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Introduction - Conservation genetics

• how genetic analyses can help threatened species: 
some examples...

• measure inbreeding / outbreeding depression

• loss of genetic diversity

• fragmentation of population and reduction of gene flow

• genetic drift

• define management unit

• understand aspects of species biology important  
for their conservation



Introduction - conservation genetics in reptiles

• reptiles

• low interest

• limited number of studies compare to other vertebrates

• reptiles and conservation genetic studies

• not easy to get enough samples

• specific markers increase

• number of studies increase
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Taxonomic Bias in 
Conservation Research 

TAXONOMIC BIAS IS PERVASIVE IN 
organismal research; i.e., research is not pro- 
portional to organisms' frequency in nature 
(1-4). Quantifying research bias is difficult, 
but a reasonable proxy measure is to evaluate 
subject organisms in the research literature 
(e.g., 1, 4). For example, in a review of over 
32,000 entries from 1979 to 1998 in the Zoo- 
logical Records database, researchers found 
that, although amphibian species outnumber 
mammalian species, the literature contained 
10 times as many papers on mammals (3). 
We wondered if conservation research would 
show less taxonomic bias. After all, conser- 
vationists advocate a comprehensive, inte- 
grated approach to preservation of biodiversi- 
ty, e.g., the famous Aldo Leopold statement 
A 

Percentage of known 
species worldwide 

- Vertebrates [III 

B 0.5- 

0.4- 

.2 0.3- t 0 
0. 
2 0.2 
0L 

0.1 

0 

E CD 
a) 
c' 

E u- 
E 

Vertebrate research 
vs. vertebrate 

diversity 

Percentage of 
conservation research 

articles 
nvertebrates f Plants 

1 

0.8 

.2 0.6 t 

0. 2 0.4 
0. I 

e) 0 en 

0 c O O 2 C 

Invertebrate research 
vs. invertebrate 

diversity 
II Percentage species _ Percentage articles 

(A) Proportion of major organismal taxa in 
nature versus conservation literature. (B) 
Proportion of vertebrates and invertebrates 
in nature versus conservation literature. 

0 9 

that the first precaution of intelli- 
gent tinkering is to "keep every 
wheel and cog " (5, p. 190). Sav- 
ing all these parts necessarily re- 
quires research on each of them. 

To evaluate taxonomic bias 
in conservation research, we re- 
viewed 15 years of issues 
(1987-2001) of the two leading 
conservation research journals: 
Conservation Biolo- 
gy (United States) 
and Biological Con- 
servation (United 
Kingdom). We ex- 
amined all reviews, 
contributed papers, 
and short notes from 
these journals. Over- 
all, we analyzed and 
cataloged more than 
2700 articles with a 
primary focus on one or 
more organismal groups. 
In general, we used 
IUCN (World Conserva- 
tion Union) data for 
species numbers world- 
wide (6, 7). Unfortu- 
nately, we found that taxonomic bias also 
pervades the conservation literature (see 
panel A of figure). 

Plant research generally reflected plants' 
relative prevalence in nature (20% of pa- 
pers versus 18% of species). But inverte- 
brate research was highly underrepresented 
(11% of papers versus 79% of species), 
and vertebrate research was highly overrep- 
resented (69% of papers versus just 3% of 
species). Among vertebrates (see panel B 
of figure), birds (39% of papers versus 
19% of species) and mammals (40% of pa- 
pers versus 9% of species) were substan- 
tially overrepresented. However, fish (8% 
of papers versus 48% of species), reptiles 
(8% of papers versus 15% of species), and 
amphibians (6% of papers versus 9% of 
species) were underrepresented. 

We also found bias among invertebrates 
(see panel B of figure), but this bias was less 
profound. Molluscs (19% of papers versus 
6% of species) and crustaceans (8% of pa- 
pers versus 3% of species) were overrepre- 
sented, whereas insects (68% of papers ver- 
sus 80% of species) and other invertebrates 

r l _~ ~ ~(6% of papers versus 11% 
of species) were underrep- 
resented. And among in- 
sects, butterflies and 
moths (48% of papers 
versus 15% of species) 
were substantially over- 
represented, whereas bee- 
tles (26% of papers versus 
39% of species) and other 

_i/Hi/~ insects (26% of papers 
versus 46% of species) 
were underrepresented. 

The taxonomic bias we 
document in the conservation literature 
is even more severe than that in the 
taxonomic community's literature (2) 
or in the scientific literature in general 
(4). But this bias is not as severe as in 
the funding and research activities of 

the majority of conservation 
organizations (8), whose fo- 
cus is almost wholly on 
birds and mammals. 

Given the maturation of 
| _^ ̂  ~conservation biology as a 

discipline and the increas- 
ing attention to the issue of 
taxonomic bias, we hoped 

that such bias in conservation research 
would have decreased over time. However, 
we were disappointed to find that, with the 
exception of an increase in the proportion 
of articles on amphibians, taxonomic bias 
in the conservation literature has not im- 
proved over the past 15 years (9). 

Although taxonomic bias in conserva- 
tion research is extensive, such bias is not 
necessarily insidious and, in some cases, 
could serve a reasonable end. Without pub- 
lic support, biodiversity protection efforts 
will likely fail. Public support for more 
charismatic species, such as eagles and 
pandas, could have trickle-down benefits 
for less charismatic species. However, it is 
difficult to imagine how we can save all the 
parts without knowing anything about the 
vast majority of those parts. Perhaps con- 
servation funding agencies and organiza- 
tions should more equitably allocate re- 
search monies across the taxonomic spec- 
trum, and perhaps conservation journals 
should more equitably publish research on 
underrepresented taxa. But simply knowing 
that taxonomic bias exists in conservation 
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Clark & May (2002) Science

the percentage increase in papers published varied across the four
journals: Oryx 130%, Biodiversity and Conservation 317%, Biological
Conservation 170%, Conservation Biology 37%.

3.2. Subject area

In both timeframes, the main subject area studied was popula-
tion biology, with habitat change, community ecology and species

conservation also popular. Indeed, the subject areas covered did
not change between the two time periods (v2 = 9.0, df = 8,
P > 0.05 – pooling some categories to ensure expected frequencies
>5). There was a trend for Oryx to publish more papers on popula-
tion biology, but this association between journal and subject area
was only marginally significant in 2006–2009 (Fig. 1). Despite the
dominance of population biology and species conservation, few
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Fig. 1. Number of articles published in different main subject areas in four journals, based on a sample of 160 papers from each time frame. Categories with very low numbers
of papers were pooled for analysis and are shown as ‘Others’ (see Supplementary online appendix for these).
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Introduction

several aspects

• Population genetics: comparison of species with a similar biology 
asp viper / adder

• Population genetics: comparison between locations 
smooth snake:  UK, Alsace region, Belgium

• Landscape genetics 
slow worm

• environmental DNA 

Introduction - conservation genetics in reptiles



European Vipers - Vipera berus and  Vipera aspis

• population genetics of the adder in the Jura Mountains



(Vipera berus)
E: adder 
G: Kreuzotter
F: Vipère péliade



European Vipers - Vipera berus and  Vipera aspis

• population genetics of the adder in the Jura Mountains

samples were taken (blood or scales). Genomic DNA was
extracted using the QIAamp DNA Mini Kit (Qiagen).

