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Abstract

Molecular forensic methods are being increasingly used to help enforce wildlife conservation
laws. Using multilocus genotyping, illegal translocation of an animal can be demonstrated
by excluding all potential source populations as an individual’s population of origin. Here,
we illustrate how this approach can be applied to a large continuous population by defin-
ing the population genetic structure and excluding suspect animals from each identified
cluster. We aimed to test the hypothesis that recreational hunters had illegally introduced
a group of red deer into a hunting area in Luxembourg. Reference samples were collected
over a large area in order to test the possibility that the suspect individuals might be recent
immigrants. Due to isolation-by-distance relationships in the data set, inferring the number
of genetic clusters using Bayesian methods was not straightforward. Biologically meaningful
clusters were only obtained by simultaneously analysing spatial and genetic information
using the program 

 

baps

 

 4.1. We inferred the presence of three genetic clusters in the study
region. Using partial Mantel tests, we detected barriers to gene flow other than distance,
probably created by a combination of urban areas, motorways and a river valley used for
viticulture. The four focal animals could be excluded with a high certainty from the three
genetic subpopulations and it was therefore likely that they had been released illegally.
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Introduction

 

The introduction of new populations of mammals can
create ecological, conservation and management problems,
such as predation on or competition with native animals,
changes in plant species composition, problems for forest
regeneration, damage to agricultural crops and transmission
of disease (Kauhala 1996; Fraser 

 

et al

 

. 2000; Lowe 

 

et al

 

. 2000;
Nishi 

 

et al

 

. 2002; Frantz 

 

et al

 

. 2005). The potential severity of

these introductions is now well established and initiatives
are being taken to improve management practices and
reduce the incidences of biological invasions (Lowe 

 

et al

 

.
2000). Also, molecular forensic methods are being increa-
singly used to help enforce wildlife conservation laws
(Manel 

 

et al

 

. 2002). It is now possible to determine the
source population of a single individual by using multilocus
genotyping and statistical tools called assignment tests.
Individuals can be identified as illegally translocated if
they are assigned to a population that is genetically distinct
and geographically separated from their apparent population
of origin (e.g. Spencer & Hampton 2005).
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If an individual’s population of origin is unlikely to be
represented in the set of reference populations, assignment
tests can be used to exclude a given population as an indi-
vidual’s native population, rather than to choose the most
likely one. Primmer 

 

et al

 

. (2000) confirmed a case of fraud
in a fishing competition by confidently excluding a salmon
(

 

Salmo salar

 

) from the nonanadromous population in the
lake where the contest was held. This study was a special
case, however, as an individual was to be excluded from an
a priori defined, geographically separate and genetically
distinct reference population. Complications arise when a
suspect is to be excluded from a population that is contin-
uously distributed over a large area. It is not advisable to
generate a single reference data set containing samples
collected from across the study area, as the population may
contain genetic subpopulations. Pooling individuals from
different gene pools will lead to deviations from Hardy–
Weinberg genotypic proportions (Wahlund effect; Hartl
1988), violating an assumption of a number of assignment
methods. Average assignment probabilities will also be
affected due to differences in the allele frequencies between
populations (Favre 

 

et al

 

. 1997; Goudet 

 

et al

 

. 2002).
Translocation of game is illegal in the Grand Duchy of

Luxembourg (Anonymous 1956). However, red deer
(

 

Cervus elaphus

 

) are rumoured to be subjected to this illegal
practice. The species is known to adapt effectively to new
environments and can have a serious impact on biological
diversity and human activities, mostly through feeding
requirements and transmission of infectious agents (Lowe

 

et al

 

. 2000; Corn & Nettles 2001; Husheer 

 

et al

 

. 2003). In
New Zealand, where illegal releases account for a quarter
of all new deer populations established between 1985 and
2000, it has been estimated that introductions involving six
or more individuals resulted in the establishment of new
populations (Fraser 

 

et al

 

. 2000). In Luxembourg, red deer
have distribution hotspots in the northeast along the
Luxembourg-Germany border and in the centre of the
country (Schley & Krier 2006). Given the large sums of
money that have to be paid for hunting rights, it must be
particularly tempting for tenants of hunting areas else-
where in the country to improve their game stock by illegal
translocations.

In 2004, a small mixed-sex group of red deer suddenly
appeared in a hunting area in Luxembourg from which the
species had been previously absent. Suspicion that hunters
might have released animals from deer farms or enclosures
additionally arose from the fact that the animals appeared
to be accustomed to humans and can be approached
very closely without disturbance. The main objective of our
study was to use multilocus genotyping and assignment
statistics to test the hypothesis that these animals had been
released illegally and, by showing that such introductions
could be detected, deter such practices in the future. In
order to account for the fact that the suspect individuals

might be recent migrants into the study area, reference
samples were collected from Luxembourg and neighbour-
ing areas in Belgium, Germany and France. Given the larger
area from which samples were collected, we first investi-
gated the genetic structure of the reference population and
then used assignment methods to exclude the four suspect
animals from each of the identified subpopulations.

