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Introduction
The sustainable management of important sport and commercial 

fish species is a major concern. Human impacts on the environment 
can result in a loss or fragmentation of habitats, species introductions, 
pollution, climate change, and overexploitation of populations [1]. 
Population assessment provides managers with critical information 
that can be used to elaborate sustainable management programs. Each 
independent population of a given species has specific recruitment, 
growth, and mortality rates that determine their own population 
dynamics. An important prerequisite for elaborating management 
strategies is identifying the number of reproductively distinct 
populations [2-4]. 

Physical boundaries limiting adult dispersal in aquatic or 
marine environments may be cryptic or absent even though distinct 
reproductive units may exist [5-7]. Behaviour such as natal site fidelity, 
which is characterized by an individual’s return to and reproduction at 
its birth site [8], may result in distinct reproductive units even in the 
absence of physical barriers. Such a behaviour is known to be common 
in fish [9-12]. 

While numerous methods can be used to discriminate sympatric 
populations [13-15], genetic assessments are generally required to 
confirm the presence of reproductively distinct populations [16-19]. 
Significant differences in allele frequencies will be detected when 
populations are isolated for a sufficient number of generations [20]. 
However, a failure to detect genetic differences between populations 
does not necessarily indicate that reproductively isolated populations 
do not currently exist: differentiation is a process that extends over 
many generations [21]. Because the different genetic markers may 
display different characteristics in terms of dominance, variability and 
abundance, the choice of the method to be used is critical [22-24].

The yellow perch, Perca flavescens, is a freshwater fish widely 
distributed in temperate and subarctic areas of North America [25]. 
This species has been subjected to sport and commercial fishing in 
many systems since the beginning of the 20th century [26-28]. There 
is evidence that yellow perch, as well as its sister species, the Eurasian 
perch (Perca fluviatilis), displays natal-site fidelity [29-33]. 

In Lake Saint-Pierre (LSP), yellow perch represents an important 
socio-economic resource. This fluvial lake of St. Lawrence River has a 
surface area of 350 km2 and was designated as a wetland of international 
significance under the Ramsar Convention in 1998 and a biosphere 
reserve by UNESCO in 2000. Previous studies suggest the existence 
of several populations of yellow perch in LSP. Different stable carbon 
isotope ratios and parasite infections are observed at different localities 
of LSP [34,35]. In addition, different growth rates are observed between 
shores [36], suggesting differential habitat use and low contact among 
populations from different areas of the lake. However, the lake was open 
to colonization by freshwater fishes only recently. Following glacial 
retreat at the end of the Pleistocene, marine water invaded most of 
the St. Lawrence lowland, including LSP; the retreat of the Champlain 
Sea occurred only ca. 8,000 years ago. In addition, St. Lawrence River 
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Abstract
To ensure the persistence of species facing anthropogenic pressures, an understanding of the dynamics and 

mechanisms that structure populations is of major importance. Determining the presence of distinct populations is 
a first step when sympatric populations are suspected. Yellow perch (Perca flavescens) is exploited by sport and 
commercial fishing in Lake Saint-Pierre (Quebec, Canada). Because habitat characteristics are spatially structured 
and this species is known to display natal site fidelity, this study’s aim was to assess whether sympatric populations 
of yellow perch coexist in Lake Saint-Pierre. Low genetic differentiation is predicted due to the recent colonization 
of the system (<8,000 years). Simulations were first performed to confirm that population differentiation is better 
depicted using AFLP than microsatellite markers. A survey of the variation throughout the entire genome was then 
performed using the AFLP approach. To link individuals to their natal site, recently emerged larvae from different 
cohorts captured at different stations were analyzed. Results from three distinct AFLP surveys indicated a correlation 
between the genetic composition of individuals and geographic sites. These results confirmed the presence of 
multiple sympatric populations in Lake Saint-Pierre, resulting from natal site fidelity. While the genetic differentiation 
is very low, the management of this species should take into account the existence of distinct population structures.
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yellow perch is known to originate from a unique founder group since 
no marked genetic structure has been detected [37]. Low genetic 
differentiation among populations is therefore expected.

