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ABSTRACT

Fragmentation is the major factor leading to theenut, unprecedented biodiversity decline.
Fragmentation leads to isolated populations whareeeding depression and increasing genetic @nift ¢
lead to a loss of genetic diversity and an increaskeleterious alleles threatening their fithesg future
adaptation to their environment and even to extinciThe relatively new field of landscape genetics
represent an effective method to correlate poprajenetics with habitat features which influeratéer
structure.

In this one year study the genetic population stmecof slow-wormsAnguis fragilis) could be assessed
in a 16knfarea in Western Switzerland with a newly developettbf 9 microsatellites. Overcoming the
difficulties of the application of an ideal expegntal design to the reality of field work 13 pogidas
could be successfully analysed for genetic diffeagion. The pairwise genetic differentiation detared
among sites usingsirindices appeared to be weak, in addition no dispopulation clusters could be
assessed in the entire study area.

To identify the factors involved in the fragmentatiand which consequently lead to the population
genetic structure | took advantage of the relayivew field of landscape genetics with 3 different
methods: IBD (isolation by distance), least-costieiling and a strip-based approach. The first aggrp
with scale as unique landscape feature, showeghéisant IBD effect. Since this effect was notiegly
explaining the structure other methods includingeriandscape variables have been used. Least-cost
modelling and strip-based methods were used teas$e effect of 12 landscape variables which were
supposed to influence slow-worm dispersal. Genetia# models including more variables performed
better than IBD showing the importance of the maigtween habitat patches. The compared results of
least-cost modelling and the strip-based approhotved some difference, this demonstrated the reed t
use several approaches. Considering advantagaefranbdacks of each method | analysed the effect of
each element separately. The negative influenceceint elements resulting from human activity, tike
highway or roads, on gene flow could be demonstrdteaddition a lower negative effect of natural
elements like rivers could also be detected. Orctimerary the results strongly suggest that agrical
areas and forests are potential dispersal corridors

Finally the results suggest that fragmentation moli endanger slow-worm populations in the futunees
even if several elements have been showed to haggative effect on gene flow no inbreeding eftect

increased genetic drift has been detected.
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1.INTRODUCTION

Two thousand and ten has been proclaimed as tterriational Year of Biodiversity” by the United
Nations. As a matter of fact, the current biodiitgrdecline is unprecedented, a study about theéubf
biodiversity showed that the extinction rate issd@000 times higher than the one before dawn of
mankind (Pimm, Russell et al. 1995). The four ngeneral threats to biodiversity are habitat desitvac
(including habitat fragmentation), introduced spscioverexploitation and food chain disruptions
(Campbell and Reece 2002). Still, the main causadimg to this loss of biodiversity is the habitat
fragmentation (Sala, Chapin et al. 2000).

The fundaments of the theory of habitat fragmeaotatirose from the “Island biogeographic Theory” in
1967 (MacArthur and Wilson 1967). Ever since fragtagon became an important field in population
ecology, conservation ecology and other relatdddi€Saunders, Hobbs et al. 1991; Debinski and Holt
2000; Driscoll 2004; Arens, van der Sluis et alD20 Lenore Fahrig pointed out, citing a recentceaf
the Cambridge database which revealed over 160licptibns about fragmentation, that there is no
consensus about latter definition (Fahrig 2003hdnopinion “the term should be reserved for the
breaking apart of habitat, independent of habitss$’l. In accordance with this definition there faner
effects implied in the fragmentation process: réidnan the amount of available habitat, increase i
number of patches, decrease in sizes of habiteh@stand increase in isolation of patches (FalBR
Even if a part of this fragmentation arise fromumal barriers like rivers, forests etc. the critiaad

larger part of habitat fragmentation is due to homakeration by agriculture and urban development
including roads and forest clearing (Campbell aegde 2002).

Habitat fragmentation induces 2 processes, a sepact habitat in “island” patches and for most
species a reduction in population size and a retioggration (gene flow) among these patches
(Frankham, Ballou et al. 2010). The effect andrédpercussion of theses processes are significantly
determined by the connectivity between these pataliich is determined®by the resistance which the
diverse land uses composing the matrix presemitoa movement, an"2by the configuration of those
land uses (Moilanen and Hanski 2001).

The impact of fragmentation on gene flow are sgespecific and mainly includes the number of
population in fragments, distances between fragsn@mtl the dispersal ability of the species, migrati
rates, time since fragmentation, extinction analedzation rates across fragments (Frankham, Badto
al. 2010). Thus, the increased habitat fragmentdtas a strong impact on gene flow and population
structure which degree is influenced by speciesifipabilities and the degree to which habitatchats
are connected. Two major phenomena threatensasigbatpulations whose gene flow is limited. First,
fragmentation increases the likelihood for onevidilial to mate with a relative, meaning with an

individual possessing a similar genotype. This igifld to a loss of heterozygous genotypes in timesa
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frequency homozygosity increases. Therefore inbngadplies changes in the mean phenotype within a
population which arise from these changes in ggreofsequencies and associated fitness effects, a
harmful phenomenon referred to as inbreeding defmesThe phenotypic changes implies decreased
performances, growth, reproduction and even vigtalind can therefore lead to extinction (Hamilton
2007). Secondly, in small populations random gerttft reduces the genetic diversity since ndtura
selection isn’t acting anymore (Lande 1988). Gengift is the stochastic change in allelic freqoem
opposition to changes induced by natural selectronatural population of a sufficient size harmful
alleles which are continually introduced by mutatase “purged” by natural selection. In opposition,
small population random genetic drift can overcoratiral selection so that deleterious mutationsate
kept at low frequencies any more implying a negagkienotypic effect reducing the fitness (Allendorf
and Luikart 2007). Since most of these deleteralletes are recessive their harmful effects arg onl
expressed in homozygotes and therefore the comiffiect of inbreeding and increased genetic déft ¢
lead to extinction in small populations. Even i tistribution of a species, as well as it abundaare
crucial information for effective conservation issythese essential genetic issues show how the
evaluation of the genetic diversity and gene flooviides an essential knowledge about the degree to

which a species is endangered by fragmentation.

Population genetic approaches using multilocus types data are well suited to analyse migration and
gene flow. Even if the dispersal “behaviour” a speas not known it has been showed that geneaally
decreased differentiation calculated witly IS associated with increased dispersal (Bohon8k)19
Therefore two complementary methods can be usedder to study the effect of fragmentation on gene
flow (Manel, Gaggiotti et al. 2005). First, cluster approaches like the one integrated in the soltw
STRUCTURE (Pritchard, Stephens et al. 2000) allovdéntify the number of population and assign the
origin of each individual. Secondly, to assessdibgree of population differentiation Wright's Fisdtics
(Wright 1951) are the most widely used statisticpapulation genetics (Manel, Gaggiotti et al. 2005
Holsinger and Weir 2009).

To address population genetic and further ecolbgigastions it is crucial to choose the adaptectien
marker. In the past decade microsatellites havegadeas the most popular choice to answer ecolbgica
guestions since they also provide information alvoutemporary effects on gene flow (Selkoe and
Toonen 2006). Microsatellites are DNA sequenceddies with tandem repeats of 1-6 nucleotides. They
are codominant markers inherited in a mendelian, wanydomly distributed across the genome. Only a
few microsatellites are under selective pressheggefore they are neutral markers. In addition toey
highly polymorphic in natural populations, mutasomccurs at a high rate, 1@ 10%per locus and per
generation (Schlotterer 2000). For this reason #reywell suited to analyse evolutionary changss ah
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an ecological scale which is very important for genvation biology which wants to assess recent huma
induced changes. Analyses of genetic variability ttaus be conducted by PCR (polymerase chain
reaction) amplification using the stable flankimgiions of each microsatellite loci with specifitnpers.
Consequently flanking regions must be highly coveseiin contrary to the microsatellite regions. @he
the reason of the rapid expansion and power ofasatellites are the recent improvements in new
sequencing technologies, genetic analysis and geingt methods.

Since Frederick Sanger and Walter Gilbert have b@earded with the Nobel Prize in 1980 for there
work about sequencing a main goal in this field lbeen to increase throughput of DNA sequencing. The
sequencing technology developed by Sanger to detertime nucleotide sequence of DNA molecules
involvesin vitro synthesizing of complementary strands of the DNA& sequenced. In this method the
molecules to be sequenced are cloned restrictagmfents (Campbell and Reece 2002). In the last
decade the sequencing revolution took place wildwvelopment of next-generation sequencing lige th
pyrosequencing technique allows fast and cost-&fesequencing for 2 major reasons. One the one
hand use of light detection allowed miniaturizafias the reaction volume just has to be high entmigh
emit detectable levels of light. As a matter ot fiacthis sequencing method each DNA sequence is
bound to a bead, which is further “mixed” to drdpl&containing” the “PCR-reaction-mixture” so that
PCR amplification occurs within a droplet. The ligletection is enabled because of the use of
fluorescent labelled tags instead of radioactibelsito detect the terminated ladders. On the dthed

this method also enables parallel sequencing ematiroughput (Mardis 2008; Mardis 2008; Rothberg
and Leamon 2008). These improvements allow higbutlfinput sequencing at lower costs and less time-
consuming since less material is used, becauseahiniaturization and parallelization of the réaact

This new technology provides great improvementdiébds lasting from human genetics to ecology
(Mardis 2008).

These novel techniques to develop microsatellitagkers combined with statistical tools to infer
population genetics allow scientists to combinetilmgus genotype dataset to analyse the genetic
structuration resulting of the configuration ofdmeape elements. This is the main concern of lapesc
genetics, a relatively new and interdisciplinarye@&rch field combining population genetics, landsca
ecology and spatial statistics to correlate |dtedds (Manel, Schwartz et al. 2003). The goabiamnalyse
the effect of landscape variables which can alpoesent barriers such as land uses, expositioalagy
etc. on gene flow. In conservation biology landscgenetics are used in particular for the anabyisis
human influenced variables such as roads, agriallémeas to explain the anthropic induced
contemporary changes including fragmentation oredkw. Landscape genetics are better to model real
world than classical metapopulations studies bexaasonly distances between patches are studied bu
7



also the quality of the matrix in-between (Holdeyegand Wagner 2006). Therefore the approach ams t
quantify the effects of landscape variables (contipos configuration, matrix quality etc.) on spti
distribution of genes, i.e. populations. This aggioinvolves different fields of research, so thaigh
level of interdisciplinarity is essential to sucdess it is the rule in landscape genetics (Holdgpzegnd
Wagner 2006; Storfer, Murphy et al. 2007). Fin#liydscape genetics provides an insight in key
ecological processes like dispersal influenceddyiérs and can be used as a valuable tool for
conservation particularly in detecting contemporafien anthropogenic, landscape effects.

It has been shown that to address landscape genestions it is essential to analyse data sets of
population genetics with several approaches (Eiaradind Heckel 2006). Further, 3 landscape genetics
methods will be introduced: isolation by distarleast-cost modelling and strip-based approach.eSinc
gene flow is directly influenced by the landscaperectivity which “is the degree to which the
landscape facilitates or impedes movement of osgasiamong source patches” (Taylor, Fahrig et al.
1993; Tischendorf and Fahring 2000) it is cruaiaptoceed to analyses which include the structural
connectivity (characteristics of landscape) as aglihe functional connectivity (mobility of the
organism).