 

Materials and methods

 

Sample collection

 

Since the focal animals were difficult to capture and could
not legally be shot, DNA samples were obtained in a
noninvasive manner. Hair samples shed by the suspect
animals were collected after observing and rousing the
resting herd during the day. A tuft of hair that could be
unequivocally assigned to a specific individual and that
contained a large number of follicles was collected on two
different occasions. Further hair samples were collected
from a wallow used by the deer. Tissue samples collected
during the hunting seasons in 2003 and 2004 were available
not only from Luxembourg, but also from adjacent regions
in Belgium, Germany and France (Fig. 1). No samples could
be collected in Belgium to the northwest of Luxembourg
since deer only occur sporadically in this area (Ministère
Région Wallone, unpublished data). There are no deer in
the region of France bordering the south of Luxembourg,

Fig. 1 Origin of the 412 red deer tissue samples collected for this
study (grey spades). The black box indicates the location of the
animals suspected of having been illegally translocated.
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apart from an enclosure near the city of Metz (Saint-Andrieux

 

et al

 

. 2004). Further samples were obtained, however, from
la Petite Pierre National Reserve in Alsace, northeastern
France. Tissue samples (ear or muscle) were either frozen
or stored in 70% ethanol. Samples were obtained mostly
from forest wardens, occasionally from recreational hunters
and, in two cases, from butchers. For public health reasons,
the butchers have to record the origin of the animals, so this
information on the provenance of the samples can be
considered reliable.

 

Laboratory procedures — tissue samples

 

DNA was extracted from the tissue samples following
Richardson 

 

et al

 

. (2001). Genotyping was performed using
the following 13 microsatellite loci: BM1818, Cer14, CSPS115,
CSSM14, CSSM16, CSSM19, CSSM22, CSSM66, ETH225,
Haut14, ILSTS06, INRA35 and MM12 (Kuehn 

 

et al

 

. 2003).
In order to avoid noise from variable adenylation during
the polymerase chain reaction (PCR), the ‘pigtail’ sequence
GTTTCTT was added to the 5

 

′

 

-end of each reverse primer
(Brownstein 

 

et al

 

. 1996). Similarly to Kuehn 

 

et al

 

. (2003),
multiplex PCRs were performed (Table 1). PCRs were
performed in 10-

 

µ

 

L volumes, each containing 1 

 

µ

 

L of DNA
extract (at 10 ng/

 

µ

 

L). The final reaction concentrations
consisted of 75 m

 

m

 

 Tris-HCl (pH 8.8), 20 m

 

m

 

 (NH

 

4

 

)

 

2

 

SO

 

4

 

,
0.01% Tween, 0.1 m

 

m

 

 dNTPs and 0.5 U of 

 

Taq

 

 Polymerase

(ABgene). The magnesium and primer concentrations
varied depending on the multiplex system (Table 1). All
PCRs were started with a 5-min denaturation at 95 

 

°

 

C,
followed by 37 cycles of denaturing at 95 

 

°

 

C for 45 s,
annealing at a specific temperature (see Table 1) for 60 s
and extension at 72 

 

°

 

C for 45 s. The reaction was terminated
after a final extension at 72 

 

°

 

C for 10 min. Reactions were
performed using a DNA Engine Tetrad thermocycler (MJ
Research). Fragments were separated using an ABI 3730
automated DNA sequencer (Applied Biosystems) and
sized relative to a ROX-labelled size marker with bands of
known size every 50 bp. The data were analysed using
program 

 

genemapper

 

 version 3.5 (Applied Biosystems).

 

Laboratory procedures — noninvasive samples

 

In order to avoid contamination, all extractions and PCRs
were performed on a separate workbench that was free of
concentrated deer DNA and PCR products. Aerosol-resistant
pipette tips were used and negative controls were included
in each manipulation. Hair samples were extracted using a
Chelex protocol (Chelex 100, Bio-Rad; Walsh 

 

et al

 

. 1991),
following Frantz 

 

et al

 

. (2004). PCR reagent concentrations
and reaction times were as described above, with the
exception that 5 

 

µ

 

L of the DNA extract were added to each
PCR and altogether 42 cycles were performed. In the two
instances where the hairs originated unequivocally from

Table 1 Properties of the 13 microsatellite loci used in this study. The loci in each multiplex were amplified in a single PCR, whereas the
‘single’ loci were amplified individually. System, electrophoresis loading multiplex; N, number of samples successfully analysed;
A, number of alleles; HE, expected heterozygosity; HO, observed heterozygosity. Summary statistics are for the whole data set combined
(total N, 412) and loci marked with an asterisk deviated from Hardy–Weinberg proportions at the α = 0.05 level after sequential Bonferroni
corrections (P < 0.008)

System Dye
Annealing 
temp. (°C)

Mg2+ 
(mm)

Primer 
(ìm) N

Allele size 
range (bp) A HE HO

Multiplex 1:
CSSM16* 1 6-Fam 56 0.8 0.12 407 152–162 6 0.633 0.565
MM12 1 Hex 56 0.8 0.12 412 81–85 3 0.665 0.624
Haut14* 1 Ned 56 0.8 0.20 412 103–139 10 0.860 0.755

Multiplex 2:
INRA35 2 Ned 54 0.8 0.08 412 107–122 9 0.811 0.784
CSPS115 2 Hex 54 0.8 0.22 408 241–254 9 0.817 0.779

