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Abstract

Dispersal influences population and evolutionary dynamics, in a manner that depends on
by which dispersal strategies gene flow occurs. In some species, mating partners move
exclusively for mating, dispersing genes but not individuals. This is the case in many bat
species, of which the lesser horseshoe bat (Rhinolophus hipposideros) shows a genetic
structure at a fine spatial scale suggesting restricted dispersal. We investigated how na-
tal and mating dispersal shape gene flow in this species in two metapopulations using
paternity and population assignments. Half of the inferred paternities were intra-colonial
and gave an estimate of the mean mating dispersal distance of around 11 km, explain-
ing the observed genetic structure. Complete gametic dispersal distances were further
estimated by combining natal with mating dispersal distances. The resulting gametic dis-
persal kernels showed a mean distance of around 20 km and a fat-tailed distribution
typical of an excess of long-distance dispersal movements. It is the first time that natal
and mating dispersal distances have been separately estimated and then combined in
animals, documenting quantitatively how mating dispersal decorrelates gene and indi-
vidual flows. It is important to consider this mechanism to explain dispersal evolution.
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Introduction

Individuals or propagules may move between their birthplace or the place where they are
produced and any other place, habitat, social group, patch, etc. These movements, called
dispersal, change the composition of the community they leave and the community they settle in,
modify the demography and trait distribution of both the population they leave and the population
they settle in, and exchange genes between populations. Dispersal is involved in range expansion
and colonizations, the rescue of small populations from extinction, invasiveness of exotic species
but also the spread of pathogens or diseases, and it affects source-sink dynamics (Brown and
Kodric-Brown, 1977; Gadgil, 1971; Hastings et al., 2004; Perkins et al., 2013; Phillips et al., 2008).
In addition, dispersing individuals contribute to gene flow, affecting local adaptation or the spread
of beneficial mutations, for example (Peischl and Gilbert, 2020; Tigano and Friesen, 2016).
Dispersal is thus of crucial importance for both ecology and evolution, since population and
evolutionary dynamics are intertwined through, among others, this particular trait.

Dispersal strategies are largely diversified among species (Bowler and Benton, 2005), mostly
depending on proportions of dispersing individuals, mobility, and life-stage involved (Broquet and
Petit, 2009). Natal dispersal, the definitive movement of propagules outside their natal location,
generally occurs before the first reproduction event. Breeding dispersal is a later definitive
movement that occurs between successive reproductive bouts and locations. Mating dispersal,
which is relative to the pairing of opposite-sex individuals from different resident sites aimed for
reproduction, also occurs after natal dispersal (Hazlitt et al., 2006; Sugg et al., 1996). Breeding and
mating dispersal are therefore two alternative dispersal strategies that occur after natal dispersal.
To our knowledge, there are no documented cases of species exhibiting all three types of dispersal,
meaning that a full understanding of dispersal and its consequences should consider at least two
of these strategies when either breeding or mating dispersal occurs. This has been demonstrated
in birds, where breeding dispersal is widespread (Dale et al., 2005; Fandos et al., 2023; Paradis et
al., 1998). Dispersal can be gametic and/or zygotic, depending on which propagules are involved
in movements (gametes vs. individuals). This is most easily illustrated in plants, in which seed
dispersal is zygotic while pollen dispersal is gametic. Natal dispersal can be either gametic or
zygotic (see the example with plants). Breeding dispersal is only zygotic, as it involves the
permanent movement of adult individuals. In contrast, mating dispersal does not involve a
permanent movement of parents and leads to gametic dispersal only. Therefore, natal, breeding,
and mating dispersal contribute to gene flow and the dispersal of individuals to different degrees
(Waser and Elliott, 1991).

Importantly, male gametic dispersal may result from the addition of different dispersal
behaviours: in mobile species, the addition of natal dispersal movements to mating dispersal
movements results in male gametes moving further than the male home site. Natal dispersal is
assessable by multiple methods (e.g. Capture-Mark-Recapture, direct observation or tagging).
Mating dispersal, in contrast, involves home site fidelity and only short (sometimes a few hours),
temporary movement to another site and is thus difficult to assess. Consequently, the contribution
of mating dispersal to gene flow may be underestimated, because movements for mating often
remain cryptic. Yet, mating dispersal has been documented in invertebrates, fishes, lizards, birds
and mammals (Archie et al., 2008; Chapple and Keogh, 2005; Johannesen and Lubin, 1999; Kesler
et al., 2010; Portnoy et al., 2015).

The lesser horseshoe bat, Rhinolophus hipposideros (André, 1797), is an ideal species to study
natal and mating dispersal separately. Like most temperate bat species, it is sedentary and females
are philopatric. Dispersal is thus supported by males (Bontadina et al., 2002; Gaisler and Chuytil,
2002). As in many other bat species, little is known about the mating system and male dispersal
(McCracken and Wilkinson, 2000). Because male-biased dispersal is pervasive among mammals
(Dobson, 1982; Greenwood, 1980; Lawson Handley and Perrin, 2007), including bats (Kerth et al.,
2002; Petit et al., 2001), it is assumed that males actively disperse and participate to gene flow
through natal dispersal and mating with females that are not from their natal colony. In such
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species, natal and mating dispersal movements need to be studied simultaneously to reveal their
relative contribution to gametic dispersal and ultimately gene flow (Archie et al., 2008; Chapple and
Keogh, 2005; Kerth and Morf, 2004). Interestingly, Lehnen et al. (2021) recently demonstrated that
the lesser horseshoe bat’s genetic structure follows an isolation-by-distance pattern at a scale of a
few kilometres in two different metapopulations. This pattern is unusual among bats, suggesting
very limited gene flow in this species (Aguillon et al., 2017; Rousset, 1997).

We aim to characterize the geometry of male gametic dispersal by following the spatial
displacement of sperm through both natal and mating dispersal movements, adopting a dispersal
distance kernel perspective (Nathan et al., 2012). We tested the hypotheses that (1) some lesser
horseshoe bat males adopt a philopatric behaviour (Entwistle et al., 2000) and (2) males mate
preferably with females of their home colony, which is either their natal colony or the colony they
settle in after their natal dispersal movement, if any. We used molecular methods to leverage the
strong population structure at a fine scale, assigning fathers to their colony of birth for estimating
natal dispersal, and assigning offspring to their father to estimate mating dispersal (Broquet and
Petit, 2009; Dussex et al., 2016; Pemberton, 2008). Natal and mating dispersal distances were
then combined in a continuous-space model to estimate the complete male gametic dispersal
distance kernel.

Materials and methods

Study metapopulations

We analysed data previously gathered on two lesser horseshoe bat metapopulations with
different population dynamics (Jan et al., 2019; Lehnen et al., 2021; Zarzoso-Lacoste et al., 2018).
The French metapopulation (Picardy) was stable while the German one (Thuringia) was expanding.
Seventeen colonies were sampled over four years (2013-2016) in Picardy (France), and 22
colonies were sampled over three years (2015-2017) in Thuringia (Germany). We excluded from
the data set in Zarzoso-Lacoste et al. (2018) one remote colony isolated in a forest that is not
located in our study area and a second one that we were not able to sample repeatedly across
years. Distances between colonies ranged from 0.7 to 56 km in Picardy and from 1.8 to 99 km in
Thuringia (Figure S1).

Genotype dataset

The dataset comprised all unique genotypes obtained from bats faeces sampled in the colonies
during the respective study periods. Each unique genotype of six to eight microsatellite markers
was considered as one individual (see Zarzoso-Lacoste et al. 2018; 2020 for the complete
procedure). There were two sampling sessions per year, during summer, before and after
parturition. All individuals sampled for the first time after parturition were considered as putative
offspring. Females and males were separated by the sexual marker DDX3X/Y-Mam with the
method described by Zarzoso-Lacoste et al. (2018; 2020). Summary statistics for the microsatellite
dataset were estimated with the R packages adegenet and hierfstat (Goudet and Jombart, 2022;
Jombart, 2008; Jombart and Ahmed, 2011).

Parentage assignment

Maternities and paternities were inferred with COLONY 2 (Jones and Wang, 2010) version
2.0.6.4 for Linux. COLONY was run with a full-pedigree likelihood method. Following Foley et al.
(2020), parental links were inferred from 30 independent COLONY runs of the same dataset with
different random seeds to achieve convergence on the best putative father. The eight microsatellite
markers were used in the parentage assignment procedure. As COLONY is able to accommodate
for genotyping errors, allelic dropout rates and other typing errors at each locus were set with values
estimated by Zarzoso-Lacoste et al. (2018). Females were considered as polygamous with only
one offspring per year (the father could change every year) and males as polygamous with no
offspring limitation. Detection probabilities for mothers and fathers were set to 0.9 for mothers and
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0.56 for fathers (details in Supplementary Information). Cohorts of the different years (four in
Picardy, three in Thuringia) were analysed together.

