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Abstract

Human activities have a major impact on habitat connectivity and landscape structure. In this context, it is critical to better
understand animal movements and gene flow to develop appropriate conservation and land management measures. It is also
important to better understand difference between sexes in space use and spatial scale of dispersal. We studied the common
adder (Vipera berus), an elusive snake species with low mobility that is facing a substantial decline in Europe. A systematic
sampling was carried out to clarify the dispersal pattern at a fine spatial scale (10x 7 km?) in a rural landscape with both
semi-natural (preserved heathlands, hedgerow networks) and degraded (crops, roads) habitats. Based on 280 captured adults
and using 11 microsatellite markers, we detected no marked genetic differentiation, however, we detected relatively strong
isolation-by-distance (IBD). Under IBD, we quantified a low neighborhood size (N, = 50) associated with limited natal
dispersal (6 <1 km). We detected sex-biased dispersal in favor of males, but the pattern was dependent on the spatial scale
considered. Our results also suggest that there is higher genetic diversity in the preserved habitat, notably among males.
Overall, our study underlines the importance of sex variation in dispersal, and the spatial scale of landscape effects. This
contrast between sexes should be considered to improve functional connectivity at fine spatial scales for reptile conservation.

Keywords Snake - Gene flow - Spatial autocorrelation - Genetic diversity - Sex-biased dispersal

Introduction

Anthropogenic pressures on the environment have grown
exponentially over the last century and negatively impact
biodiversity (Brook et al. 2008). Land-uses changes are
responsible for major habitat loss and fragmentation (New-
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bold et al. 2015; Powers and Jetz 2019). Landscape degra-
dation has multiple implications since it can reduce indi-
vidual movement, reduce gene flow, and may ultimately
lead to local extinctions (Fischer and Lindenmayer 2007).
Species with low mobility are particularly vulnerable to
anthropogenic disturbances because of their limited disper-
sal capacities (Stow et al. 2001; Sumner et al. 2004; Moore
et al. 2008). However, important variations exist in activity
capacities and mobility among terrestrial vertebrates (Hill-
man et al. 2014a). Low mobility is typically observed in
amphibians and reptiles because thermal conditions can
determine their activity levels and they have limited aerobic
capacities (Hillman et al. 2014a, b). Not surprisingly, these
two groups are facing substantial declines in relation to habi-
tat degradation (Arntzen et al. 2017; Doherty et al. 2020).
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Dispersal is defined as all individual movements with
potential consequences for gene flow across space (Ronce
2007). The dispersal process can be influenced by multi-
ple factors including individual traits (e.g. sex, behavior,
condition-dependence) and environmental attributes (e.g.
habitat quality, landscape structure; Matthysen 2012). Sex-
biased dispersal appears to be ubiquitous in vertebrates
(Trochet et al. 2016; Li and Kokko 2019) and related to
the mating system (Greenwood 1980; Lawson Handley
and Perrin 2007; Clutton-Brock and Lukas 2012). Sev-
eral hypotheses have been proposed to explain sex-biased
dispersal such as competition between individuals for
local mates, competition for resources, and inbreeding
avoidance (Motro 1991; Perrin and Mazalov 2000). All of
them predict male-biased dispersal in polygynous mating
systems, whereas only competition for resources induces
female-biased dispersal in monogamous species (Green-
wood 1980; Lawson Handley and Perrin 2007; Clutton-
Brock and Lukas 2012). Because males and females may
respond differently to habitat degradation (Stow et al.
2001; Li and Kokko 2019), sex biased dispersal should be
considered when addressing genetic structuring and diver-
sity in human-transformed habitat. Moreover, the selection
of a relevant spatial scale is of primary importance to iden-
tify at what spatial scale the (sex-biased) dispersal occurs
(Gauffre et al. 2009; Lechner et al. 2012). Such informa-
tion is required to investigate patterns of genetic relation-
ships (Jackson and Fahrig 2012, 2015) and improve con-
servation measures in fragmented landscapes (Pernetta
et al. 2011; Keller et al. 2015).