Microsatellite development

Microsatellite enriched-libraries of adder were obtained

from GIS (Genetic Identification Services, Chatsworth,

US). DNA fragments containing (CA), (GA), (AAC) and
(AAG) repeats were cloned with One Shot! Top10 cells

(Invitrogen AG, Basel, Switzerland). Plasmids of 102

positives colonies were amplified using primers M13f and
M13r (Invitrogen). PCR products were checked on agarose

gels, then purified using the QIAquick PCR Purification Kit

(Qiagen) and sequenced. Primers for sequences containing

microsatellites were designed using OLIGO V 4.0 (Molec-

ular Biology Insights, Inc., Cascade, US). Microsatellite
amplifications were checked on agarose gels and PCR

conditions were optimised for each locus.

Microsatellite amplification

PCR amplifications were conducted in 25 ll volumes with

2 ll of DNA template, 19 PCR buffer (Qiagen), 2 mg/ml
of Q solution (Qiagen), MgCl2 concentration according to

the locus amplified (see Table 1), 0.2 mM dNTPs, 0.5 lM
of each primer and 0.5 units of Taq polymerase (Qiagen);

forward primers were labelled with fluorescent dye.

Amplification of microsatellite loci was carried out in
PE9700 thermo-cyclers (Applied-Biosystems) under vari-

ous annealing temperatures (see Table 1). All reactions

consisted of 35 cycles of 30 s at 94"C, 30 s at annealing
temperature (Table 1) and 45 s at 72"C, followed by a final

5 min extension at 72"C. Microsatellite PCR products were

run on an ABI 377 automated sequencer and allele sizes
were scored using the program GENSCAN 3.1 (Applied

Biosystems).

Mitochondrial DNA amplification and analyses

Additionally, a portion of the mitochondrial DNA

(mtDNA) cytochrome b gene (cyt. b) has been sequenced
accordingly to Ursenbacher et al. (2006) in one population

of the four main studied areas (Jura Mountains, Alps,

Central and Western France), in order to evaluate
mitochondrial genetic diversity. Ten samples from each

population (FR1, UR, MA1 and RE) were randomly

selected. Genetic diversity was estimated using MEGA 3.1
(Kumar et al. 2004) and statistical parsimony (with TCS

v1.21; Clement et al. 2000) was used to infer relationship

between haplotypes. To test for evidence of population
growth from low-diversity founder populations, we

performed a Fu’s FS (Fu 1997) test in order to test for an

excess of rare alleles, and pairwise mismatch distributions
among all individuals were plotted and tested for goodness-

of-fit (both with ARLEQUIN 3.0; Excoffier et al. 2005).

Statistical analysis of microsatellites

Loci were examined for null alleles and mis-scoring with

MICRO-CHEKER 2.1 (Van Oosterhout et al. 2004) for each
population. Loci showing a high probability (P [ 0.05) of

null alleles were discarded from the dataset. For each

retained locus, we estimated allele frequency, allelic rich-
ness (AR), observed and expected heterozygosity (HO, HE)

using FSTAT 2.9.3 (Goudet 1995). The heterozygote deficit

within populations (FIS) was calculated and divergence
from Hardy–Weinberg equilibrium was tested using FSTAT

Fig. 1 Distribution of the sampled populations of Vipera berus.
Population codes correspond to Table 2. Population groups CH1-2,
FR1-3, and MA1-2 contain geographically close (\3.5 km)
subpopulations
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European Vipers - Vipera berus and  Vipera aspis

• population genetics of the adder in the Jura Mountains

Ursenbacher et al. (2009) Conservation Genetics

Discussion

Genetic diversity within and among the studied regions

Based on microsatellite allelic variation and heterozygos-
ity, we found the genetic diversity within the Jura

Mountains and the Alps to be significantly lower than in

the Massif Central and the Atlantic coast (Rennes) popu-
lations. Three hypotheses can be suggested to explain these

results. First, bottleneck events are often associated with

substantial reductions of genetic diversity (see e.g. Hartl
and Clark 1997). In our case however, no bottlenecks were

detected in most of the studied populations. Second, small

population size also has a negative impact on the genetic
diversity retained in fragmented populations due to drift

(Frankham 1995). The alpine populations are, however,

only marginally affected by anthropogenic activities and
their environment is generally less disturbed. Conse-

quently, population sizes and NE are comparable in the

Alps, the Massif Central and the Atlantic coast. Further-
more, we did not find a significant relationship between NE

and AR in our data. Lastly, reduced genetic diversity could
be related to historical events, such as recolonisation pat-

terns after glacial periods (Hewitt 1999). Indeed, the

decline in genetic polymorphism appears to be positively
related to the geographical distance from the presumed

glacial refugia for V. berus. Thus, we suggest that the

lower genetic variability observed in the Alps and the Jura
Mountains originate from the larger distance between these

areas and the adder’s glacial refugia in southern France

(see Ursenbacher et al. 2006). However, mitochondrial
analyses only partially support this hypothesis. The central

position in the network of the haplotypes from Massif

Central population, as well as the higher genetic diversity
observed in this region (compared to Rennes and Jura

Mountains regions), confirm this hypothesis. On the

opposite, the presence of a similar number of haplotypes
(2) in UR population (Alps region) and in Massif Central

(MA1), as well as the lack of detection of a sudden pop-

ulation expansion (measured with mismatch distribution
analyses) do not support the hypothesis of a reduction of

genetic diversity in the easternmost studied regions due

to post-glacial recolonisation. Consequently, additional
sampling at comparable distances from these putative

Fig. 4 Spatial autocorrelogram for the Jura Mountains populations.
Grey lines correspond to 95% confidence interval determined by
SPAGEDI (Hardy and Vekemans 2002). *Correspond to significant
values