A first approach, IBD (Isolation by Distance (WrigtD43)) only takes into account the distance betwe
patches to describe genetic differentiation, headescan be seen as the most basic landscape ¢€lemen
Even if an IBD effect is often confirmed it repragein most cases only a part of the explanation of
differentiation so that it has been pointed out thglenty reviewed studies only Euclidean distsare
used (Moilanen and Hanski 2001) neglecting theifipitg of landscape between patches which
influence species dispersion. In order to disagitathe effect of distance and the influence ofrtfarix
between patches further landscape genetics hawe thosen.

The second method, least-cost modelling, is tis¢ diiternative to IBD since it includes landscape
variables. Least-cost modelling computes EGD (&ffegeographical distances) between two habitat
patches, using friction maps, where each rastéiscgiven a special value representing the degfee
resistance of the specific landscape type.

The third is a new method; the strip-based appraasksses the effect of landscape elements on gene
flow in a linear fashion between sites using defipairwise strips between these sites. This meltlasd

the advantage that no a priori assumptions hae todde (Emaresi, Pellet et al. 2011).

In this study | used new molecular markers anddaade genetic methods to analyse the effect of

fragmentation on the genetic population of a pokrigwn lizard, the slow-worm. Pointing out the fact

that ecological knowledge about slow-worms is ifisignt Volkl et al. published a book (Vélkl and

Alfermann 2007) reviewing all known studies abdus tspecies and pointing out the future research

needs to have a better overview of slow-worm egpl&nce knowledge about this species has often
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been acquired during mostly unpublished monitogrgeriments or studies performed more than 30
years ago it is difficult to have access to theimer&fore the facts about slow-worms mentioned aere
cited according to this book if a different soure@ot mentioned.
The slow-worm is an elongated legless lizard ndtiom Eurasia and a member of the fanfiyguidae
in the Sguamata order. Slow-worms can be found in a large varwdtigabitats ranging from natural ones
like shrub vegetation, edges of forests to anthgepa influenced areas like gardens, parks et iBhi
probably the reason why slow-worms are the mosespdead reptile in Europe. Like all other lizards
slow-worms are ectotherm, meaning that they neéetread heat sources to control their body
temperature. Lizards can gain heat in 2 waysptierms gain heat directly by radiation; thigmother
gain heat by conduction from the substrate. Slowawgoare thought to be thigmothermic occasionally
exhibiting a low degree of heliothermy by baskinghe sun (Evans and Leszczynski 2009). This is
probably one important reason for the importancenicfohabitats and microclimate for slow-worms. As
a matter of fact even in a favourable habitat tyyeepresence of slow worms will be mainly influethce
by several microhabitat factors. The availabilifysome natural or artificial refugees to gain heead to
hide is the first important condition. Since slowwws will also need to feed under these refugess it
important that they show humid conditions to atttheir prey mostly invertebrates like earthwormsd a
slugs. The structure of soil is also importanstfit has to be loose so that slow-worm can buirdwit,
and also be suitable to gain heat by conduction.
Slow-worms are active from March to September ddimgnof ambient temperatures which also
influence the duration of their winter hibernatjeriod. The mating period occurs in spring, thedks
are ovoviviparous and they only mate every 2 te&y since this breeding strategy requires a large
amount of energy; gestation time is about 12 we€ksy give birth to 2 to 23 descendents depending
primarily of the size of the female. Like otherdids they are capable of autotomy to escape patenti
predators.
Only scarce and controversial knowledge about dssphés known. In the Nederlands (STUMPEL 1985,
cited in (Volkl and Alfermann 2007) observed thlawwsworms stay mainly in the same location during a
capture/ recapture experiment, anyhow he alsoeubtitat one individual moved 80 meters in 7 ddys, t
maximal distance observed was 130m in 2 years lwilzer experiment Plattenberg (Plattenberg 1999,
cited in (Volkl and Alfermann 2007)) showed thatwverage slow-worms moved 12m to 16m between
the first capture and recapture, the calculatedrthoanges” for 2 activity periods were 466 + 150 fio
summarize the authors hypothesized that the adutads stay mainly in a range of 30-50 meters &adl t
some subadult animals undertake more importantatiagrs and colonize new habitats and are therefore
responsible for gene flow. Finally, the need fardsts of the dispersal with transmitters and dediail
populations genetic analysis in particular stuthésgrating the effect of contemporary fragmentaaoe
pointed out by the authors (V6lkl and Alfermann 20
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Since “umbrella species” are often carefully stdda@d monitored common species, like slow-worms,
seem to have been left behind by the scientificroamity even if some observations about a decliee ar
available (Monney and Meyer 2005). .According te ¢fuidelines of the IUCN (International Union for
Conservation of Nature), the slow worm status issatered as “least concern” since 1994 by the Swiss
red list of endangered species established byBA&-U” (Agency of the Environment, Transport,
Energy and Communications, previously “BUWAL") atid “KARCH” (coordination centre for
conservation of Swiss amphibians and reptiles)o@hand the authors claim that this species obliou
colonizes more than 2000Kkrand that it has, compared to other reptilesgliéttological requirements.
For these reasons they considered that the slowrwsomore adaptable to anthropogenic influenced
habitat. One the other hand they point out thetfaaitthey have incomplete data about the repantif
the species, and that this species seems to datlihe midland and in the lower part of valleys
according to cantonal inventories (Monney and M&@5). Even so the slow-worm is included in the
“annexe III”, protected species of the “Bern Convamon the Conservation of European Wildlife and
Natural Habitats” ratified in 1979 (Ubereinkommesmv 19. September 1979 iiber die Erhaltung der
européaischen wildlebenden Pflanzen und Tiere ured fmattrlichen Lebensraume

(Swiss_federal_Authorities).

As mentioned before the four main threats to biediity are habitat destruction (including habitat
fragmentation), introduced species, overexploitatind food chain disruptions (Campbell and Reece
2002) the most important being fragmentation (Sategpin et al. 2000). Regarding slow-worms it seems
obvious that neither overexploitation does repreadhreat since they are of no economic interest,
introduced species since no invasive species anpeiing for the same habitat or feeding on slow-
worms. Food chain disruptions shouldn’t also nptesent an issue for slow-worms since their prey
mainly earthworms and slugs are widespread. Ther¢fi@ only aspect to be analyse concerning the
decrease of slow-worms is habitat destructionaitigular habitat fragmentation since it has baidied
as the main general threat to biodiversity (Salegph et al. 2000). In this study | use fragmentatn

the strict sense of a possible isolation of patdélyegresumable barriers to the dispersion of slawrns
since habitat loss is not possible to assess dietiack of knowledge concerning slow-worm ecology
The unknown effect of habitat fragmentation, theklaf data and the absence of habitat and dispersal
information about slow-worms suggested that it n@sessary to carry out a scientific study espaciall

including genetics to get a better insight in tlssvsworm ecology.

The first step in this study was to develop a litaget of microsatellites at moderate cost inesagaable
time period taking advantage of the new sequeneicgnologies since no molecular marker were

available for this species yet.
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Further, | performed population identification agehetic differentiation analyses to assess thenpiat

gene flow between habitat patches in the regiantefest and the effect fragmentation had yet.

It has been shown that in order to study fragmantatin situ” experiments are necessary because th
complex environment is difficult to represent inghets. In comparison to laboratory experiments
observational studies and field experiments gamegaity but don’t allow to isolate the effectstbé
different mechanisms (McGarigal and Cushman 20D2)counteract this generalization and disentangle
the different elements leading to genetic diffeiaian | performed 3 landscape genetic analyseb (1B
least-cost path modelling, strip-based approacigentify the elements leading to fragmentation. |
selected and analysed a set of variables to detech one impedes gene flow and in which extendheac
variable representing a barrier influence the dtave between the populations. Finally, for each noeit

| analysed and compared the results in respebetadvantages and drawbacks of each.
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2.MATERIAL AND METHODS

Study area

Sampling has been conducted in the Canton Vautkeinggion of “La Cote” region (see Figure 1) from
March to September 2010. This region was choseausecof the landscape heterogeneity, the presence
of an altitudinal gradient ranging from the lak&2&) to the Jura Mountain (highest sample sites at
about 1000m).

Figure 1 : Swiss map showing the location of
the study site in red (Swiss Federal Statistical
Office).

The total sampling area measures about 1
km? (see Figure 2). The sample region is

dominated by agriculture (yellow)

throughout the sample site. Another

important feature is the dense forest (greei,, © Oficefédéralde la statistique

in the middle of the site, and other patches. Otyyges of forests are only present in very smaitipas
throughout the site (light green). In the Southréikvay and railroads are crossing the site sidsitie;
more northwards also in parallel one can obseniengortant vineyard belt (orange). The grey areas
represent parts of villages which could be paniyeble habitats for slow-worms like garden parics e
Shrub and pastures are only present in a very foauat. Throughout the sites two major linear eletsien
can be observed: rivers (blue) and roads (antiqpnle pighway not included). In the category “otHers

are included all elements which were only presembarginal amounts like orchards, the airport etc.

12
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Figure 2 : Raster map of the land uses of the studgrea clustered in 12 categories of the original npa

(Lehmann, Maggini et al. 2000)

Experimental design and sampling methods

In order to test the effect of the different larssi on gene flow between sites, the sampling desgn
conducted to provide sites on each side and indervhe potential fragmentation elements. Several
authors recommend a continuous, evenly spaced sayript landscape studies focused on the detection
of spatial boundaries (Guillot, Estoup et al. 20@&nel, Berthoud et al. 2007). It was also impadrtan
have a regular distribution of pairwise distancesMeen sites to test for isolation by distance @ingi

bias during the comparison with genetic distanb&seover sites had to include all different langsea
elements in order to test their fragmentation e¢féeparately. According to these prerequisitesiitba
selected sites favourable for the slow-worms, sagchedges, edges of forest, isolated patchesesf ared
natural gardens.

Since slow-worms have a semi-fossorial lifestyld are thigmotherms | used some black undulated tar
plates to trap the lizards (see Appendix 1 and Agpe2). Those plates represent refugees and a heat
source for the animals and improve the capturghilithe species (V6lkl and Alfermann 2007). In
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addition in humid conditions they also represemnt aren help to create a suitable habitat for ey so
that slow-worms would settle down over a longeretiperiod under these plates.

First, a set of 331 were installed in 33 sites ftbmend of March for the first ones up to May 2010
depending on the sites. The plates have beenlattaith the goal to find and sample at least nibea
20 different animals in each site. In August, 104igs of the sites without any slow-worm detectedew
removed and placed in 5 new sites or added insitese less than 20 animals have been sampled.

Development of new microsatellites fanguis fragilis

Identification of new microsatellites fémnguis fragilis

To perform further population genetics analysisMeein 8 and 15 suitable microsatellitesAoguis
fragiliswere needed since no published microsatellites\zagable yet.