Multiplex 3:
CSSM22 2 6-Fam 53 1.00 0.22 411 214–220 4 0.594 0.611
ETH225* 2 6-Fam 53 1.00 0.09 412 144–172 13 0.883 0.808
CSSM19 2 Hex 53 1.00 0.12 411 139–169 14 0.858 0.810

Multiplex 4:
BM1818* 3 6-Fam 54 1.25 0.12 412 239–260 9 0.783 0.731
CSSM66* 3 6-Fam 54 1.25 0.20 411 170–196 13 0.794 0.635

Singles:
Cer14* 1 Ned 58 0.8 0.20 412 210–266 13 0.791 0.767
CSSM14 3 Hex 54 1.5 0.25 412 138–142 3 0.291 0.272
ILSTS06* 3 Hex 54 1.5 0.25 398 282–311 14 0.867 0.807
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one animal, at least 10 hairs were pooled during extraction
and microsatellite loci were amplified twice in order to
detect and so avoid genotyping errors. We expected these
procedures to be sufficient to obtain reliable genetic tags
from these two individuals (Goossens 

 

et al

 

. 1998; Alpers

 

et al

 

. 2003). These two samples will hereafter be referred to
as HP1 and HP2.

In the case of the hair samples from the wallow, it could
not be established conclusively that they originated from
the same animal, so 15 single-hair extractions were per-
formed and each was amplified once at all loci. Two differ-
ent profiles, named HS1 and HS2, were observed, for each
of which the best-quality DNA sample (most loci amplified)
was chosen for further amplification. Reliable consensus
genotypes were obtained by amplifying each potentially
heterozygous locus until each allele was observed at least
twice, and each potentially homozygous locus until the
same allele was observed four times. According to Taberlet

 

et al

 

. (1996), the probability of obtaining the same spurious
band in two independent PCRs is less than 1%. In a
multiple-tubes approach, it is standard practice to amplify
potentially homozygous loci up to seven times (Taberlet

 

et al

 

. 1996), but the extracts did not contain enough volume
to follow this guideline. However, in a study on badger
faecal DNA where reliable genetic profiles were available
for comparison, in a total of 171 consensus heterozygous
genotypes, each allele was observed at least once after four
amplification reactions (Frantz 

 

et al

 

. 2003; Frantz 2004). The
remaining single-hair samples were genotyped until the
amplifiable loci matched the consensus genotypes.

 

Genotyping error rate

 

A consensus is emerging in the literature that, since
microsatellite genotyping errors might greatly bias results,
the rate of these errors should always be assessed, even
when working with good-quality tissue samples (Bonin

 

et al

 

. 2004; Hoffman & Amos 2005). All the data were cross-
read and double-checked in order to identify and eliminate
errors that had occurred during data entry and scoring of
alleles by hand. Our genetic database included 412 individual
genetic profiles consisting of 13 loci. Thirty samples (7.3%)
were chosen randomly from this database, and re-extracted
and re-genotyped. Allelic mismatches were counted by
comparing these genotypes to the previous ones (Bonin 

 

et al

 

.
2004; Hoffman & Amos 2005). Error rates were summarized
as the number of errors per allele, i.e. the number of
incorrect alleles divided by the total number of alleles.

 

Data analysis: population structure

 

As suggested by Pearse & Crandall (2004), we used different
methods to investigate the spatial genetic structure of the
deer in the sampled region. Firstly, 

 

structure

 

 version 2.1

(Pritchard 

 

et al

 

. 2000; Pritchard & Wen 2003) was used to
estimate the number of genetic subpopulations or clusters
(

 

K

 

). Ten independent runs of 

 

K

 

 = 1–10 with 200 000
Markov chain Monte Carlo (MCMC) iterations and a burn-
in period of 200 000 were performed, using the model with
correlated allele frequencies, noninformative priors and
assuming admixture. The posterior probability was then
calculated for each mean value of 

 

K

 

 using the mean
estimated log-likelihood of 

 

K

 

 to choose the optimal 

 

K

 

.
The 

 

structure

 

 algorithm may be poorly suited for infer-
ring the number of genetic clusters in a data set that is char-
acterized by isolation-by-distance relationships (Pritchard
& Wen 2003; Evanno 

 

et al

 

. 2005). It has been suggested that,
in cases where dispersal patterns between populations are
not homogeneous, the estimated log probability of the data
does not provide a correct estimate of the number of
genetic clusters (Evanno 

 

et al

 

. 2005). We therefore also used
the 

 

∆

 

K

 

 statistic, based on the rate of change between suc-
cessive 

 

K

 

 values, to infer the uppermost level of structure
in the data set (Evanno 

 

et al

 

. 2005). In order to assess whether
the inferred number of subpopulations gave biologically
sensible results (Pritchard & Wen 2003), the second step of
the analysis consisted of plotting the 

 

structure

 

-assigned
individuals on a map of the study region to examine geo-
graphical congruence of the clusters. Samples were placed
into the cluster for which they showed the highest percent-
age of membership (

 

q

 

), averaging 

 

q

 

 over the 10 runs.
Secondly, we tried to infer the number of genetic clusters

in the population using a Bayesian model executed in an
MCMC scheme that has been developed to allow inference
of the location of genetic discontinuities using individual
geo-referenced multilocus genotypes (Guillot 

 

et al

 