Fig. 5 Barrier locations between sampled populations estimated by
BARRIER (Manni et al. 2004), where thickness is proportional to
divergence between populations. Blue lines correspond to the
Voronoı̈ tessellation whereas green patches correspond to forest area
and grey scale to altitude. To avoid divulging the exact location of
remnant populations, the network resulting from the BARRIER
analysis has been slightly shifted. Populations correspond to map in
Fig. 1

Fig. 3 Isolation by distance in ten Jura Mountains populations of
Vipera berus (r2 = 0.33, P \ 0.01). Comparisons are pairwise
between all populations
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(Vipera aspis)
E: Asp viper 
G: Aspisviper
F: Vipère aspic



European Vipers - Vipera berus and  Vipera aspis

• population genetics of the asp viper in the lowland of Switzerland

Silvia Geser's PhD thesis, University of Basel
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European Vipers - Vipera berus and  Vipera aspis

• isolation by distance (individual relatedness)



European Vipers - Vipera berus and  Vipera aspis

• "similar species"

• Asp viper

• very limited genetic differentiation

• high gene flow if corridors occur

• Adder

• strong genetic differentiation

• lack of gene flow even at a low distance

➡ complete different behavior



The smooth snake - comparison between 3 locations

(Coronella austriaca)
E: smooth snake 
G: Schlingnatter
F: Coronelle lisse



The smooth snake - comparison between 3 locations
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The smooth snake - comparison between 3 locations

Although theoretical evidence supports the idea that
dispersal ability is a critical factor in determining the
persistence of species in a fragmented habitat (Hanski
and Thomas, 1994), it remains one of the least under-
stood factors in conservation biology (Macdonald and
Johnson, 2001). This is largely a result of difficulties
associated with its direct study (Templeton et al., 1990;
Prugnolle and de Meeus, 2002), particularly for incon-
spicuous species such as snakes (Parker and Plummer,
1987; Gibbs and Weatherhead, 2001). In this respect
genotypic data have become an invaluable tool to
indirectly measure species dispersal capabilities, while
simultaneously estimating differentiation between
sampled populations (DeYoung and Honeycutt, 2005).

Coronella austriaca is an ovoviviparous, colubrid
species that primarily feeds on lizards and small
mammals using ambush tactics (Spellerberg and Phelps,
1977). Radio-tracking studies suggest C. austriaca to be
sedentary in nature (Gent and Spellerberg, 1993), with
adults becoming sexually mature at 4 years of age and
potentially living in excess of 17 years (Reading, 2004b).
Although widely distributed throughout continental
Europe and areas of western Asia, C. austriaca popula-
tions in the United Kingdom are limited to lowland
heathland habitats in Dorset, Hampshire and Surrey
(Braithwaite et al., 1989). A plagioclimax vegetation
community dominated by ericaceous dwarf shrubs
(Chapman et al., 1989), lowland heathland has under-
gone significant loss and fragmentation as a result
of agricultural intensification, shrub encroachment,
urbanisation and commercial afforestation (Bakker and
Berendse, 1999; Rose et al., 2000). This has been impli-
cated as the determining factor in historical population

declines of C. austriaca in the United Kingdom
(Spellerberg and Phelps, 1977). At present some of the
largest patches of heathland that remain are contained
within the boundaries of commercial forests. Silvicultur-
al practices within forest sites have resulted in a
heterogeneous landscape, comprising stands of Pinus
spp. of varying ages interspersed with patches of
heathland. These heathland patches represent important
remnant habitats for C. austriaca populations (Reading,
2004a, b); whereas forest stands have been suggested as
‘effective barriers’ to dispersal between populations
(Phelps, 1978). This assumption has remained unstudied
to date.

Given our limited knowledge of snake populations in
altered landscapes and particularly the impacts of
heathland alteration on United Kingdom populations
of C. austriaca, this study was designed to examine
(a) whether fine-scale population genetic structuring
occurs within Wareham Forest (maximum distance be-
tween sampling sites o6 km), and to determine whether
the observed structure was a result of isolation-by-distance
effects or the limits to dispersal ability conferred by the
presence of coniferous forest stands, and (b) to determine
whether dispersal in this species is sex-biased.

Methods

Field surveys and sampling
A total of 10 hexagonal arrays of 37 artificial refugia (sensu
Reading, 1997) were located within the boundaries of
Wareham Forest, Dorset (Figure 1). Arrays were located
on homogeneous areas of lowland heathland between

Figure 1 Localities of the 10 arrays of artificial refugia (white hexagons) within Wareham Forest, Dorset, from which individual Coronella
austriaca were sampled. Darker coloured areas indicate stands of closed canopy Pinus spp., whereas lighter coloured areas include heathland,
clearfelled stands and young Pinus spp. plantations.

Smooth snake molecular ecology
AP Pernetta et al

232

Heredity Pernetta et al. (2011) Heredity

• population genetics of the smooth snake in UK



• population genetics of the smooth snake in UK

The smooth snake - comparison between 3 locations

Pernetta et al. (2011) Heredity

H¼ 2.54, P¼ 0.980; HE. H¼ 15.21, P¼ 0.085; FIS, H¼ 2.11,
P¼ 0.990). Mean inbreeding coefficients were high with-
in all 10 sampling sites (overall mean¼ 0.250, s.e.±0.018)
and strongly significant for two of them (Table 2).

Bayesian clustering analysis using STRUCTURE identi-
fied two ‘true’ populations, based on the samples
obtained. However, the two identified ‘populations’ did
not correspond to the geographical locality of samples,
suggesting the relatively low levels of variability for each
loci resulted in a failure to correctly resolve discrete
population clusters. Despite the close proximity of
sample sites within Wareham Forest, AMOVA showed
a small, but highly significant genetic differentiation
between populations (FST¼ 0.078, Po0.001). In addition,
a total of 29 of the 45 pairwise FST values were
significantly different following Bonferonni’s correction
(Po0.0011; Table 3). Although ‘biological’ distance
tended to be longer than the Euclidean distance between
sampling sites, there was a highly significant correlation
between both measures (Pearson’s r¼ 0.998, P40.001).
Mantel tests showed significant effects of isolation by
distance using both straight-line (rS¼ 0.511, P¼ 0.003)
and ‘biological’ distances between sampling sites
(rS¼ 0.445, P¼ 0.005; Figure 2).

Analysis of sampling sites for sex-biased dispersal
showed significant evidence for males being the disper-
sing sex. Female smooth snakes had significantly higher
levels of both within-population relatedness (Figure 3a,
mean P¼ 0.011) and between population genetic differ-
entiation (Figure 3b, mean P¼ 0.0072). In addition,
females showed significantly higher mAIc values
(Figure 3c, mean P¼ 0.046), as would be expected from
the more philopatric sex. Finally, the difference in mean
vAIc values was not statistically significant (mean
P¼ 0.134), the higher mean value for females is not
consistent with the other three results in indicating males
to be the dispersing sex (Figure 3d).