This study aims to determine whether several populations of 
yellow perch coexist in LSP. AFLP analysis reveals a high number of 
low variable loci, thus this method is known to be better at detecting 
population differentiation than microsatellite markers in some cases 
[22,38]. The first specific objective of this study was to use simulations 
to confirm the usefulness of AFLP markers compared to microsatellites. 
The second specific objective was to assess genetic differentiation 
among five putative populations within LSP. We characterized the 
genetic diversity of each spawning site by capturing individuals in 
the first two weeks following their emergence. Because larvae of this 
species have limited capacity to move actively [39], they better depicted 
reproductive processes than adults. To reduce the probability of 
capturing kin, different years and several points were sampled for each 
site of LSP. Genetic diversity was screened using the AFLP method, 
considering the simulation results.

Materials and Methods
Simulations

To investigate the differences between AFLP and microsatellite 
markers, five populations of 3,000 individuals were simulated using 
EASYPOP software, version 2.0.1 [40]. For each population, 4,000 
generations were produced, the first 1,000 of which were used to 
homogenate allele frequencies by imposing a high migration rate (m 
= 0.5). The simulation assumed a unique large founder group. The next 
3,000 generations were followed using various migration rates (varying 
from m = 3×10-4 to m = 10-1) and a stepping stone model to enable 
population differentiation; this takes into account that yellow perch 
mature at 2–3 years of age [25] and colonized LSP 8,000 years ago. This 
also allowed the simulation of different NEm because the effective size 
of natural populations is unknown. Ten replicates were computed for 
each migration rate.

Two genetic markers were simulated. On the one hand, 10 
microsatellite loci were generated with a stepwise mutation model 
(SMM) with two mutation rates, μ = 5×10-4 and μ = 10-3, and 10 
possible allelic states; these parameters are common in microsatellite 
studies [41-43]. On the other hand, 100 AFLP loci were generated 
using a K-allele model (KAM) with two possible allelic states and a 
mutation rate of μ = 10-9. The dominance of AFLP markers was taken 
into account by changing the genotype of heterozygotes “presence/
absence” in homozygotes “absence/absence”. Samples of 20 individuals 
per population were used to compare both markers. 

Sampling 

Larvae were sampled following their emergence in May and June. 
Sampling was conducted by the Quebec Ministry of Natural Resources 
and Wildlife (MRNF; Quebec, Canada) using push nets [44] at numerous 
points around the lake. Five sites, separated by 5 to 12 km, were chosen 
(Figure 1) according to the abundance of larvae (unpublished data). 
For each area, two years (2003–2004 or 2008–2009) and two points, 
separated by ca. 0.5 to 3.40 km, were selected to avoid sib sampling 
(Figure 1, Table 1). In addition to LSP samples, two populations from 
distinct lakes [45] were included to assess differentiation in the absence 
of migration.

AFLP fingerprinting

Yellow perch larvae were identified using morphological 
characteristics by MRNF personnel and preserved in 95% ethanol. 
Total DNA was extracted by proteinase K digestion followed by phenol-
chloroform purification and ethanol precipitation [46].

# of individuals
Code Sampling date Geographic coordi-

nates
AFLP1 AFLP2 AFLP3

Site D 2008 12-Jun 46.20794 -72.65937 - 5 5
2008 03-Jun 46.18998 -72.69617 - - 6
2009 06-Jun 46.19915 -72.65859 - 2 7
2009 06-Jun 46.19317 -72.69134 - - 4

Site F 2003 27-May 46.14660 -72.81855 5 - -
2004 02-Jun 46.14323 -72.80480 5 - -
2008 30-May 46.14580 -72.80933 - 5 8
2009 26-May 46.14101 -72.81177 - 4 10

Site G 2008 02-Jun 46.13729 -73.01412 - 5 6
2008 02-Jun 46.14727 -73.00002 - - 6
2009 15-Jun 46.13901 -72.99918 - 3 8

Site M 2004 27-May 46.19117 -73.00322 6 - -
2008 29-May 46.19321 -72.97397 - - 4
2008 28-May 46.19321 -72.97397 - 3 7
2009 04-Jun 46.20885 -72.95030 - 5 8

Site Y 2004 28-May 46.26333 -72.85480 5 - -
2008 04-Jun 46.26074 -72.83183 - 6 6
2008 04-Jun 46.26423 -72.81647 - - 6
2009 10-Jun 46.26040 -72.83172 - 5 5
2009 10-Jun 46.26678 -72.82529 - - 6

   Total 21 43 102

Table 1: Sampling dates, geographic coordinates (latitude, longitude), and num-
ber of individuals analyzed with AFLP for each site of LSP.