. 2005a).
The method has been implemented in the 

 

geneland

 

 ver-
sion 0.7 extension (Guillot 

 

et al

 

. 2005b) of program 

 

r

 

 2.1.0
(Ihaka & Gentleman 1996). Five independent runs of the

 

geneland

 

 model were performed with 100 000 iterations,
of which only every hundredth one was saved, treating the
number of genetic clusters as unknown and using the spa-
tial D-model as a prior for all allele frequencies. Finally, we
also tried to infer the genetic structure of the population
using the Bayesian clustering method first described in
Corander 

 

et al

 

. (2003). The most recent software implemen-
tation of this method, 

 

baps

 

 4.1 (Corander 

 

et al

 

. 2006), uses
stochastic optimization to infer the posterior mode of the
genetic structure. We also used a spatial model in 

 

baps

 

 4.1
that uses individual geo-referenced multilocus genotypes
to assign a biologically relevant nonuniform prior distribu-
tion over the space of clustering solutions, thereby increasing
the power to detect correctly the underlying population
structure (Corander 

 

et al

 

. 2006). The program was run 10
times for each of 

 

K

 

 = 2–10. For each 

 

K

 

 value, 

 

baps

 

 4.1 tries
to determine the optimal partitions, stores these internally,
and, after all 

 

K

 

 values have been processed, it merges the
stored results according to the log-likelihood values.
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Barriers to gene flow

The genetic clusters inferred using the spatial model in baps
could be the result of isolation-by-distance relationships in
the data set, rather than reproductive barriers between
subpopulations (Worley et al. 2004; Evanno et al. 2005). It is
possible to tell these effects apart using a partial Mantel test
(Smouse et al. 1986; Kyle & Strobeck 2001; Lugon-Moulin &
Hausser 2002), by comparing genetic differentiation of
individuals within and between neighbouring subclusters,
while controlling for geographical distance. As suggested
by Vekemans & Hardy (2004), the kinship coefficient
presented in Loiselle et al. (1995) was chosen as pairwise
estimator of genetic relatedness, as it is a relatively unbiased
estimator with a low sampling variance. A matrix with the
corresponding values was generated using program spagedi
1.2 (Hardy & Vekemans 2002). The same program was
used to generate a second matrix, containing the natural
logarithm of the pairwise geographic distances between
the individuals. Finally, to authenticate the occurrence of
barriers to gene flow, binary matrices were created by
allocating a value of zero to a combination of two individuals
located on the same side of the putative barrier, and a value
of one to a combination of individuals on different sides of
the barrier. Program zt (Bonnet & Van de Peer 2002) was
used to perform simple and partial Mantel tests. It uses
Pearson’s correlation coefficient as a measure of the
correlation between the matrices. Significance values were
obtained after 105 randomizations of the order of columns
and rows in the matrix.

Population genetic parameters

The three populations defined with the spatial model in
baps 4.1 (see Results) were tested for linkage disequilibrium
using an exact test based on a Markov chain method as
implemented in genepop 3.4 (Raymond & Rousset 1995).
The same program was used to perform the exact tests of
Guo & Thompson (1992) for deviations from Hardy–
Weinberg (HW) genotypic proportions at each locus. In all
analyses, the sequential Bonferroni technique was used to
eliminate false assignment of significance by chance (Rice
1989). The level of genetic differentiation between the three
clusters was quantified with FST (Weir & Cockerham 1984)
in spagedi 1.2 (Hardy & Vekemans 2002) and significance
was tested with 1000 permutations of individual genotypes
between populations.

Data analysis: excluding suspect individuals

In order to explore the natural rate of dispersal into the
study area, we determined the likelihood of each reference
individual’s multilocus genotype occurring in each identified
subpopulation by performing assignment tests on the

reference data set using the leave-one-out procedure in
program geneclass 2.0.g (Piry et al. 2004). Assignment
tests were performed using the partial Bayesian approach
of Rannala & Mountain (1997), and exclusion probabilities
were calculated with the Monte Carlo method of Paetkau
et al. (2004) by simulating 104 multilocus genotypes and
by setting the threshold for exclusion of individuals to
0.001. According to Paetkau et al. (2004), their approach is
less prone to exclude resident individuals by error than
other methods of calculating exclusion probabilities
(e.g. Cornuet et al. 1999). Because the partial Bayesian
assignment approach assumes HW and linkage equilibrium
(Rannala & Mountain 1997), the analysis was performed
both including and excluding loci that violated these
assumptions.

Three different approaches were used to assess whether
the four suspect animals belonged to any of the subpopu-
lations identified in the study region. The first approach
consisted of using genetix version 4.05.2 (Belkhir 2004) to
perform a factorial correspondence analysis (FCA) to
visualize the genetic relationship between the suspect indi-
viduals and the individuals belonging to the reference
population (She et al. 1987). Second, we performed trained
clustering in baps 4.1 (Corander et al. in press), which
allows the use of individuals of known origin to find the
best clustering of individuals of unknown origin. We clus-
tered each suspect individual one by one using as reference
populations the baps-defined clusters. The program was
run 10 times for K = 4–7. Finally, an exclusion test was
carried out using the program geneclass 2.0.g (Piry et al.
2004), by calculating the probability of the four suspect
individuals belonging to the genetic clusters defined by
baps. Calculation methods were as described above.
Again, the analysis was performed both including and
excluding loci deviating from HW proportions and link-
age equilibrium.