Discussion

As far as we are aware, the results presented in this study
provide the first detailed microsatellite-based analysis of
the population genetic structure of C. austriaca at any
spatial scale. Importantly, these results have shown that
there is significant genetic structuring of populations at a
fine-scale, within Wareham Forest. Comparable results
have been found in North American species, notably
eastern massasauga rattlesnakes (Sistrurus catenatus
catenatus; Gibbs et al., 1997), black rat snakes (Elaphe

obsoleta obsoleta; Prior et al., 1997), timber rattlesnakes
(Crotalus horridus; Clark et al., 2008) and eastern
foxsnakes (Mintonius gloydi; DiLeo et al., 2010). Typically,
these patterns result from the presence of anthropogenic
barriers or a lack of permeable habitats between sub-
populations. North American snakes associated with
water bodies also have significant population genetic
structuring at fine geographical scales (Nerodia sipedon,
Prosser et al., 1999; Thamnophis sirtalis and Thamnophis
elegans, Manier and Arnold, 2005), likely a result of their

Table 3 Pairwise estimates of FST among 10 smooth snake-sample sites within Wareham Forest

WF1 WF2a WF2b WF2c WF4 WF5 WF6 WF7 WF8 WF9

WF1 —
WF2a 0.060 —
WF2b 0.072 0.113 —
WF2c 0.020 0.030 0.067 —
WF4 0.082 0.099 0.072 0.089 —
WF5 0.074 0.098 0.017 0.094 0.067 —
WF6 0.062 0.054 0.031 0.067 0.091 0.013 —
WF7 0.093 0.076 0.033 0.089 0.054 0.034 0.045 —
WF8 0.107 0.140 0.034 0.147 0.073 0.041 0.039 0.043 —
WF9 0.137 0.165 0.091 0.174 0.163 0.103 0.063 0.086 0.024 —

Pairwise FST values that are significantly different from zero following Bonferonni’s correction are highlighted in bold.

Figure 2 Relationship between pairwise FST values and (a) the
straight-line distance (rS¼ 0.511, P¼ 0.003), and (b) the ‘biological’
distance (rS¼ 0.445, P¼ 0.005) between smooth snake-sampling
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H¼ 2.54, P¼ 0.980; HE. H¼ 15.21, P¼ 0.085; FIS, H¼ 2.11,
P¼ 0.990). Mean inbreeding coefficients were high with-
in all 10 sampling sites (overall mean¼ 0.250, s.e.±0.018)
and strongly significant for two of them (Table 2).

Bayesian clustering analysis using STRUCTURE identi-
fied two ‘true’ populations, based on the samples
obtained. However, the two identified ‘populations’ did
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Mantel tests showed significant effects of isolation by
distance using both straight-line (rS¼ 0.511, P¼ 0.003)
and ‘biological’ distances between sampling sites
(rS¼ 0.445, P¼ 0.005; Figure 2).

Analysis of sampling sites for sex-biased dispersal
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WF2a 0.060 —
WF2b 0.072 0.113 —
WF2c 0.020 0.030 0.067 —
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WF6 0.062 0.054 0.031 0.067 0.091 0.013 —
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WF8 0.107 0.140 0.034 0.147 0.073 0.041 0.039 0.043 —
WF9 0.137 0.165 0.091 0.174 0.163 0.103 0.063 0.086 0.024 —

Pairwise FST values that are significantly different from zero following Bonferonni’s correction are highlighted in bold.
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III. Matériel et méthode 

3.1 Echantillonnage 
Dans le cadre de cette étude, 41 sites couvrant la Wallonie ont été préalablement échantillonnés sur 

une durée de 3 ans par Eric Graitson (Fig.8). Ces sites sont répartis sur les 5 grandes régions 

(Lorraine,   Ardenne,   Famenne,   Condroz   et   sillon   Sambre   et  Meuse)   avec   un   nombre   d’échantillon  

allant de 3 à 34 selon les sites (tableau 2). De plus, 22 mues ont également été récoltées sur 8 sites 

parmi les 41 stations échantillonnées.    

La   technique  utilisée  pour   les  prélèvements  d’ADN  à   l’aide  d’écouvillons  est  dite  non   invasive.  Elle  

consiste en un prélèvement de salive sur une coton tige dans  la  cavité  buccale  de  l’animal,  lequel est 

ensuite relâché. Ces échantillons de salive contiennent  suffisamment  d’ADN  pour  une  analyse.   

Sur chaque écouvillon  est   noté   le   lieu   d’échantillonnage,   la   date   de   prélèvement   et   le   sexe   de  

l’individu   lorsqu’il  était  possible  de   l’identifier.  Les  différentes  recaptures  possibles  sont  également  

inscrites sur les écouvillons,   après   identification   à   l’aide   de   photo   des   différents   animaux  

échantillonnés prisent lors du prélèvement. Les recaptures ont été écartées des analyses. 

Figure 8: Carte des 5 éco-régions de Wallonie. Les sites d'échantillonnages sont représentés par un point violet. 
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Figure 11: Corrélation entre les matrices de distances géographiques et les matrices de distances génétiques (Fst et Fst 
corrigés) obtenues par Excell. 

 

Un autre graphique (Fig. 12) obtenu  à  l’aide  du  programme  FSTAT v.2.9.3.2 (Goudet, 1995) montre 

que les valeurs de Fst corrigées donnent des résultats similaires aux valeurs de Fst non corrigées. 

 

Figure 12: Corrélation entre les matrices de distances géographiques et les matrices de distances génétiques (Fst et Fst 
corrigés) obtenue par le programme FSTAT v.2.9.3.2 (Goudet 1995). 
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The smooth snake - comparison between 3 locations

• population genetics of the smooth snake in UK

• isolation by distance

• high FST value already at a low distance: FST = 0.10 for populations 3 km away

• population genetics of the smooth snake in Alsace region

• no isolation by distance

• mean FST < 0.10 even for populations more than 60 km away

• population genetics of the smooth snake in Belgium

• isolation by distance

• FST = 0.10 for populations about 20 km away

• different results: 

• ?? central / northern part of the distribution area

• ?? differences: habitat, connectivity, history, ...
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(Anguis fragilis)
E: slow worm 
G: Blindschleiche
F: Orvet



Landscape Genetics - example with the slow worm (Anguis fragilis)

• combining population genetics and Landscape information (GIS)

• aims: understand the landscape elements that reduce/increase the gene flow



Landscape Genetics - example with the slow worm (Anguis fragilis)

obtained using 454 shotgun sequencing. Reads were
screened for potential microsatellites using MSATCOM-

MANDER v0.8.2 (Faircloth 2008) and a final selection was
made by eye based on the length and homogeneity of

their repetitions with SPOTLIGHT (Mac OS X 10.6).

