of acoustic
parameters, this temporal/spatial resolution method can also be applied to biological groups
other than sex. To ensure accurate estimates, the choice of the temporal/spatial scale will
depend on (1) the number of calls that can be obtained and, (2) the confidence in the dataset
to meet the assumptions of the method (i.e. the mean of acoustic parameters for each group
remaining constant through time/space).

Inferring the sex per recording
We have additionally established a method to probabilistically assign a sex to single acoustic
signals based on the acoustic parameters and the POM inferred from the ABC approach.
While not error-free at the individual level, our method provides a good strategy for detecting
overall patterns of sex-specific behaviour whose temporal/spatial resolution exceeds by far
even that of the two-step Bayesian method. As the sex assignment of a single acoustic signal is
based on the overall probability of signals being emitted by a male or female within the studied
group, which in turn depends on the sex ratio, the two-step ABC method should be used prior
to assigning a sex to single signals to confirm temporal/spatial homogeneity in sex composition, or to identify appropriate time periods/spatial scales over which the POM is stable in the
population.

Technical considerations for future applications
We have developed a method to infer the relative ratio in abundance of two (or potentially
more) groups of animals with partially overlapping value ranges of acoustic parameters. The
choice of parameters and distributions used in our investigation was driven by the biological
model used to empirically test the method. Our work therefore only covers a small range of
parameter combinations compared to what can be encountered in empirical datasets across
taxa. For example, normally distributed data are ubiquitous in biology and we expect many
datasets to conform to this distribution. Nevertheless, the use of other distributions is very
straightforward within the proposed framework which can therefore accommodate datasets
with a wide spectrum of distributions. The distributions can be any probability distribution
with a known mathematical function (e.g. normal) but also any empirical distribution
obtained by fitting an empirical dataset, offering within a single tool greater flexibility than
with conventional maximum likelihood or conventional Bayesian models. The range of estimated parameters used in the ABC approach can be customised depending on the dataset. In
our case, we used the same sd for male and female peak frequencies but these can be decoupled
if needed. Similarly, we selected four summary statistics to compare the simulated and the
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observed dataset in the ABC procedure but different statistics could be used. We chose the
mean, median and sd of peak frequencies (irrespective of sex) and the Kolmogorov-Smirnov
statistic between the observed and simulated dataset as these are summarising well the variations observed in different distributions. However, the summary statistics can be easily and
quickly customised to improve performance if needed.
When developing the algorithm, Lenormand et al. [49] found that smaller alpha and
p_acc_min improved the quality of the posterior approximation but also increased the number of runs and hence time for completing the analysis. The authors recommended to use
alpha = 0.5 and p_acc_min between 0.01 and 0.05 depending on the desired level of convergence. Our simulations show a limited influence of the values chosen for those parameters,
probably because of the simplicity of our datasets and quick convergence. Nevertheless, it
remains important to test the influence of these parameters and select those providing the
most accurate estimates based on simulated datasets mimicking the empirical datasets of
interest. More generally, we recommend that prior to studying sex ratio differences in empirical datasets, simulations mimicking those empirical datasets should be carried out to investigate the reliability and limitations of the method.
Based on previous investigations of lesser horseshoe bats returning to their roost from foraging trips (data not shown), we chose the spatial arrangement of the recording device and the
temporal resolution of the recordings in a manner that limited the probability of two or more
individuals being recorded simultaneously. While the simultaneous recording of multiple individuals cannot be ruled out, the good agreement between the ABC estimates of POM and the
independent non-invasive genetic estimates suggests that those occurrences are not problematic in our empirical dataset. This suggests that when two animals are unlikely to be recorded
simultaneously, one could simply use the mean peak frequency per recording (as done in our
study). An alternative would be to filter out those recordings or eventually, one could use the
peak frequency of each call instead of the mean peak frequency per recording. We did not
investigate this strategy in our empirical dataset because the prevalence of recordings with
high sd (suggesting simultaneous recording of more than one individual) was low (data not
shown). However, this issue should be investigated in other organisms/situations where such
recordings might be common, and especially when the acoustic parameters of calls of the emitter are altered in the presence of other individuals [71,72].
