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Abstract Stocking wild populations with domesticated
fish is a common practice that promotes variable levels of
introgression depending on the stocking intensity. The
detection of hybridization and introgression has recently
benefited from the application of Bayesian techniques
implemented in various software. However, few studies
have assessed their efficiency under various scenarios of
stocking in the wild. The objective of this study is to assess
quantitatively the effects of using two of the most widely
distributed software, STRUCTURE and NEwHYBRIDS, on the
level of introgression detected in wild brook charr (Salv-
elinus fontinalis) subjected to variable stocking intensities.
We first found differences in the efficiency of software
assignments based on simulated individuals, with STruc-
TURE performing better than NEwHYBRIDS. However, NEw-
HyBrips showed higher assignments accuracy than
StrUCTURE for the same sets of individuals. Thus, our
results suggest that these software should be used in
combination to assess the effects of stocking. Indeed,
STRUCTURE is particularly relevant to evaluate the presence
of hybrids in wild populations, whereas NEwHYBRIDS might
be preferred to accurately assess the number of hybrids
present in a sample. When applied to wild populations,
STRUCTURE assigned more individuals than NEwHYBRIDS to
the wild category. Moreover, the proportions of assigned
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domestic and hybrid individuals were higher in more
intensively stocked lakes, whereas the opposite trend was
observed for wild individuals.
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Introduction

Introductions and supplementations from exogenous indi-
viduals in wild populations are common practices through-
out the world. In many cases, introductions are accidental
(i.e. escape of domesticated farm fish, reviewed in Weir and
Grant 2005). But in other instances, such practices have very
diverse objectives such as increasing the size of endangered
natural populations (Biebach and Keller 2009) or supple-
menting populations that are subject to harvesting (Grand-
jean et al. 2009). Yet, it is now widely recognized that
introductions of exogenous individuals could represent a
threat for natural populations, for example through hybrid-
ization and loss of genetic integrity (Hindar et al. 1991;
Ayres et al. 1999; Kidd et al. 2009; Marie et al. 2010). It is
therefore imperative to accurately document these effects in
wild populations.

In fish, hybridization has been intensively studied at the
intraspecific level, and especially in salmonids species
(Guyomard 1997; Hansen et al. 2001; Halbisen and Wilson
2009). Salmonids have a considerable economical and
recreational value and stocking of natural populations is
commonly performed with domesticated exogenous indi-
viduals. Hybridization between wild and domestic indi-
viduals could result in the modification of the genetic
integrity of populations and the loss of local adaptation
(Englbrecht et al. 2002; Fraser 2008; Marie et al. 2010;
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Bougas et al. 2010; Sauvage et al. 2010), which is a major
issue for the management of those populations.

The detection of hybridization and introgression has
benefited from the application of microsatellite markers
and the development of modern analytical approaches for
individual-based multi-locus analyses, such as population
assignment and clustering methods (Pritchard et al. 2000;
Hansen et al. 2001; Anderson and Thompson 2002; Susnik
et al. 2004; Vidhd and Primmer 2006). In general, to
accurately document hybridization and introgression, a
relatively large number of loci (i.e. microsatellite markers)
as well as a substantial level of genetic differentiation
between hybridizing populations (i.e. Fgt) is recom-
mended (reviewed in Vidhd and Primmer 2006). Among
the various analytical methods available, Bayesian tech-
niques have generally proven to be more efficient than
likelihood based approaches (Vidhd and Primmer 2006).
However, software implementing Bayesian approach, in
particular STRUCTURE (Pritchard et al. 2000) and NEgw-
HyBriDs (Anderson and Thompson 2002) differ in the
method they rely on for assignments. For example, the
widely used software STRUCTURE assigns the probability of
an individual to have a recent ancestry in two or more
populations. On the other hand, the software NEWHYBRIDS
evaluates the probability of one individual belonging to a
hybrid or parental classes. Moreover, previous studies
have emphasized that the efficiency (defined as the num-
ber of correctly identified individuals for a category over
the actual number of individuals belonging to that cate-
gory in the sample) and the accuracy (the number of
correctly identified individuals for a category over the
actual number of individuals assigned to that category) of
these software can differ greatly depending on the popu-
lation context (see Vidhd and Primmer 2006 for details).
Indeed, a number of studies compared the global effi-
ciency of methods to detect the level of admixture (Viha
and Primmer 2006; Burgarella et al. 2009; Sanz et al.
2009) as well as the importance of choosing an appro-
priate threshold probability to discriminate pure versus
introgressed individuals (Burgarella et al. 2009). However,
these were essentially qualitative in nature, and although
Sanz et al. (2009) demonstrated the impacts of variable
stocking intensity, the information provided on the
stocking history of each lake was binary (e.g. presence/
absence) with some degree of uncertainty.

The goal of this study is to complement previous efforts
by quantitatively assessing the impacts of employing dif-
ferent assignment software on the level of introgressive
hybridization being detected under well documented vari-
able stocking scenarios in the brook charr (Salvelinus
fontinalis). We have recently shown that stocking may
impact on affect the genetic integrity and genetic STRUC-
TURE of brook charr populations depending on its intensity
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(Marie et al. 2010). We thus quantitatively compared the
efficiency and accuracy of the software STRUCTURE and
NewHYBRIDS in detecting hybrids using simulated geno-
types from stocked individuals of domestic and wild origin.
We then specifically evaluated the level of admixture
within seven lakes with different stocking histories and
then compared the effects of different stocking practices
and software on the resulting level of hybridization being
detected.