In this species, both sexes are sexually mature at the end of their first year (Gaisler, 1966).
Thus, putative offspring were all individuals sampled for the first time after parturition in any given
year and these potential offspring were assumed to become candidate parents the year after their
birth. Candidate parents were assumed to breed every year. As a consequence, for a given
offspring, candidate mothers (respectively fathers) were all females (respectively males) born
before the year of sampling of the offspring.

Then, we built lists of excluded paternities and maternities (Jones and Wang, 2010). Excluded
paternities were all males born the same or later years for each given offspring. Excluded
maternities were also all females born the same or later years for each given offspring, with an
additional exclusion of all females from a different colony than the offspring colony as offsprings
stay in their mother’s colony for at least several weeks after birth. Females give birth to at most one
offspring per year (Gaisler, 1966), so all offspring born the same year as the focal one were
excluded from maternal sibship.

As in Foley et al. (2020), the comparison of simulated parent/offspring genotypes and the
parentage inferred by COLONY was used both to find a statistic discriminant that allowed to
exclude wrong paternities and to perform a power analysis of the categorical assignment method
(i.e. type | and type Il error rates). We simulated genotypes sampled in a theoretical population with
known parent-offspring relationships and used it as an input in COLONY to assess type | (the wrong
parent was inferred) and type Il (no parent was found among the sampled ones) errors. We
simulated the genotype datasets with the COLONY simulation module for Windows version 2.0.6.4
(Wang, 2013) to mimic demography, genetic diversity and genotyping errors observed in each
sampled metapopulation (details in supplementary materials and methods). Each simulated
dataset was replicated 50 times with different random seeds then analysed with COLONY to assess
for a convergence on true fathers over multiple replicated runs.

Male mating dispersal

The empirical distribution of mating dispersal distances was directly assessed by pairwise
distances between the home colony of offspring and fathers inferred with categorical assignment
(i.,e. COLONY). We compared these estimates to expected values obtained by a random
association between true juveniles (candidate juveniles for which a true parent was found) and
candidate fathers. A 95% confidence envelope for this null expectation was obtained by using a
bootstrap procedure. The expected and observed distributions of offspring-father distances were
compared with a Kolmogorov-Smirnov test. Besides, the exponential parameter 3 of the mating
dispersal distance kernel was estimated by a Bayesian approach provided in the Master-Bayes
package (Hadfield et al., 2006) for cross-validation.

Male natal dispersal

The natal colony of male individuals was assessed by genetic assignment of fathers to colonies
in the dataset with STRUCTURE (Pritchard et al., 2000). Male adults were assigned to colonies
based on the genetic structure inferred from all female individuals with the USEPOPINFO model,
as described in Dussex et al. (2016). Natal dispersal was then estimated by calculating the distance
between the source colony inferred by STRUCTURE and the colony where the male was sampled.
Only migrants of the actual generation were searched (GENSBACK = 0). The colony with the
highest assignment probability was retained as the source colony for migrants. Ten replicated
STRUCTURE analyses were run with a total of 2,000,000 iterations including a burnin of 1,000,000
(thinning = 100). Within-chain convergence was assessed with trace plots and diagnostics
implemented in the CODA R package (Plummer et al., 2006). Replicates were compared and the
replicate minimizing the Geweke statistics for both Alpha and Log-Likelihood sampling chains was
retained for categorical assignments.
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Male gametic dispersal

Parameters of the gametic dispersal distance kernel were estimated based on the distribution
of empirical distances. Gametic dispersal distances were the result of both natal and mating
dispersal; in other words, the distance between the natal colony of the male and the natal colony
of its offspring. Competing probabilistic models were fitted to the data with the FitDistRplus package
to estimate the parameters of the dispersal kernel with maximum likelihood estimation. Goodness-
of-fit were compared based on AlCc (Mazerolle, 2020) and BIC criterion (Delignette-Muller and
Dutang, 2015). The most classical dispersal distributions (Gaussian, Exponential, Exponential
Power, Weibull and Gamma) were compared (Nathan et al., 2012).

Additionally, we investigated hurdle models to deal with the excess of zeroes in dispersal
distances (Lachenbruch, 2002). Hurdle models were constructed as a mixture of a binomial
distribution for the probability of mating inside/outside of the colony and a continuous distribution
excluding null dispersal distances. The parameter of the binomial distribution was estimated with a
Generalized Linear Model in R and parameters of the positive continuous distribution were
estimated with FitDistRplus. Parameters’ confidence intervals were computed by bootstrapping.
The log-likelihood of hurdle models was the sum of the log-likelihoods of the binomial model and
the conditional model separately estimated (McDowell, 2003).

Statistical analysis

All statistical analyses were conducted with R version 4.1.2 (R Core Team, 2022). From the
distributions of observed mating and gametic offspring-father distances, we estimated the mean
and median dispersal distances with a bootstrap method.

Results

Dataset

Of the 3,706 unique genotypes in Picardy (France), 1,602 individuals were labelled as offspring
(43%). 72% of individuals considered as adults were females (58% to 92% females depending on
colony). 21% of individuals had an incomplete genotype (1 or 2 missing loci). The mean sample
size per colony was 218 (SD = 152) individuals for cumulated years 2013-2016, ranging from a
minimum sample size of 53 bats to a maximum sample size of 746 bats. In Thuringia (Germany),
there were 3,913 unique genotypes with 2,128 potential offspring (54%). 62% of individuals
considered as adults were females. After removing one colony with only one individual, the mean
sample size per colony was 186 for years 2015-2017 (SD = 108, range 24 to 385). The eight
microsatellite markers showed a high diversity both in France and Germany, with an averaged
observed heterozygosity across loci and populations of 0.61 in Picardy and 0.53 in Thuringia, and
a mean allelic richness of 7.3 and 4.3, respectively (Table S1).

Simulations

The proportion of successful father assignments was low with a high prevalence of type Il errors
(no father found for a given offspring, Table S2). In simulations, a conservative frequency value of
0.3 in Picardy and 0.25 in Thuringia accurately excluded wrong fathers when at least 20 runs of
COLONY were used, even for the least powerful analysis with 6/8 complete loci (Figure 1).

Parentage assignment

We pooled inferences from genotypes with no more than 2 missing loci (= 6/8 loci) with the
inferences from the complete genotypes (8/8 loci). Ambiguous assignments (different fathers for
the same offspring) were resolved in favour of the most powerful dataset (8/8 complete loci).
COLONY found 530 unique paternities (33% of putative offspring) in the French dataset. Based on
simulation results (Figure 1), we removed inferred paternities found in less than 30% of 30 runs,
resulting in 82 paternities being considered as true paternities. There were 17 fathers responsible
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for these 82 paternities over four years (Table S3). From the German dataset with the same
procedure, 62 paternities were retained with only 17 fathers over three years (Table S4).

A B
> >
506 : . ge 5060.
T P
HEO.4‘ e f040 :""IIJ" I" I l"l"" "l e True father
20'3 ______________ 20.25 _!_o L e '_I - _'_ - Wrong father
€ 0.21 € 0.20;

0.0- 0.00

0 10 20 30 0 10 20 30

Number of runs

Figure 1 — Assignment frequency of the inferred father according to the number of
runs in simulated datasets with missing data (6/8 complete genotypes). Black dots
indicate cases where a true parent was found; grey dots indicate cases where the
wrong parent was found for 3892 simulated offspring. Assignment probabilities of
simulated father/offspring dyads with allelic frequencies of Picardy (A) or Thuringia
(B). For each number of runs R, 100 assignment frequencies were estimated by
randomly sampling R runs. The dashed line indicates the exclusion threshold of 0.3
(Picardy) or 0.25 (Thuringia) determined in the simulations.

Mating dispersal: where do the fathers come from?

Based on the empirical distribution of mating dispersal distances, the Kolmogorov-Smirnov test
between the two distributions of offspring-father distances (expected and observed) showed a
significant deviation (D = 0.40 in France and 0.53 in Germany, p < 0.001 in both cases, n =82 and
62) with more zero distances than expected by chance (Figure 2). The mean mating dispersal
distance was 10 km (IC95 = [7.11; 13.1], 10,000 bootstraps, n = 82) in France and 11.6 km (IC95
= [7.3; 16.6], 10,000 bootstraps, n = 62) in Germany. However, the median distance were much
lower in these two populations (2.3 km, IC95 = [0, 7.7] and 4.7 km, IC95 = [0, 7.8], respectively).
Both empirical distributions were globally congruent (Figure 2) and the MasterBayes Bayesian
approach yielded similar results (Supplementary Information).

Natal dispersal: where were the fathers born?