First, DNA has been extracted of a slow-worm fropreviously sampled slow-worm, using the Qiagen
DNeasy kit (QIAGEN) following the supplied protocdlhis DNA was then subjected to a random 454
shotgun sequencing (1/16 run, on the “Roebh¥ Genome Sequencer” with Titanium chemistry by
Microsynth AG). The reads obtained were screenegdtential microsatellites using
MSATCOMMANDER v0.8.2 (Faircloth 2008) and the firsdlection was made by eye based on the
length and the homogeneity of their repetitiondW@POTLIGHT (Mac OS X 10.6) to select about 150
sequences. In the next step | designed primefsifttrer amplification by PCR when flanking regioofs
the selected sequences enabled it. Once primeesldgan obtained the optimization has been performed
by amplifying the potential microsatellites perfongn PCR on a “Mastercycler Gradient” (Eppendorf)
with variable conditions. PCR amplifications wenen tested on agarose gel (1%) electrophoresis.
Further, polymorphisms between samples were askass®y a multicapillary electrophoresis system
(“QIAxcel System”, QIAGEN). For this analysis | usa QIAxcel DNA High Resolution cartridge
combined with the QX Alignement Marker 15bp/500iopl he QX DNA Size Marker 25-450bp which

enables a separation of the fragments with a rasolof 3-5 bp.

Testing the newly identified microsatellites

The samples obtained during the field work in gtiegdy have been extracted with the Qiagen DNedsy ki
(QIAGEN) following the supplied protocol. Three mateps have been changed: incubation has been
performed overnight at 56°C, a supplementary deigiation step after removing the buccal swab and
elution has been done twice each time with (Li08f the provided AE buffer to obtain a higher ambaf
DNA.

14



Once the potential microsatellites have been ifledtand the 118 samples been extracted it waslpess
to test the microsatellites for null alleles, laajelic dropout and stutter errors. For this asaly used

the software Micro-checker (Van Oosterhout, Hutsbimet al. 2004), which performs analysis for each
“population” and locus. First the software cheaksdccuracy of the dataset, indicating possibléntyp
errors when reading the sequences. Then | selac®@b6 confidence Interval for the Monte Carlo
simulations of homozygotes, this value is then carag to the observed value of homozygotes.
Afterwards the software compares the observededitefuency to the estimated allele frequency with
four different algorithms. In this case it was espky important to check for allelic dropout besatof

the relatively low DNA concentration after the bacswabs extractions. This low level of DNA could
prevent the amplification; respectively impede lgwture of an allele after sequencing implying aite

of heterozygotes. Observed (Ho) and expected tstgosity were calculated for each microsatellite
using FSTAT 2.9.3.2 (Goudet 1995).

Population genetics of the slow-worm

Laboratory analysis

Genetic material was collected from saliva and @élosing buccal swabs. This approach is the less
invasive method to obtain sufficient amounts of DfdAfurther analysis, as for instance microsatelli
markers (Miller 2006; Beebee 2008). Individual sal had to be conducted to avoid multiple analysis
of a single individual. Since all simple markingthneds (e.g. with nail polish) used for reptiledddidue

to their smooth skin | used individual photographlientification (see Appendix 4), which allowed a
long-term identification during the study period.

Once all samples have been collected during the \frerk they have been extracted with the Qiagen
DNeasy kit (QIAGEN) following the supplied protocdlhree main steps have been changed: incubation
has been performed overnight at 56°C, a supplemeoéatrifugation step after removing the buccal
swab and elution has been done twice each timeMidul of the provided AE buffer to obtain a higher
amount of DNA. Further all individuals have beenpéifred for each locus with the previously
determined PCR conditions. Fluorescent labellech@rs for the microsatellites to be tested have been
ordered and after a last optimization all amplifieci for all animals have been analysed on the
AB3130xI sequencer (Applied Biosystems) in 2 midgtipPCR. Scoring of alleles has been performed by
identifying visually the microsatellite peaks oraR&canner™ Software v1.0 (Applied Biosystems).
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Genetic diversity and population differentiation

All following analysis have been performed with fhreviously extracted and scored individuals. One
condition to use microsatellite is the random dsition of the markers across genome, if 2 or nhace
are linked the influence of this zone of the genasrte important and can bias further genetic asialy
Therefore | first assessed the absence of linkesgedilibrium between pairs of loci have been tste
using FSTAT 2.9.3.2 (Goudet 1995). Conformity taddaWeinberg has been assessed with a test
randomising alleles within samples based gndince microsatellites are neutral markers theylkhnot
be under selection; this can be confirmed if loeiia Hardy-Weinberg equilibrium. Furthermorg F
values (Weir and Cockerham 1984) has been calcluiatiest for inbreeding depression. Finally the
analysis of the degree of population differentiathave been performed witlFvalues (Weir and
Cockerham 1984). Since gene diversity is highlyeshelent of the sample size they are not discussed
here. Therefore | used the allelic richness whectairrected for sample size and gives better seaiien
there are important differences in sample size €kg@2002).

To asses the presence of different populations tivghmultilocus genotype data | needed to infestelts
without any a priori structure assumption. Thisisture has been analysed with STRUCTURE 2.3.3
(Pritchard, Stephens et al. 2000). Using a Bayeadisstering approach this software clusters indigid
assumed to be in Hardy Weinberg equilibrium basethe similarity of their alleles. The software
computes the estimated log probability for eacHusters, where K is fixed between a given rangee(he
from 1 to 10). Here the model with admixture hasrbased with 100’000 iterations and a burn-in gkrio
of 20’000 iterations. In our case the patternsigpersal among populations are probably not
homogenous as they could be influenced by landsaagepace in a hierarchical system. In this dase t
interpretation of STRUCTURE likelihood values rasu$ doubtful. Therefore in this study, | used the
approach of Evanno et al. (Evanno, Regnaut e0@5pPwhich infer a more realistic number of cluster
based on the results of STRUCTURE.
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Landscape genetics

Identification of the variables to be analysed

Correlating genetics to landscape features reqai®ice of maps which take into account the sirat
connectivity but also imply the functional conneiti by taking into account the perception of the
studied organisms. The commonly available sourdaraf use information in Switzerland is a photo-
interpretation map which assigns one of 74 categdo cells of a 100m grid (Swiss Federal Office of
Statistics). In this type of maps a land use iggagsl to each bottom-left corner of the 100m célick
made it impossible to assign more detailed land-tseach cell for example by dividing it. Thinkiat
the perceptual range of slow-worms this type of sndges not suite to analysis of species with such a
little perception of its environment. Thereforeskd a raster map with cell size of Z5mtake into
account the perceived environment of the specieis. downscaled land use map has been obtained by
combining the highly precise Swiss national mag%000 scale) with a land use classification from
photo-interpretation which possessed a high lel/#Hematic details (Lehmann, Maggini et al. 2000)e
result is a precise and detailed map with a reswiwdf 25m integrating 61 categories which can §edu
for studies at a regional scale.

For further modelization steps it is crucial to édlie same projection for the different inputsgehadt
maps, grids and shapefiles has been projectedinathVV1903 Swiss coordinate system, map units have
always been set to meters.

As mentioned before the chosen map contained dvdifferent land use types, therefore it was
important to extract and cluster elements of irgefer the analysed species. It was also impottaose
variables which were present in a sufficient amairgixels to be correctly analysed with the diéfier
statistical methods used in this study.

Isolation by distance

Isolation by distance (IBD, Wright 1943) can bersas the null hypothesis in landscape genetics, the
scale being here the first landscape variabledestech influences population differentiation. dishbeen
shown that a correctedHRousset 1997),4r /(1-Fst) compared to the logarithm of the distance gave
more realistic results therefore this correcteglfas been used here. To test the correlation betthese
two elements a mantel test (10’000 permutations)degen performed between the logarithm of Euclidian
distances and the correctegk Falues for the 13 sites for whick#has been calculated. The mantel test
has been performed with the software R (Team 204iby the package ncf (Ottar N. Bjornstad, ncf:

spatial nonparametric covariance functions, R pgekersion 1.1-3, 2009). The results have then been
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plotted and analysed with a linear regression. fElgeession coefficient @Rhas been calculated to show
the percent of explained variance of the geneticctire by Euclidian distances.

Least-cost Modelling

Least-cost modelling, originated from the graplotigegained in attention in the last decade becatise
the availability of softwares to calculate it (Agkensen, Chardon et al. 2003). It is a widely usethod

in ecology (Broquet, Ray et al. 2006; Epps, Wehawtal. 2007; Schwartz, Copeland et al. 2009); in
this study it was particularly interesting since goal was to recognize potential barriers to géme f
without having a detailed knowledge of the varigbtaplicated. For this method friction maps are
created, where each raster-cell is given a spealak representing the degree of resistance dffbeific
landscape type. In choosing a raster with a pixzel is respect to the perception of the speciestefest
and allocating costs with respect to the speciebgyg this method allows to account for the struaku
connectivity as well as for the functional conneityi

For this method several scenarios had to be téstestognize first which variables had a negative o
positive effect on dispersal and which is the gtkrof this impact. On the one hand this approamis a
to test the effect of the chosen variables on dgleme respectively the landscape units which are
“fragmenting the populations”. And, on the othentiat allows to test if it is possible to analysadt-
cost path deduced from available literature ababitht, since a suitable habitat and a possibjeedsal
path are probably not the same.

To modelize least-cost paths in a pairwise fashiged the extension PATHMATRIX (Ray 2005) in
ARCVIEW 3.X (Environmental Science Research IngtifiRedlands, USA) to compute matrices of
EGD (effective geographical distances) among thealBple sites wherg;fhas been calculated
previously using a least-cost path algorithm. EGBge then been computed according to a friction map
where each cell (representing a landscape unitp&as given a cost which reflects the difficulty to
traverse it. The software computes then a pathiwminimizes the sum of frictions of all cells alotins
path. The method is based on a simple eight-neighbell algorithm (see Figure 3, ESRI, 1996). From
each cell Nto N.+; the cumulative cost is calculated as sum of thétocagach Ni and the cost to move
through N and N.;.
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Nig =N+ (r +r,)/2
or
Ny =N +2%*05* (r, +r

1)/2
N. = accumulated cost in cell i

r,= resistance value in cell 1

1: source cell

i+1: target cell

Figure 3 : The algorithm underlying least-cost modking (Adriaensen, Chardon et al. 2003).

To make least-cost modelling more effective ingportant to test multiple least-cost models based o
different landscape characteristics (Epps, Wehaasah 2007). This is particularly important iretbase

of slow-worms where only very few and contradictknpwledge about dispersal and habitat is available
Therefore | tested the following scenarios:

Scenario 1: Test of the following hypothesis: “Deresforests, highway and rivers are the
main barriers to gene flow, respectively the landspe units which are fragmenting the
populations.”

For this purpose | “extracted” 3 elements of mystdwed land use raster: Dense forest, highway and

rivers and allocated them several different castest the sensitivity of this model.

Scenario 2: Test of following hypothesis: Primary ad secondary habitat according to
Volkl and Alfermann (Volkl and Alfermann 2007) are capable to describe dispersal.

In this scenario | “translated” each of the 61 gateées of the raster to primary and secondary htbit
according to Vo6lkl and Alfermann (V6lkl and Alferma 2007) in costs to produce a friction map.
For this analysis | clustered the results in categdqfor details see Appendix 8):
1. Primary habitat which is always suitable for slowrms
2. Primary habitat which can be partly suitable fawsivorms or suitable depending on the
intensity of use.
3. Secondary habitat which is always suitable for sleovms.
4. Secondary habitat which can be partly suitableskaw-worms or suitable depending of the
intensity of use.

5. Other land-use which should not be a potentialtaabi
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According to these weights | computed several &ges weighting the 5 categories in different ways
either with ascending weights for category 1 ta €qual costs for 1 to 4, category 5 always hatteg

highest value as it shouldn’t represent a potehtaitat (see details in Appendix 8).