Squamate reptiles (lizards and snakes) are often found in
human-altered landscapes (Graitson et al. 2020), and habitat
alteration and destruction have caused significant declines over
previous decades (Doherty et al. 2020). This pattern is clear in
Europe with a growing number of species considered as near-
threatened (NT) in the [UCN Red List (Bohm et al. 2013) and
a marked decline notably in snake populations (Reading et al.
2010). Snakes often have elusive behaviors and low detect-
ability (Kéry 2002; Durso et al. 2011). Consequently, there
is a general lack of data in this group, notably on dispersal
(Weatherhead and Madsen 2009; Bohm et al. 2013). Genetic
exchanges are influenced by different factors including mat-
ing systems and species spatial ecology. For instance snakes
display a wide range of foraging strategies (Lourdais et al.
2014) and gene flow is often reduced in sit-and-wait foragers
compared to active foragers (de Fraga et al. 2017). Breeding
strategy often involve active mate searching during the breed-
ing season and male-biased dispersal has been described in dif-
ferent snakes species (Hofmann et al. 2012; Folt et al. 2019).
Yet, available data suggest that snakes have limited dispersal
capacities both at juvenile and adult stages (e.g. Webb and
Shine 1997), important philopatry (e.g. Sumner et al. 2001),
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and strong isolation-by-distance (IBD) patterns (e.g. Pernetta
et al. 2011; Meister et al. 2012).

The common European adder (Vipera berus) is a cold-
specialist viperid snake with a wide Eurosiberian range (Saint
Girons 1980). This viviparous species is highly philopatric
(Madsen and Shine 1992a; Luiselli 1993) and an ambush for-
ager (Bea et al. 1992). In Western and Central Europe, this
species often occurs in small populations isolated in remnant
natural habitat patches. Previous studies have demonstrated
that there is significant isolation and strong genetic structur-
ing among populations (Ursenbacher et al. 2009; Ball et al.
2020), with deleterious consequences in fragmented/degraded
habitats (e.g. inbreeding and inviable offspring; Madsen
et al. 1996; Madsen et al. 1996). This species is threatened
by increased land use and other anthropogenic disturbances
(Gardner et al. 2019). However, there is a lack of data about
gene flow and dispersal distances (Viitanen 1967; Prestt 1971),
notably concerning sex differences. This is important because
males and females strongly differ in their movement patterns
during reproduction (higher mobility of males; Neumeyer
1987).

Our aim was to investigate the genetic structure, genetic
diversity, and dispersal ability in V. berus at a fine spatial scale
in a rural landscape in western France. The study area (70
km?) was composed of a preserved zone (natural heathland
with rocky outcrops) surrounded by an agricultural landscape
(fragmented habitat). Our main hypothesis was that dispersal
would be limited and sex-dependent in the adder. We applied
an individual-based sampling scheme to measure genetic
structuring, diversity and also estimate effective dispersal (i.e.
only leading to gene flow; see Broquet and Petit 2009). We
tested the following predictions:

(1) Because of limited dispersal, the genetic structure
should be linked to main landscape boundaries and
follow an isolation-by-distance pattern

(2) Because of the polygynous mating system with males
actively searching for females, we expected to find a
male-biased gene flow pattern for all spatial scales

(3) Due to reduced anthropogenic disturbances, we pre-
dicted that genetic diversity would be higher in the pre-
served zone than in the surrounding agricultural zone.

This approach should help conservation management deci-
sions by providing valuable information on the dispersal ability
of V. berus, and consequently help define the size of manage-
ment units and the creation of corridors between populations.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Materials and methods
Study site

Our study site (70 km?) was located south-west of Rennes
(France; Fig. 1A and B) within a rural landscape composed
of agricultural fields (61.6% of crops and 1.2% of pastures)
and a relatively dense network of semi-natural habitats
(15.7% of forest, 8.9% of suitable habitats for V. berus

and 1.5% of aquatic habitats). Habitats were considered as
suitable when they included one of the two following com-
ponents: (i) a dense hedgerow network, and (ii) remnants
of heathlands or medio-European thickets. Urbanization
(11.1%) mainly consisted of small villages with a road
network (ca. 300 km including main roads and agricultural
tracks; Fig. 1C). The study site also encompassed a pre-
served zone, the Canut valley, which is a 4.4 km? protected
conservation area (Fig. 1C; Natura 2000 site; see https://
ec.europa.eu/environment/nature/natura2000/index_en.

B ®

4
AL

Main landscape limits
— Main roads
--- Topological barriers

Landscape compartments Locations
Il Preserved zone Sampling areas
Buffer zone (1000m around) ®  Groups

[ Agricultural zone

Fig. 1 a Location of the study site in western France and b in the
Ille-et-Vilaine department. ¢ Study site and locations of DNA sam-
ples collected from 280 adders (Vipera berus). Number of individu-

als caught per sampling area is provided. Fourteen a priori groups
were considered depending on the potential effects of large landscape
boundaries
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htm), mainly composed of forests (45.9%), suitable habi-
tats (27.5% of heathland), and dry grasslands (3.5%; See
Fig. S1D in the Supporting Information).