Results

Altogether 412 DNA samples were obtained from samples
collected in Belgium (74 samples), Luxembourg (145
samples), Germany (173 samples) and France (20 samples;
Fig. 1) and genotyped at 13 microsatellite loci (Table 1). In
order to assess the reliability of these profiles, 383 genotypes
were compared, i.e. 30 samples typed for 13 loci each,
except for seven genotypes that could be detected in only
one DNA extraction but not the other. Ignoring the failed
reactions, one allelic dropout was observed in the original
data set (the error was confirmed by re-amplification),
translating into a genotyping error rate of 0.0013 per allele.
We would therefore expect 14 genetic profiles in a total
data set of 412 to contain at least one allelic mistyping. We
considered this error rate low enough not to affect our
results significantly.
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Population structure

Using program structure 2.1, the inference of the number
of clusters K was not straightforward. Log-likelihood values
gradually reached an asymptote beyond K = 3, indicative
of isolation-by-distance relationships in the data set (Fig. 2).
The posterior probability for structuring within the
reference dataset was equal to one at K = 6. The highest
value for ∆K, the rate of change in the log probability of the
data between successive clusters, was obtained for K = 2,
followed by K = 3 (Fig. 2). Plotting the assignments showed
that, in the case of K = 2, all the animals assigned to one
cluster originated from Belgium, Luxembourg and the
Rhineland-Palatinate north of the river Mosel (Fig. 3a). In
addition to the French population from Alsace, the
majority of individuals assigned to the second cluster were
located to the southeast of Luxembourg. At K = 3 and K = 6,
the northern cluster was split into overlapping subclusters
(Fig. 3b, c). At K = 6, the French samples were split from the
German samples to the southeast of Luxembourg (Fig. 3c).
Plotting only the individuals, assigned with q > 0.80 to
their respective clusters did not alter these conclusions
(results not shown). structure did therefore not provide
a clear result for the number of genetic clusters in the study
region.

The geneland method suggested that the number of
populations in the study area was equal to 10. When
running baps 4.1 without information on the geographical
origin of the samples, the probability of there being nine
subpopulations throughout the study region was 0.60, and
0.39 for K = 10. As for the gradually increasing log-likelihood
values obtained in the program structure, these estimates
are likely to result from isolation-by-distance patterns in
the data set. When taking spatial information into account,
baps 4.1 found a probability of > 0.999 there being three
genetic clusters. The inferred clusters of geographically

coherent (Fig. 3d), as, in essence, the French samples (‘French
cluster’) were split from the German ones to the southeast
of Luxembourg (‘South cluster’), which in turn were split
from the rest of the data set (‘North cluster’). A female that
had been shot in Germany near the Belgian border was
assigned to the same cluster as the French samples, but this
is a spurious result, as the animal could be excluded with
high certainty from our study region (see below). This sample
was excluded from all further analyses of genetic structure.
The spatial model in baps 4.1 thus offered a straightforward
and biologically meaningful clustering solution.

Physical barriers to gene flow?

We performed Mantel tests to confirm the presence of
physical barriers between the three genetic clusters. A
combination of the river Mosel, the city of Trier and a
motorway could create a physical barrier to gene flow
between the North and South cluster (Fig. 3). We found
evidence for isolation by distance (r = –0.168; P < 0.001),
and evidence that individuals on the same side of the river
were more closely related than individuals on different
sides (r = –0.122; P < 0.001). A partial Mantel test confirmed
the presence of a barrier to gene flow other than distance
(r = –0.071; P < 0.001). An urban area and a number of
motorways separated the French from the German samples
(Fig. 3). When considering the animals south of the Mosel
and the French samples, we found evidence for isolation
by distance (r = –0.347; P < 0.001), and that individuals in
the same cluster were more closely related than individuals
in different clusters (r = –0.332; P < 0.001). A partial Mantel
test again confirmed the presence of a barrier to gene flow
between the two clusters other than distance (r = –0.098;
P < 0.001).

Population genetic parameters

The null hypothesis of linkage equilibrium in the three
baps cluster was not rejected at the α = 0.05 level for any of
the 234 comparisons after Bonferroni correction (P < 0.00021).
One of the 39 tests for HW equilibrium in the three
subpopulations was rejected at the α = 0.05 level with a
sequential Bonferroni correction (P < 0.0013), with locus
CSSM66 in the northern cluster departing from HW expec-
tations. The mean interpopulation differentiation was
significant (FST = 0.078, P < 0.001). Pairwise population
differentiation estimates were significant at P < 0.001 for
all three combinations (FST values: clusters North & South:
0.064, North & French: 0.115, South & French: 0.085).

Illegal translocation?