Bats were recorded when entering the roost. Exiting bats were not recorded to avoid multiple recordings per individual introduced by individuals going in and out or circling around
the entrance. Small entrances maximise the probability that individuals approach the recording device from similar angles and at similar speed, leading to comparable Doppler shift on
all recordings. Setting up the recording device in a more open environment (e.g. foraging
grounds or commuting routes) might result in individuals approaching from different angles
and recordings being obtained from animals either approaching or going away from the
microphone, possibly leading to more ambiguous datasets. Although not tested here, choosing
a microphone with high directionality might limit the problem though at the cost of less
recordings being collected. Other non-mutually exclusive strategies might be to use the minimum value of the peak frequency per recording (instead of the mean), which is likely to represent the call emitted when the individual is going away from the microphone. Datasets
collected in different situations might benefit from different data pre-processing steps prior to
sex ratio estimation and we encourage users to explore different options (cf. also the above paragraph). Filtering should also be performed when different types of acoustic signals (e.g. echolocation versus social calls) are present in a dataset. Furthermore, in its current form, the
developed ABC approach is based on the assumption that the detection probability is equal for
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both groups whose ratio shall be inferred. This deserves special attention because noncompliance with this assumption could lead to biases.

Conclusions
The methods developed here will allow scientists and applied conservationists to investigate
ecological questions dealing with the specific behaviour of groups of individuals in greater
detail, provided that acoustic di-/polymorphism exists between the focal groups. These can
comprise individuals that differ in an externally cryptic trait of interest, e.g. sex, species affiliation, age cohort, size or weight class, or social rank. We present a toolbox that combines the
inference of acoustic parameters and sex ratio via ABC with downstream applications. The latter can be used to detect changes in group composition over time/space, or to assign single
acoustic signals to one of the groups. To allow a broad field of application, we describe the conditions that must be fulfilled in order to apply our approach to other study systems and provide
suggestions on how to overcome some challenges that may arise. The approach is based on
acoustic data, which in many species can be acquired more easily than close-up morphological
or genetic data, thus providing a non-invasive, time-efficient, and relatively low-cost approach
to explore ecological traits that differ between groups of animals.

Supporting information
S1 Fig. RMSEs for different sex ratios estimated via mclust. Black line: RMSE with the number of groups determined by the model. Red dotted line: RMSE with the number of groups set
to two by the user. Sample size is from n = 100 to 500 (in steps of 100), as indicated above the
graph. Blue circles: RMSE obtained with the ABC approach.
(TIF)
S2 Fig. RMSEs of estimates obtained for different parameter combinations of the ABC
algorithm. RMSEs of estimates obtained with a sample size of 5000 calls for different parameter combinations of the ABC algorithm and different sex ratio; a) POM = 0, b) POM = 0.25, c)
POM = 0.5, d) POM = 0.75 and e) POM = 1. The values of p_acc_min and alpha used are presented above and below the graphs respectively. Consistently low root mean square error
(RMSE) was obtained for nb_simul = 1000, alpha = 0.4, p_acc_min = 0.01. Black: ABC, blue:
95% exclusion method, yellow: 99% exclusion method, green: 99.9% exclusion method.
(TIF)
S1 Table. Sampling period and location of the four Rhip colonies investigated.
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S2 Table. Empirical acoustic data. Fmean: call frequency (out of Analook). Colo: colony
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S6 File. Modified protocol for extraction of DNA from bat faeces with the Macherey Nagel
NucleoSpin1 Plant II extraction kit.
(PDF)
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3. Synthesis
3.1 Main findings
Increases in dispersal and reproduction are important drivers of range expansion (Burton and Travis
2008; Phillips et al. 2010). Long-term range expansion success however strongly depends on
population viability and growth (Iles et al. 2015). In Chapter 2.2, I present demographic parameters
estimated for R. hipposideros populations via a new Integrated Population Model. Linking the inferred
parameter values with the studied populations expansion behaviour expanding versus nonexpanding) confirmed the hypothesis of increased reproduction rates in expanding populations. In
concordance with R. hipposideros being a K-strategist (Gaisler 1989), the increase in net reproduction
observed in the expanding populations was only partly due to higher average fecundity (i.e. higher
proportion of females giving birth), and mainly achieved by higher juvenile survival. The mechanisms
underlying increased reproduction may hence differ between in K- and r-strategists. R. hipposideros
average reproduction rates can thus be increased even though the maximum annual number of
offspring per female is limited to one (Dietz et al. 2016), fulfilling one of the key criteria for successful
range expansion.