Sampling design and field work

A previously published study suggested that genetic differ-
entiation is limited for V. berus populations below 3 km and
strong beyond 6 km (Ursenbacher et al. 2009). Therefore,
we selected a fine spatial extent (10X 7 km?) to determine
how and at which scale the dispersal process occurred, as
recommended by Rousset (1997, 2000). The species seemed
to be continuously distributed within the study area, allow-
ing us to obtain a pairwise distance gradient from continu-
ously sampled statistical units. As a consequence, we chose
individuals as statistical units (Broquet and Petit 2009) and
implemented an individual-based sampling scheme (ISS;
Prunier et al. 2013). We designed our ISS on a one-square-
kilometer-unit grid applied on-site. Within each square kilo-
meter, we focused on suitable habitats to optimize sampling
success, repeatedly if possible (Fig. 1C). Last, we also subdi-
vided the study site into several units based on distinct main
landscape boundaries (main roads, topological barriers; see
Fig. 1.C) to carry out subsequent analyses on the genetic
markers (see below).

Sampling took place in 2015 and 2016 between April
and June when individuals are the easiest to detect during
basking activities. A sampling area was defined as a location
with a 200 m radius where individuals could be spatially
close (local movements inferior to 200 m; Prestt 1971) and
found within a continuous habitat. For each sampling area,
the Visual Encounter Survey (VES) session was stopped as
soon as four to five individuals were sampled, as recom-
mended by Prunier et al. (2013). Otherwise, additional VES
sessions were conducted until (i) the required number of
samples was obtained or (ii) it was the end of field season.
Additionally, all individuals that were easily detected and
caught after the end of a VES were also sampled, resulting
occasionally in more samples than strictly needed. Each cap-
tured individual was sexed visually and by manual eversion
of the hemipenes. Snout-vent-length (SVL) was used to dif-
ferentiate adults from subadults and yearlings (Guiller and
Legentilhomme 2015) before collecting DNA samples from
buccal and cloacal swabs (plus 2 skins). For each capture, we
recorded GPS coordinates and took pictures of the head for
identification (treated with Apnis software version 1.0.0) to
avoid duplicate DNA samples (Sheldon and Bradley 1989;
Moya et al. 2015).

Laboratory methods

Genomic DNA was extracted from buccal and cloacal swabs
with a Qiagen DNeasy Blood & Tissue Kit (QIAGEN,
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Hombrechtikon, Switzerland) following the manufacturer’s
protocol, except that the swab was removed before adding
the washing buffer (before step 5). Fourteen microsatel-
lite loci were amplified to analyze genetic diversity, eleven
specifically developed for V. berus (Vb-64 and Vb-71 from
Carlsson 2003; Vb-A8, Vb-All, Vb-B’2, Vb-B’9, Vb-B10,
Vb-B’10, Vb-B18, Vb-D’10 and Vb-D17 from Ursen-
bacher et al. 2009), two for Vipera ursini (Vu-29 and Vu-58;
Metzger et al. 2011), and one for Vipera aspis (Va-35; Geser
et al. 2013) following the PCR conditions described in the
respective publications. Microsatellite PCR products were
analyzed on an ABI 3130x] automated sequencer (Applied
Biosystems, Waltham, USA), visualized with the dyed for-
ward primers, and allele sizes were determined using PEAK-
SCANNER 3.1 (Applied Biosystems).

Analysis of genetic markers and metrics

Observed and expected heterozygosities, and departures
from Hardy—Weinberg equilibrium (HWE) were calculated
with Xz tests at each locus from (i) the entire dataset and (ii)
groups of individuals based on main landscape boundaries
(see above), to avoid detecting a deficit in heterozygosity
linked to a Wahlund effect. These analyses were performed
with the packages adegenet (Jombart 2008), pegas (Para-
dis 2010), and hierfstat (Goudet and Jombart 2015) imple-
mented in R 4.0.0 (R Core Development Team 2020). The
presence of null alleles and miss-scoring was checked using
the Micro-cHECKER 2.2.3 (Van Oosterhout et al. 2004), and
Fstat 2.9.3.2 (Goudet 1995) was used to test for linkage
disequilibrium among loci.

Genetic pairwise distances were calculated based on
two genetic metrics: (i) d, metric from Spacepi 1.5a (Hardy
and Vekemans 2002) and (ii) Bray—Curtis Dissimilarity
(Bc) from the ecodist R package (Goslee and Urban 2007).
Almost all analyses were performed with d,, a metric that is
explicitly related to dispersal, where higher values indicate a
greater dissimilarity between two genotypes (Rousset 1997,
2000). However, we had to use Bc in spatial autocorrelation
analyses, but the two metrics were strongly correlated (Pear-
son correlation coefficients =0.874). Euclidean distances
between individuals were computed into matrices from Arc-
GIs from geographical coordinates (10.1 ©Esri Inc.).