In order to explore the natural rate of dispersal into the
three identified subpopulations, exclusions tests were

Fig. 2 Inference of genetic clusters (K) of red deer in Luxembourg
and neighbouring regions based on the structure algorithm.
Mean (± standard deviation) of log-likelihood values (10
independent runs), ln(X|K), (×) and the rate of change in the log
probability of data between successive values of K, ∆K, (�) for the
whole data set (N = 412).
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performed on the reference data set using all the loci in a
leave-one-out procedure in geneclass. We found that 98.8%
of the genotypes had been correctly assigned, confirming
the coherence of the baps clusters. The female that had
been shot in Germany near the Belgian border had a
probability of less than 0.001 of belonging to any cluster,

using either all the loci, or only the loci in HW equilibrium.
The leave-one-out procedure was repeated omitting this
animal and it was also excluded from all further analyses.
Two animals had a probability of less than 0.01 of belonging
to cluster North and could also be excluded from the other
two clusters. When excluding the locus that was out of HW

Fig. 3 Geographical distribution of clusters obtained using different Bayesian methods. Map of individual structure assignments at (a)
K = 2, (b) K = 3 and (c) K = 6. Samples were placed into the cluster for which they showed the highest percentage of membership (q),
averaging q over the 10 runs. Different symbols represent different clusters. (d) Distribution of individuals for the optimal partitions of K = 3,
obtained using the spatial model in baps 4.1. Light grey lines represent motorways.
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equilibrium, two different samples had a probability lower
than 0.01 of belonging to the three baps clusters.

All four genotypes obtained noninvasively had at least
one allele that did not occur in any of the 412 reference
samples (Table 2). The two noninvasively collected DNA
samples where more than 10 hairs had been pooled during
the extraction process were genotyped in duplicate. Since
the same genotypes were obtained for the repeat samples,
we considered these two profiles to be reliable. Further-
more, there was no instance in which more than two alleles
were observed at a locus, further suggesting that neither
sample contained DNA that originated from more than
one animal. Sample HP1 had private alleles at two loci
(CSSM19 and Haut14), whereas sample HP2 only had one
private allele (at CSSM66).

Six of the 15 hair samples collected from the wallow gave
rise to amplifiable DNA (Table 2). These samples originated
from two different individuals. Profile HS1 was obtained
only once and the amplification of loci CSPS115, CSSM14
and ILSTS06 failed in this sample. Nevertheless, the profile
contained two private alleles (at loci INRA35 and CSSM19),
both of which were obtained in four separate amplifications.
The remaining single-hair DNA extracts all originated
from the same animal and the sample of the best quality
(most loci amplified in the first round) was chosen to gen-
erate profile HS2. Using this sample, a consensus genotype
was obtained at all loci but ILSTS06. This locus had the
largest allele sizes and was also the most difficult to amplify
when working with tissue samples (Table 1). HS2 had a
private allele at each of loci CSPS115 and CSSM19, both of
which were observed in the matching profiles from the
other single-hair samples.

The FCA suggested that the suspect samples were sub-
stantially different from the reference population, with the
possible exception of sample HP2, which was rather closer
to the three subpopulations than the other three (Fig. 4).
Using the three baps-defined clusters as reference popula-
tions, trained clustering in baps found that the four suspect
individuals belonged to a fourth, separate cluster. Using
geneclass, animals HP1, HS1 and HS2 could be excluded
with a high probability from both clusters (P < 0.001;
Table 3), whether using all the loci, or only the loci that did
not deviate from HW equilibrium. Animal HP2 could be
excluded from all three clusters with the same high cer-
tainty, but only if all the loci were used in the analysis.
When excluding the locus that was out of HW equilibrium,
the animal only had a probability < 0.01 of belonging to the
North cluster, but could be excluded with high certainty
from the other two clusters.

Discussion

The main objective of the present study was to use
multilocus genotyping and assignment tests to show that a

group of red deer, strongly suspected of having been
illegally translocated, could in fact be excluded with high
certainty from the autochthonous populations. However,
there was no a priori defined and isolated population from
which the suspect animals could be excluded, but a larger
region where deer were more or less continuously
distributed. In order to maximize the likelihood of excluding
the possibility of the suspect animals having migrated into
the study area, reference samples were collected from
animals shot not only in Luxembourg but also in neighbour-
ing countries, as widely ranging as was feasible. Therefore,
the genetic structure of the reference population first had
to be investigated.

Population structure

When trying to exclude suspect individuals from a
population that is distributed over a larger area, a central
problem will be the identification of discrete genetic
subpopulations, as pooling individuals from different
gene pools will lead to deviations from Hardy–Weinberg
genotypic proportions (Wahlund effect; Hartl 1988) and
affect average assignment probabilities (Favre et al. 1997;
Goudet et al. 2002). Several Bayesian methods have been
proposed to divide a total data set into clusters that fit some
genetic criterion that defines a group (e.g. Pritchard et al.
2000; Dawson & Belkhir 2001; Corander et al. 2003). It has
been shown, however, that outputs from different methods
are not always unequivocal and need to be interpreted
with caution (e.g. Jehle et al. 2005; Latch et al. in press).
Also, when genetic variation is continuously distributed in

Fig. 4 Factorial correspondence analysis of the three clusters
identified using baps and the animals suspected of illegal
translocation. Percentage of the total variation explained by each
of the two axes is given. , cluster North; , cluster South;
�, cluster French; �, individuals suspected of illegal introduction.
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Table 2 Results of repeated genotyping of noninvasive DNA samples obtained from the suspect individuals. Alleles not observed in the 412 reference samples are indicated in bold.
Extracts HP1 and HP2 were each obtained by pooling more than 10 hairs and the other samples were obtained from single-hair extractions. The last four samples were only genotyped
multiply until the amplifiable loci matched consensus genotype HS2