The average adult survival rate in the expanding metapopulation was at least as high as in the nonexpanding one, resulting in a higher average growth rate and a positive population trend. The latter
presents another prerequisite for long-term range expansion success (Phillips 2009; Iles et al. 2015),
which thus currently seems to be fulfilled in the expanding metapopulation. Overall, increased
reproduction and survival rates indicate a higher average fitness of the individuals in the expanding
metapopulation (see Figure 1).
Contrastingly, an overall reduction in genetic diversity was detected in the R. hipposideros populations
in Germany compared to populations in Northern France in Chapter 2.3. This reduction in genetic
diversity was attributed to historic demographic bottlenecks, which is in concordance with severe
population declines in German R. hipposideros populations during the second half of the 2oth century
(Chapter 2.3). Standing genetic variation however is the basis for adaptive potential (Lande 1988;
Reed and Frankham 2003), which is crucial for coping with changing environments (Markert et al.
2010; Perrier et al. 2017). The capacity to genetically adapt to changing environmental conditions may
thus be limited in German populations of R. hipposideros.
Contemporary connectivity in the form of the number of individuals within a radius of approximately
60 to 90 km around the focal population was identified to be the main positive driver of genetic
diversity in the studied populations (Chapter 2.3). This study thus illustrates that networks of colonies
are crucial for the maintenance of genetic diversity in R. hipposideros. The positive impact of
connectivity on genetic diversity diminished for larger radii, indicating a strong decline in gene flow
with a further increase in distance between populations. Protecting colonies in key positions that
connect clusters of colonies is thus critical to prevent clusters of populations from becoming isolated.
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In Chapter 2.1, we confirmed the presence of males in R. hipposideros maternity colonies already
reported in earlier studies (Issel 1950; Gaisler 1963; Bontadina et al. 2002; Gaisler and Chytil 2002) and
notably found large variation in the proportion of males between different colonies. An involvement
of males in the process of colony foundation and establishment (e.g. scouting behaviour or
contribution to social thermoregulation) could explain this variation, because it would result in males
being more frequent in recently established colonies. In Chapter 2.4, I present an approach for the
inference of sex ratios from recorded R. hipposideros echolocation calls, which will allow the
determination of the proportion of males in a large set of colonies in the subsequent phase of the
project. The examination of a potential correlation between colony age and sex ratio will thus be
possible in the future due to the increased statistical power of a much larger accessible dataset.
3.2 Limitations and open questions
Dispersal resulting in the successful foundation and establishment of new populations, and
demographic changes resulting in the growth of these populations are the cornerstones of successful
range expansion. Processes resulting in increased colony formation and population growth thus can
be considered as adaptations to range expansion. Re-colonization of R. hipposideros in Germany
during the last two to three decades (Biedermann et al. 2012), which is still ongoing, hence indicates
an adaptation (sensu lato) in dispersal rates to range expansion. Preliminary data collected and
analysed in this thesis further suggest that populations which are located at the edges of the German
metapopulation (a Southern cluster around Saalfeld and a Northern cluster in the Kyffhäuser region)
have higher dispersal rates than those in the central cluster (data not shown). This is in concordance
with reports about an increasing number of new colonies being established in the vicinity of the
respective edge clusters (personal communication Martin Biedermann, Wigbert Schorcht, Michael
Franz, Wolfgang Sauerbier), and presents another hint that dispersal can change in accordance with
environmental conditions (availability of unoccupied habitat). These results however still have to be
confirmed with more genetic markers to increase the reliability of discrimination between single
individuals (see Chapter 1.4 for more details). This issue prevented the quantification of dispersal rates
and distances for the estimation of R. hipposideros range expansion speed. A key question thus
remains unanswered and will be addressed in the next phase of the project: how the expected velocity
of range expansion in R. hipposideros relates to the expected velocity of global warming induced
habitat loss.