Genetic clustering analyses

Bayesian assignment tests were used to infer genetic deline-
ations from individuals using STRUCTURE (Pritchard et al.
2000). We chose to make the genetic cluster (K) vary from
one to 30, considering that a greater K would be unlikely
at that spatial scale. A 200,000-step burn-in followed by
400,000 MCMC was parameterized for each run with-
out available geographical information. Next, STRUCTURE
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HARVESTER (Earl and vonHoldt 2012) was used to compute
L(K) (also known as In Pr(XIK)) and AK (Evanno et al.
2005) to determine the best K. Ten independent runs for each
genetic cluster (K) were carried out using both no-admixture
and admixture models.

Isolation-by-distance (IBD)

Distance matrices were log-transformed according to
D=In(d+ 1) before using them in a Mantel test performed
with restricted permutations per blocks (i.e. sampling area
level) to preserve correlations among spatially close indi-
viduals and to avoid pseudo-replications (see Prunier et al.
2013 for more details). Ideally, the number of individuals
in the blocks should be balanced, but a slightly unbalanced
sampling is considered to have a limited impact on results
(Prunier et al. 2013). Therefore, we implemented this meth-
odology in the mantel function of the vegan R package
(Oksanen et al. 2016) in order to apply 10,000 restricted
permutations depending on our unbalanced blocks (i.e., sam-
pling areas). See Fig. S2 in the Supporting Information for
the plot depending on sex.

Dispersal parameters

As d, metrics have been explicitly connected to natal dis-
persal (Rousset 1997, 2000), a linear model was applied to
semi-linearized distance matrices. No transformation was
applied to genetic distances, d, being an analogue of F; /
(1- Fg¢p), whereas a logarithmic transformation was applied
to Euclidean distances (Rousset 1997, 2000). Neighborhood
size (V) was computed from this linear model according to
the inverse of the slope coefficient (b) that we used to quan-
tify the variance of the axial dispersal distance (6?) accord-
ing to 62=2/(bx4Dr) (Rousset 1997, 2000). However, this
calculation required prior information about population den-
sity (D), which is currently unknown at the study site. So,
we chose to use a proxy of D, to which we applied several
multiplier coefficients: Dx 1, 2, 4, 10, 20, and 75 (pers. com.
Robledo-Arnuncio; Dupont et al. 2015). These coefficients
were chosen to range between (i) the minimum D value (i.e.
the total number of individuals found during our field survey
divided by the extent of the study site), assuming that we
captured all individuals inhabiting on our study site, and
(i1) the maximum value (75D) corresponding to three indi-
viduals per hectare (21,000/70 kmz), which was observed
in a more optimal subalpine environment (Neumeyer 1987).
Lastly, we took the effect of short Euclidean distances into
account (Rousset 2000): all pairs of individuals closer than
the distance o, computed from the complete linear model
were removed before extracting 6> from the new model.

Genetic spatial autocorrelation

Spatial autocorrelation analyses (Oden and Sokal 1986;
Sokal 1986) were carried out with Mantel correlograms
from all individuals and separately for each sex. We used this
approach because it can detect a pattern of spatial autocor-
relation under IBD conditions (Borcard et al. 2011; Borcard
and Legendre 2012; Legendre and Legendre 2012). Positive
spatial autocorrelation is then expected for the first distance
classes, but only considered significant if its previous val-
ues were also significant (Legendre and Legendre 2012).
Correlograms were implemented with several distance steps
(100 m, 200 m, 250 m, 300 m, 400 m and 500 m) chosen
from field observations (distances between captures-recap-
tures of some individuals). However, we will only detail the
correlogram providing the best trade-off between a minimum
size of distance class and the number of pairwise values
within each distance class in the Results section (Banks and
Peakall 2012). Other distance steps are available in the Sup-
porting Information (See Fig. S3 to Fig. S7 in the Supporting
Information). Each correlogram was parameterized with a
cut-off (i.e. limited to the first half of the existing distance
classes) and 10,000 permutations with Holm’s correction to
test the significance for each distance class using the vegan
R package. The mantel.correlog function was implemented
to carry out restricted permutations with unbalanced blocks.
Moreover, 95% confidence intervals were implemented by
bootstrapping with 1,000 replicates of the Mantel statistic
for each distance class using the boor R package (Davison
and Hinkley 1997; Canty and Ripley 2017).