Scenario 3: Disentangling the effect of the 12 défent variables one by one and creating
a scenario which includes all 12 selected variabl@gth respect to previous analysis.

In this scenario | first analysed each of the 12aides one by one with different costs. | allodatests
of 2,4,8,10,15,20,30,40,60 and 80 to each varia@lether land uses each with a cost of 1. Tottest
results | also tested the contrary in giving thstdoto the variable and a higher cost (2,4,10(®6(3 to
all other land uses. | then compared the correlataefficients which showed a significant (5%) puea
and chose for each variable the “best” cost acogrth the correlation coefficient. In the case Riga
had the same correlation coefficient | choose tiewith the lowest p-value.
Afterwards | combined in different ways these valuéth respect to their effect assessed before.
Scenarios 3A, 3B, 3C and 3D has been used todast affects of several land uses for which theltes
wasn't very clear before, the other scenarios wersputed to test the sensitivity of the model.

e Scenario 3a: Allocating to each category the best assessed before

e Scenario 3b: Removing the effect of “dense forest”

* Scenario3c: Removing the effect of agriculturabare

» Scenario 3e: Increase of the effect of “dense fores

» Scenarios 3D, 3F, 3G, 3H, 3I, 3J, 3K changing thetcof fragmenting elements in respect to

their ratio.

To select the best model and test the sensitivigaoh version of the scenarios | compared thetgathe
distances (corrected Fst) to the logarithm of E@MRk the mantel test (Mantel 1967) using the sofeva
MANTELN (Nicolas Ray, 2003) with 10’000 permutat®nThe mantel test uses permutations to
determine the linear relationship (r) of both neds (Corrected Fst and logatrithm of EGDS).

Even if mantel tests are controversial due to amqtal underestimation of type | error (false posit
results) they still are commonly used when corimegatlistance matrices with genetic matrices (Epps,
Wehausen et al. 2007; Wang, Yang et al. 2008). Aliag to Rousset (Rousset 1997) it is more effectiv
to compare log-transformed geographic distancegenetic distances therefore for all analyses | tised
corrected version ofdt (Fst/(1- Fsy)) to correlate it with the logarithm of EGDs.

Once the EGDs have been computed and analysed imvpmrtant to disentangle the part of the model

explained by landscape elements alone withoutffieeteof distance described by IBD. For this pugpbs
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calculated correlation by partialling out the dmte with a partial mantel test included in the Rka@e
ncf (Ottar N. Bjornstad, ncf: spatial nonparametogariance functions, R package version 1.1-39200

Strip-based approach

In the strip-based approach the goal was to rezeghe main landscape elements influencing gene flo
overcoming issues of unknown dispersal knowledgeesall variables are analysed without a priori
assumptions. In this method landscape elementalgsed in straight-line strips of varying width @mg
each pair of the analysed populations.

For this analysis | used the previously showecderdst12 categories. In the first step | transfadrttas
raster in a set of boolean maps with Arcgis 9.3RE3008). In this step it was important to vetifyat
linear elements where conserved. To extract laeddaessities in each strip | used FRICTIONNATOR
(http://www2.unil.ch/biomapper/frictionnator/frictnnator.html) which requires the IDRISI raster fatm
To obtain this format | transformed the data wita tool “AV 2 IDRISI”
(www.terracs.com/en/products/software/av-2-idrisnh which can be added as an extension in
ARCview (ESRI, 2003). The second input includesagierdata (k1) and the geographic coordinates of
each site. The output of this software is a tabth the genetical distances, the Euclidian distarared

for each one the sum of pixels of every teste@ $ype and land-use for each chosen kind of stripes
Since | was interested in the density of each lase] | calculated the percentage of pixels of ¢tk
use in each strip (pixel/pixel). To select the [=8p width and analyse in more details the eftédhe
different land uses on dispersal | performed limegressions. All statistical analysis has beefopaed
with R 2.10.0 (R development Core Team 2010). Thev&lues have previously been transformed and
successfully tested for normality with the Shapivdk test. In the first step the relation of{Fagainst
distance alone has been analysed. Afterwards aadhuse has been added to this null model one &y on
« Lm (Fst~ "Euclidian distances” ) »

« Lm (Fst~ "Euclidian distances” + "Landuse 1) »

« Lm (Fst~ "Euclidian distances” + "Landuse 2") »

Two strip types can be chosen; here following sthpve been tested:

» fixed width: strips of 75m, 125m, 275m and 525

e width: length ratio: 1:1, 1:3, 1:5 and 1:7
To choose the best fitting strip width | calculated mean Aikaike’s information criterion (AIC) select
the best model. Since pairwisgrre not independent significance is biased, thezdfee information-
theoretic approach with AIC is better. The smalli§ value indicated the model which was the closes

to the “true model”. Afterwards the best model haen analysed in more details with weighted AICs
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(WAIC), which assessed the relative likelihood néaegression compared to all others in this model.
The squared correlation coefficienffRvhich explained the proportion of explained véoia for each
variable has also been calculated to assess thwtampe of the impact of each variable. Finallyshgn
of the regression coefficient estimating whetheaaable impede (+) or facilitate (-) gene flow Hmesen

printed.

22



3.RESULTS

Experimental design and sampling methods

Sites are evenly spaced so far as it was possila@a outdoor experiment which large anthropizedsre
and they were successfully placed in respect oflifierent major landscape elements (see Figur®d).

latter map the sites where plates have been iedtalle shown with black asterisks and pink dots

(depending of the successful capture of animalsg. Aistogram of Figure 5 shows the experimental

design which should allow an evenly spaced samgifrapimals. Since animals have been found in 13
sites described by pink dots the effective samplasylts did not exactly correspond to the expeniade

design. Nevertheless most landscape elementsauvel@d but there is a lack of sites between the

highway, the vineyard belt and railroads. Howewer distribution of distances which could effectivbe

used showed a distribution which allowed furthealgsis even if a lack of distances over 12000maoul

be observed (see Figure 6).

I:I Other forests o
- Dense forests
“:I Shrubs
- Foads
- Failways
- Anthropogenicinfluenced areas
I:I Agriculture
I:I Vineyards
I:I Rivers
- Hig hway
- Others
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Figure 4 : Land use map of the study sites were pies have been installed in respect to presence drsence

of slow-worms. The pink dots represent sites withnesence of slow-worms; the amount of sampled slow-

worms sampled is printed beside. Black asterisks peesent sites were plates have been installed bub n

animals have been captured.
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Figure 5 : Histogram of the pairwise distances (imeters) between all plates corresponding to the
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Slow-worms have been captured in 15 sites, fort€g 8o slow-worm has neither been seen nor sampled
(see Table 1). In the sites with slow-worm presdreteveen 1 and 27 animals have been sampled (see
Table 1). A total of 118 animals have been sampledanimals have been found in the additional sites
installed in August. The plates which have beereddd other sites in order to get more animals were
also not colonized.

The capture success was highly dependent on thgdaof sites and microclimate around it but not o
the amount of plates installed. The linear corr@tabetween sites and number of slow-worms was
positive, mainly due to one outlier (site St with @ates and 26 slow-worms trapped). Neverthethss,
adjusted R-squared of 0.046 showed the low qualitynon significativity (p-value=0.12) of this
relation. The Grass snakidafrix natrix) was also commonly found under tar plates in thetmos
successful siteg.he photographic identification has been a veryahle method to identify the animals,

even juveniles, so that no animals have been santylee.
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Table 1: Names, codes and geographic coordinateSsites, number of sampled animals, number of plage

installed and presence oNatrix natrix under the plates. Coordinates of sites correspono the center of the

area when sites placed in a semi-circular way, ohe middle of the segment when plates where instadlen a

linear way.
Captured )
Capture sites Code Coordinates X  Coordinates YindividualsA. Amount of Obse-rvatloh of
fragilis “plates” Natrix natrix
Allaman Al 520295 147299 3 11 No
Bois des Ursins Bu 515059 150818 7 11 No
Coinsins Cc 508007 142099 6 No
La Curtillode, Vinzel Cu 510880 145269 10 No
Forteresse, Gland Fo 510938 139688 3 8 No
Private garden, Marchissy Ge 508537 149037 16 4 Yes
Maison Rouge Ps 510451 147855 4 13 Yes
Rucher, Longirod Ru 510779 151221 15 No
Saint-George Sg 509679 152126 10 1 No
Bois du Crépon, Saint-Livre Sl 517883 152660 27 26 Yes
STEP, Gland St 512122 142271 23 12 Yes
Cétette, Saint-George Tt 509773 150503 1 18 No
Tuilerie, Biere Tu 516797 153835 3 16 No
Céte Viry, Saint-George Vi 510459 152162 3 3 No
Volaille, Saint-Livre Vo 518348 151230 1 6 No
Aérodrome, Prangins Ar 509456 139822 0 13 No
Le Courtillet, Pizy Co 515782 150189 0 11 No
Corbiere, Gimel Cr 511881 151639 0 11 No
Les Cotes, Essertines-sur-Rolle Cs 513327 148126 0 6 No
Bois Guyot, Biére Da 517139 153446 0 6 No
Chemin de fer, Etoy Fe 520920 147824 0 6 No
Sous la Dolle, Gilly Fs 513944 144712 0 11 No
Le Fossy, Bursins Fy 513993 143352 0 11 No
Grange des bois, Prangins Gb 509731 140329 0 18 No
Grandes Tattes, Burtigny Gt 510612 148999 0 6 No
Inversins Iv 510163 148322 0 14 No
Longeraie, Gilly LgEx 513032 145469 0 9 No
Loirin, Gland Lo 509855 143088 0 9 No
Moulin de Boutecul, Burtigny Mc 508667 147901 0 6 oN
Chéteau de Perroy, Perroy Pe 518178 146781 0 11 No
Prémondavaux, Burtigny Px 518178 146781 15 No
Prés de Vaux, Begnins VX 513327 148126 8 No




Development of new microsatellites fanguis fragilis

Identification of new potential microsatellites #nguis fragilis

Out of the 18190 reads provided by the 454 sequgrselection with MSATCOMMANDER and by

eye provided 150 potential microsatellites sequenéer 33 of these sequences primers could be
designed. Optimization with different temperatui®3°C, 52°C, 55°C, 57°C or 58°C, 60°C, 62°C) and
MgCl, concentrations (1.5 and 3) allowed the successfylification and visualisation by gel
electrophoresis of 27 (80%) of these sequencespdlyenorphism analysis has been performed with the
extracted DNA of 11 animals of the study area. 1&osatellites (40% of the sequences for which
primer have been ordered) showed polymorphismeamneigion of interest according to comparisons of
the peaks of the 11 animals on the QlAxcel eletteopgram.

Testing of newly identified microsatellites

Analysis with MICRO-CHECKER has been performed wiit8 animals in 13 populations and one
single locus has shown occurrence of null allde=is Af19 in the population “St”, there the softea
assessed a homozygote excess (expected 18.54&;amb2). Otherwise no other locus in any
population showed a large allelic dropout, stutigrerrors or evidence of null alleles.

More details about the handling of the microsatslin the Appendix 5.
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Table 2 : The 10 microsatellites developed foknguisfragilis.