Figure 1: Location of Lake Saint-Pierre (Canada) and areas sampled. The 
arrow indicates the direction of water flow.
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Genetic variability was surveyed using the AFLP procedure [47]. 
Three different DNA fingerprints were performed using two sets of 
restriction enzyme: AFLP 1 (MseI × EcoRI), AFLP 2 (MseI × EcoRI), 
and AFLP 3 (TaqαI × EcoRI), and different numbers of selective 
combinations were performed according to the restriction enzymes 
(Table 2). However, when using the TaqαI and EcoRI restriction 
enzymes, an additional digestion was performed by adding three 
restriction enzymes to the selective PCR product (RsaI - HinfI - MboI 
or MseI - NlaIII - AluI). Contrary to the TE-AFLP method [48], this 
procedure provides additional restriction fragments. Such distinct 
surveys of the genome help to minimize the chance that loci under 
selection were responsible for cluster similarities. 

Electrophoresis was performed on a denaturing 6% polyacrylamide 
(19:1 acrylamide:bis-acrylamide) gel for AFLP products. Silver nitrate 
staining was used to visualize polymorphisms [49].

Statistical analyses

Characterization of population diversity of sampled individuals: 
Allele frequencies were estimated from the presence–absence of AFLP 
loci assuming Hardy-Weinberg Equilibrium and using the square root 
method [50]. An index of population differentiation was thus estimated 
by calculating the FST [51], and significance was assessed by 1,000 
permutations. These parameters were estimated with AFLP-SURV, 
version 1.0 [52]. To ensure that all used markers were neutral, BayeScan 
version 2.01 [53] and Mcheza [54] software were used to identify 
candidate loci under natural selection.

Cluster analyses without a priori assumptions about population 
structure: For both simulated and sampled populations, phylogenetic 
relationships among individuals were inferred to determine whether 
genetic similarities within sites were higher than among sites. Euclidian 
distance [55] was estimated from the presence–absence of AFLP loci 
while allele sharing distance [56] was used for microsatellite markers. 
Genetic distances were then used to infer a phylogenic tree using the 
neighbour-joining (NJ) method [57]. A phylogenetic parsimony score 
(PPS) [58] for each NJ tree was calculated to assess the geographic 
homogeneity of the cluster. Because a different number of individuals 
were used for each batch of sampled data, PPS were standardized as 
[PPS - (number of populations - 1)] / (number of individuals - 1). A 

cluster exclusively composed of individuals from a single site has a 
standardized PPS of zero while a random organization will tend to be 
close to 1. Allele sharing distance and NJ trees were computed using 
POPULATIONS, version 1.2.30 [59], and Euclidian distance and PPS 
were calculated with R version 1.12.2 software.

Cluster analyses with an a priori assumption about population 
structure: The proportion of individuals correctly and unambiguously 
reassigned to their population or spawning site (p-value > 0.05 only for 
the source population) according to allele frequencies was calculated for 
microsatellite and AFLP loci using GENECLASS2 [60] and AFLPOP, 
version 1.1 [61], respectively.

For samples from LSP, the cluster analysis is based on the fact that 
individuals from a given spawning site were assumed to belong to the 
same population. Redundancy analyses (RDA) were computed to have 
constrained ordination between genetic polymorphism and spatial 
distribution of larvae for AFLP loci. The regression was tested using 
1,000 permutations with R version 1.12.2 software. 