Assignment to natal colonies with STRUCTURE indicated approximately equal proportions of
philopatric males and natal dispersers. Of 17 fathers in Picardy, nine were inferred as natal
dispersers (52%), yet assignment probabilities were globally low with a mean probability of 0.13.
There were 7 dispersing fathers in Thuringia (of a total of 17 fathers, 41%) with a mean assignment
probability of 0.52. Assignment probabilities for the inferred fathers in France and Germany were
globally among the highest probabilities of the whole dataset (Figure 3). However, assignment
probabilities were globally lower in Picardy than in Thuringia (Figure 3), with a lower power of
discrimination between the best assignment probability and the second best in Picardy (Figure S2).
In contrast, fathers in Germany were easier to assign to a single candidate colony (Figure S2) and
showed the strongest philopatry. Our estimates were robust across ten MCMC sampling chains,
systematically inferring the same natal colonies for all fathers with extremely similar probabilities
across independent runs of STRUCTURE (Figure S3). All sampling chains of STRUCTURE
globally converged to stationarity and Geweke Z-scores of the selected replicate for Picardy were
-0.45 (a) and 0.44 (Log-Likelihood). Geweke Z-scores for Thuringia were 0.06 (a) and 0.58 (Log-
Likelihood).

Peer Community Journal, Vol. 6 (2026), article e107 https://doi.org/10.24072/pcjournal 811


https://doi.org/10.24072/pcjournal.811

Thomas Brazier et al. 7

1.00

o
N
Ul

0.50

Dyads cumulative frequency
o
N
=

0.001

0 25 50 75 100

1.00

e
N
Ul

0.501

Dyads cumulative frequency
o
[N)
=

0.001

0 25 50 75 100
Geographic distance (km)

Figure 2 — Distribution of offspring-father mating dispersal distances in Picardy (A)
and Thuringia (B). Black dots represent observed distances for accepted paternities
(n = 82 offspring and 17 fathers in A and n = 62 offspring and 17 fathers in B). The
grey ribbon marks the 95% confidence interval for expected distances between
candidate fathers and true offspring under a random mating hypothesis, estimated
with resampling methods. The black curve shows the theoretical Weibull dispersal
kernel (i.e. cumulative density function of distances) with parameters fitted with
FitDistRplus on individual mating distances (dashed curves correspond to 95%
confidence intervals estimated with 1,000 bootstraps). The grey curve shows the
negative exponential cumulative density function of distances with the § parameter
estimated by Masterbayes (dashed curves correspond to 95% confidence intervals
estimated with 1,000 bootstraps).
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Gametic dispersal: the whole sperm journey

The mean gametic dispersal distance (i.e. pairwise distance between the natal colony and the
colony where the offspring was born resulting from both natal and mating dispersal) was slightly
higher than for mating dispersal alone: 17.6 km (IC95 = [14.4; 20.7], 10,000 bootstraps, n = 82) in
France and 22.2 km (IC95 = [15.2; 29.6], 10,000 bootstraps, n = 62) in Germany. However, as for
mating dispersal, the median gametic dispersal distances were lower than the mean (16.2 km, IC95
= [10.7, 18.9] and 6.9 km, IC95 = [4.1, 8.7], respectively), revealing a strong skewness of the
distribution of distances. Upon the individual distances of gametic dispersal, model comparison
based on AICc/BIC showed that hurdle models consistently outperformed all single continuous
distributions (Table 1). When the conditional probability of mating inside/outside the colony and
dispersal distances outside the colony were modelled separately in the hurdle model, the best fitting
distribution in Picardy was the binomial + Weibull (Figure S4). The proportion of gametic dispersal
outside the natal colony, estimated by the binomial parameter, was 0.78 (IC95 =[0.68; 0.87], 1,000
bootstraps). The shape and scale parameters of the fitted Weibull were 1.90 (IC95 = [1.54; 2.37],
1,000 bootstraps) and 25.3 (IC95 = [20.9; 29.4], 1,000 bootstraps). In Thuringia, hurdle models
outperformed all other ones and Log-Normal was the best fit, yet with very similar AICc/BIC values
for different fat-tailed families (Aaicesic < 3; Table 1; Figure S4). We selected the Weibull model for
comparison between Picardy and Thuringia (Figure 4) and compared it to the negative exponential
dispersal kernel inferred by Lehnen et al. (2021) on a large European metapopulation (mean
distance = 16.77 km). The binomial parameter in Thuringia was slightly lower than Picardy, at 0.70
(IC95 =[0.56; 0.82], 1,000 bootstraps). The fitted Weibull had a shape of 0.99 (IC95 =[0.87; 1.16],
1,000 bootstraps) and a scale of 31.8 (IC95 = [22.4; 42.5], 1,000 bootstraps).

1N

»
©
~
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W

0.50

3 3
Probability rank Probability rank

o

N
o
N
%]

Assignment probability
Assignment probability

o

Figure 3 — Distributions of assignment probabilities of all male adults to a putative
natal colony in France (A) and Germany (B) (n = 578 and 683, respectively). All
probabilities estimated with STRUCTURE are represented with different colours, and
ordered by decreasing rank of probability values, from the best individual assignment
(rank = 1) to the worst (rank = number of colonies). Horizontal dashed lines represent
the best probability (rank 1) for fathers previously inferred with COLONY (n = 17 and
17, respectively).

To assess the effect of potential natal colony mis-assignment on the gametic dispersal kernel,
we compared the gametic dispersal kernel inferred with the best assignment probability (positive
distances only, Figure 4) with alternative kernels estimated with all other possible natal colonies,
ordered by decreasing assignment probability, i.e. from the most to the least probable natal colony
(Figure S5). By comparing all possible gametic dispersal kernels, from the best to the worst, we
showed that the gametic dispersal kernel in France is not qualitatively affected by potential natal
colony mis-assignments (Figure S5A). On the contrary, in Germany, where the power to assign
fathers to a natal colony was much higher than in France (Figure S2), the best kernel was
substantially skewed towards short distances compared to kernels with lower assignment
probabilities (Figure S5B).
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Table 1 — Model comparison between competing probabilistic kernels of dispersal
distances fitted to the empirical gametic dispersal distribution (i.e. paternity distances
inferred with COLONY + natal dispersal inferred with STRUCTURE), based on the
number of parameters of the model, AICc and BIC. The best model based on
AICc/BIC and all competing models with Aaicesic < 3 are indicated by values in bold.

Thuringia | Picardy
Model N parameters AlCc BIC AlCc BIC
Single continuous distribution
Gaussian 2 599 604 675 679
Negative Exponential 1 510 513 636 638
Exponential power 3 548 555 747 754
Weibull 2 - - - -
Gamma 2 - - - -
Hurdle models
Binomial + Gaussian 3 499 505 597 604
Binomial + Negative Exponential 2 465 469 617 622
Binomial + Exponential power 4 480 490 592 603
Binomial + Weibull 3 466 473 589 597
Binomial + Gamma 3 466 473 592 599
Binomial + Log-normal 3 466 470 601 606
A B
0.061 0.061
\ \
\
\ \
> ! > !
£'0.04 £'0.041 \
%] %]
c c \
[ (]
a [a} \
0.02 0.021
0.00 0.00 F1-E
0 25 50 75 100 0 25 50 75 100
Geographic distance (km) Geographic distance (km)

Figure 4 — Best model (AICc and BIC criterion) of gametic dispersal distance kernels
fitted on strictly positive dispersal distances in Picardy (A) and Thuringia (B).
Histograms show densities of empirical gametic dispersal distances. The best model
is @ Weibull function. In each case, our dispersal kernel (solid line) is compared to
the negative exponential dispersal kernel inferred by Lehnen et al. (2021) (dashed
line) based on the IBD slope on a large European metapopulation (effective dispersal
distance = 16.77 km, shape = 1/16.77).

Discussion

Both natal and mating dispersal mechanisms contribute to dispersal, and to its impacts on gene,
population and community dynamics. These impacts depend on the distribution of dispersal
distances, especially when long-distance dispersal is important (Nathan et al., 2012). To the best
of our knowledge, our study is the first to consider mating and natal dispersal separately to infer
the complete gametic dispersal distance kernel in animals (Nathan, 2007; Rogers et al., 2019).

While mating dispersal has already been explicitly assessed on its own, the contribution of
mating dispersal events to gametic dispersal is still scarcely investigated (Archie et al., 2008;
Buchalski et al., 2014; Chapple and Keogh, 2005; Randall et al., 2007; Ruch et al., 2009). A
previous study reported natal and gametic dispersal distances in a philopatric mammal, the banner-
tailed kangaroo rat, with a similar indirect approach as ours, suggesting that mating dispersal
contributes most to gene flow in this species, though mating dispersal was not explicitly considered
(Winters and Waser, 2003). The combination of pollen and seed dispersal recently received
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attention in plants (Browne et al., 2018). However, to our knowledge, the decoupling of mating and
natal dispersal to interpret the total gametic dispersal kernel has never been reported in metazoans
(Nathan, 2007; Nathan et al., 2012; Rogers et al., 2019).