Furthermore, PCR amplifications were conducted on a
Mastercycler Gradient (Eppendorf, Schönenbuch/Basel,

Switzerland) with specific newly designed primers and
tested with different annealing temperatures and MgCl2
concentrations. PCR products were then assessed by agarose

Fig. 1 Repartitioning of the sampled sites in Switzerland (between
Lausanne and Geneva) with the landscape elements used for the
landscape genetic analysis. The black dots represent sites where slow

worms were sampled. Abbreviations correspond to those in Table 3.
(Color figure online)
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scale, Swisstopo) with a land-use classification from photo-

interpretation (Lehmann et al. 2000). The result was a
precise and detailed map with a resolution of 25 m inte-

grating 61 land-use categories, which can be used for

studies at a regional scale.

Isolation by distance (IBD)

The hypothesis of IBD was tested by comparing corrected

genetic differentiation (FST/[1-FST]) with the transformed
geographical distance (ln[dist]; Rousset 1997). Signifi-

cance of the correlation was tested using a Mantel test

(10,000 permutations) performed with R (R Development
Core Team 2011) using the NCF package (Ottar N.

Bjornstad, ncf: spatial nonparametric covariance functions,

R package version 1.1-3, 2009).

Least-cost modelling

Least-cost modelling is a widely used method in ecology

(Broquet et al. 2006; Epps et al. 2007; Schwartz et al. 2009).

A friction map based on the attribution of specific weight to
each different environmental parameter was created. The

given value attributed to each category represents the degree

of resistance of the specific landscape type and used to
compute the least-cost path. Due to the limited and contra-

dictory knowledge about dispersal and habitat uses by the

slow worm, different scenarios were tested (see Fig. 2):

Scenario 1—strong effect of dense forest, highways and
rivers For scenario 1 we selected 12 land uses (dense

forests, other forests, shrub and bush vegetation, roads,
railways, anthropogenic-influenced areas, agriculture,

vineyards, rivers, highway, pastures and other land uses)

that could harbour slow worm populations or impede the
dispersal of this species. The first hypothesis relied on a

higher fragmenting effect of dense forests, highways and

rivers (Table 2). Consequently, a higher degree of resis-
tance C compared to the degree of resistance c given to all

other landscape elements was allocated. We tested four

different C:c ratios (4:1, 10:1, 30:1 and 40:1) to evaluate
the sensitivity of this model.

Scenario 2—a priori knowledge of the species behav-
iour The second scenario was based on the hypothesis
that primary and secondary habitats favoured dispersal.

Each of the initial 61 categories of the raster map were

reclassified into five types (1. primary habitat; 2. partly
suitable primary habitat; 3. secondary habitat; 4. partly

suitable secondary habitat and 5. Non-habitat) according to

the preferred habitat of the slow worm as described by
Völkl and Alfermann (2007). A friction map weighting the

five categories in different ways was calculated with

ascending or equal weights for category one to four, the
fifth category (non-habitat) always having the highest

friction weight.

Fig. 2 Summary of the
different landscape genetic
approaches used in this study:
the strip-based approach
following that of Emaresi et al.
(2011) on the left and the least-
cost path method on the right
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‘‘agriculture’’ and ‘‘dense forests’’ showed a very low

effect on gene flow in both approaches.

Discussion

Habitat fragmentation represents a serious threat to the

long-term viability of animal populations (Fahrig 2003).
Numerous studies have demonstrated the negative effects

on genetic diversity and demography, resulting in the loss
of connectivity between habitat patches and population size

reduction (Cushman 2006; Walker et al. 2008). A previous

publication (Monney and Meyer 2005) suggested shrinking
of slow worm populations in the Swiss Plateau and in the

lower part of the Swiss Alpine valleys. In this study, we

show that habitat fragmentation, in particular human-
induced fragmentation, as well as isolation-by-distance

affects the genetic differentiation among slow worm

demes. However, the overall low genetic differentiation
(FST = 0.077) and the lack of distinct clusters determined

by STRUCTURE suggest that gene flow between the dif-

ferent sites still occurs in some extent, even though some
landscape elements or geographical distance might have a

negative effect on it. Consequently, the dispersal ability of

the species seems to be sufficient in avoiding strong iso-
lation in human-impacted habitats, at least until now in our

study area.

The absence of inbreeding and substructure in the study
area (16 km2) supports the hypothesis that the dispersal

capacity of the slow worm has been strongly underesti-

mated and that some individuals migrate over long
distances, allowing gene exchange (Völkl and Alfermann

2007). However, assessing the dispersal behaviour of sin-

gle animals (e.g., using telemetry or long-term capture-
recapture studies) will be necessary to fully understand the

population dynamics and dispersal abilities of the slow

worm, as well as improving the conservation of this
species.

Landscape genetics

As suggested by Excoffier and Heckel (2006), we used
several approaches to evaluate the impact of the different

landscape elements on shaping the genetic structure. First,

a significant IBD effect was detected. Regarding the scale
of the sample region and the dispersal abilities of lizards,

especially slow worms (Völkl and Alfermann 2007), it was

not surprising that more distant populations showed higher
genetic differentiation.

Nevertheless, the limited effect of IBD (Mantel’s

r = 0. 250) per se and Euclidean distances included in the
models showed that geographical distance is only one

factor responsible for the genetic fragmentation of slow

worm populations. The least-cost path and strip-based
approaches demonstrated a joint effect (37 and 35 %,

respectively) of the highway and the railroads crossing the

study site. In addition, these barriers were strongly
detected by both methods to have a higher impact on gene

flow than geographical distance (according to wAIC

comparisons). Vineyards were also found to be a barrier
to gene flow by both methods, although to a different

extent. Since this landscape element is parallel to the

highway and railway in the studied area, disentangling the
effects of these elements would need further detailed

studies with additional sites. Dense forests and agricul-

tural areas seem to be used as dispersal corridors,
although other habitats have been judged more favourable

for the species. The study area is strongly influenced by

human activities and our results suggest that slow worms
disperse using natural or artificial refuges to hide, warm

up and feed in anthropized areas (i.e. agricultural areas)

and forests. These results also suggest that slow worms
occasionally cross roads with little traffic. Rivers, in the

studied region, mostly occur in natural areas with bridges

allowing migration, thus, explaining their limited impact
on fragmentation. According to the assessed impact on

gene flow of different landscape elements, populations

will probably become increasingly differentiated on each
side of the railway and motorway in the future due to

only few possibilities to cross these elements.