Materials and methods
Sampling procedures

Sampling was conducted in the Portneuf wildlife Reserve
in Québec, Canada (47°09' N, 72°17' W; Fig. 1) in June
2007 and July 2008 (see Marie et al. 2010 for details of
sampling procedures). We selected lakes from two cate-
gories of stocking intensity: four moderately stocked and
three heavily stocked (Fig. 1). A moderately stocked lake
underwent stocking in less than 50% of years over the
past 15 years (from 1992 to 2007). On average, such type
of lake was stocked with 5819 + 3427 fish (mean + SD)
per year. A heavily stocked lake underwent stocking
events in more than 50% of the past 15 years (from 1992
to 2007) with on average 14926 £ 12930 stocked fish per
lake per year respectively (see Marie et al. 2010 for
details). We also sampled brook charr in four un-stocked
lakes (Fig. 1) to determine the wild genetic composition
of brook charr in the reserve (see below). Finally, a
sample of 51 domesticated brook charr was obtained from
the nearby Jacques-Cartier Hatchery (Québec, Canada).
Lakes in the Portneuf Reserve have been stocked exclu-
sively using fish from this hatchery, which allowed us to
accurately determine the genetic composition of the
parental group of domestic origin (see below). Tissue
samples (adipose fins) were preserved in 95% ethanol
until DNA extraction.

DNA extraction and microsatellite analyses

DNA was extracted from fin clips (5 mm2) using the salt-
ing out method of Aljanabi and Martinez (1997). A total of
866 brook charr from the reserve as well as all individuals
from the hatchery were genotyped using nine microsatellite
loci: sfoC129, sfoC113, sfoC88, sfoB52, sfoD75, sfoC24,
sfoC86, SCO218, sfoD100 as detailed in Marie et al.
(2010). PCR products were visualized using an AB 3130
capillary DNA sequencer (Applied Biosystems) and allele
size was established using the software Genemapper ver-
sion 4.0 (Applied Biosystems).
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Selection of wild and domestic individuals
for assignment tests

First, we selected wild and domestic individuals for each
lake independently with both STrRucCTURE (henceforth ST)
and NEwHysrips (NH) to simulate individuals of different
background (Fig. 2). Namely, each run of each software
included individuals from the stocked lake of interest (both
years pooled) and individuals of the potential parental
sources (Fig. 2). We considered wild individuals from four
un-stocked lakes (N = 316) of the Portneuf Reserve and
domestic individuals from the Jacques-Cartier Hatchery
(N = 51) as potential parental sources.

T2°20'W 72°10'W T2°0'W

We estimated the individual admixture proportions
(g-values) and their posterior probability intervals for each
individual in each stocked lake using ST. The number of
clusters for each lake was assessed using the ad hoc statistic
AK (see Evanno et al. 2005), which revealed the presence of
three clusters. Using a K = 3 allowed us to obtain a clear
discrimination between wild, potential hybrids and domes-
tic individuals (at least one group for each individual cat-
egory) and thus to properly select individuals belonging to
domestic and wild category for our simulations. In each
analysis, we used the admixture model with correlated
allele frequency with 250,000 steps of the Markov-Chain
preceded by a burnin-period of 100,000 steps.

Fig. 2 Summary of the

different steps used for |

Lake Individuals+ Wild and Domestic Individuals of Reference ‘

individual assignments. See text
for a detailed explanation. ST
STRUCTURE, NH NEWHYBRIDS,
ST-ST selection of parental
individuals with ST and
assignments with ST, ST-NH
selection of parental individuals
with ST and assignments with
NH, NH-ST selection of
parental individuals with NH
and assignments with ST,
NH-NH selection of parental

Selection of
parental individuals

Simulations

NEWHYBRIDS

II

individuals with NH and
assignments with NH

Assignments

HYBRIDLAB HYBRIDLAB
STRUCTURE NEWHYBRIDS STRUCTURE NEWHYBRIDS
(ST-ST) (ST-NH) (NH-ST) (NH-NH)
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We also performed the assessment of individual proba-
bility of belonging to a given group using NH. We ran the
analysis by specifying the genotype frequency category of
wild and domestic individuals (i.e. wild and domestic
individuals each forming a group). Each run of the Mar-
kov-Chain consisted in a burnin-period of 100,000 itera-
tions followed by 250,000 iterations and no prior species
information was assumed. Individuals belonging to a cat-
egory with a threshold > 70% were considered correctly
assigned (following Gunnell et al. 2008 and Gagnaire et al.
2009).

We selected source individuals for genotypes simula-
tions based on the recommendations from two previous
studies. Nielsen et al. (2003) recommended using between
30 and 50 individuals for each simulation to reduce biases.
Also, Vidhd and Primmer (2006) suggested a g-value
threshold < 0.1 (estimated using ST) to define parental
populations and to obtain both a good efficiency and
accuracy to detect hybrids in each lake. For analyses using
ST, we thus kept 36 domestic fish from the hatchery and 9
wild individuals from each of our four un-stocked lakes
(N = 36) and used g-values < 0.05 as a threshold to be
more stringent in our choice of individuals representing
parental populations. To be consistent in our analysis, we
also selected 36 individuals of each parental category to
run the analyses with NH. The selection of individuals in
this case was performed according to their probability of
belonging to a given category (i.e. between 98% and 100%
for wild and domestic individuals, data not shown). Fgt
between groups were calculated with FSTAT (version
2.9.3.2; Goudet 1995) using the 36 individuals selected for
each parental simulation of each software. Moreover, we
calculated the Fst for all individuals with a g-values
threshold of 0.05, estimated using ST and compared it
(Wilcoxon matched pair test) with the Fgr of the 36 indi-
viduals selected for each parental population to assess the
consequence of using different selection methods.

Simulations of different categories of individuals

To assess the relative performance of each software to
detect hybrids, we simulated individuals using HYBRID-
LAB 1.0 (Nielsen et al. 2001). Six groups of individuals
(pure wild, pure domestic, F; hybrids, F, hybrids and
reciprocal backcrosses: F1*wild parents and F1*domestic
parents) were simulated for each lake using the 36 indi-
viduals selected with ST and NH (Fig. 2). We performed
three sets of simulations to compare the global efficiency of
each software with different proportions of hybrids. First,
we generated group 1800 genotypes for each parental
group (SWI for simulated wild individuals and SDI for
simulated domestic individuals) and 100 genotypes of each
of the four hybrid groups (F1 and F2 hybrids, F1*wild
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parents (BWP) and Fl*domestic parents (BDP) back-
crosses), where hybrids represented 10% of all simulated
individuals. Then, we generated groups that comprised
higher proportions (40 and 67%) of hybrids to assess the
effect of having variable hybrids proportion in samples on
the software assignments capability. Samples including 40
and 67% of hybrids were represented by the simulation of
1000 genotypes for each parental group. And, 333 and
1000 genotypes for each hybrid group were respectively
simulated for samples with 40 and 67% of hybrids.