Test of sex-biased dispersal

Inter-individual genetic distances measured with a, were
used to determine the relative gene flow level within each
sex. Comparisons were carried out at several spatial scales.
For each of them, only the a, of individuals closest to a
threshold distance were used. Several threshold distances
were defined up to 3,000 m according to the distance step
used for the best correlogram (see above and Results sec-
tions). In the first spatial scales, individuals of the farther
dispersing sex (Ds) are less likely to remain in the vicinity
of their relatives than individuals of the more philopatric
sex (Ps). As a consequence, we expected a mean pairwise
genetic differentiation to be higher between Ds (males
V. berus) than between those of Ps (female V. berus). At
broader spatial scales, we expected these differences to can-
cel out because a higher gene flow within the Ds should lead
to a homogenization of genotypes at our study site.
Additionally, we applied the procedure of Coulon et al.
(2006) by carrying out 10,000 “random resamplings with-
out replacement of the relevant half-matrices such that each
individual occurred only once in a given resampled set”.

@ Springer
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Mean values for each set were calculated depending on sex.
The difference A; between the means of the two sexes was
then derived, where i is the number of the resampling set.
We chose to apply a one-sided test by performing calcu-
lations in the direction following our predictions (A;=ith
resampling mean value of male—ith resampling mean value
of female). Under the null hypothesis (i.e. no sex-dispersal),
A, should follow a normal distribution centered on O; under
the alternative hypothesis (i.e. male-biased dispersal), most
of A, values should be positive. Significance was considered
when more than 95% of the A, values were greater than 0.
As a consequence, p-values were calculated as the number
of negative A, values divided by 10,000.

Genetic diversity

Differences in genetic diversity were tested at the individual
level (i) with the entire dataset and (ii) according to the sex,
depending on the location. For the latter aspect, we distin-
guished three landscape categories: (i) a preserved zone,
(ii) a buffer zone (1,000 m around preserved) and (iii) an
agricultural zone. Among the available genetic metrics, we
chose to calculate and compare the homozygosity by locus
(HL) from genhet (Coulon 2010) for the different landscape
categories. This index was developed by Aparicio et al.
(2006) to weight the contribution of loci depending on their
allelic variability; it varies between O (all loci are heterozy-
gous) to 1 (all loci are homozygous). As a consequence,
genetic diversity is negatively correlated to HL.

Results
Sampling and genetic markers

We genotyped 280 adders (244 adults, 36 sub-adults,
yearlings were excluded) corresponding to 148 females,
130 males, and two unsexed individuals sampled from
shed skin distributed across the three landscape catego-
ries (Table 1). Sampling of individuals was also well-dis-
tributed across units based on main landscape boundaries
(14 a priori groups; number of individuals per group:
mean + SE=20.00+ 1.77; min.=10; max.=31; Fig. 1;
Table S1).

Among the 14 microsatellites, the Va-35 locus was mono-
morphic and the Vb-D’10 locus had around 60% of missing
data (Fig. S8 in the Supporting Information), so we removed
them from subsequent analysis. Out of the entire data set,
HW disequilibrium was detected for 5 loci on the remain-
ing 12 microsatellites (Table S2). However, only Vb-B18
showed a HW disequilibrium for more than one a priori
group (Fig. S9 in the Supporting Information). Additionally,
we also detected the presence of null alleles for Vb-B18,
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Table 1 Number of sampled individuals, organized by landscape cat-
egory and sex

Landscape category Individuals

Females Males Unknown Total
Preserved 39 42 1 82
Buffer 34 31 1 66
Agricultural 75 57 - 132
- 148 130 2 280

Bold values correspond with the total sum of individuals per row or
column

so we removed it from the analyses (Table S2). No link-
age disequilibrium was discovered among the remaining 11
microsatellites.

Genetic differentiation: IBD & dispersal parameters

We detected only one genetic cluster (K= 1) from the clus-
tering analysis implemented with STRUCTURE when using a
non-admixture model. On the contrary, by using Evanno’s
method, we detected that the best-supported values were
K =28 or 29 when using admixture models. However, we
also noted the presence of one or more unstable runs for the
high values of K and that the best supported genetic cluster
was K=1 from L(K) representation. Moreover, we observed
an IBD pattern among individuals (Mantel test with
restricted permutations, Pearson’s r=0.0987, p=0.0001).
The pattern was slightly higher when spatially close indi-
viduals (i.e. distances < 6, Tableau 14) were excluded (for
D=1 and with exclusion: slope=0.0213, Mult. R?=0.0047,
df =34,258; without exclusion: slope =0.0185, Mult.
R%2=0.0112, df=39,058; Fig. 2). Depending on the esti-
mate of D, dispersal parameters for models with exclusion
of close individuals varied according to ¢ ranging from ca.
165 m to 1,365 m and N, around 50 individuals (46.86 to
53.95; Table 2).