Natal and mating dispersal both shape the geometry of the gametic dispersal distance
kernel

Dispersal kernels are typically fitted to fat-tailed distributions (i.e. leptokurtic distributions) and
most often clearly outperform the Gaussian and Exponential models (Nathan et al., 2012). The
gametic dispersal kernel we inferred for the lesser horseshoe bat belongs to this family of models
and shows a distribution already observed in many phylogenetically distant species (Browne et al.,
2018; Catalano et al., 2020; Collin et al., 2013; Kesler et al., 2010; Paradis et al., 2002). For
instance, fat-tailed dispersal kernels are common amongst plant and bird studies (Austerlitz et al.,
2004; Bullock et al., 2016; Dale et al., 2005; Fandos et al., 2023; Robledo-Arnuncio and Garcia,
2007). Our results are thus consistent with a large panel of dispersal studies, and fat-tailed
dispersal kernels seem to be a common property applicable to both our metapopulations (Klein et
al., 2006; Petrovskii and Morozov, 2009). The comparison of our dispersal kernels with the one
inferred by Lehnen et al. (2021) across a wide European metapopulation shows that our method is
able to detect fine differences in kernel shape and leptokurtosis between two different
metapopulations (see Figure 4 and Figure S5). The only parameter that significantly differed
between the two distributions was the shape parameter of the Weibull distribution. The gametic
kernel in Picardy shows a nearly gaussian mode around 20km, while in Thuringia the gametic
kernel is more clearly partitioned between very short-scale dispersal (< 10km) and extreme long-
distance dispersal events.

It remains difficult to evaluate if these differences could be due to power issues in population
assignment or true variations in behaviour. Part of these differences could be caused by the lower
power to infer the natal colony in Picardy, yet each metapopulation showed clearly different patterns
even after integrating assignment uncertainty. Thuringia exhibits long dispersal distances that were
not observed in Picardy (Figure 2 and Figure 4), a pattern that could be associated with the range
expansion that recently occurred in this part of Germany (Jan et al., 2019). Finally, Picardy and
Thuringia have in common the high proportion of intra-colonial paternities, which seems to be the
main driver of the fine-scale genetic structure observed in both metapopulations.

Although long-distance dispersal events seem relatively rare, they remain important for gene
flow and shape the leptokurtic dispersal kernel. Most strikingly, some of the actively dispersing
males are involved in extreme long-distance mating events (see the map of mating dispersal
movements in Figure S1). Long-distance dispersal is often dependent on individual variation, with
few individuals expressing extreme behaviours (Hawkes, 2009; Kesler et al., 2010), as was already
observed for this species (Heymer, 1964). Interestingly, we observed that mating dispersal
introduces variance in individual behaviours that define the leptokurtic dispersal kernel (Petrovskii
and Morozov, 2009). Indeed we reported low median dispersal distances and the mean effective
dispersal distances were strongly impacted by extreme values. Thus, individual variation in mating
behaviours should be considered as a strong component of the dispersal kernel. Niggemann et al.
(2012) reported that uncertainty in the dispersal kernel increases for long distances. Parentage
assignment permits to assess this individual variation, but underestimation is expected. Some long-
distance dispersal may remain cryptic due to the low number of fathers inferred (n = 34) and the
finite size of the study area. Yet, our study species usually flies less than 40 km (Lehnen et al.,
2021) and the sampling spatial scale was twice this distance.

When sperm go further than individuals: mating dispersal decorrelates the flows of genes
and individuals

At least 50% of males were moving temporarily outside their residence colony exclusively for
mating, sometimes at very long distances, which suggests that mating dispersal is indeed a major
component of gene flow in the lesser horseshoe bat, as already observed in a handful of philopatric
mammal species. Longer mating than natal dispersal distances have been documented in
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kangaroo rats (Dipodomys spectabilis) and Spix’s disc-winged bat (Thyroptera tricolor), two species
characterized by strong philopatry of both sexes (Buchalski et al., 2014; Winters and Waser, 2003).

Mating dispersal plays the same role in metazoans as gamete dispersal in aquatic (mainly
marine) organisms and pollen dispersal in terrestrial plants: it allows gametes to move further than
the individuals producing gametes, ultimately decoupling metapopulation dynamics and gene flow.
This is an interesting context for enhancing our understanding of dispersal evolution. Available
models and experiments highlight the role played by kin competition in favouring long-distance
dispersal and thus fat-tailed dispersal distance distributions (Bitume et al., 2013; Ronce, 2007;
Rousset and Gandon, 2002). The relatedness between mating partners decreases when mating
dispersal movements increase in distance, so that their offspring are less likely to live in a kin
environment. By contrast, mating dispersal has no influence on local density or the probability to
reach empty habitat patches, two factors that are also thought to drive the evolution of dispersal
distances (Bitume et al., 2013; Ronce, 2007). If kin competition is a potential key driver of mating
dispersal, it may interact with other selective forces such as dispersal costs and inbreeding load.
An attempt by Ravigné et al. (2006) to model the interactions between these different factors on
the joint evolution of seed and pollen dispersal at different distances provides an example for the
kind of information that could be gained from modelling dispersal in species that rely both on zygotic
and gametic dispersal with different life-stages and behaviours involved. In this model, pollen
dispersal distance depends on seed dispersal, with the outcome being conditional on the relative
dispersal costs associated with short- versus long-distance and seed versus pollen dispersal.
Finally, our indirect approach decomposing the total gametic dispersal into natal and mating
dispersal components should be a useful addition to study complex dispersal patterns in animal
species in which gene flow and movements of individuals are decorrelated, such as philopatric
species.

Methodological limitations for inferences of mating and gametic dispersal

Only a few paternities were considered as reliable after a stringent selection based on
simulation results. This contrasts with the high number of mothers recovered for the same colonies
(Zarzoso-Lacoste et al., 2018), indicating that the reduced number of inferred paternities is not
linked to a lack of informativeness of the set of markers. An alternative explanation that must be
considered is that many potential fathers were not sampled. In particular, only males haunting
maternity colonies were sampled, i.e. males searching a priori the proximity of females. Some of
the undetected males may avoid maternity colonies to form male colonies or to live solitarily.
However this behaviour is known to diminish the mating success of fathers excluded from maternity
colonies, therefore limiting their contribution to the mating dispersal kernel (Senior et al., 2005).
More broadly in bat species, males seeking to access females generally reside in maternity
colonies (Burland et al., 1999; Heckel and Von Helversen, 2003). Potential fathers are thus more
likely to be among colonial fathers. Moreover, subsequent analyses will only be biased by this lack
of potential fathers if unsampled fathers adopt a mating behaviour different from colonial fathers,
which remains to be investigated. In contrast to other bat species (Burland et al., 1999; Petri et al.,
1997; Rossiter et al., 2000), we found considerable reproductive skew amongst our colonial males,
as only 17 males were responsible for all inferred paternities both in Picardy and Thuringia.

The two methods we employed for estimating mating dispersal distances (a categorical
approach with COLONY and a Bayesian probabilistic approach with Masterbayes) yielded similar
results, suggesting that COLONY estimates are robust. We also estimated natal dispersal
distances by categorical genetic assignment to colonies, based on the selection of the best
replicate among independent STRUCTURE runs. The reliability of this approach has already been
assessed in a previous study, and genetic assignment with STRUCTURE remains robust to identify
individual dispersers, compared to other methods (Dussex et al., 2016). After integrating the
uncertainty in STRUCTURE analyses, we were able to detect a clear signal of natal philopatry.
Finally, we combined mating and natal dispersal to estimate the gametic dispersal kernel based on
a probabilistic modelling approach (Diefenbach et al., 2008; Williamson, 2002). Our results are in
agreement with the dispersal kernel inferred by Lehnen et al. (2021).
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Male philopatry and its implications

Mating dispersal distance is generally higher in other, swarming bat species (Kerth and Morf,
2004; Rivers et al., 2005), compared to what we observed in the lesser horseshoe bat. This species
has a sedentary lifestyle and low dispersal ability, and swarming has not yet been reported for this
species (Schofield et al., 2022). This results in a strong genetic structure (Figure S6) compared to
other sedentary and forest specialist species such as the Bechstein’s bat (Myotis bechsteinii) (Kerth
and Petit, 2005) or the brown long-eared bat (Plecotus auritus) (Burland et al., 1999). It is striking
that genetic structure is stronger in the lesser horseshoe bat than the brown long-eared bat given
that both are sedentary and that males and females share roosts in the latter one. However, in
Plecotus auritus, males seek mating partners outside their colony (Burland and Worthington
Wilmer, 2001).

Unexpectedly, we found 41 and 48% intra-colony paternities in two different metapopulations,
which is a high percentage for a temperate bat (Kerth and Morf, 2004; Metheny et al., 2008) and
also contrasts with swarming species (Burland et al., 1999; Kerth et al., 2003; Rivers et al., 2005).
In the lesser horseshoe bat, pairs are formed between individuals of the same colony more often
than by chance. If this trait is shared among rhinolophids, it could explain intra-lineage polygyny
and more generally, mating among relatives (Rossiter et al., 2005). This also constrains dispersal
distances and hence explains the fine-scale genetic structure we observe in this species. The scale
at which isolation by distance can be detected is determined by the mean dispersal distance
through its relationship with the second central moment of parent offspring distance, ¢ (Broquet

and Petit, 2009; Rousset, 1997). Assuming isotropic dispersal, o = \/d?/2, where d is the mean
dispersal distance. In our case, this suggests that isolation by distance patterns could be detected
beyond 12.4 and 15.7km in Picardy and Germany, respectively, which is consistent with the
patterns we describe (Figure S6). Interestingly, the estimates of dispersal distance based on
general isolation by distance patterns (Lehnen et al., 2021) are close to the results we obtained
through paternity analyses, supporting our assumption that there is no gene flow through females
in this species. Our results should be relevant to a finer comprehension of why species with
apparent sex-biased dispersal show nevertheless genetic structure at a fine scale.