Admixture analyses from simulated individuals

Admixture analyses were carried out with each software
using the same settings as above. However, here we used a
g-values threshold of 0.1 with ST which allowed us to
define hybrid individuals as those having g-values >0.1 and
<0.9. For NH, we used a threshold > 0.7 to consider the
correctly assigned hybrids to their respective category. We
were especially interested in assessing the effect of soft-
ware used for the selection of individuals and then
admixture analyses on the resulting difference in hybrid
detection capability (for example comparing the perfor-
mance of a ST-ST combination to a NH-ST combina-
tion—see Fig. 2). We first applied a #-test to compare the
hybrid detection capability between samples with 10, 40
and 67% of hybrids. We then compared the efficiency and
the accuracy of ST and NH, both from the standpoint of
selecting individuals for simulations and for quantifying
admixture, as well for assessing the effect of stocking
intensity using simulated individual assignments. We used
an ANOVA (GenStat version 12; VSN intl.) with software
(ST-ST, ST-NH, NH-ST, NH-NH), stocking intensity
(MS or HS), category of individuals (domestic, wild or
hybrid), and their interactions as factors to assess differ-
ences in both efficiency and accuracy. Post-hoc Tukey tests
were performed when factors were deemed significant in
the ANOVA.

Admixture analyses using wild-caught samples

Finally, we used ST and NH to assess the proportions of
admixture in the seven lakes sampled. We used the same
setting as above for each software assuming a K = 2 with
ST and specifying the genotype frequency category of
domestic individuals with NH. We also included domestic
individuals (from the hatchery) in the analyses when
assigning individuals of each lake to a given category. We
used an ANOVA to assess the effects of the software,
stocking intensity and their interactions on the assignment
of each category of individuals (wild, hybrid and
domestic).
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Results

Pairwise Fgt between wild and domestic individuals
selected for simulations

STRUCTURE

The mean level of genetic differentiation (Fst) among wild
(the four un-stocked lakes) and domestic individuals was
0.220 £+ 0.032, and the average Fsr among un-stocked
lakes was 0.199 £ 0.109 (see also Marie et al. 2010). The
average Fgr value between the 36 most extreme selected
(based on g-values) wild and domestic individuals was
0.244 + 0.006 (P < 0.05; Table 1). In comparison, the
average Fgr value between individuals with a g-value
< 0.05 (from 267 to 276 wild individuals depending on
lake) and g-value >0.95 (from 37 to 45 domestic individ-
uals depending on the lake) was reduced to 0.193 £ 0.004
(P < 0.05; Table 1). This difference was significant (Z =
2.37, P = 0.018).

NEWHYBRIDS

The average Fgr value between wild and domestic indi-
viduals selected was 0.233 £ 0.036 (P < 0.05; Table 1). A
total of 95.6% of wild individuals (302 + 1.2 individuals)
and 98.3% of domestic individuals (50 & 1.1 individuals)
were defined as belonging respectively to the wild and
domestic category (data not shown). This level of differ-
entiation was similar to that obtained using 36 individuals
with ST (Z = 0.25, P = 0.80). However, this Fgt value
was greater than the level of differentiation obtained using

individuals with a g-value <0.05 in ST (Z = 2.20, P =
0.028).

Assignments of simulated individuals
Individuals selected using STRUCTURE

Using ST, over 99% of SWI and SDI were on average
respectively assigned to their category when the sample
comprised 10% of hybrids (Table 2a). Individuals that
were incorrectly assigned as SWI or SDI had respectively
g-values >0.1 and g-values <0.9. F1 hybrids were always
correctly assigned as being hybrids (99.4% + 0.1 on
average; data not shown). In contrast, the other types of
hybrids overlapped with the parental categories (higher
overlap for backcrosses with an average of 29.6% =+ 2.3;
data not shown). Compared to samples including 40 and
67% of hybrids, we found a significant difference for
assignments of SDI (P = 0.003 and P < 0.001 respec-
tively for 40 and 67% of hybrids), which was lower in
samples with more hybrids (Table 2b and c). Moreover,
assignments of SDI were significantly lower (P < 0.001) in
samples including 67% of hybrids than those including
40% of hybrids (Table 2b and c). Finally, significant dif-
ferences appeared between hybrids that overlapped with
parental categories, with lower overlap in samples includ-
ing 67% of hybrids than samples with 40 and 10% of
hybrids (P = 0.026; data not shown). There was also a
lower overlap in samples including 40% than samples with
10% of hybrids (P = 0.047; data not shown).