Genetic autocorrelation and sex-biased dispersal

A positive spatial autocorrelation up to ca. 2,225 m was
detected (Fig. 3A), mainly due to females having a greater
distance (up to 1,000-1,500 m; Fig. 3B) than males (not
beyond 500-750 m; Fig. 3C). However, both sexes exhibited
a similar pattern for the first distance class (250 m) without a
difference in signal strength according to the bootstrap value
with a 95% confidence interval (CI; Fig. 3A and B). At the
scale of the study site (70 kmz), the averages of the differ-
ence (A;) between male and female genetic differentiation
were not significantly greater than zero (p-value =0.095;
Fig. S10 in the Supporting Information). However, A; was
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viduals geographically closer than the distance o, (In(c,)=6.94;

Table 2 Isolation-By-Distance
pattern using linear models

(all models were significant;
p<0.001). Models were
implemented depending on
different population density
(D) proxies. Maximum density
was fixed at 3 ind./ha, as
estimated in a subalpine Swiss
Alps environment (Neumeyer
1987). The slope indicates the
strength of the signal and ¢ are
estimates of the V. berus natal
dispersal distance. The first
line represents the linear model
with close individuals included,
whereas all the others exclude
close individuals as suggested
by Rousset (2000)

Analytical unit Coeff N D (ind/m?) 6, (m) slope Mult. R? df c(m) N N, (ha)

Individuals (280) 1 280 4.00E-06 - 0.0185 0.01124 39,058 1,465 53.95 1,349
1 280 4.00E-06 1,465 0.0213 0.00456 34,258 1,365 46.85 1,171
2 560 8.00E-06 1,036 0.0201 0.00522 36,266 994  49.66 621

4 1,120  1.60E-05 733 0.0204 0.00657 37,528 699  49.07 307
10 2,800 4.00E-05 463 0.0200 0.00741 38,279 446 49.93 125
20 5,600 8.00E-05 327 0.0197 0.00762 38,490 317 50.81 64

75 21,000 3.00E-04 169 0.0195 0.00797 38,651 165 51.36 17

Coeff. =multiplier coefficient used as a proxy of D; N=number of individuals; D=population density;
o, = demographic estimate below which closer individuals are excluded; slope=coefficient of the regres-
sion line; Mult. R?=multiple r-squared value; ¢ =square root of second moment of the dispersal distance
in two-dimensional habitats; N, =effective Neighbourhood Size (4Dnc?), i.e. number of reproducing indi-
viduals in N,. N, =surface area of N, (4nc?)
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classes following a 250-m step. Mantel tests were performed with
10,000 permutations and 95% confidence intervals from 1,000 boot-

significantly greater than zero for spatial scales with thresh-
old distances ranging from 1,000 m to 2,000 m (Fig. 4).

Influence of habitat type on genetic diversity

When the two sexes were pooled, no differ-
ence (Kruskal-Wallis chi-squared =2.949, df =2,
p-value =0.229) in the homozygosity per locus
(HL) was found between the preserved zone
(mean + CI=0.303 +0.029; N=82), the buffer zone

@ Springer

strap iterations. Holm’s correction was used for p-values, and sig-
nificant values (i.e. spatial autocorrelation) were represented by full
squares. The number of pairwise values between individuals per dis-
tance class was added above the x-axis

(mean+CI=0.341+0.036; N=66) and the agricultural
zone (mean + CI=0.341+0.029; N=132). When sexes
were analyzed separately (Fig. 5), homozygosity was sig-
nificantly lower for males (Fig. 5) in the preserved zone
(mean + CI=0.283 +0.0485; N=42; Fig. 5 a) compared
to the agricultural zone (mean + CI=0.373 +0.029;
N =57; Kruskal-Wallis chi-squared =6.615, df =2,
p-value =0.0366; Fig. 5b). Males sampled within the
buffer zone did not differ in HL compared to those sam-
pled within the other two zones (Fig. 5 a,b). In contrast,
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tance of individuals closer than the threshold were used. Averages of

there were no differences in HL between any of the three
zones for females.

Discussion

Our results at a fine spatial scale clearly support that adder
dispersal is limited and sex-dependent. The maximal natal
dispersal distance (c,,,,) was estimated to 1,365 m and asso-
ciated to a marked IBD pattern. Male-biased dispersal was
validated at all spatial scales, even if it was only significant
between 1,000 m and 2,000 m. The environmental quality
impacted genetic diversity, with a higher genetic diversity
of males in the preserved zone, whereas a lack of genetic
structure within the whole studied area was detected. We
discuss our results in detail below.