Occurrence
. repeated
Locus Primer sequence . of null
motif
alleles
CAG TGA TTG TGT GGT GTT TAT CTC
AfL9 TCT AGG AGT CTG AGT TTC GGC (CAA)13 Yes
CAG ATT GCT GAC TGG GAC C
Af22 TTAT N
GTG ATC TCT GGG AAG TGC cTC (T TAT)s °
GCT AGG TAG CGT TCT CC
Af24 GGGACAGAGCACTTTGTGTG (ATT)s No
CCA CAC TCT ACA TGG ACT GC
Af34 CAC TCT GGA TTAAGT CAAGG (G No
GCA TAC ATC AAG TAA CC
AfsT TCC CTT GTAAAC TGC CCT G (GAT)14 No
AGA CAG ATATTT CCC TTG TCA ACC
Af ATT N
38 CCA TTG TCG CAG CCA GGC AC ATz °
GCC AGG GAA AAC ATA GAT GC
Afad CTG TAA ACT GCC GAG TGA G (TCTT) No
GTT GCC TTC TATGTC ATG TCTCT
Af46 GCC AAA CAT CAT TAC AAG C (ATT)s No
GGT GGT AGA ATG AAC TG
Af47 CTG GAT GTT GGT GTA GAT G (ACC)1 No
ATS0 GTC TTG TAG CCC TTT TCC (CA)s NG

GTC TGT GAA CTT AGT GTC CG

Population genetics of the slow-worm

Laboratory analysis

As expected buccal swabs were an efficient andmailty invasive method to obtain genetic material,
after extraction of the 118 individuals with thei&d@en DNeasy kit” most samples contained DNA
concentrations of about 20-40 ply/only few samples had less than 1QgAll samples have been
successfully amplified by PCR in two multiplex withorescent labelled primers with the previously
determined conditions. All individuals could be sambfor all loci except one single individual which

couldn’t be correctly scored for one locus afteeplications.
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Genetic diversity and population differentiation

Following analyses have been performed with theviddals of 15 populations, a total of 118 sampled
and scored animals. The dataset contained onengiksii for one individual, meaning 0.8% missing
values for Af34.

One locus, Af46, showed significant linkage therefall further analysis has been performed without
Af46. The averaged significance of genotypic linkajsequilibrium of all remaining 9 markers after
removing Af46 was 0.203; non-independency betweendan therefore not be rejected. Hardy-
Weinberg equilibrium could be accepted for all rogatellites excepted for the locus Af34 were the p-
value of 0.003 allowed to accept a deviance fromdi#&Veinberg expectations. Removing this
microsatellite didn’t change significantlgfvalues, in addition analyses with MICRO-CHECKERdt
show any abnormality, therefore this allele hamhesed for further analyses.

Number of alleles, expected and observed heterasiygds and kst for each locus are provided in
Table 3. The number of alleles per locus rangech f8Bato 7 with expected heterozygosity ranging from
0.244 to 0.649. Evalues ranged from -0.224 to 0.157 whilg¥alues ranged from 0.022 to 0.133.

Table 3 : Number of alleles for each locus, Nei'ssémations of heterozygosity and k and Fsr valuesfor each
of the 9 loci.

Locus (')\]f‘;’:?girs Ho Hs Fis Fst

Af19 4 0.375 0373 0034  0.103
Af22 5 0.660 0552  -0.224  0.133
Af24 3 0.375  0.395 -0.005  0.044
Af34 7 0512  0.649 0157  0.064
Af37 3 0.244 0222 -0.103  0.087
Af38 5 0352  0.352 -0.033  0.022
Afa4 4 0.252 0265 0014  0.046
AfA7 4 0476 0452  -0.047  0.079
Af50 5 0.642 0601 -0.081  0.051

Further, analysis has been performed on the papo#atTable 4 provides the mean pairwigednd kst

and the allelic richness. These values could oelgdiculated for the 13 populations with more tBan
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sampled animals. Average@ Between populations was -0.035, this means thatbreeding effects
have been observed. Two populations Cc and Cu shtomelevels of inbreeding (0.2 respectively
0.123). The average allelic richness was low AX02The total Er between all populations was also
very low (Fst= 0.077) indicating a low degree of genetic diffgration. Differences in sample sizes
could imply that some population differentiationsrey biased, therefore | compared all mean pairwise
Fst (Figure 7), it is visible that no population wagrsficantly different of the others. This can assthat
there is no outlier and no bias due to the sampée s

Table 4 : Average ks, Fst and allelic richness (A) values for each sample sit

SITE Fis Fst A
Al -0300  0.140  1.80
Bu  -0175  0.099 200
Cc 0.200 0.082  1.90
Cu 0.123 0.043 217
Fo 0 0.104  1.90
Ge  -008 0073 211

Ps 0.053 0.033 2.46
Ru 0.027 0.038 2.24

Sg -0.047 0.079 2.11
S -0.011 0.060 2.10
St -0.001 0.083 2.22
Tt NA NA 2.11
Tu 0 0.080 NA
Vi -0.021 0.092 2.11
Vo NA NA NA
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Figure 7 : Mean pairwise Fsrvalues between all 13 sites.
The inference of the number of clusters in theyaréa with STRUCTURE did not indicate that the
study areas show different populations. Inferermreected with the Evanno method (Evanno, Regnaut et

al. 2005) showed also the highest likelihood fafuster, therefore all 118 individuals belong t@on

population.
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Landscape genetics

Identification of the variables to be analysed

The first step in the landscape genetic approachtavaelect and adapt the map for further analys$is.

result of the variable analysis and of the possigsl given by the available map led to 12 broad

categories which should play a role in slow-worspersal based on field work observation and liteeat

(mainly (Volkl and Alfermann 2007)). For this pugml first reclassified the map in the 12 new

categories (see Figure 8), more details of the@tung of each provided in the Appendix 7):

1.

Otherforest: All type of forests including edges and smalteft patches which are not dense and
which should in contrary to dense forests repreaentitable habitat for slow-worms and not a
barrier, this category contained 13753 pixels anddctherefore be analysed with all methods

Dense forest Contained only the dense forests present in lpagehes with a total of 166640
pixels this variable could be correctly analyseat. this variable an edge effect could have been
interesting to analyse, since in the map clearargkbroad footpaths were not included, buffering
the outside edges would have biased the analyses siow-worms are not able to dissociate
clearings or paths from the outside edges. In mfdihe buffer size of suitable edges would have

been difficult to assess and the amount of pixklesprobably to low for accurate analysis.

Shrub and bush vegetation Contained all types of shorter height vegetatitmich are thought to
be one of the best habitats for slow-worms. Becaiifigis reason these land uses have been
clustered together, due to the low amount of thisable (1927 pixels) it could not be analysed
with all methods

Roads Cluster of all types of roads (38940 pixels) withthe highway. Since road killing is an
issue for reptiles and amphibians and roads caoeil@nbobstacle to dispersal it was important to
test the effect of this variable. Since the eftgatoads depend highly from their width but also

from the profile of its borders it was not possitieassess these effects separately and the general

effect of roads have been tested.
Railways:. Included all elements of the railroad network@3®ixels). It is known that railways

represent a suitable habitat for slow-worms, big itot shown if the width and difficulty to pass

them could represent a barrier therefore it wasr@sting to analyse their effect.
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6. Anthropogenic influenced area Included potential anthropized habitats like gasl parks etc.,
15579 pixels. It can be taken for granted thatleingtural garden and parks are good habitats for
slow-worms while intensively used and treated asgagrobably not. With this variable | tested

the overall effect of anthropogenic influenced area

7. Agriculture : Represent the largest area (191470 pixels) asidda all land uses used for
agriculture and surroundings. Here there is propbalsio a difference depending of the
intensitivity of use of these areas. Since it ispussible to make a difference between the

different agriculture types the overall effect haen tested.

8. Vineyards: All types of vineyards (25733 pixels). Same rekres for agriculture, no difference

could be made between exploitation types and teeatieffect has been tested.

9. Rivers: Since slow-worms are not known to swim, crossihgvers is probably a difficulty.

Therefore all rivers of the regions have been ehest in one broad category (14938 pixels).

10.Highway: The highway (1616 pixels), crossing the studg aitd built in the sixtieth represent
probably a total barrier to dispersal for slow-wasraince no wildlife bridges are crossing it.
Therefore this variable had to be tested separatdlye other roads.

11.Other land uses Represent land uses which are not interestinthferstudy or available in a

marginal amount (25413 pixels), for example thpair, orchards etc.
12.Pastures Meadows and pastures could represent a suitabliéahand are present in a large
amount (30605 pixels). The fact that they are nyamolt directly present between sites made the

analysis difficult in particular with the strip-bas approach.

Former 12 elements are the variables which has &eglysed by landscape genetics with the goal to

compare there effects to the IBD null model.

33



=1

FANRY SRVl W |
11'250 15'000 7

7500

k]
_._: - Cther forests
"

o Dense forest
5 5‘%‘1#@ - ense forests

4 ) - Shrubs
- - Roads

R S

- Railways
- Anthropogenicinfluenced areas
N I:l Agriculture
I:l Wineyards
W E I:l Rivers
S - Highuwany
- Others
I:l Pastures

Figure 8 : An overview of the sample region with tk raster grid in 12 categories of interest and thsites with

sampled animals in pink.

Isolation by distance

The correlation of correctedsfand the logarithm of distance calculated with rebtgsts was positive

and significant (r = 0.25, p-value= 0.022) suggesthat the genetic differentiation increases \thin
geographical distance. As expected from IBD theertion of explained variance by the model was very
low (R?= 0.049) but significant (p-value = 0.028).

Least-cost Modelling

For all analysis | used the along least-cost degtarnn meters to perform the tests as they gegerall

performed better than least-cost distances.
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Scenario 1: Test of the following hypothesis: “Deresforests, highway and rivers are the
main barriers to gene flow, respectively the landspe units which are fragmenting the
populations.”

As shown in Figure 9 allocating a cost of 4 to th8slements gave the best correlation (correlation
0.262, p-value = 0.015). Clearly, allocating highests to these 3 landscape elements compareld to al
others had lower positive correlation when compavigd the corrected &, the highest allocated cost of

50 did not even show significant p-values.
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Figure 9 : Along least-cost path correlations of #nariol and corresponding p-values depending on the
allowed costs to dense forests, highway and riveos the x axis; in blue the points without significat p-

value.

Scenario 2: Test of following hypothesis: Primary ad secondary habitat according to
Volkl and Alfermann (Volkl and Alfermann 2007) are capable to describe dispersal.

The friction maps with a weight of 60 for the « HAoabitat » land-uses (see Appendix 8) showed to

perform poorly, some were even non-significant @c2i). Weighting the habitats in ascending order

performed better (models 2c-2i), with the best nbeeng “2g”, with a “non-habitat” cost of 20
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(correlation: 0.256, p-value: 0.0203), there tHéedence of cost values allocated to habitats amd n

habitats are quite small.
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Figure 10 : Results of the APD correlations and therespective p-value when comparing potential prinary

and secondary habitats to “non-habitat” land-use.

Scenario 3: Disentangling the effect of the 12 défent variables one by one and creating
a scenario which includes all 12 selected variabl@gth respect to previous analysis.