With 10% of hybrids present in the sample, on average
over 99% of SWI and SDI were correctly assigned to their

Table 1 Pairwise genetic

differentiation (Fst) between Lake STRUCTURE NEWHYBRIDS
wild and domestic individuals The first 36 Individuals with The first 36
for each lake obtained using individuals a g-value > 0.95 individuals
STrUCTURE (for the first 36
individuals selected and for all Heavily stocked lakes
i‘gig;‘;lﬁ; I‘G’;&;szﬁlsu&; e Belles-de-Jour 0.254 0.202 0.257
fflrs.t 36 individuals selected) Amanites 0.246 0.192 0.242
Methot 0.237 0.190 0.243
Average 0.246 0.194 0.247
Standard error 0.009 0.007 0.008
Moderately stocked lakes
Rivard 0.247 0.190 0.249
Veillette 0.242 0.191 0.153
Arcand 0.243 0.192 0.241
Circulaire 0.240 0.195 0.246
Average 0.243 0.192 0.223
Standard error 0.003 0.002 0.046
Global average 0.244 0.193 0.233
The averages and the standard  gyandard error 0.006 0.004 0.036

errors are given for all lakes
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Table 2 Percentage of simulated wild, hybrid and domestic individ-
uals that were assigned respectively to the wild, hybrid and domestic

individuals selected with either STRUCTURE or NEwHYBRIDS for
samples including (a) 10% of hybrids, (b) 40% of hybrids and

category with STRUuCTURE (ST) and NewHysribs (NH), using

(c) 67% of hybrids

Lake Individuals selected with STRUCTURE Individuals selected with NEWHYBRIDS
SWI Hybrids SDI SWI Hybrids SDI
ST NH ST NH ST NH ST NH ST NH ST NH
(@)
Heavily stocked lakes
Belles-de-Jour 100.0 100.0 85.3 66.5 99.6 99.6 99.9 100.0 84.0 59.5 99.8 99.9
Amanites 100.0 100.0 87.0 55.3 99.4 99.8 100.0 100.0 80.8 60.5 99.4 99.4
Methot 100.0 100.0 82.8 63.8 99.7 99.4 100.0 100.0 86.3 65.8 99.4 99.4
Average 100.0 100.0 85.0 61.9 99.6 99.6 100.0 100.0 83.7 61.9 99.5 99.6
Standard error 0.0 0.0 2.1 5.8 0.2 0.2 0.1 0.0 2.8 34 0.2 0.3
Moderately stocked lakes
Rivard 100.0 100.0 83.3 58.0 99.7 99.7 100.0 100.0 84.0 54.5 99.6 99.7
Veillette 100.0 99.9 85.0 56.3 99.6 99.7 96.7 98.7 63.3 21.8 97.6 98.9
Arcand 100.0 100.0 86.8 58.0 99.7 99.8 100.0 100.0 87.0 64.0 99.8 99.7
Circulaire 99.6 99.5 74.3 40.0 99.2 99.3 100.0 100.0 85.0 67.3 99.6 99.7
Average 99.9 99.9 82.4 53.1 99.6 99.6 99.2 99.7 79.8 51.9 99.2 99.5
Standard error 0.2 0.2 5.6 8.8 0.2 0.2 1.7 0.7 11.1 20.8 1.0 0.4
Global average 99.9 99.9 83.5 56.8 99.6 99.6 99.5 99.8 81.5 56.2 99.3 99.5
Standard error 0.2 0.2 44 8.5 0.2 0.2 1.2 0.5 8.3 15.8 0.8 0.3
(b)
Heavily stocked lakes
Belles-de-Jour 100.0 100.0 89.4 69.7 98.3 96.2 99.8 99.7 91.0 71.5 97.9 96.7
Amanites 100.0 100.0 88.3 60.3 97.5 98.6 99.9 99.7 89.8 63.5 96.9 98.3
Methot 100.0 99.9 89.0 64.0 97.4 98.0 99.8 99.9 89.4 64.5 97.9 97.0
Average 100.0 100.0 88.9 64.7 97.7 97.6 99.8 99.8 90.1 66.5 97.6 97.3
Standard error 0.0 0.1 0.6 4.7 0.5 1.2 0.1 0.1 0.8 4.4 0.6 0.9
Moderately stocked lakes
Rivard 100.0 99.8 89.3 64.4 97.0 94.9 99.6 99.5 89.8 60.2 98.4 98.9
Veillette 100.0 99.9 88.0 55.3 97.3 98.5 82.9 97.5 86.9 30.3 83.2 97.0
Arcand 99.8 99.5 89.8 62.6 98.0 98.0 99.7 99.8 89.4 61.1 96.9 97.9
Circulaire 95.8 97.9 85.4 38.7 93.9 98.1 100.0 100.0 88.1 64.0 98.6 98.4
Average 98.9 99.3 88.1 55.3 96.6 97.4 95.6 99.2 88.6 539 94.3 98.1
Standard error 2.1 0.9 2.0 11.7 1.8 1.7 8.4 1.2 1.3 15.8 74 0.8
Global average 99.4 99.6 88.5 59.3 97.1 97.5 97.4 99.4 89.2 59.3 95.7 97.7
Standard error 1.6 0.8 1.5 10.1 1.5 14 6.4 0.9 1.3 133 5.5 0.8
©
Heavily stocked lakes
Belles-de-Jour 100.0 99.9 93.8 64.8 89.6 93.2 100.0 99.9 93.7 64.9 89.9 93.2
Amanites 99.4 99.6 93.5 63.5 90.6 94.5 99.0 99.2 93.8 64.8 91.1 94.7
Methot 99.5 99.7 94.0 63.4 88.6 94.6 99.4 99.6 934 67.7 90.6 93.8
Average 99.6 99.7 93.8 63.9 89.6 94.1 99.5 99.6 93.6 65.8 90.5 93.9
Standard error 0.3 0.2 0.3 0.8 1.0 0.8 0.5 0.4 0.2 1.6 0.6 0.8
Moderately stocked lakes
Rivard 99.6 99.4 92.8 61.1 92.8 94.7 97.5 98.7 93.8 61.9 89.2 94.4
Veillette 98.5 98.8 93.6 57.0 89.4 92.6 61.5 98.8 95.9 57.0 62.7 92.6
Arcand 99.0 99.1 93.8 65.2 92.7 94.7 99.8 99.8 93.0 67.8 92.0 94.4
Circulaire 82.2 97.9 92.9 394 79.1 95.7 82.4 97.9 92.9 39.3 79.0 95.7
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Table 2 continued