For the conservation of the species, we showed that slow
worms are able to disperse across this highly anthropized

region, coping with human-induced fragmentation except

Table 4 Comparison of the environmental elements negatively
impeding gene flow in the least-cost path and strip-based approaches

Variable Least-cost
modelling

Strip-based
approach

Railway 24 % 20 %

Highway 13 % 15 %

Other land use No 15 %

Anthropogenic-influenced areas No 13 %

Agriculture No No

Dense forests \1 % No

Other forests No 10 %

Roads 24 % 10 %

Rivers 13 % 9 %

Vineyards 24 % 8 %

Environmental elements favouring gene flow were not taken into
account when assessing their role in fragmentation in the two
approaches. They are consequently noted with a ‘‘No’’
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Environmental DNA

genetic material from living organisms that can be 
detected by sampling the non-living environment

taking water/soil samples

extract whole DNA

amplify whole DNA with a custom primer set

sequencing / next generation sequencing (depending on the project)

useful for

detection of rare species

genetic diversity in soils

...

for identifying species when their morphology is of limited
use [15], even if DNA barcoding itself also presents some
limitations (see e.g. Ref. [16] and the section Limitations
and Perspectives below). The following examples illustrate
some situations where DNA barcoding has greatly helped
ecologists.

Nematodes play an important role in ecosystems. They
can contribute to nitrogen mineralization and distribution
of biomass within plants in soil ecosystems [17]. Despite
this important role, their identification is still extremely
challenging. Due to these difficulties, their biodiversity is
greatly underestimated. For example, it is estimated that
global marine nematode species richness exceeds one
million, while only a few thousand of them are described
[18]. For a better assessment of nematode biodiversity,
ecologists studying this group should take the opportunity
to use DNA barcoding in both marine and terrestrial
environments [1,19,20].

In addition, ecologists can take advantage of DNA tools
when only hair, feces or urine left behind by animals are
available for species identification. Such an approach is
now widely used, and is particularly useful for detecting
the presence of elusive or endangered species. For
example, the recent wolf range expansion in France and
Switzerland has been traced back using mainly feces and
hair samples [21]. Another study demonstrated that feces
from the sympatric Amur leopard (Panthera pardus orien-
talis) and Siberian tiger (P. tigris altaica) can be easily
distinguished based onmitochondrial DNA polymorphism,
enabling the possibility to record the respective presence of
these two endangered subspecies in the field [22].

Identifying species through DNA barcoding is also help-
ful for understanding interspecies interactions [23,24]. For
example, the barcoding approach has already shown that
the existence of cryptic species could mask the specializ-
ation of a parasite to a single host. Several morphospecies
of tachinid parasitoid flies thought to be generalist actually
corresponded to many different cryptic species that were
less generalist or even specialist [25,26]. In the same way,
three species of Cerambycidae insects (Palame spp.) feed-
ing on trees of the Lecythidaceae family yielded three new
more specialized cryptic species with different host and
season preferences [27].

Furthermore, DNA barcoding can be advantageous for
monitoring illegal trade in animal byproducts. When such
products are sold, identification through morphological
characteristics might no longer be possible. Sometimes
only hairs are available for species identification, and it
is very difficult or even impossible to visually determine
whether a hair came from an endangered or a legally sold
species. DNA methodology has been successfully imple-
mented to identify Eurasian badger (Meles meles) hairs in
expensive shaving brushes [28] and Tibetan antelope
(Pantholops hodgsonii) in shahtoosh, a luxury shawl
[29]. Many other examples can be found in the food indus-
try (see e.g. Ref. [30]). For instance, scientists using this
technique revealed that 23% of black caviar samples pur-
chased in the USA were labeled with an incorrect species
name, and in some cases the commercial species (Russian
sturgeon, Acipenser gueldenstaedtii) was replaced with an
endangered one (ship sturgeon, A. nudiventris) [31].

In the field of biosecurity, the reliable and fast identi-
fication of exotic species is fundamental. In many cases,
particularly for insects, a pest at the egg or larval stage
might not be recognizable without DNA identification. For
example, stem borer larvae of the genusBusseola occurring
in Ethiopia on sugarcane were identified using COI

Figure 1. Methodology for analyzing biodiversity from environmental samples
based on next-generation DNA sequencers. After collecting environmental
samples in the field, extracting DNA and amplifying with universal primers that
target very short DNA fragments (less than 150 base pairs), hundreds or thousands
of amplified DNA molecules are sequenced using next-generation sequencers
(Box 3). Using a reference DNA database, the taxa these sequences come from are
identified and used to estimate different biodiversity parameters.
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Environmental DNA - detection of invasive samples

detection of an invasive frog (Rana catesbeiana)

• water samples (15 ml)

• extraction and amplification (PCR) with specific primers  
(about 80 bp amplified), using a multiple-tube approach (3-5 tubes/sample)

• electrophoresis and sequencing

• positive amplification for most samples 
even if the density of bullfrog is limited

618C for 30 s. PCR products were visualized using electrophoresis
on 2% agarose gel. Sequencing reactions were performed in both
directions using BigDye Terminator Cycle Sequencing Kit v. 1.1
and following standard procedures. Moreover, the PCR product of
one pond was sequenced using the 454 pyrosequencing technology
(GS20, Roche, Basel; Margulies et al. 2005). This massive parallel
sequencing technique allows a large number of sequences to be
obtained from a single PCR product, comparable with large-scale
cloning protocols.

We used generalized mixed models assuming a binomial error to
compare the amplification rates among ponds with different
bullfrog densities. The identities of ponds and water samples were
included as random factors, nested within density. Mixed models
were fitted using lme4 in R (R Development Core Team 2006) and
followed by post hoc orthogonal contrasts through the origin.

3. RESULTS
Using selective primers and PCR, we successfully
amplified DNA from water samples of all 18 aqua-
riums where we reared tadpoles at different densities
(0.3, 1.7, 3.3 tadpoles per l), while we never amplified
DNA from the aquariums where bullfrog tadpoles
were absent. We also amplified DNA from water
samples of all the natural ponds where the species
was present, while we never amplified DNA from the
ponds where bullfrogs were absent (table 1). Almost
all PCR products were sequenced and corresponded
perfectly to the published bullfrog cyt-b sequence
(Austin et al. 2004). Moreover, 673 fragments from
one PCR product were sequenced using the 454
pyrosequencing technology (Margulies et al. 2005).
Apart from clearly recognizable sequencing and
PCR errors (mostly in a poly A repeat), all obtained
sequences perfectly matched the bullfrog cyt-b, indi-
cating that the PCR products were not mixes of
different sequences. The probability that all nine
replicates from a pond with a low density of frogs
would be negative (i.e. false negative) is approxi-
mately 1.5% (see below).