Equivalently, the demographic changes observed in the expanding compared to non-expanding R.
hipposideros metapopulation can be seen as an adaptation (sensu lato) to range expansion, because
they resulted in an increased, positive average population growth rate (Chapter 2.2). Factors and
processes involved in generating this increase in fecundity and juvenile survival are thus regarded as
adaptive. The crucial question that arises in the face of these observed apparent adaptations is
whether they are the outcome of genetic adaptation (adaptation sensu stricto) or rather of phenotypic
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plasticity? The role of phenotypic plasticity in adaptive responses to environmental change is
controversial: on one hand, it may facilitate genetic adaptation by helping populations to persist
under changing conditions for sufficiently long time scales and with sufficiently high genetic diversity
levels to allow the evolution of adaptive traits in a higher number of individuals; on the other hand, it
may prevent genetic adaptation by decreasing the selection pressure exerted by novel conditions,
thus impeding the evolution of adaptive traits (Ghalambor et al. 2007; Moczek et al. 2011; Levis and
Pfennig 2016). A recent study using metabolic network analysis in unicellular organisms for example
found that evolutionary adaptations to novel environments in most cases reversed rather than
reinforced plastic phenotypic changes, suggesting that genetic adaptation is not facilitated by initial
phenotypic plasticity (Ho and Zhang 2018). For more complex processes such as range expansion of
wild populations, evaluating the role of phenotypic plasticity is however much more challenging and
requires further information about the relative importance of the genetic versus the phenotypic basis
of the observed changes in individual traits and demographic parameters.
The German edge populations where preliminary results indicate increased dispersal rates are located
in areas where R. hipposideros went extinct during the population declines in the second half of the
20th century, whereas a large proportion of populations persisted in the central cluster during this
period (Biedermann et al. 2012, personal communication Martin Biedermann, Wigbert Schorcht,
Wolfgang Sauerbier). The founders of these edge populations accordingly had to be dispersive,
because otherwise they would not have moved to this area and settled there. Nevertheless, it remains
unclear if they had more dispersive genotypes or merely more dispersive phenotypes. In the first case,
present-day higher dispersal rates in these populations would have a genetic background, originating
from a founder effect associated with a strong enrichment in dispersive genotypes. In the second case,
present-day higher dispersal rates at the edge would result from conditional (i.e. plastic) dispersal in
dependence on the availability of unoccupied habitat (Clobert et al. 2009; Chaine and Clobert 2012),
or even from unconditional dispersal which only results in the establishment of new colonies when
unoccupied habitat is available, and in the dispersing individual s death in the absence of vacant
suitable habitat. Assessing the heritability of individual dispersal behaviour in the second phase of the
project will help to disentangle genetic and phenotypic for the observed relationship between
dispersal and habitat availability.
The question of phenotypic plasticity versus genetically induced changes also applies to the increase
in the average reproduction rate observed in Germany (expanding metapopulation) compared to
France (non-expanding metapopulation, see Chapter 2.2). Even if assuming a purely phenotypic
change, it is furthermore unclear whether the increased average reproduction rate of the expanding
metapopulation results from a plastic response in life strategy and resource allocation, or simply from
higher resource acquisition manifesting in a general, undirected increase in individual performance
without changes in the proportion of resources allocated to different traits. If the latter is the case, the
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difference in demographic parameters between the expanding and the non-expanding
metapopulation would not qualify as an adaptation (not even in the broader sense) to the range
expansion process, but rather originate from differences in the environmental conditions encountered
by the respective metapopulations (Figure ). This leads to the next question: to which degree such a
higher resource acquisition originates from more resources being available per capita as a result of
lower population density, and to which degree from overall higher resource availability due to intrinsic
habitat quality (Figure ). A strong effect of population density on resource acquisition would indicate
that the observed demographic changes are related (albeit not an adaptation) to range expansion,
because low initial population density can be expected for nearly all range expansion scenarios. If in
contrast intrinsic habitat characteristics are the main driver of increased reproduction, the observed
demographic parameters and population dynamics do not allow predictions of range expansion
success. The latter will then be determined mostly by the characteristics of the habitat to be colonised
instead. A combination of the listed potential reasons probably act in concert, and future range
expansion success will depend to a great extent on the relative importance of these different factors
in causing the observed increase in fecundity and juvenile survival.