Lake Individuals selected with STRUCTURE Individuals selected with NEwWHYBRIDS
SWI Hybrids SDI SWI Hybrids SDI
ST NH ST NH ST NH ST NH ST NH ST NH
Average 94.8 98.8 933 55.7 88.5 94.4 85.3 98.8 93.9 56.5 80.7 94.3
Standard error 8.4 0.6 0.5 11.4 6.5 1.3 17.6 0.8 14 12.3 13.3 1.3
Global average 96.9 99.2 93.5 59.2 89.0 94.3 91.4 99.1 93.8 60.5 84.9 94.1
Standard error 6.5 0.7 0.5 9.2 4.6 1.0 14.6 0.7 1.0 10.1 10.7 1.0

The means and standard errors are given for all lakes. SWI simulated wild individuals, SDI simulated domestic individuals

respective category using NH (Table 2a). However, the
percentage of correct assignment of hybrids to their
respective category was generally smaller (from 10% for
BDP to 76% for F1; data not shown). Although the global
assignment of hybrids was relatively low (59.2% =+ 9.2;
Table 2a), almost every F1 hybrids were assigned to the
hybrids categories, whereas some individuals of other
hybrid categories overlapped with the parental classes (data
not shown). Compared to the assignments comprising 40
and 67% of hybrids, assignments of SDI (P = 0.007 and
P < 0.001 respectively for 40 and 67% of hybrids) and
BDP (P = 0.005 for 67% of hybrids) were significantly
different (correct assignment of SDI lower in samples with
40 and 67% of hybrids, Table 2b and c; and opposite trend
for BDP with 67% of hybrids, data not shown). Moreover,
assignments of SDI differed between samples including 40
and 67% of hybrids (P = 0.003), with lower assignments
at 67% of hybrids (Table 2b and c). Moreover, the pro-
portion of BDP overlapping with the parental categories
was significantly lower in samples with 67% of hybrids
than in samples with 10% of hybrids (P = 0.004). Simi-
larly, the proportion of BDP and F2 hybrids overlapping
with the parental categories in samples including 40% of
hybrids were significantly lower than in samples with 10%
of hybrids (P = 0.011 and P = 0.021, respectively, data
not shown).

Individuals selected using NEWHYBRIDS

Using ST, on average over 99% of SWI and SDI were
assigned to their parental category (Table 2a). Some of the
incorrectly assigned hybrids also overlapped with the
parental categories (higher overlap for backcrosses with an
average of 31.7% = 1.3; data not shown). Compared to the
samples including 40 and 67% of hybrids, the t-tests
revealed significant differences between methods for
assignments of SDI (P = 0.005 and P = 0.009 respectively
for 40 and 67% of hybrids), with on average fewer correctly
assigned individuals in samples including 40 and 67% of
hybrids (95.7% £+ 5.5 and 84.9% =+ 10.7 respectively;

Table 2b and c) than in 10% samples (99.3 & 0.8). More-
over, results showed significant differences between hybrid
individuals overlapping with the parental categories (lower
proportion of overlap in samples including 67% of hybrids;
P < 0.001; data not shown). Similarly, the proportion of
hybrids overlapping with the parental categories was sig-
nificantly lower in samples with 40% of hybrids than in
samples with 10% (P < 0.001; data not shown).

With NH, over 99% of SWI and SDI on average were
correctly assigned to their respective category, whereas the
proportion of hybrids assigned to the hybrid category was
lower (60.5% =+ 10.1; Table 2a). Simulated hybrids were
again assigned in lower proportion to their respective class
(from 18% for BDP to 76% for F1; data not shown).
Moreover, some hybrid individuals overlapped with the
parental classes (from 2% for F1 to 10% for backcrosses;
data not shown). Our comparisons with samples including
40% and 67% of hybrids showed significant differences
between assignments for the SDI (P = 0.001 and
P < 0.001), which were lower in samples with 40% and
67% of hybrids (97.7% =+ 0.8; Table 2b and 94.1% =+ 1.0;
Table 2c, respectively).

Comparisons of assignment methods

As our results revealed that the clear identification of F2
hybrids and backcrosses was problematic (misidentification
in their respective category and overlap with the parental
populations), we pooled hybrids (F1, F2 and backcrosses
assigned to the hybrid categories) in a same hybrid cate-
gory for subsequent analyses.

Efficiency

The results of analyses including 10% of hybrids showed a
significant difference in the assignment efficiency between
methods according to the category of individuals (P <
0.001; Table 3b). The Tukey test showed that the propor-
tions of assigned wild and domestic individuals (on aver-
age 99.8% =+ 0.7 and 99.5% + 0.4 respectively) were
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Table 3 Effects of software, stocking intensity, individuals category
(wild, hybrid or domestic) and their interaction on the efficiency
(number of correctly assigned individuals for a category over the
actual number of individuals of that category in the sample) and
accuracy (number of correctly identified individuals for a category
over the actual number of individuals assigned to that category) of
assignment of simulated individuals for samples including (a) 10% of
hybrids, (b) 40% of hybrids and (c) 67% of hybrids

F-statistic d.f.  P-value
(a)
Efficiency
Software 7.13 3 < 0.001
Individuals category 117.08 < 0.001
Software * Individuals category 16.01 < 0.001
Accuracy
Software 2.81 3 0.045
(b)
Efficiency
Software 6.83 3 < 0.001
Individuals category 63.42 < 0.001
Software * Individuals category 26.15 < 0.001
Accuracy
Software 5.28 3 0.002
Individuals category 24.97 < 0.001
Stocking intensity 8.06 0.006
©
Efficiency
Software 2.79 3 0.046
Individuals category 20.63 2 < 0.001
Software * Individuals category 28.26 6 < 0.001
Accuracy
Software 12.51 3 < 0.001
Individuals category 35.07 < 0.001
Stocking intensity 11.89 1 < 0.001