Conclusions

The population genetics approaches used here decomposed natal-dispersal and mating-
dispersal components of the global gametic dispersal. This allowed to directly assess dispersal that
would otherwise have remained cryptic if short-term movements for mating stayed undetected.
Gene flow is intrinsically limited between lesser horseshoe colonies even when considering both
natal and mating dispersal, despite long-distance dispersal events being more frequent than
expected. We observed that variations in individuals’ mating behaviour shape a skewed dispersal
kernel while promoting fine-scale genetic structure, with potential implications for genetic
differentiation between populations. Hence, documenting these patterns is also important to help
disentangle potential causes of dispersal evolution.

Acknowledgments

We thank Gerald Kerth for sharing the Thuringia dataset ahead of publication. We thank every
member of the INRAE DECOD lab (former ESE team) for their insightful discussions and kind
support. Preprint version 2 of this article has been peer-reviewed and recommended by Peer
Community In Evolutionary Biology (https://doi.org/10.24072/pci.evolbiol.100850; Saastamoinen,
2026).

Peer Community Journal, Vol. 6 (2026), article e107 https://doi.org/10.24072/pcjournal 811


https://doi.org/10.24072/pci.evolbiol.100850
https://doi.org/10.24072/pcjournal.811

Thomas Brazier et al.

13

Statement of authorship

E.J.P. conceived the study; S.J.P., D.Z.-L., L.L. and P.-L.J. produced the data, T.B. analysed
the data; T.B. and E.J.P. wrote the manuscript. All authors commented on the findings and
reviewed the manuscript.

Funding

This study did not receive any funding.

Conflict of interest disclosure

The authors declare they comply with the PCI rule of having no financial conflicts of interest.

Data and code availability

The data reported in this article and the code to analyse the data are freely available in the
INRAE data repository - DECOD collection (https://doi.org/10.57745/GBV4EA, Brazier, 2024).

References

Aguillon SM, Fitzpatrick JW, Bowman R, Schoech SJ, Clark AG, Coop G, Chen N (2017).
Deconstructing Isolation-by-Distance: The Genomic Consequences of Limited Dispersal. PLOS
Genetics 13. Ed. by Gregory S. Barsh, €1006911.
https://doi.org/10.1371/journal.pgen.1006911.

Archie EA, Maldonado JE, Hollister-Smith JA, Poole JH, Moss CJ, Fleischer RC, Alberts SC (2008).
Fine-Scale Population Genetic Structure in a Fission-Fusion Society: Fine-Scale Genetic
Structure in Elephants. Molecular Ecology 17, 2666—2679. https://doi.org/10.1111/j.1365-
294X.2008.03797 .x.

Austerlitz F, Dick CW, Dutech C, Klein EK, Oddou-Muratorio S, Smouse PE, Sork VL (2004). Using
Genetic Markers to Estimate the Pollen Dispersal Curve. Molecular Ecology 13, 937-954.
https://doi.org/10.1111/j.1365-294X.2004.02100.x.

Bitume EV, Bonte D, Ronce O, Bach F, Flaven E, Olivieri |, Nieberding CM (2013). Density and
Genetic Relatedness Increase Dispersal Distance in a Subsocial Organism. Ecology Letters 16.
Ed. by John Fryxell, 430—437. https://doi.org/10.1111/ele.12057.

Bontadina F, Schofield H, Naef-Daenzer B (2002). Radio-Tracking Reveals That Lesser Horse-
shoe Bats ( Rhinolophus Hipposideros ) Forage in Woodland. Journal of Zoology 258, 281-290.
https://doi.org/10.1017/S0952836902001401.

Bowler DE, Benton TG (2005). Causes and Consequences of Animal Dispersal Strategies: Relating
Individual Behaviour to Spatial Dynamics. Biological Reviews 80, 205-225.
https://doi.org/10.1017/S1464793104006645.

Brazier T (2024). Données de réplication pour : The geometry of gametic dispersal in a flying
mammal, Rhinolophus hipposideros. Version V3. https://doi.org/10.57745/GBV4EA.

Broquet T, Petit EJ (2009). Molecular Estimation of Dispersal for Ecology and Population Genetics.
Annual Review of Ecology, Evolution, and  Systematics 40, 193-216.
https://doi.org/10.1146/annurev.ecolsys.110308.120324.

Brown J, Kodric-Brown A (1977). Turnover Rates in Insular Biogeography: Effect of Immigration on
Extinction. Ecology 58, 445—449. https://doi.org/10.2307/1935620.

Browne L, Ottewell K, Sork VL, Karubian J (2018). The Relative Contributions of Seed and Pollen
Dispersal to Gene Flow and Genetic Diversity in Seedlings of a Tropical Palm. Molecular
Ecology 27, 3159-3173. https://doi.org/10.1111/mec.14768.

Peer Community Journal, Vol. 6 (2026), article e107 https://doi.org/10.24072/pcjournal 811


https://doi.org/10.57745/GBV4EA
https://doi.org/10.1371/journal.pgen.1006911
https://doi.org/10.1371/journal.pgen.1006911
https://doi.org/10.1111/j.1365-294X.2008.03797.x
https://doi.org/10.1111/j.1365-294X.2008.03797.x
https://doi.org/10.1111/j.1365-294X.2008.03797.x
https://doi.org/10.1111/j.1365-294X.2004.02100.x
https://doi.org/10.1111/ele.12057
https://doi.org/10.1017/S0952836902001401
https://doi.org/10.1017/S1464793104006645
https://doi.org/10.1017/S1464793104006645
https://doi.org/10.57745/GBV4EA
https://doi.org/10.1146/annurev.ecolsys.110308.120324
https://doi.org/10.1146/annurev.ecolsys.110308.120324
https://doi.org/10.2307/1935620
https://doi.org/10.1111/mec.14768
https://doi.org/10.24072/pcjournal.811

14 Thomas Brazier et al.

Buchalski MR, Chaverri G, Vonhof MJ (2014). When Genes Move Farther than Offspring: Gene
Flow by Male Gamete Dispersal in the Highly Philopatric Bat Species Thyroptera Tricolor.
Molecular Ecology 23, 464—480. https://doi.org/10.1111/mec.12593.

Bullock J, Mallada G, Tamme R, Goétzenberger L, White S, Partel M, Hooftman D (2016). A
Synthesis of Empirical Plant Dispersal Kernels. Journal of Ecology 105, 6-19.
https://doi.org/10.1111/1365-2745.12666.

Burland TM, Barratt EM, Beaumont MA, Racey PA (1999). Population genetic structure and gene
flow in a gleaning bat, Plecotus auritus. Proc. R. Soc. B 266, 975-98.
https://doi.org/10.1098/rspb.1999.0732.

Burland TM, Worthington Wilmer J (2001). Seeing in the Dark: Molecular Approaches to the Study
of Bat Populations. Biological Reviews of the Cambridge Philosophical Society 76, 389—409.
https://doi.org/10.1017/S1464793101005747.

Catalano KA, Dedrick AG, Stuart MR, Puritz JB, Montes HR, Pinsky ML (2020). Quantifying
Dispersal Variability among Nearshore Marine Populations. Molecular Ecology, mec.15732.
https://doi.org/10.1111/mec.15732.

Chapple DG, Keogh JS (2005). Complex Mating System and Dispersal Patterns in a Social Lizard,
Egernia  Whitii. Molecular Ecology 14, 1215-1227. https://doi.org/10.1111/j.1365-
294X.2005.02486 .x.

Collin SB, Edwards PK, Leung B, Johnson LE (2013). Optimizing Early Detection of Non-
Indigenous Species: Estimating the Scale of Dispersal of a Nascent Population of the Invasive
Tunicate Ciona Intestinalis  (L.)  Marine Pollution  Bulletin 73, 64-69.
https://doi.org/10.1016/j.marpolbul.2013.05.040.

Dale S, Lunde A, Steifetten @ (2005). Longer breeding dispersal than natal dispersal in the ortolan
bunting. Behavioral Ecology 16, 20—24. https://doi.org/10.1093/beheco/arh129.

Delignette-Muller ML, Dutang C (2015). Fitdistrplus : An R Package for Fitting Distributions. Journal
of Statistical Software 64. https://doi.org/10.18637/jss.v064.i04.

Diefenbach D, Long E, Rosenberry C, Wallingford B, Smith D (2008). Modeling Distribution of
Dispersal Distances in Male White Tailed Deer. The Journal of Wildlife Management 72, 1296—
1303. https://doi.org/10.2193/2007-436.

