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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-

HYBRIDS 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

domestic and hybrid individuals were higher in more

intensively stocked lakes, whereas the opposite trend was

observed for wild individuals.

Keywords Admixture � Brook charr � Microsatellites �
NEWHYBRIDS � Stocking � STRUCTURE

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; Vähä 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. FST) is recom-

mended (reviewed in Vähä and Primmer 2006). Among

the various analytical methods available, Bayesian tech-

niques have generally proven to be more efficient than

likelihood based approaches (Vähä and Primmer 2006).

However, software implementing Bayesian approach, in

particular STRUCTURE (Pritchard et al. 2000) and NEW-

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 Vähä and Primmer 2006 for details).

Indeed, a number of studies compared the global effi-

ciency of methods to detect the level of admixture (Vähä

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

(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�090 N, 72�170 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 STRUCTURE (henceforth ST)

and NEWHYBRIDS (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.

We estimated the individual admixture proportions

(q-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

DK (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. 1 Geographical locations

of lakes within the Portneuf

wildlife Reserve in Québec,

Canada. BEL Belles-de-Jour

Lake, AMA Amanites Lake,

MET Methot Lake, RIV Rivard

Lake, VEI Veillette Lake, ARC
Arcand Lake, CIR Circulaire

Lake, CAR Caribou Lake, LAN
Langoumois Lake, SOR Sorbier

Lake, MAI Main de Fer Lake

Fig. 2 Summary of the

different steps used for

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

individuals with NH and

assignments with 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 C 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, Vähä and Primmer (2006) suggested a q-value

threshold B 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 q-values B 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). FST

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 q-values

threshold of 0.05, estimated using ST and compared it

(Wilcoxon matched pair test) with the FST 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, F1 hybrids, F2 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

parents (BWP) and F1*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

q-values threshold of 0.1 with ST which allowed us to

define hybrid individuals as those having q-values[0.1 and

\0.9. For NH, we used a threshold C 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 t-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 FST 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 FST among un-stocked

lakes was 0.199 ± 0.109 (see also Marie et al. 2010). The

average FST value between the 36 most extreme selected

(based on q-values) wild and domestic individuals was

0.244 ± 0.006 (P \ 0.05; Table 1). In comparison, the

average FST value between individuals with a q-value

B 0.05 (from 267 to 276 wild individuals depending on

lake) and q-value C0.95 (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 FST 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 FST value

was greater than the level of differentiation obtained using

individuals with a q-value B0.05 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

q-values [0.1 and q-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

wild and domestic individuals

for each lake obtained using

STRUCTURE (for the first 36

individuals selected and for all

individuals with a q-values

C0.95) and NEWHYBRIDS (for the

first 36 individuals selected)

The averages and the standard

errors are given for all lakes

Lake STRUCTURE NEWHYBRIDS

The first 36

individuals

Individuals with

a q-value C 0.95

The first 36

individuals

Heavily stocked lakes

Belles-de-Jour 0.254 0.202 0.257

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

Standard error 0.006 0.004 0.036
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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

category with STRUCTURE (ST) and NEWHYBRIDS (NH), using

individuals selected with either STRUCTURE or NEWHYBRIDS for

samples including (a) 10% of hybrids, (b) 40% of hybrids and

(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

(a)

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 3.4 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 4.4 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 53.9 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 7.4 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 1.4 6.4 0.9 1.3 13.3 5.5 0.8

(c)

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 93.4 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 39.4 79.1 95.7 82.4 97.9 92.9 39.3 79.0 95.7
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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

Table 2 continued

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

Average 94.8 98.8 93.3 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 1.4 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

Conserv Genet

123



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 C 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

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 C

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% ± 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 C 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

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 2 \ 0.001

Software * Individuals category 16.01 6 \ 0.001

Accuracy

Software 2.81 3 0.045

(b)

Efficiency

Software 6.83 3 \ 0.001

Individuals category 63.42 2 \ 0.001

Software * Individuals category 26.15 6 \ 0.001

Accuracy

Software 5.28 3 0.002

Individuals category 24.97 2 \ 0.001

Stocking intensity 8.06 1 0.006

(c)

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 2 \ 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)
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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

stocking practices in the brook charr. Our analyses revealed

that the software STRUCTURE (ST) has a higher efficiency in

assigning individuals than NEWHYBRIDS (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 Vähä and Primmer (2006). Indeed, these

authors recommended a minimal level of genetic diver-

gence (FST) 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 q-value \0.05, we achieved a FST 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 Vähä 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 (Vähä 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,

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
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given the genetically proximity of the parental populations,

as suggested by several studies (Vähä 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 (Vähä 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, Vähä 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,

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 (Vähä 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

Table 5 Number of assigned individuals and categorical assignments of individuals (wild, hybrid and domestic individuals in percentage) of

each lake obtained with STRUCTURE (q-values C0.9 or B0.1) 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 43.2 0 9.9 44.4 46.9 53.1

Amanites 88 42.0 43.2 13.6 6.8 44.3 44.3

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 3.5 24.9 15.0 24.0 18.4 14.0

Moderately stocked lakes

Rivard 46 97.8 84.8 2.2 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 42.9 12.6 20.2 21.5 23.4

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

Vähä 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 Vähä 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 Vähä 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 (Vähä 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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Vähä JP, Primmer CR (2006) Efficiency of model-based Bayesian

methods for detecting hybrid individuals under different hybrid-

ization scenarios and with different numbers of loci. Mol Ecol

15:63–72

Weir LK, Grant JWA (2005) Effects of aquaculture on wild fish

populations: a synthesis of data. Environ Rev 13:145–168

Conserv Genet

123


	Empirical assessment of software efficiency and accuracy to detect introgression under variable stocking scenarios in brook charr (Salvelinus fontinalis)
	Abstract
	Introduction
	Materials and methods
	Sampling procedures
	DNA extraction and microsatellite analyses
	Selection of wild and domestic individuals for assignment tests
	Simulations of different categories of individuals
	Admixture analyses from simulated individuals
	Admixture analyses using wild-caught samples

	Results
	Pairwise FST between wild and domestic individuals selected for simulations
	Structure
	NewHybrids

	Assignments of simulated individuals
	Individuals selected using Structure
	Individuals selected using NewHybrids

	Comparisons of assignment methods
	Efficiency
	Accuracy

	Assignments using wild-caught samples

	Discussion
	Selection of individuals for simulations
	Detection of simulated hybrids
	Efficiency and accuracy of software
	Effect of stocking intensity on the efficiency and the accuracy of software
	Assessment of hybridization in wild populations

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