These results were obtained using a multi-tube
approach and ancient DNA precautions, which are
suitable for analysing DNA that is degraded and/or at
low concentrations (Taberlet et al. 1996). In water
samples collected in ponds where bullfrogs were
present, 22–89% of replicates were positive (table 1).
The average amplification success (Gs.e.) was 0 in
ponds where bullfrogs were absent, 0.37G0.1 in
ponds where bullfrogs were present at low densities
and 0.79G0.08 in ponds where bullfrogs were present
at high densities. Owing to the protocol used (multi-
tube approach and high number of PCR cycles), it is
necessary to ensure that the positive amplifications
were not due to artefacts. This requires that all
controls be negative and that this lack of amplification
not be due to chance. Differences in amplification
rates among ponds with differing densities of target
species were significant (generalized linear mixed
model, c2

2Z19.5, p!0.0001). The amplification suc-
cess was significantly higher in ponds with bullfrogs
than in control ponds (orthogonal contrast, c1

2Z18.2,
p!0.0001); it is thus unlikely that all the control
samples were negative just by chance. Moreover, the
amplification rate was significantly higher in ponds
with high bullfrog densities than in ponds with low
densities (c1

2Z5.7, pZ0.017).

4. DISCUSSION
We showed that environmental DNA (either in solution
or in cellular debris) can be used to ascertain species
presence in a wetland, and that this technique is able to
discriminate between absence and presence, even at low
densities. As the environment can retain the molecular
imprint of inhabiting species (Hofreiter et al. 2003), our
approach allows the reliable detection of secretive
organisms in wetlands without direct observation. This
is possible because environmental DNA can be detected
at very low concentrations (see electronic supple-
mentary material). The same approach could be useful
for studying secretive aquatic or semi-aquatic species,
which release DNA into the environment through
mucus, faeces, urine and remains.

This approach can be the answer to many situa-
tions where traditional census techniques give low-
quality results and/or require a huge sampling effort.
This is the case when trying to quantify secretive
harmful, invasive (such as bullfrog) or threatened
species. Detecting invasive species at the early stages
of invasions, and when they are at low densities, is the
key to timely interventions to control them (Hulme
2006). Moreover, this technique allows the assess-
ment of distribution of rare threatened species that
are the target of conservation plans, or of harmful
species that are kept at low density by management,
with a reduced monitoring effort.

The use of such a method, like all techniques
dealing with the detection of DNA traces, requires
several precautions (Taberlet et al. 1996; Cooper &
Poinar 2000). First, several factors could affect the
amount of DNA in environmental samples, such
as volume of water, size and density of the organism
and volume of secretions. Second, as it is difficult
to evaluate how long DNA fragments persist in water,
this method could lead to the detection of a species
after it has left the wetland. Short DNA fragments
can persist a long time under dry cold conditions and
in the absence of light. In one extreme example,
DNA from extinct vertebrates has been amplified
from 10 000-year old dry cave sediments (Willerslev
et al. 2003). Actually, DNA fragments of approxi-
mately 400 bp may persist up to one week at 188C in
lake water (Matsui et al. 2001). This suggests that
detecting a species that is no longer present is
unlikely, owing to both the DNA’s fast decomposition
rate and its degradation from UV radiation exposure.

Table 1. Rate of bullfrog detection in water samples.

pond

bullfrog presence
and relative
abundance

water samples
positives at least
once

positive
PCRs

1 yes-low 2/3 2/9
2 yes-low 3/3 6/9
3 yes-low 2/3 2/9
4 yes-high 3/3 8/9
5 yes-high 3/3 6/9
6 yes-high 3/3 8/10
7 no 0/3 0/9
8 no 0/3 0/9
9 no 0/3 0/15

2 G. F. Ficetola et al. Species detection using environmental DNA
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Environmental DNA - detection of rare species

detection of two species in a stream

• low density of the species 

• fast-moving streams

• filtered water samples from five streams with varying 
densities

• Idaho giant salamanders: 5/5 
Rocky Mountain tailed frogs:4/5 

• variability of detection ability (early spring / in early 
fall)

availability for aquatic species and benefit resource managers and
many fields of research, including community ecology, biogeog-
raphy, evolutionary biology, conservation biology, and invasion
biology. eDNA techniques could be used to form cost-efficient
multi-species inventory and monitoring programs for sensitive
species, in combination with occupancy models [31] to estimate
probabilities of detection. With next-generation sequencing,
DNA sequences of a community of aquatic vertebrates could
be analyzed simultaneously, exponentially increasing the data
available for analysis without disturbing sensitive species. Other
applications include early detection of invasive species [21,22],
determining whether invasive species have been successfully
removed through management actions, detecting rare individuals
surviving after catastrophic population declines, and discovering
new species in rapid bioassessement surveys. Sensitivity of these
techniques to density of individuals and covariates of detection
probability such as water temperature and discharge will need to

be determined for study systems individually; however, this
technique shows great potential for increasing our knowledge of
aquatic systems.

Supporting Information

Table S1 PCR protocols and results for amplifying DNA of
Rocky Mountain tailed frogs (Ascaphus montanus) and Idaho giant
salamanders (Dicamptodon aterrimus) from stream water.
(DOCX)
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Figure 1. Electropherograms of species-specific PCR amplification of DNA in positive controls and stream water. The blue peak
indicates the species-specific fragment for Idaho giant salamanders (Dicamptodon aterrimus) and the black peak indicates the species-specific
fragment for tailed frogs (Ascaphus montanus). All reactions were diluted to produce these images.
doi:10.1371/journal.pone.0022746.g001
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Environmental DNA - quantitative evaluation

Thomsen et al. (2011) Molecular Ecology

five of these sites, suggesting that the DNA approach
may in some cases be more sensitive. Supporting this
view, the respective five sites had lower average DNA
concentration than the sites where the presence of
P. fuscus was confirmed by expert surveys (P < 0.05,
Mann–Whitney U test). For the amphibians, where
environmental DNA was quantified, we find positive
correlation between DNA concentration and estimated
population density based on conventional monitoring
(P. fuscus: P < 0.01, R2 = 0.68; T. cristatus: P < 0.05;
R2 = 0.40, Pearson’s product–moment correlation)
(Fig. 3).