Dobson F (1982). Competition for Mates and Predominant Juvenile Male Dispersal in Mammals.
Animal behaviour 30, 1183—1192. https://doi.org/10.1016/S0003-3472(82)80209-1.

Dussex N, Broquet T, Yearsley JM (2016). Contrasting Dispersal Inference Methods for the Greater
White-Toothed Shrew. The Journal of Wildlife Management 80, 812-823.
https://doi.org/10.1002/jwmg.21075.

Entwistle AC, Racey PA, Speakman JR (2000). Social and Population Structure of a Gleaning Bat,
Plecotus Auritus. Journal of Zoology 252, 11-17. https://doi.org/10.1111/j.1469-
7998.2000.tb00815.x.

Fandos G, Talluto L, Fiedler W, Robinson RA, Thorup K, Zurell D (2023). Standardised empirical
dispersal kernels emphasise the pervasiveness of long-distance dispersal in European birds.
Journal of Animal Ecology 92, 158—170. https://doi.org/10.1111/1365-2656.13838.

Foley NM, Petit EJ, Brazier T, Finarelli JA, Hughes GM, Touzalin F, Puechmaille SJ, Teeling EC
(2020). Drivers of Longitudinal Telomere Dynamics in the Long-lived Bat Species, Myotis
Myotis. Molecular Ecology, mec.15395. https://doi.org/10.1111/mec.15395.

Gadgil M (1971). Dispersal: Population Consequences and Evolution. Ecology 52, 253—-261.
https://doi.org/10.2307/1934583.

Gaisler, J, Josef C (2002). Mark-recapture results and changes in bat abundance at the cave of Na
Turoldu, Czech Republic. Folia Zoologica 51, 1-10.

Gaisler J (1966). Reproduction in the Lesser Horseshoe Bat (Rhinolophus Hipposideros,
Bechstein, 1800). Bijdragen tot de Dierkunde 36, 45—62.

Goudet J, Jombart T (2022). hierfstat: Estimation and Tests of Hierarchical F-Statistics.
https://doi.org/10.32614/CRAN.package.hierfstat.

Greenwood PJ (1980). Mating Systems, Philopatry and Dispersal in Birds and Mammals. Animal
Behaviour 28, 1140-1162. https://doi.org/10.1016/S0003-3472(80)80103-5.

Peer Community Journal, Vol. 6 (2026), article e107 https://doi.org/10.24072/pcjournal 811


https://doi.org/10.1111/mec.12593
https://doi.org/10.1111/1365-2745.12666
https://doi.org/10.1111/1365-2745.12666
https://doi.org/10.1098/rspb.1999.0732
https://doi.org/10.1017/S1464793101005747
https://doi.org/10.1111/mec.15732
https://doi.org/10.1111/j.1365-294X.2005.02486.x
https://doi.org/10.1111/j.1365-294X.2005.02486.x
https://doi.org/10.1111/j.1365-294X.2005.02486.x
https://doi.org/10.1016/j.marpolbul.2013.05.040
https://doi.org/10.1016/j.marpolbul.2013.05.040
https://doi.org/10.1093/beheco/arh129
https://doi.org/10.18637/jss.v064.i04
https://doi.org/10.2193/2007-436
https://doi.org/10.1016/S0003-3472%2882%2980209-1
https://doi.org/10.1002/jwmg.21075
https://doi.org/10.1002/jwmg.21075
https://doi.org/10.1111/j.1469-7998.2000.tb00815.x
https://doi.org/10.1111/j.1469-7998.2000.tb00815.x
https://doi.org/10.1111/j.1469-7998.2000.tb00815.x
https://doi.org/10.1111/1365-2656.13838
https://doi.org/10.1111/mec.15395
https://doi.org/10.2307/1934583
https://doi.org/10.2307/1934583
https://doi.org/10.32614/CRAN.package.hierfstat
https://doi.org/10.32614/CRAN.package.hierfstat
https://doi.org/10.1016/S0003-3472%2880%2980103-5
https://doi.org/10.24072/pcjournal.811

Thomas Brazier et al. 15

Hadfield JD, Richardson DS, Burke T (2006). Towards Unbiased Parentage Assignment:
Combining Genetic, Behavioural and Spatial Data in a Bayesian Framework. Molecular Ecology
15, 3715-3730. hitps://doi.org/10.1111/j.1365-294X.2006.03050.x.

Hastings A, Cuddington K, Davies KF, Dugaw CJ, EImendorf S, Freestone A, Harrison S, Holland
M, Lambrinos J, Malvadkar U, Melbourne BA, Moore K, Taylor C, Thomson D (2004). The
Spatial Spread of Invasions: New Developments in Theory and Evidence: Spatial Spread of
Invasions. Ecology Letters 8, 91-101. https://doi.org/10.1111/j.1461-0248.2004.00687 .x

Hawkes C (2009). Linking Movement Behaviour, Dispersal and Population Processes: Is Individual
Variation a Key?: Movement Behaviour, Dispersal and Population. Journal of Animal Ecology
78, 894-906. https://doi.org/10.1111/j.1365-2656.2009.01534 .x.

Hazlitt SL, Sigg DP, Eldridge M, Goldizen AW (2006). Restricted Mating Dispersal and Strong
Breeding Group Structure in a Mid-Sized Marsupial Mammal (Petrogale Penicillata). Molecular
Ecology 15, 2997-3007. https://doi.org/10.1111/j.1365-294X.2006.02985.x.

Heckel G, Von Helversen O (2003). Genetic Mating System and the Significance of Harem
Associations in the Bat Saccopteryx Bilineata. Molecular Ecology 12, 219-227. https://doi.org/
10.1046/j.1365-294x.2003.01722.x.

Heymer A (1964). Résultats du baguage de chauve-souris dans les Pyrénées-Orientales de 1945
a 1959. Vie et Milieu 15, 765-800.

Jan PL, Lehnen L, Besnard AL, Kerth G, Biedermann M, Schorcht W, Petit EJ, Le Gouar P,
Puechmaille SJ (2019). Range Expansion Is Associated with Increased Survival and Fecundity
in a Long-Lived Bat Species. Proceedings of the Royal Society B: Biological Sciences 286,
20190384. https://doi.org/10.1098/rspb.2019.0384.

Johannesen J, Lubin Y (1999). Group Founding and Breeding Structure in the Subsocial Spider
Stegodyphus Lineatus (Eresidae). Heredity 82, 677—686. https://doi.org/10.1046/j.1365-
2540.1999.00528 .x.

Jombart T (2008). adegenet: a R package for the multivariate analysis of genetic markers.
Bioinformatics 24, 1403—-1405. https://doi.org/10.1093/bioinformatics/btn129.

Jombart T, Ahmed | (2011). adegenet 1.3-1: new tools for the analysis of genome-wide SNP data.
Bioinformatics 27, 3070-3071. https://doi.org/10.1093/bioinformatics/btr521.

Jones OR, Wang J (2010). COLONY: A Program for Parentage and Sibship Inference from
Multilocus Genotype Data. Molecular Ecology Resources 10, 551-555. https://doi.org/10
.1111/j.1755-0998.2009.02787 .x.

Kerth G, Kiefer A, Trappmann C, Weishaar M (2003). High Gene Diversity at Swarming Sites
Suggest Hot Spots for Gene Flow in the Endangered Bechstein’s Bat. Conservation Genetics
4, 491-499. https://doi.org/10.1023/a:1024771713152.

Kerth G, Mayer F, Petit E (2002). Extreme Sex-Biased Dispersal in the Communally Breeding,
Nonmigratory Bechstein’s Bat (Myotis Bechsteinii). Molecular Ecology 11, 1491-1498.
https://doi.org/10.1046/j.1365-294X.2002.01528.x.

Kerth G, Morf L (2004). Behavioural and Genetic Data Suggest That Bechstein’s Bats
Predominantly Mate Outside the Breeding Habitat. Ethology 110, 987-999. https://doi.org/10.
1111/j.1439-0310.2004.01040.x.

Kerth G, Petit E (2005). Colonization and Dispersal in a Social Species, the Bechstein’s Bat (Myotis
Bechsteinii). Molecular Ecology 14, 3943-3950. https://doi.org/10.1111/j.1365-294X.
2005.02719.x.

Kesler DC, Walters JR, Kappes JJ (2010). Social Influences on Dispersal and the Fat-Tailed
Dispersal Distribution in Red-Cockaded Woodpeckers. Behavioral Ecology 21, 1337-1343.
https://doi.org/10.1093/beheco/arq158.

Klein EK, Lavigne C, Gouyon PH (2006). Mixing of Propagules from Discrete Sources at Long
Distance: Comparing a Dispersal Tail to an Exponential. BMC Ecology 6, 3.
https://doi.org/10.1186/1472-6785-6-3.

Lachenbruch PA (2002). Analysis of Data with Excess Zeros. Statistical Methods in Medical
Research 11, 297-302. https://doi.org/10.1191/0962280202sm289ra.