IBD and genetic differentiation
On the study site (70 km?), genetic differentiation seemed

mainly driven by an IBD pattern in the adder. No a posteriori
differentiated populations were found and the IBD level was

A,; and their 95% confidence interval were represented by full circles
surrounded by an error bar in solid line. Mobile averages were repre-
sented according a dotted line. Significant A; were highlighted with a
grey box (p-value between 0.01 “*’ 0.05)

marked. The IBD pattern was also supported by the spatial
autocorrelation analysis, since neighboring individuals were
genetically similar up to a distance of 2,225 m (Fig. 3A).
The slope coefficients of the IBD models (Table 2) are simi-
lar to the highest values described in 11 studies also using
an individual-based analytical approach and conducted on
different vertebrate taxa (mean +SE=0.01110.0020; see
Table S3). The IBD models explained low variance (%) in
our study area, but this is expected under an individual-
based model (Rousset 2000; Sumner et al. 2001). An IBD
pattern has previously been reported in several snake species
when the studies were conducted at a local or regional scale
(<20 km; Rivera et al. 2006; King 2009; Ursenbacher et al.
2009; Pernetta et al. 2011; Meister et al. 2012; Dileo et al.
2013). However, IBD patterns can strongly differ among
species coexisting on the same study site, as demonstrated
for three Natricid species with different morphology and
habitat usage (Thamnophis sirtalis, Storeria dekayi, and
Nerodia sipedon; King and Lawson 2001). IBD patterns
can also vary between sites and be detected at lower spa-
tial scales (Manier and Arnold 2005). Therefore, the choice
of the study area, the surface considered, and the sampling
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and 95% confidence intervals were represented by points surrounded
by solid error bars. Points were differently represented depending on

scheme must be carefully considered to fit the ecology of
the target species. A recent study demonstrated that gene
flow in snakes is lower in ambush foragers when compared
to active foragers (de Fraga et al. 2017). Therefore, IBD
patterns are more likely observed in sit-and-wait foragers,
such as viperid snakes that are specialized for energy-saving
(Lourdais et al. 2014).

From IBD models, the maximal natal dispersal dis-
tance of V. berus was evaluated to about 1,365 m (see 6,,,,;
Table 2). This indirect estimate should be considered with
caution because local population size and the proportion of
immigrants also contribute to genetic differentiation (Lowe
and Allendorf 2010). These two parameters are complex, or
even impossible, to precisely evaluate. For instance, popula-
tion density is difficult to assess for snake because to their
secretive behaviour and low detectability (Kéry 2002; Durso
etal. 2011). Consequently, the real 6, is likely smaller (see
Table 2) and field observations suggest a more realistic esti-
mates around 500 m (field observations; pers. com. Guiller).
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sex: full circle for both females and males, full square for females
and full triangle for males. Different letters indicate significant differ-
ences. Capital letters relate to both sex; lower letter relate to females
(black background) and males (white background). The number of
values used to calculate each mean was added above the x-axis

The dispersal is male-biased and scale-dependent

Multi scales approaches are particularly relevant to address
the spatial dependence of landscape effects and genetic
patterns (Jackson and Fahrig 2012, 2015) that may vary
among sexes (Gauffre et al. 2009; Guerrini et al. 2014). We
detected a male-biased dispersal at all spatial scales, but
the difference was significant only for the spatial scale of
1,000-2,000 m (Fig. 4). Others studies that focus on snake
species have detected male-biased dispersal regardless
of the spatial scale (Rivera et al. 2006; Clark et al. 2008;
Dubey et al. 2008; Pernetta et al. 2011; Hofmann et al.
2012). We found that females were more spatially auto-
correlated, except in the first distance class, where males
exhibited a similar partial autocorrelation. The discrepancy
between sexes at a distance between 1000 and 2000 m could
be explained by differences in space use during reproduc-
tion. During the breeding season, males intensively search
for mates and can travel several hundred meters, or even
more (Neumeyer 1987; Madsen and Shine 1993; Madsen
et al. 1993). In contrast, females have substantial constraints
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during pregnancy, with limited displacements and increased
thermoregulation (Madsen and Shine 1992b, 1993; Lori-
oux et al. 2016). Consequently, male-biased dispersal likely
reflects sex differences in reproductive strategies (Bonte
et al. 2012; Trochet et al. 2016). The absence of sex-biased
dispersal at the very local scale could be explained by the
strong philopatric behavior in this species outside of repro-
duction (Madsen and Shine 1992a; Luiselli 1993). The high
relatedness pattern observed in mainland Britain confirms
the philopatric behavior of the adder (Ball et al. 2020). The
similar autocorrelation level between sexes at the local scale
could also be related to variation among males in reproduc-
tive activities, with some individuals moving less for mating
or individuals that are just coming back to their birthplace
after mating. A similar case was observed in another Viperid
snake (Crotalus horridus), which exhibited a strong level of
philopatry and gene flow linked to seasonal male mating dis-
persal (Clark et al. 2008). Our findings in the adder provide
additional support to the idea that male biased-dispersal in
snakes reflects the active search of females for mating.