Figure 2: Possible reasons for increased fecundity and juvenile survival in the expanding versus the non-expanding
metapopulation (Chapter 2.2) and their potential significance for long-term adaptation to range expansion. s.l. = sensu lato.
The illustrated scenarios are non-exclusive and can contribute to the observed demographic changes to varying extents.

Investigating the impact of intrinsic habitat features versus evolutionary adaptation will be
particularly important to evaluate long-term range expansion success in R. hipposideros considering
that the currently observed expansion is a re-colonization of habitat that had already been occupied
by the species prior to the population declines in the mid-20th century, and that it does not encompass
the encounter of novel conditions. Environmental conditions may rapidly become less favourable
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upon the colonization of truly novel habitat. Individuals colonizing habitat that is newly becoming
available due to a northward shift of the climatic envelope for example will be confronted with climatic
conditions representing the species tolerance limits. Dealing with these conditions can be expected
to require higher resource investment and, importantly, further adaptation. Adaptation to harsher
conditions at the edge of the species shifting climatic envelope usually requires high evolutionary
potential (Perrier et al. 2017; Razgour et al. 2017) and thus, genetic diversity (Fisher 1958). The reduced
levels of genetic diversity determined in the German populations (Chapter 2.3) may therefore impose
a serious constraint in the species ability for local genetic adaptation.
Determining the relative contribution of the different scenarios illustrated in Figure to the observed
changes in demographic parameters is crucial from a conservation perspective. A larger influence of
intrinsic habitat characteristics corresponds to a smaller influence of true adaptation (illustrated by
the colour gradient) and thus, a lower significance of the observed increased reproduction rate for
long-term range expansion success. Predicting species persistence under changing climatic
conditions requires information not only about future adaptive potential (genetic diversity, see
Chapter 2.3), but also about present-day levels of adaptation (Reed et al. 2011). A quantification of the
heritability of life history traits and dispersal is therefore planned for the second phase of the project,
which can provide more insights into the evolutionary component of the observed changes in
demographic parameters in the expanding R. hipposideros metapopulation. The investigation of the
relationship between the metapopulation s increased reproduction and dispersal rates with
population density and habitat characteristics presents another promising research prospect that
could help to determine how closely related the observed changes are to the range expansion process.
Colony formation is another very important aspect of range expansion success that yet needs to be
studied in more detail. The Bayesian approach presented in Chapter 2.4 will allow to investigate the
potential role of males in the recruitment to and settlement and establishment in new habitat patches
of R. hipposideros females. A better understanding of range expansion in R. hipposideros however will
also require more information about environmental factors driving and mechanisms underlying the
foundation and growth of new colonies. This is particularly true should the potential importance of
habitat characteristics for the observed difference between demographic parameters in the
expanding and the non-expanding metapopulation be confirmed. Traits that are involved in the
currently observed relatively frequent foundation of new colonies might be affected by different
environmental conditions encountered upon expansion into novel habitat. Elucidating the impact of
environmental conditions in current and future habitats will allow to predict range expansion
dynamics and success in this species more precisely, and to develop according conservation
strategies.
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3.3 Conclusions
Ongoing re-colonization and the foundation of new R. hipposideros maternity colonies in Germany
suggest adaptations in (sensu lato) relevant range expansion traits. This is further supported by the
increased reproduction rate and higher average growth rate of the German compared to the (nonexpanding) French metapopulation (Chapter 2.2) and by preliminary results indicating higher
dispersal in expanding populations.
Nevertheless, it remains questionable whether R. hipposideros range expansion will be successful in
the long term, i.e. rapid enough to compensate global warming induced habitat loss in the south while
maintaining viable populations of sufficient genetic diversity. Transient and long-term population
dynamics under range expansion may differ (Iles et al. 2015), and the extent to which the increased
reproduction (and presumably, dispersal) rates detected in expanding R. hipposideros populations this
thesis originate from evolutionary adaptation still remains to be quantified (Chapter 3.2). In fact,
reduced levels of genetic diversity detected in German R. hipposideros populations rather indicate
limited evolutionary potential and capacity for genetic adaptation (Chapter 2.3).