Peer Community Journal, Vol. 6 (2026), article e107 https://doi.org/10.24072/pcjournal 811


https://doi.org/10.1111/j.1365-294X.2006.03050.x
https://doi.org/10.1111/j.1461-0248.2004.00687.x
https://doi.org/10.1111/j.1365-2656.2009.01534.x
https://doi.org/10.1111/j.1365-294X.2006.02985.x
https://doi.org/10.1046/j.1365-294x.2003.01722.x
https://doi.org/10.1046/j.1365-294x.2003.01722.x
https://doi.org/10.1098/rspb.2019.0384
https://doi.org/10.1046/j.1365-2540.1999.00528.x
https://doi.org/10.1046/j.1365-2540.1999.00528.x
https://doi.org/10.1046/j.1365-2540.1999.00528.x
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btr521
https://doi.org/10.1111/j.1755-0998.2009.02787.x
https://doi.org/10.1111/j.1755-0998.2009.02787.x
https://doi.org/10.1111/j.1755-0998.2009.02787.x
https://doi.org/10.1023/a:1024771713152
https://doi.org/10.1046/j.1365-294X.2002.01528.x
https://doi.org/10.1046/j.1365-294X.2002.01528.x
https://doi.org/10.1111/j.1439-0310.2004.01040.x
https://doi.org/10.1111/j.1439-0310.2004.01040.x
https://doi.org/10.1111/j.1365-294X.2005.02719.x
https://doi.org/10.1111/j.1365-294X.2005.02719.x
https://doi.org/10.1093/beheco/arq158
https://doi.org/10.1093/beheco/arq158
https://doi.org/10.1186/1472-6785-6-3
https://doi.org/10.1186/1472-6785-6-3
https://doi.org/10.1191/0962280202sm289ra
https://doi.org/10.24072/pcjournal.811

16 Thomas Brazier et al.

Lawson Handley LJ, Perrin N (2007). Advances in Our Understanding of Mammalian Sex-Biased
Dispersal: Mammalian Sex-Biased Dispersal. Molecular Ecology 16, 1559-1578.
https://doi.org/10.1111/j.1365-294X.2006.03152.x.

Lehnen L, Jan PL, Besnard AL, Fourcy D, Kerth G, Biedermann M, Nyssen P, Schorcht W, Petit
EJ, Puechmaille SJ (2021). Genetic Diversity in a Long-lived Mammal Is Explained by the Past’s
Demographic Shadow and Current Connectivity. Molecular Ecology 30, 5048-5063.
https://doi.org/10.1111/mec.16123.

Mazerolle M (2020). AICcmodavg: Model Selection and Multimodel Inference Based on (Q)AIC®.
Manual. Rstudio.

McCracken GF, Wilkinson GS (2000). Bat Mating Systems. In: Reproductive Biology of Bats.
Elsevier, pp. 321-362. https://doi.org/10.1016/B978-012195670-7/50009-6.

McDowell A (2003). From the Help Desk: Hurdle Models. The Stata Journal: Promoting
communications on statistics and Stata 3, 178-184.
https://doi.org/10.1177/1536867X0300300207.

Metheny JD, Kalcounis-Rueppell MC, Willis CKR, Kolar KA, Brigham RM (2008). Genetic
Relationships between Roost-Mates in a Fission—Fusion Society of Tree-Roosting Big Brown
Bats (Eptesicus Fuscus). Behavioral Ecology and Sociobiology 62, 1043-1051.
https://doi.org/10.1007/s00265-007-0531-y.

Nathan R (2007). Total Dispersal Kernels and the Evaluation of Diversity and Similarity in Complex
Dispersal Systems. In: Seed Dispersal: Theory and Its Application in a Changing World. Ed. by
A. J. Dennis, E. W. Schupp, R. J. Green, and D. A. Westcott. 15t ed. UK: CABI, pp. 252-276.
https://doi.org/10.1079/9781845931650.0252.

Nathan R, Klein E, Robledo-Arnuncio JJ, Revilla E (2012). Dispersal Kernels: Review. In: Dispersal
Ecology and Evolution. Ed. by Jean Clobert, Michel Baguette, Tim G. Benton, and James M.
Bullock. Oxford University Press, pp. 186-210.
https://doi.org/10.1093/acprof:0s0/9780199608898.003.0015.

Niggemann M, Wiegand T, Robledo-Arnuncio JJ, Bialozyt R (2012). Marked Point Pattern Analysis
on Genetic Paternity Data for Uncertainty Assessment of Pollen Dispersal Kernels: Point Pattern
Analysis on Paternity Data. Journal of Ecology 100, 264—276. https://doi.org/10.1111/j.1365-
2745.2011.01854 x.

Paradis E, Baillie SR, Sutherland WJ (2002). Modeling Large-Scale Dispersal Distances.
Ecological Modelling 151, 279-292. https://doi.org/10.1016/S0304-3800(01)00487-2.

Paradis E, Baillie SR, Sutherland WJ, Gregory RD (1998). Patterns of natal and breeding dispersal
in birds. Journal of Animal Ecology 67, 518-536. https://doi.org/10.1046/j.1365-
2656.1998.00215.x.

Peischl S, Gilbert KJ (2020). Evolution of Dispersal Can Rescue Populations from Expansion Load.
The American Naturalist 195, 349-360. https://doi.org/10.1086/705993.

Pemberton J (2008). Wild Pedigrees: The Way Forward. Proceedings of the Royal Society B:
Biological Sciences 275, 613—621. https://doi.org/10.1098/rspb.2007.1531.

Perkins AT, Phillips BL, Baskett ML, Hastings A (2013). Evolution of Dispersal and Life History
Interact to Drive Accelerating Spread of an Invasive Species. Ecology Letters 16, 1079-1087.
https://doi.org/10.1111/ele.12136.

Petit E, Balloux F, Goudet J (2001). Sex-Biased Dispersal in a Migratory Bat: A Characterization
Using Sex-Specific Demographic Parameters. Evolution 55, 635-640.
https://doi.org/10.1111/j.0014-3820.2001.tb00797 .x.

Petri B, Paabo S, Von Haeseler A, Tautz D (1997). Paternity Assessment and Population
Subdivision in a Natural Population of the Larger Mouse-Eared Bat Myotis Myotis. Molecular
Ecology 6, 235-242. https://doi.org/10.1046/j.1365-294X.1997.00176.x.

Petrovskii S, Morozov A (2009). Dispersal in a Statistically Structured Population: Fat Tails
Revisited. The American Naturalist 173, 278—289. https://doi.org/10.1086/595755.

Phillips BL, Brown GP, Travis JMJ, Shine R (2008). Reid’s Paradox Revisited: The Evolution of
Dispersal Kernels during Range Expansion. The American Naturalist 172, S34—S48. https
://doi.org/10.1086/588255.

Peer Community Journal, Vol. 6 (2026), article e107 https://doi.org/10.24072/pcjournal 811


https://doi.org/10.1111/j.1365-294X.2006.03152.x
https://doi.org/10.1111/j.1365-294X.2006.03152.x
https://doi.org/10.1111/mec.16123
https://doi.org/10.1111/mec.16123
https://doi.org/10.1016/B978-012195670-7/50009-6
https://doi.org/10.1177/1536867X0300300207
https://doi.org/10.1007/s00265-007-0531-y
https://doi.org/10.1007/s00265-007-0531-y
https://doi.org/10.1079/9781845931650.0252
https://doi.org/10.1093/acprof:oso/9780199608898.003.0015
https://doi.org/10.1111/j.1365-2745.2011.01854.x
https://doi.org/10.1111/j.1365-2745.2011.01854.x
https://doi.org/10.1111/j.1365-2745.2011.01854.x
https://doi.org/10.1016/S0304-3800%2801%2900487-2
https://doi.org/10.1046/j.1365-
https://doi.org/10.1046/j.1365-
https://doi.org/10.1046/j.1365-2656.1998.00215.x
https://doi.org/10.1086/705993
https://doi.org/10.1098/rspb.2007.1531
https://doi.org/10.1111/ele.12136
https://doi.org/10.1111/j.0014-3820.2001.tb00797.x
https://doi.org/10.1111/j.0014-3820.2001.tb00797.x
https://doi.org/10.1046/j.1365-294X.1997.00176.x
https://doi.org/10.1086/595755
https://doi.org/10.1086/588255
https://doi.org/10.1086/588255
https://doi.org/10.1086/588255
https://doi.org/10.24072/pcjournal.811

Thomas Brazier et al. 17

Plummer M, Best N, Cowles K, Vines K (2006). CODA: Convergence Diagnosis and Output
Analysis for MCMC. R News 6, 7-11.

Portnoy DS, Puritz JB, Hollenbeck CM, Gelsleichter J, Chapman D, Gold JR (2015). Selection and
Sex-Biased Dispersal in a Coastal Shark: The Influence of Philopatry on Adaptive Variation.
Molecular Ecology 24, 5877-5885. https://doi.org/10.1111/mec.13441.

Pritchard J, Stephens M, Donnelly P (2000). Inference of Population Structure Using Multilocus
Genotype Data. Genetics 155, 945-959. https://doi.org/10.1093/genetics/155.2.945.