To examine the performance of environmental DNA
detection in running water, the fish M. fossilis was fur-
thermore targeted in independent water samples taken

throughout a continuous 225 km2 ditch system of run-
ning water that is known to be inhabited by the species.
The 54% success rate obtained (Fig. 2) was comparable
to the results of a conventional expert survey in the
area. Considering water volume per individual and
water retention time, the difference between detection
probability in running and stagnant water systems is
expected. Similarly, we tested the performance of envi-
ronmental DNA detection in large water volumes using
streams and lakes inhabited by the Eurasian otter and
confirmed presence of species-specific DNA in 27% of
the sampled sites (Fig. 2). The semiaquatic lifestyle and
large territorial range of this mammal can account for
the low detectability compared to the other investigated
organisms. Nevertheless, for Eurasian otter, the

(a) (b)

Fig. 3 Environmental DNA quantification in natural ponds with Pelobates fuscus (n = 9) (a) and Triturus cristatus (n = 10) (b). Pear-
son’s product moment correlation between average number of DNA molecules and estimated population size in each pond. The line
shows linear regression, a: R2 = 0.68, P < 0.01; b: R2 = 0.40, P < 0.05.

Fig. 2 Environmental DNA detection rates by qPCR in natural freshwater ponds with 100% occurrence of the species confirmed in
the field (dark grey) or larger freshwater systems with known occurrence in the area (light grey). Detection rates are given in per-
centage positive localities out of the total number of localities surveyed for each species. Data covers amphibians: Pf (Pelobates fuscus,
n = 9) and Tc (Triturus cristatus, n = 11); fish: Mf (Misgurnus fossilis, n = 11 ponds and n = 15 streams—light grey); insects: Lp (Leucor-
rhinia pectoralis, n = 11); crustaceans: La (Lepidurus apus, n = 10) and mammals: Ll (Lutra lutra, n = 15 streams and lakes).
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relation between eDNA and species density

• eDNA quantified with qPCR

• rough evaluation of the amphibian diversity

• positive correlation between eDNA quantification and density evaluation  
(P. fuscus: P < 0.01, R2 = 0.68; T. cristatus: P < 0.05; R2 = 0.40, Pearson’s 
product–moment correlation)

•



Environmental DNA - persistence of eDNA in water

eDNA: how long the DNA persist in the water

Thomsen et al. (2011) Molecular Ecology

environmental DNA approach may still be a valuable
complement to conventional monitoring (based on the
identification of tracks and faecal remains), which is
both resource demanding and error prone (Hansen &
Jacobsen 1999; Davison et al. 2002).

While our population density estimates based on con-
ventional monitoring methods are robust and compara-
ble relative to each other, they serve only as proxies for
true population densities. We therefore investigated the
consistency of the observed quantitative trend in the
relationship between DNA concentration and popula-
tion density of the two amphibian species under semi-
natural conditions, allowing control of absolute animal
density through time. We quantified DNA concentra-
tions by repeated water sampling from freshwater mes-
ocosms with densities of 0, 1, 2 or 4 larvae in 80 L of
water, respectively. We sampled at 2, 9, 23, 44 and
64 days after introduction of animals to freshwater con-
tainers. All animals were removed from the containers
after 64 days when metamorphosis initiated, and DNA
concentration was quantified after additional 2, 9, 15
and 48 days to investigate DNA persistence (Table S2,
Supporting information).

For both species, we observe a highly significant
effect of animal density and time on DNA concentration
quantified from the freshwater mesocosms as well as an
interaction of the two factors (P. fuscus, P < 0.001;
T. cristatus, P < 0.001; linear mixed model). This con-
firms our field observations in an experimental setting.
Interestingly, DNA concentrations were consistently
higher for P. fuscus than for T. cristatus in both the con-
trolled experiment and the field survey (Figs 3 and 4),

likely due to the fact that the herbivorous tadpole is
substantially larger and more active than the carnivo-
rous newt larvae. Immediately after the animals were
removed, we observed a rapid and continuous decrease
in DNA concentration, until it could no longer be
detected only 1–2 weeks after removal (Fig. 4). These
results suggest that DNA traces are near contemporary
with the presence of the species, in agreement with pre-
vious studies observing rapid degradation of DNA in
freshwater (Kim et al. 1996; Matsui et al. 2001; England
et al. 2005; Douville et al. 2007; Dejean et al. 2011).

We speculate that the ability to detect and quantify
DNA from a given freshwater animal species is deter-
mined as a simple relationship between DNA excretion
depending on animal density and size, and degradation
of this DNA owing to both microbial ⁄ enzymatic attack
and spontaneous chemical reactions such as hydrolysis
and oxidation (Lindahl 1993). Based on this general
assumption, we integrated the observed DNA degrada-
tion in the examination of the quantitative relation
between animal density and DNA concentration in a
simple differential equation. This model was con-
structed assuming that DNA is generated at a rate
dependent on the animal density and growth and
degraded by a constant rate. We find that the model
parameters estimated from the data are in concordance
with each other across both species showing constant
degradation and increasing excretion of DNA with
increased density of animals and animal growth
(Fig. S3, Supporting information).

The observed trends in both the field and controlled
experiments support the conclusion that, despite rapid

(a) (b)

Fig. 4 Environmental DNA quantification in controlled mesocosm experiment with Pelobates fuscus (a) and Triturus cristatus (b).
Means + 2 · SE of DNA molecules in water samples from freshwater containers with 1 (red), 2 (blue) or 4 (green) individuals in
80 L. After a control sample was taken, animals were introduced at time t = 0 and samples were taken at 2, 9, 23, 44, 64, 66, 73, 79
and 112 days. Animals were removed at t = 64 (after sampling). The lines show a differential equation model fitted to the data (see
Materials and methods section), a: R2 = 0.29 (red), 0.50(blue), 0.61(green); b: R2 = 0.49 (red), 0.67 (blue), 0.62 (green).
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genetic tools in conservation

• genetics: interesting tools to answer several questions

‣ global genetic structure 

- species

- ESU

‣ population history 

- phylogeny / phylogeography

- bottleneck detection

‣ population structure

- population differentiation / migration

- inbreeding, inbreeding depression

‣ forensic

- e.g. illegal hunting

‣ better understanding of the biology of the species

- pedigree, paternity assignment

- ....



General conclusions

• genetics: interesting tools to answer several questions

BUT

• must be combined with other approaches

• biology of the studied species

• history

• Population viability analysis (PVAs)

• as well as combining with e. g. genetic impacts of inbreeding

• ...

for conservation, genetic is just an additional tool