Effect of the environment on population structure
and genetic diversity

Even if roads and topological barriers are present in the
study area, we only detected one genetic cluster. This result
suggests that the putative barriers do not strongly shape
the genetic structuring, at least not yet or not in a sufficient
way to be currently detectable. Past agricultural landscapes
in western France were very suitable for V. berus until the
removal of hedgerows in the late 1950s (Burel and Baudry
1990). Thus, it is very likely that the signal of genetic struc-
turation is not yet able to be detected. Indeed, a lag time
effect between landscape changes and the genetic response
is frequently observed (Flavenot et al. 2015). Furthermore,
detection of new genetic barriers takes longer for species
with limited dispersal abilities (Landguth et al. 2010), espe-
cially in the presence of an IBD pattern (Blair et al. 2012).
Consequently, using the analyses in this study, we cannot
currently say whether or not the environmental elements in
the study area are reducing the gene flow.

We found that genetic diversity was higher (lower level of
homozygosity) in the preserved zone (and to a lesser extent
in the buffer zone) than in the agricultural zone, but this pat-
tern was significant only in males. The protected status of
the nature preserve area is recent and the valley is composed
of well-preserved heathland habitats with rocky outcrops.
The topography and geology of the area has limited human
disturbances over time. This contrasts with the nearby rural
landscape which has various farming activities, including
crop farming and cattle grazing. Therefore, the history of
the site likely provides an explanation to the observed pat-
tern, rather than the recent benefits of conservation status.

High genetic diversity is important for the conservation
of V. berus populations, as inbreeding within a small iso-
lated population of adders can lead to a strong reduction in
population size (Madsen et al. 1999, 2004). Very recently,
Ball et al. (2020) observed a high relatedness of individuals
in small isolated populations, but without loss of genetic
diversity at the population level. The fact that higher genetic
diversity was observed only in males is intriguing and
deserves further work.

What matters for the conservation of V. berus?

Our results provided important insights on the dispersal
and IBD pattern in the adder and are relevant for conserva-
tion management. First, the distance between individuals
strongly affects the genetic differentiation within a popula-
tion, even at a small spatial scale (a few kilometers) where
there is limited dispersal. Second, we revealed that dispersal
was sex-biased and scale-dependent: both sexes had a simi-
lar dispersal at a local scale, whereas males dispersed farther
at a larger scale. These findings underline the importance
of considering how genetic variation is affected depending
on the sex (Guerrini et al. 2014) and the spatial scale of the
effects (Gauffre et al. 2009; Keller et al. 2013). Moreover,
genetic diversity of males varied with the quality of the envi-
ronment, which was not detected in females. Habitat loss or
alteration are direct threats for species with low mobility and
our study provides additional support to the fact that sexes
may differ in their responses to landscape changes (Stow
et al. 2001; Amos et al. 2014; Niebuhr et al. 2015).

Based on these results, we recommend that conservation
measures should be implemented within a buffer area of
500 m surrounding managed habitats, and that an optimal
conservation management unit should be set in place, similar
to those of the preserved area (4.4 km?). Keller et al. (2015)
recommended to scale the surface of conservation units to
several times that of the maximal dispersal distance. Among
the actions to implement, we recommend maintaining or
creating suitable habitats with diversified microhabitats
(including shelters and basking site). This includes (i) legal
protection for important habitats (e.g. linear edges, heath-
land patches, etc.), (ii) maintenance of open microhabitats
for thermoregulatory activities (e.g. canopy opening) or con-
nectivity between habitats (e.g. hedgerows, ditches or ditch
banks) and (iii) to add suitable shelters to the habitat (e.g.
pile of rocks, coarse woody debris; Mullin and Seigel 2009;
Pike 2016).

Conclusion
Using muti-scale approaches is critically required to iden-

tify the spatial dependence of genetic and landscape effects
(Angelone et al. 2011; Jackson and Fahrig 2012, 2015;
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Keller et al. 2013). Species with limited dispersal and high
ecological specialization are more vulnerable to habitat loss
and degradation (Ockinger et al. 2010). This is likely the
case for Viperid snakes (e.g. Santos et al. 2006; Mullin and
Seigel 2009) which should be better considered in conserva-
tion (genetic) studies, especially with regard to the dispersal
process (Mullin and Seigel 2009).

Supplementary Information The online version of this article con-
tains supplementary material available (https://doi.org/10.1007/
$10592-021-01365-y).
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