R Core Team (2022). R: A Language and Environment for Statistical Computing. Manual. R
Founda-tion for Statistical Computing. Vienna, Austria.

Randall DA, Pollinger JP, Wayne RK, Tallents LA, Johnson PJ, Macdonald DW (2007). Inbreeding
Is Reduced by Female-Biased Dispersal and Mating Behavior in Ethiopian Wolves. Behavioral
Ecology 18, 579-589. https://doi.org/10.1093/beheco/arm010.

Ravigné V, Olivieri I, Martinez SG, Rousset F (2006). Selective Interactions between Short-
Distance Pollen and Seed Dispersal in Self-Compatible Species. Evolution 60, 2257-2271.
https:// doi.org/10.1111/j.0014-3820.2006.tb01863.x.

Rivers NM, Butlin RK, Altringham JD (2005). Genetic Population Structure of Natterer's Bats
Explained by Mating at Swarming Sites and Philopatry. Molecular Ecology 14, 4299-4312.
https://doi.org/10.1111/j.1365-294X.2005.02748.x.

Robledo-Arnuncio JJ, Garcia C (2007). Estimation of the Seed Dispersal Kernel from Exact
Identification of Source Plants. Molecular Ecology 16, 5098-5109.
https://doi.org/10.1111/j.1365-294X.2007.03427 .x.

Rogers HS, Beckman NG, Hartig F, Johnson JS, Pufal G, Shea K, Zurell D, Bullock JM, Cantrell
RS, Loiselle B, Pejchar L, Razafindratsima OH, Sandor ME, Schupp EW, Strickland WC,
Zambrano J (2019). The Total Dispersal Kernel: A Review and Future Directions. AoB PLANTS
11, plz042. https://doi.org/10.1093/aobpla/plz042.

Ronce O (2007). How Does It Feel to Be Like a Rolling Stone? Ten Questions About Dispersal
Evolution. Annual Review of Ecology, Evolution, and Systematics 38, 231-253.
https://doi.org/10.1146/annurev.ecolsys.38.091206.095611.

Rossiter SJ, Jones G, Ransome RD, Barratt EM (2000). Parentage, Reproductive Success and
Breeding Behaviour in the Greater Horseshoe Bat (Rhinolophus Ferrumequinum). Proceedings
of the Royal Society B: Biological Sciences 267, 545-551.
https://doi.org/10.1098/rspb.2000.1035.

Rossiter SJ, Ransome RD, Faulkes CG, Le Comber SC, Jones G (2005). Mate Fidelity and Intra-
Lineage  Polygyny in  Greater Horseshoe Bats. Nature 437, 408-411.
https://doi.org/10.1038/nature03965.

Rousset F, Gandon S (2002). Evolution of the Distribution of Dispersal Distance under Distance-
Dependent Cost of Dispersal: Evolution of Dispersal Distributions. Journal of Evolutionary
Biology 15, 515-523. https://doi.org/10.1046/j.1420-9101.2002.00430.x.

Rousset F (1997). Genetic Differentiation and Estimation of Gene Flow from F -Statistics Under
Isolation by Distance. Genetics 145, 1219-1228. https://doi.org/10.1093/genetics/145.4.1219.

Ruch J, Heinrich L, Bilde T, Schneider JM (2009). The Evolution of Social Inbreeding Mating
Systems in Spiders: Limited Male Mating Dispersal and Lack of Pre-Copulatory Inbreeding
Avoidance in a Subsocial Predecessor. Biological Journal of the Linnean Society 98, 851-859.
https://doi.org/10.1111/j.1095-8312.2009.01322 .x.

Saastamoinen M (2026). Examining the effects of natal and mating dispersal on gene flow in the
lesser horseshoe bats. Peer Community in Evolutionary Biology, 100850.
https://doi.org/10.24072/pci.evolbiol.100850.

Schofield H, Reiter G, Dool SE (2022). Lesser Horseshoe Bat Rhinolophus hipposideros (André,
1797). In: Handbook of the Mammals of Europe. Ed. by Klaus Hacklander and Frank E. Zachos.
Cham: Springer International Publishing, pp. 1-34. https://doi.org/10.1007/978-3-319-65038-
8_39-1.

Peer Community Journal, Vol. 6 (2026), article e107 https://doi.org/10.24072/pcjournal 811


https://doi.org/10.1111/mec.13441
https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.1093/beheco/arm010
https://doi.org/10.1111/j.0014-3820.2006.tb01863.x
https://doi.org/10.1111/j.0014-3820.2006.tb01863.x
https://doi.org/10.1111/j.1365-294X.2005.02748.x
https://doi.org/10.1111/j.1365-294X.2007.03427.x
https://doi.org/10.1111/j.1365-294X.2007.03427.x
https://doi.org/10.1093/aobpla/plz042
https://doi.org/10.1146/annurev.ecolsys.38.091206.095611
https://doi.org/10.1146/annurev.ecolsys.38.091206.095611
https://doi.org/10.1098/rspb.2000.1035
https://doi.org/10.1098/rspb.2000.1035
https://doi.org/10.1038/nature03965
https://doi.org/10.1038/nature03965
https://doi.org/10.1046/j.1420-9101.2002.00430.x
https://doi.org/10.1093/genetics/145.4.1219
https://doi.org/10.1093/genetics/145.4.1219
https://doi.org/10.1111/j.1095-8312.2009.01322.x
https://doi.org/10.24072/pci.evolbiol.100850
https://doi.org/10.24072/pci.evolbiol.100850
https://doi.org/10.1007/978-3-319-65038-8_39-1
https://doi.org/10.1007/978-3-319-65038-8_39-1
https://doi.org/10.1007/978-3-319-65038-8_39-1
https://doi.org/10.24072/pcjournal.811

18 Thomas Brazier et al.

Senior P, Butlin RK, Altringham JD (2005). Sex and Segregation in Temperate Bats. Proceedings
of the Royal Society B: Biological Sciences 272, 2467-2473.
https://doi.org/10.1098/rspb.2005.3237.

Sugg DW, Chesser RK, Stephen Dobson F, Hoogland JL (1996). Population Genetics Meets
Behavioral Ecology. Trends in Ecology & Evolution 11, 338-342. https://doi.org/10.1016/0169-
5347(96)20050-3.

Tigano A, Friesen VL (2016). Genomics of Local Adaptation with Gene Flow. Molecular Ecology
25, 2144-2164. https://doi.org/10.1111/mec.13606.

Wang J (2013). A Simulation Module in the Computer Program Colony for Sibship and Parentage
Analysis. Molecular Ecology Resources 13, 734-739. hitps://doi.org/10.1111/1755-
0998.12106.

Waser PM, Elliott LF (1991). Dispersal and Genetic Structure in Kangaroo Rats. Evolution 45, 935—
943. https://doi.org/10.1111/j.1558-5646.1991.tb04361 .x.

Williamson M (2002). Overview and Synthesis: The Tale of the Tail. In: Dispersal Ecology: The 42"
Symposium of the British Ecological Society Held at the University of Reading 2-5 April 2001,
pp. 431-443.

Winters JB, Waser PM (2003). Gene Dispersal and Outbreeding in a Philopatric Mammal.
Molecular Ecology 12, 2251-2259. https://doi.org/10.1046/j.1365-294X.2003.01896.x.

Zarzoso-Lacoste D, Jan PL, Lehnen L, Girard T, Besnard AL, Puechmaille SJ, Petit EJ (2018).
Combining Noninvasive Genetics and a New Mammalian Sex-Linked Marker Provides New
Tools to Investigate Population Size, Structure and Individual Behaviour: An Application to Bats.
Molecular Ecology Resources 18, 217—228. https://doi.org/10.1111/1755-0998.12727.

Zarzoso-Lacoste D, Jan PL, Lehnen L, Girard T, Besnard AL, Puechmaille SJ, Petit EJ (2020).
Corrigendum. Molecular Ecology Resources 20, 1787-1787. https://doi.org/10.1111/1755-
0998.13254.

Peer Community Journal, Vol. 6 (2026), article e107 https://doi.org/10.24072/pcjournal 811


https://doi.org/10.1098/rspb.2005.3237
https://doi.org/10.1098/rspb.2005.3237
https://doi.org/10.1016/0169-5347%2896%2920050-3
https://doi.org/10.1016/0169-5347%2896%2920050-3
https://doi.org/10.1016/0169-5347%2896%2920050-3
https://doi.org/10.1111/mec.13606
https://doi.org/10.1111/1755-
https://doi.org/10.1111/1755-
https://doi.org/10.1111/1755-0998.12106
https://doi.org/10.1111/j.1558-5646.1991.tb04361.x
https://doi.org/10.1046/j.1365-294X.2003.01896.x
https://doi.org/10.1111/1755-0998.12727
https://doi.org/10.1111/1755-0998.13254
https://doi.org/10.1111/1755-0998.13254
https://doi.org/10.1111/1755-0998.13254
https://doi.org/10.24072/pcjournal.811