For each variable | tested different costs andcsstethe highest correlation for each value (detalt

shown), when values were equal | chose the valtletive lowest p-value (see results in Table 5)his
analysis 6 elements showed a positive effect. Dearests had only a small correlation, roads, vandg
and railways showed the highest correlation. Riegis the highway showed an intermediate effect.
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Table 5 : Results of the APD correlations and theirespective p-values for all elements which showed
fragmentating effect when analysing all different&nd uses one by one. Beside each land-use the eatht the
best correlation is mentioned.

Land use APD correlation  p-values
Dense forest (Cost of 2) 0.251 0.021
Roads (Cost of 90) 0.253 0.020
Railways (Cost of 40) 0.258 0.020
Vineyards (Cost of 80) 0.260 0.016
Rivers (Cost of 18) 0.260 0.020
0.258 0.016

Highway (Cost of 15)

In the next step | compared the combined frictiapmof the best costs assessed previously (see Tabl
5). Itis visible in Figure 11 that the scenario @Action map combined with the exact costs ass@ss
before) performed well (APD_correlation = 0.266ygitie = 0.020). Some costs needed to be checked
again when combined, as there allocation (Tableds) not totally clear before (3B, 3C, 3E), these
models showed worse correlation and p-values (gped=11) confirming the ranking of the values
assessed previously. The test of sensitivity shoslestly that 3J performed the best (APD_corretatio

0.284, p-value = 0.013), in this scenario | chantpedvalues from scenario 3A in respect to thdiora

(see Appendix 10).
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Figure 11 : APD correlations and corresponding p-vhie of the different scenarios of the third model

The best scenario (3J) showed the highest cowal&br a cost of 75 for roads, railways and vinegar
(see Table 6). Rivers and the highway showed tbedmerelation for an intermediate cost of 40. The

other elements showed the best results when algdatv costs of 1 or 2 for dense forests.
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Table 6 : Land uses and allocating costs of scenar8J, which showed the best correlation comparinglla

scenarios
Land use Costs
Other forest 1
Dense forest 2
Shrub and bush vegetation 1
Roads 75
Railways 75
Anthropogenic influenced areas 1
Agriculture 1
Vineyards 75
Rivers 40
Highway 40
Other land uses 1
Pastures 1

Comparing the 3 scenarios the last scenario (3, pvevious analysis of each variable one by one
performed best (APD_correlation = 0.284). Scenzribased on the habitat knowledge, showed the worst
results. The intermediate scenario was the firbtclvonly considered roads, dense forests andsraer

fragmenting land uses.

To disentangle the effect of distance alone andiaddbf EGDs | performed a partial mantel testtbe
best model, scenario 3J (see Table 7). The gettistences are stronger correlated with along least-
distances (r =0.284) than with Euclidian distaralese (r = 0.248). Along least-cost path distarazes
strongly correlated with Euclidian distances (rfatwsn here), partialling out the Euclidian distanttes
genetic distances are still highly correlated vatidscape elements (r = 0.218) even if the p-vialoaly

marginally significant.

39



Table 7 : Correlations of mantel test and partial nantel test removing the effect of Euclidian distanes
(GeoDist) of the best scenario 3J with 10'000 perntations. In the first column the correlation of geretic
distances and along least-cost distances. In thecead column the correlation between Euclidian distaces
and genetic distances. In the third column the coelation of the genetic distance with APD-correlatio when
partialling out the Euclidian distances.
Analysed variables ~ APD/ GenDist  GeoDist/ GenDist nDBist/APD| GeoDist
Correlation 0.284 0.248 0.218
p-value 0.016 0.0270 0.057

After identification of highway being an importagiement leading to fragmentation | made the same
tests with scenario 3J analysing the 10 populatbonthe northern part of the highway (see resalts i
Table 8). The results showed that the model perdrnot as good as before since no p-value was
significant it was impossible to verify the modelthis way. It is possible that too few values bathis

analysis.

Table 8 : Analysis with model 3J, when removing th populations in the southern part of the highway.

Analysed variables APD/ GenDist GeoDist/ GenDist  nDist/APD| GeoDist

Correlation 0.218 0.211 0.066
p-value 0.106 0.115 0.325

Strip-based approach

In the first step the different strip type weretéels Models with fixed strips performed slightlytiee than
ratio fixed strips regarding the mean AICs (seel@@. The best strip model was the one with adixe
width strip of 525m, this model had the lowest m@&#@ value of 32.05. In all models the rounded
averaged proportion of explained variance was 66.10

| also tested a model with a 75m strip as manyabées showed a very high amount of null values and

the results were highly biased | discarded this eh@mt further analyses.
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Table 9: The 9 different strips models analyzed: 3vith a fixed strip width and 5 with different width to
lengths ratios. For each model mean AIC has been Icalated as well as the averaged proportion of
explained variance (Mean R).

Class Width Mean AIC  Mean R2 (%)

125 m,
Fixed 34.11 10
S pixels
275 m,
Fixed 33.86 10
11 pixels
525 m,
Fixed 32.05 10
21 pixels
Ratio 1:1 33.88 10
Ratio 1:3 33.97 10
Ratio 1:5 34.20 10
Ratio 1:7 33.97 10
Ratio 1:9 33.96 10

Regarding all models the best AIC for a single lasd was also in the strip model of 525m, there
railways showed an AIC of 28.32. The highest exy@dipart of variance was also in the same model;
there the percentage of explained variance reat®&d % for the railways.

In the 525m strip model (see Table 10) 7 variahbeb a higher effect onglrthan distance: railway,
highway, other land-use, anthropogenic influenaeds agriculture, dense forests, other forests and
roads. Among these variables 5 had a negativeendiet on gene flow. Due to their low weighted AIC
rivers and vineyards only have a marginal influeimcehis model.

The best model (see Table 10) with 525m strips sldatvat railways had the highest impact on gene
flow (16.31%), as it is partly correlated with wadlys it is relevant to analyse both variables toget
both account for 28.94% of variance in the modethBrariables had a positive correlation wity,F
meaning a negative effect on gene flow. Other laseland anthropogenic influenced areas account also
to ~ 23% of explained variance, also influencingaterely gene flow. Only two variables had a pesiti
effect on gene flow: agriculture and dense forestspunting for ~20% of variance.
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Table 10 : Analyses of the strip 21, 525m, modelrgi. Si : Sign of the regression coefficient.

Variable S AIC WAIC R* (%)
Railway + 28.32 0.313 16.31
Highway + 31.67 0.059 12.63
Other land-use + 31.7 0.058 12.60
Anthropogenic
fiuenced areas 33.61 0.022 10.43
Agriculture - 33.87 0.019 10.13
Dense forests - 34.47 0.014 9.45
Other forests + 35.08 0.011 8.73
Roads + 35.21 0.010 8.59
Distance + 32.05 0.048 7.77
Rivers + 36.42 0.005 7.15
Vineyards + 36.67 0.005 6.85

Summary of the landscape genetics results

When comparing the 3 landscape genetic modelgp#ared that the IBD model performed poorly
compared with models integrating more landscapaehes than only the scale. In the least-cost
modelling this has been showed by partialling betEuclidian distances and for the strip-basedagmbr
the distance was poorly explaining the model adogrtb R and wAIC.

To compare both models integrating land uses | @atpthe degree to which each variable impeding
gene flow influenced the models. For the least-pasith approach | calculated percentual costs of
elements impeding gene flow. For the strip-basetagzh | used the pecentudid® all elements
impeding gene flow. Since both methods are basatiffarent statistical approaches this method is no
strictly correct, but as | am interest in the degiewhich each variable act as barrier it wascaegtable
method to compare them. As a matter of fact, immo¢thods the distance is partly included in the
results; the EGDs took in account distances (stommgelation) and the regressions of the strip-hase
method the distance is added in each regression.

In

Table 11 the percentual effect of each element dimgegene flow is assessed comparing both methods.
In both methods railway and highway showed the éstjimpact. Three elements (“Other land use”,
“Anthropogenic influenced areas” and “Other for&ssfiowed a negative effect using the strip-based

approach but no negative effect in the least-catit pmodelling. In particular “Other land use” and
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“Anthropogenic influenced areas” showed a high tiggaffect in the strip-based approach while no
effect has been detected in the least-cost patlelnagl “Agriculture” and “dense forests” showed a
similar low negative or positive effect on geneafldRoads and vineyards showed a high effect in the
least-cost path modelling but only a marginal dffeche strip-based approach. Rivers had a relbtiv

low effect in both analyses.

Table 11: Comparison of the elements impeding geniow in the least-cost path and the strip-based

approach
Variable Least-cost modelling  Strip-based approach
Railway 24% 20%
Highway 13% 15%
Other land use No 15%
Anthropogenic
influenced areas No 1%
Agriculture No No
Dense forests <1% No
Other forests No 10%
Roads 24 % 10%
Rivers 13 % 9%
Vineyards 24 % 8%
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4.DISCUSSION

Experimental design and sampling of slow-worms

The goal of the experimental design was to havevanly spaced sampling which includes all landscape
elements. A first limitation arose from the facitliit was also essential to target suitable habftat
slow-worms like, for instance, forest edges whigdrewnot available everywhere in this highly
anthropized area. In addition authorizations fraoheparcel owner had to be obtained, often seperal
site, this represented the second challenge whssirgafrom the ideal experimental design to prattic
field work. Regarding the sites where plates ha@nhlinstalled the prerequisites of experimentabdes
have been entirely respected. Since animals haxefoend in 15 of the 33 sites the effective santpli
did not correspond to ideal experimental desigrerEso the spacing of sites with sampled animals
allowed an unambiguous analysis of isolation byatise. In addition all landscape elements have been
covered and could be analysed separately for plagticipation to fragmentation with the exceptidn o
vineyards, the highway and the railway since nonag have been sampled in-between. Concerning the
new plates installed in August they were not caediprobably because this period represent theend
the activity period of slow-worms, this shows thgprtance of installing plates for such experimets
the beginning of their activity period.

The capture method with tar plates has been effeetien if animals have been expected to colonize
more capture sites since suitable habitat has taegeted. It was also expected to find much more
animals per sites once slow-worms were presenteSeptiles chose their artificial refugees on very
specific thermal properties whereas some othernepeace rather unselective (Thierry, Lettink et al.
2009) it appears also clearly, that other factoesrEluencing species when choosing a refugetthilee
physical properties or the food availability bel@wConsidering thermal criteria the choice of bhack

tar plates seemed to be good since they absohamount of the heat which slow-worms can gain by
conduction. This effect is even amplified by thelulated form of the plates which allows slow-woim t
fit between the undulations increasing the cortaoe to gain heat. The major factor to find slowsmws

in a site was certainly their presence in the surding area, but even so they “chose” the plates to
colonize and colonized the plates in different wdgpending probably on microhabitat conditionsaAs
matter of fact in some sites slow-worms were chasteinder one or a few tar plates during all fistatk
period whereas in other sites they were distributedker the plates moving regularly from one platéhe
others in a one week time span. Since in thesatgits insolation conditions were the same (same
expositions, comparable umbrage) microhabitats ilond seemed to be the decisive factor for
colonizing plates. In particular plates in humidhditions were preferred, this can partly be ex@diby

higher food availability; also soil composition sesd to play a role since different soils absorlt hea
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differently and slow-worms need loose soil confegion in which they can burrow. Finally tar plates
seems also to be effective since all life stagelsbamth sexes have been observed under the plates
confirming that no bias are introduced due to & laicyoung or old sampled animals. Besides the
preferences due to the habitat properties otheteriacould also play a role. It has been showndloav-
worms are able to discriminate conspecific sce@tmgalo, Cabido et al. 2004) this could explain the
absence of slow-worms in some sites where altematider refugees were present. This could be
observed in 2 sites where slow-worms colonizedraddicial refugees and did not colonize the rtew
plates placed around the older refugees, even plaeing the slow-worms under the new plates after
sampling they returned to the older plates, oft@ordzed by other individuals, the next day. Ifwgto

worms showed the same “behaviour” with naturalgets which could not be detected this could explain

the absence of slow-worm in several sites.