Contemporary low levels of genetic diversity in leading edge populations of R. hipposideros are
alarming, because the range shift process usually diminishes genetic diversity (Estoup et al. 2004;
Hallatschek et al. 2007; Hallatschek and Nelson 2008; Slatkin and Excoffier 2012; Garnier and Lewis
2016). The concomitant loss of genetic diversity may be particularly pronounced in R. hipposideros,
because range expansion often results in small and patchy populations at the expansion front (Phillips
2011; Peischl et al. 2013; Peter and Slatkin 2015), and spatial connectivity of populations was identified
as the main positive driver of genetic diversity in R. hipposideros (Chapter 2.3).
Consequentially, protecting genetic diversity is of utmost conservation concern to support successful
range expansion of R. hipposideros populations and thus, long-term species persistence. This requires
the protection of extensive, well-connected population networks with preferably large numbers of
individuals distributed in many populations. Spatial concentration of individuals in few, isolated
populations should be avoided, and the protection of populations in key positions that spatially
connect clusters of populations warrants a special focus in conservation strategies (Chapter 2.3). The
legacy of demographic bottlenecks in the past, whose detrimental effect on genetic diversity is still
noticeable, further stresses the importance to prevent deteriorations in habitat conditions such as
pesticide application and roost loss. While the causes of those drastic population declines in the mid20th century have been rectified, the increasing application of novel pesticides that negatively affect
insect abundances and thus food availability and whose long-term ecological consequences are
unknown, could revive this threat (Afonso et al. 2016). Regular monitoring of population trends
therefore is critical because it allows the quick registration of potential emerging threats. The latter is
important to develop according countermeasures and conservation strategies in a timely fashion, and
to avert a recurrence of population declines. Finally, the extent of present genetic adaptation to range
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expansion and the relative importance of directed, evolutionary changes in relevant traits (dispersal,
reproduction) compared to environmental effects will have to be investigated in more detail before
we can make predictions about the long-term range expansion success of R. hipposideros.
In 2016, Jessica Gurevitch and colleagues introduced the novel concept of landscape demography, a
discipline combining metapopulation ecology, demography, and landscape ecology (including
landscape genetics) to fathom fundamental ecological processes of broad relevance, such as range
shifts (Gurevitch et al. 2016). They enunciate the necessity for the accumulation of sufficient data on
demographic heterogeneity within and especially among populations […], across meaningful spatial
extents, and over a range of spatial scales as a first step towards this approach (Gurevitch et al. 2016).
My thesis encompasses the estimation of variation in demographic parameters (fecundity, adult and
juvenile survival) across different spatial scales and ecological contexts, i.e. variation between and
variation within two metapopulations of R. hipposideros: an expanding one in Thuringia, Germany (19
populations, 3826 sampled individuals) and a non-expanding one in Picardy, France (16 populations,
3480 sampled individuals; Box 2 and Chapter 2.2). It further includes the quantification of genetic
diversity levels and spatial connectivity of continental European leading edge populations of R.
hipposideros (1800 genetic samples from 42 populations plus locations and census sizes of 1307
additional populations, Chapter 2.3). The extensive sampling scheme, which spanned five countries
from the Atlantic coast in North Western France to the Bohemian Switzerland area in the Czech
Republic, allowed the identification of the spatial scale at which connectivity acts on genetic diversity,
providing important information for conservation planning.
In this thesis, I address key aspects of landscape demography by studying connectivity, population
genetics, and variation in demographic parameters and the resulting population dynamics across
different spatial scales and grains, and in relation to different ecological and historic contexts.
Investigating the eco-evolutionary process of range expansion in this framework has resulted in
important insights into the factors and processes associated with range expansion in R. hipposideros.
A more detailed investigation of the relative importance of evolutionary adaptation and the influence
of environmental conditions in the next phase of the project will provide additional information to
predict long-term range expansion success in R. hipposideros and to develop detailed according
conservation strategies.
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