Samples

Alleles at microsatellite loci

BM1818 Cer14 CSPS115 CSSM14 CSSM16 CSSM19 CSSM22 CSSM66 ETH225 Haut14 ILSTS06 INRA35 MM12

HP1 252 254 226 232 246 249 140 142 152 153 160 164 218 218 176 184 155 157 123 127 290 296 112 117 83 83
252 254 226 232 246 249 140 142 152 153 160 164 218 218 176 184 155 157 123 127 290 296 112 117 83 83

HP2 252 260 226 226 246 246 140 142 152 160 154 154 218 218 171 186 157 157 116 125 290 290 117 118 83 83
252 260 226 226 246 246 140 142 152 160 154 154 218 218 171 186 157 157 116 125 290 290 117 118 83 83

HS1 243 254 222 232 — — — — 152 153 160 160 218 218 176 186 155 165 114 116 — — 118 136 83 83
243 254 222 232 — — — — 152 153 160 160 218 218 186 186 155 165 114 116 — — 136 136 83 83

160 160 218 218 176 186 118 136 83 83
160 160 218 218 118 136 83 83

HS2 246 252 226 232 246 256 140 140 152 153 152 158 214 218 176 188 155 157 106 123 — — 107 117 83 83
246 252 226 232 246 246 140 140 152 153 152 158 214 218 176 188 155 157 106 123 107 117 83 83

246 256 140 140 83 83
140 140 83 83

HS3 246 252 226 232 — — — — 152 153 152 158 214 218 176 188 155 157 106 123 — — 107 117 — —
HS9 246 246 226 232 246 256 — — 152 153 152 158 214 218 — — 155 157 — — — — — — — —

246 252
HS11 246 252 226 232 — — 152 153 152 158 214 218 176 188 155 157 — — — — — — — —
HS14 246 252 226 232 246 246 — — 152 153 152 158 214 218 176 188 155 157 — — — — — — — —

246 256
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geographic space, defining discreet genetic units can be
problematic (Diniz-Filho & Telles 2002; Evanno et al. 2005).
As suggested by Pearse & Crandall (2004), we used different
methods to investigate the spatial genetic structure of the
deer in the sampled region, namely the Bayesian methods
implemented in the programs structure, geneland and
baps 4.1.

In our structure analysis, log-likelihood values gradu-
ally reach an asymptote beyond K = 3, which is indicative
of the presence of isolation-by-distance relationships in the
reference data set (Heuertz et al. 2004; Worley et al. 2004).
Determining the appropriate number of subpopulations
was therefore not straightforward. Plotting the structure-
assignments showed that two geographically relatively
coherent clusters were obtained for K = 2. One of these
clusters was split further in a biologically sensible way at
K = 6, whereas the other cluster was subdivided into
largely overlapping clusters at K > 2. Subjective interpreta-
tion of the structure results did therefore hint at the pres-
ence of three clusters in the study region. It is doubtful,
however, whether this would have been recognized with-
out the additional analysis using baps.

Similarly to the increasing log-likelihood values in
structure, geneland, a Bayesian method that uses both
genetic and spatial data to infer the number of genetic clus-
ters, identified 10 genetic clusters in the data set. Likewise,
baps identified up to 10 genetic clusters when the program
was run without spatial information. However, when
simultaneously analysing genetic and spatial data, baps
inferred the presence of three geographically coherent
genetic clusters, basically consisting of the French samples,
the German samples to the southeast of Luxembourg and
the remainder of the study region. Analysis of population
genetic parameters did show that the three clusters were
genetically distinct and partial Mantel test confirmed

the presence of barriers between the clusters other than
distance.

Our results confirm previous suggestions (Pritchard &
Wen 2003; Worley et al. 2004; Evanno et al. 2005) that prob-
lems can be encountered when Bayesian methods are used
to investigate the population genetic structure of a data set
that is characterized by isolation-by-distance relationships,
so requiring subjective interpretation of the results. A
solution to this problem appears to be provided by simul-
taneously analysing genetic and spatial data. The genetic
clusters inferred using the spatial model in baps were
biologically meaningful, so that this model appears to be
robust when faced with isolation-by-distance relationships
in the genetic data set. geneland, however, overestimated
the number of genetic clusters in the data set. Even though
further testing of these spatial models under different dis-
persal scenarios is required (e.g. Evanno et al. 2005; Latch
et al. in press), we caution against over-interpretation of the
output of the analysis of population structure using geneland
(e.g. Coulon et al. 2006).

Our results suggest the presence of a genetic cluster
distributed over a larger area from Belgium, across Luxem-
bourg, to Germany, but also of physical barriers to gene
flow probably resulting from habitat fragmentation. Even
though our study was not designed to pinpoint the exact
location of gene–flow barriers, we would suggest that
urbanized areas, motorways and an industrialized river
valley also used for viticulture (Reitel 1961) combine to
limit the movement of deer across the study area. There are
examples in the literature of deer populations that also
form genetic units over larger areas, for example the
populations in the Engadin Valley in eastern Switzerland
(Kuehn et al. 2004) and in the Carpathian mountains in
Romania (Feulner et al. 2004). Martinez et al. (2002), on the
other hand, presented an example of heavily managed
populations in western Spain that were more finely subdi-
vided at a regional scale. The FST values reported here were
comparable to values reported for populations covering
regions that were similar or larger in size to ours: 0.082 for
red deer in Bavaria (Kuehn et al. 2003), 0.036 in Romania
(Feulner et al. 2004), and 0.077 and 0.058 for two regions in
western Spain (Martínez et al. 2002).