Population genetics of the slow-worm

Next-generation sequencing allowed developing afs@tsuitable microsatellites for a species foraluh
no markers were available yet in about 3 month.8&microsatellites | found no occurrence of nuklals
(one microsatellite, Af19, showed possible occureetor null alleles in one single population), no
significant linkage disequilibrium could be showsgtween all markers which generally respected
Hardy-Weinberg expectations and where thereforalsia for further genetic population analyses.
The sampling size allowed calculating F-statistiesl3 of the 15 sites where animals have been
sampled. F-statistics are generally sensitive @ssdimpling size therefore the results had to hiedder
possible bias in populations with a lower amourd&iminals. As a matter of fact differences in the F-
statistics results could arise because the sanpoledlations are only a subset of all populatioas th
could be sampled or because the sampled populaeranly one possible outcome of an underlying
stochastic evolutionary process (Holsinger and \2@{9). To be able to control for this effect |
compared the mearsfof all sites, since no outliers were found allr&@Baining populations have been
used for further analysis since no difference cdnddttributed to the low sample size.

According to the Ervalues overall differentiation was lowdf= 0.077) in this 16 kfnsample region in
Western Switzerland since it has been shown th&taaf above ~ 0.15 can be considered as an
indication of significant differentiation (FrankhaBallou et al. 2010). In this study no meay; falue
exceeded 0.15. In addition, results also showedlreeding depression in the sample sites. These
results are confirmed by the individual assignmmeathod which was unable to gather some individuals
together, not even animals belonging to the saodydite. These results suggested a strong gewe flo

between sites. Even if the exact dispersal “behaviof slow-worms is not known it has been showed f
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different species that generally a decreased difteation calculated withdt is associated with increased
dispersal (Bohonak 1999). These facts suggestshibalispersal capacities of slow-worms are
underestimated and support the hypothesis that smhduals are migrating to allow gene flow (V6lk
and Alfermann 2007). In addition the absence ofgating tends to show an under-detection of slow-
worms since the small number of animals sampleddvobably lead to consanguineous mating and
lead to an inbreeding depression which could nathmeved here. The low degree of differentiation
measured with & and the absence of inbreeding measured withré both measures related to the
variance in allele frequency since they reflecbasible reduction in heterozygosity when compaoed t
Hardy-Weinberg expectations (Holsinger and Weird0Most deleterious alleles are recessive, their
harmful effect being only expressed in homozygdi#isce no reduced heterozygosity could be
demonstrated here it can be conclude that slow-wmpulations are not endangered by fragmentation

and the effects of subsequent genetic drift anceigting depression in small populations.

Landscape genetics

The first sensitive step in the landscape genetassto select a set of variables adapted to thaespand
the scale of the sample area. In addition duedstiarce knowledge about habitat and dispersébwf s
worms the set of variables had to be chosen irestdp their possible effect on slow-worm dispeesa
resulting gene flow. The literature analysis amddfwork observation used to select the 12 vargable
showed to be efficient since all major elementsasdtbto have an impact on gene flow. Nevertheless it
was essential to cluster the suitable habitatsaader but similar categories, for example sepagati
dense forests which are thought to be a barriecchrsdering all other types of favourable foregfzes.
With this set of variable the broad effect of etnid use have been tested, further analysis slabstd
include more specific maps to study also finera#gfor example edge effects which have not been

studied here, since the scale of the map did howat.

The ultimate goal of the landscape genetics methadsto analyse these variables comparing theimeto t
results of the population analysis results. Siht&s been suggested to analyse data sets of fopula
genetics with several approaches (Excoffier andkele2006) here 3 different approaches will be
discussed: isolation by distance, least-cost modedind the strip-based approach.

The first method, which can be seen as the simpfgstoach, in which scale is the only landscape
variable is the isolation by distance (IBD) modghich can also be seen as the null model for furthe
methods. A significant IBD effect has been deteategarding to the size and the dispersal abiliiies

lizards it seems logical that at the scale of Hrae region higher distances implied a higher tyene
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differentiation since gene flow is related to digad. Nevertheless the rather low effect of IBDtijiex
landscape genetics since scale was just parthaexpd) gene flow.

The least-cost modelling showed the importance@fipus analysis of each variable. The models using
habitat knowledge to explain gene flow performedrpo This can be explained by a poor knowledge of
habitat preferences and the fact that temporapedssl habitat can be different of the definitieditat.

The best model was therefore the model in whiclh @aciable has been assessed separately exclugling a

far as possible the bias due to the scarce knowledg

Further the main result of this study was the deir®f the elements which represent barriers toege
flow analyzing the best models of each method. Batkdscape genetics methods showed the highly
negative effect of the highway and railroads whaod crossing the sample site, these elementsssn le
extend also vineyards, were partly correlated aseintangle their effect statistically was impossibl
Since railroads are known to be a potential habitaslow-worms and are not very broad in this oegi
this is probably not the main barrier here. It grenlikely that the negative effect of gene flowcaised
by the highway built in the sixties since in thegjiion there are no real possibilities to traversedirectly
for example with a wildlife crossing, and the mbtyeby crossing this broad element is probablyywer
high. Another hypothesis could be that there israluined effect of the vineyard belt, the railroad éhe
highway which are creating a broad barrier. Thigldde supported by the fact that plenty of sitegeh
been placed between these elements without angmre®f slow-worms. However if this hypothesis
should be confirmed suitable habitat possibiliggsst on both sides and populations will probaldy b
more and more differentiated on each side in thaéuibut not endangered since large amount oftdaita
habitat exist on both sides.
In a less extend roads and rivers representechddsorier even if in this case they impede gene flo
rather than really stopping it. This is supportgdte fact that both elements especially riversnate
recent elements, if their effect had been high&igher differentiation would probably be assessed
nowadays. Here again the broad effect of theseeazlittould be assessed. Clearly slow-worms can not
cross a large river, but it could be possible thay cross the bridges or shallow areas. Roadssept
probably a barrier in particular when they are éaagd the border difficult to cross for slow-worrAs.a
matter of fact even if a slow-worm cross a roadiik probably not be able to “climb” on sidewalkadh
remaining on the road increase the mortality risk.
Dense forests in contrary had a positive effeageme flow; they seemed to be used partly as digpers
corridors. It is not shown if only the edges aredutor dispersal, but these forests are crossesggral
trails and clearings which obviously allow dispéisat are not detectable with the used map. Agrical
seemed also to represent a suitable corridor, iveming field work it did not seem to be a sui@long
term habitat. Both of these elements used as cosridould probably not be the primary dispersal
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corridor for slow-worms when other more favouragliements were present. Nevertheless, since the
study area is strongly influenced by the humarvagtihese facts strongly suggest that slow-worse u
the most suitable habitats represented here bgudiynial areas and forests to disperse. In thetleese
areas, probably mainly the edges, allowed slow-veaimfind natural or artificial refugees to hidajrgy
heat and feed and showed the ability of slow-waioredapt to anthropized areas.
“Other land use”, “anthropogenic influenced areasd “other forests” showed a high effect in thestr
based approach but no negative effect in the e@stpath modelling method. These 3 variables are
distributed in patches, there the density playsrgortant role and it is probable that least-ca@ghpid
not detect them due to the distribution of samplegdulations, but would eventually detect them & th
sites were placed in a different way. For thesearsg, they will not be discussed in relation wité t
methods here.
Since the different methods showed some differesilts for different landscape elements the
importance of using several approaches for landsgapetics and to analyse each result taking in
account strength and drawbacks of each methoddeasdemonstrated here.
The advantage of the least-cost path method wihs &ible to detect linear elements much betterttian
strip-based method which detected linear elemamiswehen the effect on gene flow is very high like
the railways and the highway. This could be obst:fee the variables roads and rivers, these 2 aitsne
have been far less detected by the strip-basedagpsince for these elements the shape is more
important than the density regarding dispersahob@anism. As a matter of fact if a barrier isgem in
a low amount of pixels it will highly impede gerlew if this element cuts a dispersal corridor amd t
can not be assessed in a linear relation.
Since least-cost path computes the most probakitegaaed on a cost grid it could happen that itndid
detect several patchy elements when 2 sites werdineatly enclosing it. Least-cost modelling would
probably perform better and detect more elemerits sites covering more landscape elements.
Concerning the strip-based approach the amourntesf did not seem to be a limitation. Here the
limitation occurs for strongly zero-inflated eleniemwhich could not be analysed and for linear elge
which were under-detected due to the linearityhefdnalysis.
Regarding previous assumptions an important drakvbaileast-cost modelling is that it is based on
expert knowledge; here | overcame the scarce krigelabout the species by analysing not only paths
based on expert knowledge but also each varialddgrmone. In addition the calculated route is tlostm
probable one, but effective dispersal route is omkm In contrary the strip-based approach doeseet
expert knowledge on dispersal, but important assiomp have also to be made when using straighptsstri
as dispersal corridors. Even if these differeraigtit width strips are tested statistically to sethe best
fitting one they are only correct when we act amd@lssumptions that we are analysing gene flow in
infinite populations which would allow having aaght gene flow by chance. This could explain that
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best model was the one with the fixed strip widtb2bm, showing that the animals need broad carsido
to disperse.

In addition since the strips are analysed in aypaé fashion we had to assume that “migration” lesyeol
in all directions equally. Therefore the larger sigp size the more probable that individuals dispd in
this area and that the model analysed fit to tlayaed data, this probably explains that the Qegt size
was the widest fix strip size of 525m. The resshewed that the width of “strips” computed by least
cost path was often much larger than the 525m lzaidthie path did not always start in the direcbbthe
next site. The least-cost path modelling is theeefietter reflecting the dispersal “decision” of
individuals than directly gene flow, but it is pedide that the highest fraction of slow-worms anagis
the most probable route between 2 points this wagticost paths are also representing gene flow.
Finally, since the strip-based approach includedtly distances in the regressions, no furtherysmahbre
necessary to disentangle the effect of distancgusgeall other variables. In contrary in the leastgath
modelling further analysis with partial mantel testh subsequent possible bias are necessarydor th

same analysis.
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5.CONCLUSION AND OUTLOOK

Even if studies about fragmentation gained in ggerreptiles are still an understudied group ggr
this aspect (McGarigal and Cushman 2002). Withghigly a deeper insight in the effect of
fragmentation on population genetics of the slowrwegould be obtained to enlarge the knowledge about
fragmentation in this group.

Knowledge about slow-worms is particularly scatbe; development of genetic markers widened the
knowledge from observational studies to the gerstticcture of populations and will hopefully also
allow further studies in this direction. The lowfdrentiation flow assessed here, suggests an iiapor
gene flow between sites and tend to support thethgsis (Volkl and Alfermann 2007) that some
individuals migrate to allow this gene flow. Futsteidies should be performed in particular at dfé
scales to understand the overall evolutionary mmishas leading to this structure, but also in simila
areas to avoid local interpretation.