Results from the final model including significant terms are presented
(from ANOVAs with the corresponding F-statistic)

higher than hybrid individuals (on average 69.5% =+ 16.3;
P < 0.001). Moreover, our analyses showed a significant
effect of software on assignment efficiency (P < 0.001;
Table 3). Indeed, post-hoc analyses revealed significantly
higher efficiency in four cases: ST-ST > ST-NH (on
average 94.3% =+ 8.2 and 85.5% =+ 21.2 respectively;
P < 0.001); ST-ST > NH-NH (on average 94.3% =+ 8.2
and 85.2% = 22.7 respectively; P < 0.001); NH-ST >
ST-NH (on average 93.4% £ 9.8 and 85.5% =+ 21.2
respectively; P < 0.001); NH-ST > NH-NH (on average
93.4% =+ 9.8 and 85.2% =+ 22.7 respectively; P < 0.001).
Others comparisons did not show significant differences
(P > 0.96). Our results thus suggest that ST is more
effective than NH at quantifying admixture when a small
proportion of hybrids (10%) are present in the sample. A
significant interaction between software and the category
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of individuals was also revealed (P < 0.001). More spe-
cifically, using ST to assign individuals, the proportions of
assigned hybrids (on average 82.5% =+ 6.4) was higher
(P < 0.001) than using NH (on average 56.5% =+ 12.2),
whereas no difference between software appeared for the
assignments of wild and domestic individuals (all P >
0.99). Similar results concerning the assignment efficiency
were obtained with 40% and 67% of hybrids in the sample
(data not shown). Thus, our results generally suggest that
the software performance is driven by the hybrid
individuals.

Accuracy

In samples with 10% of hybrids, the assignment accuracy
differed only between software (P = 0.045; Table 3) and
the only post-hoc significant (P = 0.035) comparison was
found between ST-NH (on average 99.1% =+ 1.1) and
NH-ST (on average 96.3% = 6.0). Contrastingly, in sam-
ples including 40% and 67% of hybrids, the accuracy of
assignments differed significantly between individual cat-
egories (both P < 0.001; Table 3). For both 40% and 67%
of hybrids, the accuracy was significantly higher for
hybrids (98.0% =+ 4.4 and 94.7% =+ 5.8) than wild indi-
viduals (94.2% =+ 5.4 and 87.0% =+ 10.2; P = 0.006 and
P < 0.001) and domestic individuals (90.2% =4 3.9 and
80.6% = 7.1; P <0.001 and P < 0.001). Moreover, the
accuracy of wild individuals was also higher than domestic
individuals (P = 0.004 and P = 0.001 respectively for
40% and 67% of hybrids). Our results revealed also sig-
nificant differences between software (P = 0.002 and
P < 0.001 respectively for 40% and 67% of hybrids;
Table 3). For samples including 40 and 67% of hybrids
respectively, the accuracy of assignments was lower for
NH-ST (on average 93.4% + 7.1 and 81.8% =+ 10.3,
respectively) than NH-NH (on average, 95.7% =+ 5.5,
P =0.031 and 91.5% =+ 9.4, P < 0.001, respectively) and
ST-NH (on average, 96.1 £+ 4.4, P = 0.013 and 91.5% =+
9.1, P <0.001, respectively). For samples with 67% of
hybrids, the accuracy of assignments were significantly
higher for NH-NH (on average 91.5% = 9.4) than ST-ST
(84.9% + 6.4; P = 0.011), as well as higher for ST-NH
(on average 91.5% =+ 9.1) than ST-ST (84.9% + 6.4;
P = 0.011). Other comparisons between software, for
samples with 40% and 67% of hybrids, did not differ sig-
nificantly (all P > 0.14). Thus, our analyses suggest that
NH accuracy is greater than ST when assigning individu-
als. Moreover, the accuracy of assignment also increased
significantly with stocking intensity (P = 0.006 and
P < 0.001 respectively for 40 and 67% of hybrids;
Table 3). For the highly stocked lakes, the software accu-
racy was of 95.6% =+ 3.6 and 90.2% =+ 6.5 while it drop-
ped to 93.1% £ 6.5 and 85.4% =+ 11.2 for moderately
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stocked lakes, respectively for samples including 40 and
67% of hybrids.

Assignments using wild-caught samples

ANOVA results showed a significant difference between
software in terms of number of wild individuals assigned
(see Table 4). The number of wild individuals assigned
was significantly higher when using ST (74.2% =+ 27.8)
than with NH (57.2% =+ 42.9) (Table 5). As expected, the
proportion of wild individuals assigned decreased signifi-
cantly with stocking intensity (P < 0.001; Table 4). Using
ST, the moderately stocked lakes exhibited a proportion of
96.4% =+ 3.0 of wild fish whereas the heavily stocked lakes
included 44.6% =+ 3.5 of wild fish (Table 5). With NH,
wild fish represented 89.4% =+ 6.8 of individuals in the
moderately stocked lakes and 14.4% =+ 24.9 in the heavily
stocked lakes (Table 5). Conversely, the number domestic
and hybrid individuals increased significantly with the
stocking intensity (P < 0.001 and P = 0.010 respectively
for the domestic and hybrid individuals; Table 4). The
moderately stocked lakes showed no domestic individuals
and 5.7% =+ 4.6 hybrid individuals on average (Table 5).
The heavily stocked lakes exhibited on average
38.0% £ 15.0 domestic individuals and 27.3% =+ 19.5
hybrid individuals (Table 5).