Illegal translocation?

Because the focal deer were difficult to capture and could
not legally be shot, DNA samples were obtained in a
noninvasive manner. As our main hypothesis is based on
these genotypes, this is not an ideal situation, as special
precautions need to be taken to ensure the reliability of the
genetic profiles (Taberlet et al. 1996; Taberlet et al. 1999).
We believe that the measures we have taken ensured that
the noninvasive genetic profiles were reliable. However, in
the case of the single-hair sample that was observed only

Table 3 Exclusion probabilities of the four suspect red deer.
Probabilities were calculated for the three subpopulations identified
using baps 4.1, using all the loci as well as only those in HW
equilibrium. Individual assignment tests were performed with
geneclass 2.0.g using the Bayesian approach of Rannala &
Mountain (1997), calculating exclusion probabilities with the
Monte Carlo method of Paetkau et al. (2004). L, number of loci
available for calculation

Samples L

Exclusion probabilities 

All loci HW equilibrium

North South French L North

HP1 13 < 0.0001  0.0008 < 0.0001 12 < 0.0001
HP2 13  0.0002  0.0002 < 0.0001 12  0.0040
HS1 10 < 0.0001 < 0.0001 < 0.0001 9 < 0.0001
HS2 12 < 0.0001 < 0.0001 < 0.0001 11 < 0.0001
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once, ideally we would confirm the presence of the private
alleles in different extracts from the same individual
(Frantz et al. 2003). In order to reduce any possible grounds
for contention, it might therefore be advisable to secure
blood or better quality tissue samples directly from the
suspect individuals in similar applications in the future.

The multilocus genotypes of the four focal samples each
had at least one allele that did not occur anywhere in the
reference samples. This result could be taken to de facto
exclude the samples from the study area, especially since
three samples had two private alleles each and the FCA
showed the focal samples to be quite distinct from the
reference data. However, the alleles in question may be so
rare in the local population that they were not present in
the reference samples. Therefore, we used two additional
methods to test our main hypothesis. Only the exclusion
method in geneclass allowed us to estimate the probability
of the four suspect individuals belonging to any of the local
populations. It has been argued that, in wildlife forensics,
a stringent threshold for excluding animals from a popu-
lation, such as P < 0.001, was necessary (Cornuet et al. 1999;
Manel et al. 2002). Most of the reference genotypes con-
sisted of 13 loci (the four multilocus genotypes of the
suspect individuals contained between 10 and 13 loci). The
smallest FST value between two clusters was 0.064. We
believe that, in principle, our data set had sufficient statis-
tical power for geneclass to give conclusive answers as to
whether the animals should or should not be excluded from
the subpopulations (see Cornuet et al. 1999; Paetkau et al.
2004). However, assignment methods used in geneclass,
in our case the one proposed by Rannala & Mountain
(1997), assume random mating and independence between
loci. Locus CSSM66 deviated from HW proportions in the
northern cluster. Therefore, ideally, this locus should be
excluded from the analyses relating to the northern cluster,
even though Cornuet et al. (1999) did suggest that the results
of the assignment methods were robust when faced with
loci deviating from HW genotypic proportions.

Using the leave-one-out procedure in geneclass, the
natural rate of dispersal into the study area was inferred to
be low. One individual in the reference population could
be excluded with high certainty (P < 0.001) from all three
clusters. A further two individuals fell below the 0.01
threshold, whether using all the loci, or only those in HW
equilibrium. When using all the loci to calculate the exclu-
sion probabilities of the focal samples in geneclass, all
four samples could be excluded from all three clusters with
high certainty (P < 0.001). Excluding the locus that deviated
from Hardy–Weinberg proportions affected the results
insofar as the exclusion probability of profile HP2 in the
northern cluster was 0.004 and therefore failed to fall
below the 0.001-threshold. Even though trained clustering
in baps 4.1 does not give a likelihood-value for the overall
number of clusters, it does not assume that loci are in

Hardy–Weinberg equilibrium. When using the program to
cluster each suspect individual one by one using the baps-
defined clusters as reference populations, all four individuals
were clustered into a separate fourth genetic cluster.

Even though a stringent threshold such as P < 0.001 ought
to be used in wildlife forensics for excluding animals from
a population (Cornuet et al. 1999; Manel et al. 2002), the
higher threshold of P < 0.01 is often chosen in ecological
studies (e.g. Burns et al. 2004; Pruett & Winker 2005).
Violation of the assumption of HW equilibrium meant that
we could not exclude one animal with the certainty ideally
required for a forensic application. Nevertheless, given
the additional information provided by the method that
does not assume HW equilibrium, we believe that our data
strongly support the hypothesis that the four focal individ-
uals did not originate from the study area. We cannot be
absolutely certain that the four animals had not dispersed
as a group from a nearby, differentiated population, but
we inferred the natural rate of dispersal into the study area
to be low, so that a good case can be made for the animals
having been introduced illegally.
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