The efficient approach with landscape geneticsgusaveral approaches could also be demonstrated,
since it allowed identifying successfully differdahdscape elements leading to the genetic steictur
These approaches were also powerful overcomintatieof prior knowledge about habitat preferences
of this species by careful analysis of each vagialole by one.

Since gene flow can be linked with dispersal tmel$zape genetic approaches identified the major
dispersal corridors and barriers for slow-wormsahihgould be useful in future conservation approache
for this species. In particular it could be showleat slow-worms could adapt to human activitieasing
for example agricultural areas as corridors. Ndwedeiss to get a complete insight in slow-worm
behaviour, habitat preferences should be asseasseddientific approach and exact dispersal capacit
should be tested, e.g. with telemetry.

Finally as it has been pointed out in 2009 by Balia et al. (Balkenhol, Waits et al. 2009) thera i=al
need to improve statistical methods for landscagreetics, in particular developing non-linear
multivariate methods because the methods commaelg today in particular the mantel test produce a
high amount of type | errors. This was also anaedsere, since the mantel test is used to compare th
genetic data to least-cost paths. In a new studghére et al. (Legendre and Fortin 2010) compdred t
mantel test to other methods and advised to usgpleulegressions when investigating environmental
and spatial response variables. This fact has tad@m into account in the analysis of the stripeblas
approach where genetical data have been analysiednuiltiple linear regressions. However, to be able
to assess in which situations each method perfast Bnd to disentangle the differences betwedn bot

methods a simulation study would be necessaryarittture
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8.APPENDIX

Appendix 1 : Tar plates used to « trap » slow-worms
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Appendix 2 : Sheets which has been fixed on eactafg to inform passers-by not to remove the plates.

Appendix 3 : Buccal swabing of a slow-worm.
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Appendix 4 : Photographic identification of individual 122 of the site “SI”. To identify an individual | used

the ornamentation patterns on the head (A-D), pattes at the head side allowed to identify also juveles at
an individual level properly. Picture E and G showsall particularities of the animals here scars (Epnd
probably traces of previous autotomy (F). For eaclanimal | took a picture of underneath and the diffeence
between the dorsal and ventral coloration.
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Appendix 5: Details about the handling of the micosatellites. Number of PCR cycles, annealing

temperature, MgCl, concentration, theoretical length of the microsatellites, colour bthe fluorescent label,

multiplex reactions and the amount of each dilutegbrimer in the reaction.

Number of Annealing MgCl, Flurorescent Multiplex Qslrgr?%rrl;[rr?;r
Locus CF;/SIES tem[egaature [mM] Length [bp] label reaction in 10 u_l
PCR-mix
Af19 40 55°C 3 mM 144 Black 2 0.5 pl
Af22 40 55°C 3 mM 247 Black 2 0.5 pl
Af24 40 50°C 1.5mM 130 Black 1 0.5 ul
Af34 40 55°C 3 mM 226 Green 2 0.3 pul
Af37 40 55°C 3 mM 146 Red 2 0.3 ul
Af38 40 50°C 1.5 mM 197 Red 1 0.5 pl
Af44 33 60°C 3 mM 154 Green 2 0.3 pl
Af46 40 52°C 3 mM 331 Black 1 0.5 pl
Af47 40 52°C 3 mM 183 Green 1 0.3 pl
Af50 40 52°C 1.5 mM 154 Red 1 0.4 pl
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Appendix 6 : Pairwise Fsr values calculated between the 13 sites where mdfen 2 individuals have been

analysed.
Al Ps
Al | 0.000 0.0772
0.1198 0.0648 0.0601 00.1442] 0.052

0.00010.070 0.0513 0.0068 0.12p@.0731] 0.1351| 0.0625 0.0333

0.000|0.0573 0.0868| -0.0301 0.0004 | 0.07180.0312] 0.078 | -0.0087 0.099

0.000| 0.0979] 0.0244 0.1169 0.046 0.0§121083 0.1
0.000 | 0.0279| 0.0496 0.036%9.0717 0.0694| 0.0912| 0.0578
0.000 | -0.0062[0.0177/0.0674 0.0764| 0.0338 0.03Q2

0.000 |0.0876/0.0074 0.043 | -0.04190.0951
0.000|0.0988 0.0899| 0.1077 0.0443
0.000| 0.0468] 0.0454/ 0.1032

0.0555 r
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Appendix 7 : Clustered categories of the 61 origirldand uses in 12 categories.

Original Pixel Value

New category

Forest fresh cuts 9 Other forest

Other forest 10 Other forest

Normal dense forest 11 Dense forest

Open forest (on unproductive area) 12 Other forest

Open forest (on agricultural areas 13 Other forest

Forest stripes, edges 14 Other forest

Brush forest 15 Shrub and bush vegetation
Scrub Vegetation 16 Shrub and bush vegetation
Clusters of trees (on agricultural8 Other forest

areas)

Other woods 19 Other forest

Motorways 31 Highway

Roads and paths 33 Roads

Parking areas 34 Roads

Railway station grounds 35 Railways

Railway lines 36 Railways

Airports 37 Other land uses

Airfields, green airports environs 38 Other land uses

Industrial ground 41 Other land uses

Land around 25 45 Anthropogenic influenced area
Land around 26 46 Anthropogenic influenced area
Land around 27 47 Anthropogenic influenced area
Land around 28 48 Agriculture

Land around 29 49 Other land uses

Sport ground 51 Other land uses

Garden allotments 52 Anthropogenic influenced area
Camping, caravan sites 53 Anthropogenic influenced area
Golf courses 54 Other land uses

Cemeteries 56 Other land uses

Public parks 59 Anthropogenic influenced area
Other energy building 61 Other land uses
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Other supply or waste treatmer2 Other land uses
plants
Waste water treatment plants 63 Other land uses
Discharges 64 Other land uses
Quarries, mines, dumps 65 Other land uses
Green railway environs 67 Railways
Green roads environs 68 Other land uses
Regular vineyards 71 Vineyards
“Pergola” vineyards 72 Vineyards
Extensive vines 73 Vineyards
Intensive orchards 75 Other land uses
Rows of fruit trees 76 Other land uses
Horticulture 78 Other land uses
Favourable arable land an@l Agriculture
meadows
Other arable land and meadows 82 Agriculture
Farm pastures 83 Agriculture
Brush meadows and farm pastures 84 Agriculture
Mountain meadows 85 Pastures
Brush alpine pastures 86 Pastures
Remote and steep alpine meadowgs Pastures
and pastures
Favourable alpine pastures 88 Pastures
Rocky alpine pastures 89 Pastures
Glacier 90 Other land uses
Lake 91 0
River 92 Rivers
Wetlands 95 Other land uses
Water shore vegetation 96 Rivers
Unproductive grass and shrubs 97 Shrub and bush vegetation
Bare rocks 99 Other land uses
NoData 0
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Appendix 8 : Habitat categories of scenario2.

Original Pixel | Scenario 2
Value

Forest fresh cuts 9 Primary habitat type 1
Other forest 10 Primary habitat type 1
Normal dense forest 11 Not potential habitat
Open forest (on unproductive area) 12 Primary haabype 1
Open forest (on agricultural areas) 13 Primary taglype 1
Forest stripes, edges 14 Primary habitat type 2
Brush forest 15 Primary habitat type 1
Scrub Vegetation 16 Primary habitat type 1
Clusters of trees (on agricultural areas) 18 Prynhabitat type 2
Other woods 19 Primary habitat type 1
Motorways 31 Not potential habitat
Roads and paths 33 Not potential habitat
Parking areas 34 Not potential habitat
Railway station grounds 35 Secondary habitat type 2
Railway lines 36 Secondary habitat type 1
Airports 37 Not potential habitat
Airfields, green airports environs 38 Secondaryitadlype 2
Industrial ground 41 Not potential habitat
Land around 25 45 Secondary habitat type 2
Land around 26 46 Secondary habitat type 2
Land around 27 47 Secondary habitat type 2
Land around 28 48 Secondary habitat type 2
Land around 29 49 Secondary habitat type 2
Sport ground 51 Secondary habitat type 2
Garden allotments 52 Secondary habitat type 1
Camping, caravan sites 53 Secondary habitat type 2
Golf courses 54 Secondary habitat type 2
Cemeteries 56 Secondary habitat type 1
Public parks 59 Secondary habitat type 1
Other energy building 61 Not potential habitat
Other supply or waste treatment plants 62 Not piateimabitat
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Waste water treatment plants 63 Not potential bhabit
Discharges 64 Not potential habitat
Quarries, mines, dumps 65 Secondary habitat type 2
Green railway environs 67 Secondary habitat type 1
Green roads environs 68 Secondary habitat type 1
Regular vineyards 71 Secondary habitat type 1
“Pergola” vineyards 72 Secondary habitat type 1
Extensive vines 73 Secondary habitat type 1
Intensive orchards 75 Not potential habitat
Rows of fruit trees 76 Not potential habitat
Horticulture 78 Not potential habitat
Favourable arable land and meadows 81 Not potdralatat

Other arable land and meadows 82 Not potentiaktdabi
Farm pastures 83 Not potential habitat
Brush meadows and farm pastures 84 Primary hadpgatl
Mountain meadows 85 Primary habitat type 1
Brush alpine pastures 86 Primary habitat type 1
Remote and steep alpine meadows @&d Primary habitat type 1
pastures

Favourable alpine pastures 88 Primary habitat 1ype
Rocky alpine pastures 89 Primary habitat type 1
Glacier 90 Not potential habitat

Lake 91 0

River 92 Not potential habitat
Wetlands 95 Primary habitat type 2
Water shore vegetation 96 Primary habitat type 1
Unproductive grass and shrubs 97 Primary habips fy

Bare rocks 99 Not potential habitat
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Appendix 9 : Table of the different friction maps tested for scenario 2

Cost of
Scenarios category category category category category

Cost of

Cost of

Cost of

Cost of

1 2 3 4 5
2a 1 1 1 1 20
2b 1 1 1 1 40
2c 1 1 1 1 60
2d 1 2 3 4 20
2e 1 2 3 4 40
2f 1 2 3 4 40
29 3 4 10 11 20
2h 3 4 10 11 40
2i 3 4 10 11 60
Appendix 10 : Different friction maps for scenario3.
A B |C D E|F |G| H]|I J
Land use
Other forest 1 1| 1 1 1 1 1 1 1 1 1
Dense forest 2 1] 2 2 5 2 2 2 2 Y. 2
Shrub and bush
) 1 1|1 1 1 1 1 1 1 1 1
vegetation
Roads 90| 90 90| 50 7% 20 75 90 330 Y5 |75
Railways 40| 40 40 50 30 20 7b 90 30 V5 |5
Anthropogenic
influenced 1 1|1 1 1 1 1 1 1 1 1
areas
Agriculture 2 |21 1 1 1 1 1 1 1 1
Vineyards 80| 80 80| 50 7% 20 75 90 30 V5 5
Rivers 18| 18 18| 10 13 5| 20 30 120 40 20
Highway 15| 15 15| 10 1§ 5| 20 30 10 40 20
Other land uses 1 1 1 1 1 1 1 1 1 L il
Pastures 1 1] 1 1 1 1 1 1 1 1 1
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