Discussion

This study aimed to quantitatively assess the impacts of
employing different assignment software on the level of
introgressive hybridization being detected under variable

Table 4 Effects of software, stocking intensity and their interaction
on categorical assignment of wild, hybrids and domestic individuals
sampled from lakes in the Portneuf Reserve Quebec, Canada

F-statistic d.f. P-value

Wild individuals

Software 5.82 1 0.035

Stocking intensity 80.00 1 < 0.001

Software * Stocking intensity 3.22 1 0.103
Hybrid individuals

Software 1.46 1 0.252

Stocking intensity 9.38 1 0.010

Software * Stocking intensity 0.47 1 0.507
Domestic individuals

Software 0.23 1 0.638

Stocking intensity 52.92 1 < 0.001

Software * Stocking intensity 0.29 1 0.601

Results from ANOVAs are presented with the corresponding
F-statistic

stocking practices in the brook charr. Our analyses revealed
that the software STrRucTURE (ST) has a higher efficiency in
assigning individuals than NewHysrips (NH), both when
samples contained a low (10%), intermediate (40%) or high
(67%) proportion of hybrids. This difference in efficiency
was mainly related to the much higher assignment of
hybrids individuals when using ST than with NH. How-
ever, our results also suggested that NH was more accurate
than ST in assigning individuals, especially when the
proportion of hybrids in the sample was high. Interestingly,
under this same scenario, the assignment accuracy
increased with the stocking intensity in the sample. Finally,
when applied to wild populations, ST assigned more indi-
viduals than NH to the wild category. As expected, the
proportion of individuals assigned to the domestic and
hybrid categories increased with the stocking intensity,
whereas the opposite trend was observed for wild
individuals.

Selection of individuals for simulations

Our results revealed the importance of choosing a strict
threshold when using ST in order to meet the criteria
suggested by Vihd and Primmer (2006). Indeed, these
authors recommended a minimal level of genetic diver-
gence (Fgr) between parental populations of 0.21 and 0.12
using respectively 12 and 21 microsatellite loci to detect
hybrids. Here, with nine loci and using only individuals
with g-value <0.05, we achieved a Fgt of 0.24 using ST
and 0.23 using NH. Our results thus suggest that even with
the typical number of loci (6-10) used in previous studies
(see Sanz et al. 2009), sufficient resolution could be
achieved when performing admixture analyses.

Detection of simulated hybrids

Analyses performed with 10, 40 or 67% of simulated
hybrids showed that both software could adequately detect
F1 hybrids, but that the power of detection of the sub-
sequent generations (F2 hybrids and backcrosses) was
much more limited. With each software, F2 and back-
crosses hybrids overlapped with the parental populations
and the proportion of overlap was higher with lower pro-
portion of hybrids in the sample (see also Vihda and
Primmer 2006). In general, the overlap was higher for
backcrosses, which can be potentially attributed to the
repeated backcrosses of admixed individuals with indi-
viduals of parental populations (Oliveira et al. 2008).
Similar results were found in others studies (Vidhd and
Primmer 2006; Oliveira et al. 2008; reviewed in Randi
2008; Burgarella et al. 2009; Sanz et al. 2009), and it is
likely that the power in the detection of F2 and backcross
hybrids could be raised by increasing the number of loci,
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Table S Number of assigned individuals and categorical assignments of individuals (wild, hybrid and domestic individuals in percentage) of
each lake obtained with STRUCTURE (g-values >0.9 or <0.1) and NEwHYBRIDs (threshold of 0.7)

Lake Number of individuals

Categorical assignment

Wild individuals

Hybrids individuals Domestic individuals

ST NH ST NH ST NH
Heavily stocked lakes
Belles-de-Jour 81 432 0 9.9 444 46.9 53.1
Amanites 88 42.0 43.2 13.6 6.8 443 443
Methot 101 48.5 0 37.6 51.5 13.8 25.7
Average 90 44.6 14.4 20.4 34.2 35.0 41.0
Standard error 35 24.9 15.0 24.0 18.4 14.0
Moderately stocked lakes
Rivard 46 97.8 84.8 22 13 0 0
Veillette 101 99.0 99.0 1.0 0 0 0
Arcand 56 96.4 89.3 3.6 8.9 0 0
Circulaire 77 92.2 84.4 7.8 9.1 0 0
Average 70 96.4 89.4 3.7 7.8 0 0
Standard error 3.0 6.8 3.0 5.5 0 0
Global average 78.6 74.2 57.2 10.8 19.1 15.0 17.6
Standard error 27.8 429 12.6 20.2 21.5 234

The mean percentage of assignments and standard error are given for the heavily and moderately stocked lakes

given the genetically proximity of the parental populations,
as suggested by several studies (Viha and Primmer 2006;
Oliveira et al. 2008; Randi 2008; Burgarella et al. 2009).
However, it is noteworthy that Albert et al. (2006) were not
able to tell apart F2 from BC interspecific hybrids between
American (Anguilla rostrata) and European ell (A. angu-
illa) even when using 373 AFLP markers. Moreover, the
extent of misclassification of hybrids may be also reduced
by using a more severe threshold to increase the accuracy
at the expense of efficiency (Vdhd and Primmer 2006;
Burgarella et al. 2009).

Efficiency and accuracy of software

Our quantitative assessment of software efficiency revealed
significant differences among software combinations. More
specifically, we found that ST showed a higher efficiency
than NH, especially when assigning hybrid simulated
individuals, both under scenarios of low, intermediate and
high proportion of hybrids. Burgarella et al. (2009) previ-
ously showed that when a low proportion of hybrids were
present in their sample (2%), the efficiency of ST was
higher than NH. Also, Vdha and Primmer (2006) showed
that both software possessed a similar efficiency when the
proportion of hybrids was around 10% in the sample but
that NH efficiency decreased more rapidly than ST when
the proportion of hybrids was smaller (1%). Thus, our
results, in combination with previous published evidences,

@ Springer

suggest that ST should generally show a greater efficiency
and be less prone to fluctuations in the number of hybrids
present in the sample. We also found that NH was more
accurate than ST to assign simulated individuals, as sup-
ported previously (Vdhd and Primmer 2006; Burgarella
et al. 2009). Differences in the performance of software
could be mainly explained by their respective modelling
approaches rather than by their algorithms, which are
equivalent. The main difference stands in the underlying
assumption of each software with respect to the presence of
hybrids in the populations. Indeed, NH models evaluate
directly the posterior probability that each individual
belongs to a parental or hybrid class, because it assumes
that hybridization is occurring in the populations studied.
On the other hand, the ST models evaluate the posterior
probability of an individual of belonging to a popula-
tion, without assumptions regarding the presence of
hybridization.

Thus, ultimately the choice of the software to detect
hybrids will clearly depend on the main objective of the
study. The high efficiency of ST should be appealing for
conservation studies aiming to assess the presence of
hybrids in wild populations, especially given the difficulty
to predict a priori the proportion of expected hybrids in
such samples (see Marie et al. 2010, for example). Alter-
natively, the use NH should be favored in studies where
hybridization is known to occur and where the main aim is
to accurately assess the number of hybrids present in a
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subset of individuals (see Adams et al. 2007, for example).
Obviously, the availability of parental baseline genetic
information should increase the efficiency and accuracy of
software as estimations of allele frequencies are done
without errors in such cases.

Effect of stocking intensity on the efficiency
and the accuracy of software

We found no effect of stocking intensity on the software’s
assignment efficiency. Previous studies showed qualita-
tively that the efficiency of software may be influenced by
the proportion of hybrids in the sample but in equivocal
fashion. For example, Vidha and Primmer (2006) showed that
the efficiency of software decreased when fewer hybrids
were present. At the opposite, Sanz et al. (2009) showed that
the efficiency of the assignment method was reduced with
greater levels of introgression in the samples. Our analyses,
however, revealed a significant effect of stocking intensity
on the assignment accuracy in samples including 40 and 67%
of hybrids. The accuracy was higher in heavily stocked lakes
than in moderately stocked lakes, suggesting that a greater
resolution is achieved with more hybridization in the sample.

Our study represents the first quantitative assessment of
the assignment accuracy with different proportions of
hybrids in samples and thus further studies are required to
conclude on the generality of our findings. Yet, our con-
clusions are somewhat different from those reached by
Vihi and Primmer (2006) and Sanz et al. (2009). Several
technical reasons could explain these differences and here
we emphasize only the most obvious ones. First, the three
studies differ in terms of proportions of simulated hybrids.
In their study, Sanz et al. (2009) used only one proportion
of simulated hybrids (about 29%) whereas Vihd and
Primmer (2006) investigated a range of hybrid proportion
varying between 1% versus 10% that was smaller than the
range we covered here (10% vs. 40% vs. 67%). Second, our
study is the only one that pooled the second generation (or
more) hybrids for the analyses, given the problems related
to discriminating hybrid status beyond the F2 generation.
Finally, the accuracy of stocking intensity differs among
studies. Sanz et al. (2009) considered the stocking intensity
as being binary (presence or absence), whereas we used
different level of stocking (moderately or highly stocked).

Assessment of hybridization in wild populations

Our admixture analyses revealed that the assigned pro-
portions of wild, hybrid and domestic individuals were
significantly influenced by the stocking intensity at a given
location. More specifically, and as expected, our results
showed that the proportion of wild individuals was sig-
nificantly higher in moderately stocked lakes than in

heavily stocked lakes, whereas the opposite trend appeared
for the domestic and hybrid individuals. Thus, these results
confirm the genetic impact of the stocking practices on
wild populations, with a greater potential of introgressive
hybridization in heavily stocked lakes rather than moder-
ately stocked lakes. Similar conclusions were reported by
Marie et al. (2010), who showed that the mean individual
admixture of brook charr in lakes of two wildlife reserves
in Quebec (Canada) increased significantly with the num-
ber of stocking events performed in these lakes. Hansen
and Mensberg (2009) also showed that rivers that were
more intensely stocked with brown trout (Salmo trutta)
showed higher levels of introgression.

Based on our results from simulated individuals, we
expected that ST would perform better than NH in terms of
assignment efficiency since stocking in our lakes result in the
presence of hybrids in our sample. Yet, the only difference in
individual’s assignment was found for wild individuals for
which the number of individuals assigned was higher with
ST than NH. This was especially evident in heavily stocked
lakes where ST assigned on average three times as many
wild individuals than NH (Table 5). Such difference,
reflecting a possible trade-off between efficiency and accu-
racy, is a little worrying as it could greatly impact interpre-
tations on the consequences of stocking. Indeed, if ST was
the software used to conduct admixture analyses, one could
conclude that wild individuals are still common under con-
ditions of intense stocking. Yet, if the analyses were per-
formed with NH only, the main conclusion would be totally
opposite: that intense stocking reduce the number of wild
individuals detected. Thus, in order to efficiently understand
the effect of stocking it might be necessary to use the two
software in combination: using first ST to detect the presence
of hybrids and then NH to assess the number of hybrids.
Other studies also showed differences between simulations
and real case scenarios. Sanz et al. (2009), for example,
compared the efficiency of four Bayesian assignment
methods to detect the level of admixture in stocked popu-
lations of brown trout in Spain. From simulated individuals,
the authors showed that any combination of markers and
methods gave qualitatively similar conclusions, whereas ST
seemed to be the best choice to detect admixture in wild
populations. Thus, even though simulations can help to
choose the software with the best performances, our study
and that of Sanz et al. (2009) suggest that results obtained
under real contexts can sometimes provide inconsistent
results.

Conclusion

When aiming at assessing the level of introgression
between genetically related parental populations of the
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same species (e.g. wild and domestic populations), the
choice of an appropriate threshold to select individuals for
simulations appeared to be of importance to respect the
recommendations of Vdha and Primmer (2006) and should
thus be tested a priori. Our results confirmed previously
published evidences that a high number of microsatellite
loci is required in order to go beyond the detection of F1
hybrids (Vdhd and Primmer 2006; Oliveira et al. 2008;
Burgarella et al. 2009; Sanz et al. 2009). Analyses of
efficiency suggested that ST should be used when per-
forming admixture analyses independently of the expected
proportion of hybrids in the sample. Moreover, it appeared
that NH had a higher accuracy, which increased with
stocking intensity. Our results also confirmed the genetic
impact of the stocking practices on wild populations, with a
greater introgressive hybridization in lakes subjected to
intensive stocking. Yet, the differences detected among
software in terms of number of wild individuals assigned
suggest that simulations and real case scenarios might
provide contrasted results.
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