Results

Simulations

For both AFLP and microsatellite markers, population 
differentiation decreased when NEm increased. At a low rate of migration 
(NEm = 0.0003), population differentiation was characterized by high 
FST values and low parsimony scores, indicating that individuals were 
correctly clustered according to their population. We observed a high 
percentage of reassignment of individuals to their population of origin 
(Table 3). When migration rate increased, a gradual homogenization of 
populations occurred: an increasing parsimony score (more clustering 
errors) was observed as a function of migration rate; FST values and the 
correct reassignment rate also decreased (Figure 2A and 2C). 

Simulation results revealed that for any NEm used, FST values were 
higher for AFLP than for microsatellites (Figure 2A). This difference 
between markers increased as NEm decreased. When populations 
were homogenized (i.e., NEm ranging from 30 to 300), no population 
differentiation was detected with AFLP or microsatellite markers 
(high standardized PPS; values ranging from 0.31 to 0.63). Moreover, 
both markers had low FST values and no significant differentiation 

 AFLP1 AFLP2 AFLP3
Restriction enzymes EcoRI – MseI EcoRI – MseI EcoRI – TaqαI
Selective PCR * 9 6 1
Post-amplification 
restriction enzymes

- - RsaI - HinfI - MboI
MseI - NlaIII - AluI

Sampling years 2003-2004  2008-2009  
 n Loci n Loci n Loci
Site D - - 7 322 (141) 22 152 (77)
Site F 10 750 (385) 9 330 (164) 18 154 (75)
Site G - - 8 317 (154) 20 159 (81)
Site M 6 759 (301) 8 315 (148) 19 156 (75)
Site Y 5 641 (195) 11 329 (159) 23 157 (75)
Total LSP 21 842 (476) 43 349 (214) 102 160 (99)
Lake M2 - - - - 7 160 (42)
Lake O2 - - - - 7 174 (86)
All lakes 21 842 (476) 43 349 (214) 116 187 (136)

*Selective combinations used for AFLP 1 (EcoANNxMseCNN) ACxAG, ACxTC, GCxAG, ACxGC, CGxGC, CGxAG, GGxTT, AGxCC, GCxCC; AFLP 2 (EcoANNxMseCNN) 
ACxTC, CGxGC, AGxCC, GCxTT, ACxTT, AGxAG; AFLP 3 EcoACGxTaqCTA
 
Table 2: Characteristics of the different AFLP surveys performed in this study. For each survey, the number of individuals and number of loci surveyed are indicated; poly-
morphic loci are in parentheses.
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was observed for either (Figure 2A). Individuals also failed to be 
correctly reassigned to their population of origin, although the rate of 
reassignment was slightly higher when using AFLP than microsatellites 
markers (mean of 15% vs. 3%, respectively; Figure 2C). 

In contrast, when NEm was lower than 9, ALFP markers allowed 
better clustering of individuals according to their population (lowest 
parsimony scores) than did microsatellite markers. As a result, AFLP 
performed better for both clustering of individuals and reassignments 
(Figure 2B and 2C). The same observations were made for both mutation 
rates used for microsatellite markers (1×10-3 or 5×10-4 mutations per 
generation) (Figure 2).

AFLP data from LSP

AFLP 1 was performed as a preliminary analysis. Numerous 
loci (n=842) were scored for a limited number of individuals (n=21) 
sampled in 2003 and 2004, with 476 polymorphic loci (56.53%). A high 
FST value was obtained (0.2316, p-value < 0.001) and a perfect cluster 
of individuals according to their sampling site was observed, with a 
standardized PPS of zero (Figure 3A). This result is confirmed by RDA 
analysis (R2 = 0.205, p-value = 0.001, Figure 3B).

Analyses of additional individuals from two other sampling years 

(2008 and 2009) provide a total of 349 and 160 loci for AFLP2 and 
AFLP3, respectively. Even though different endonucleases were used, 
the proportion of polymorphic loci was similar between the two AFLP 
analyses, with 61.32% (214 loci) for AFLP2 and 61.88% (99 loci) for 
AFLP3. Significant FST values were estimated for AFLP2 (0.1610, 
p-value < 0.001) and AFLP3 (0.1010, p-value < 0.001). Reassignment 
rates were 74.42% and 43.14%, with standardized PPS values of 0.16 
and 0.13 for AFLP2 and AFLP3, respectively (Figure 3C and 3E). This 
indicates that individuals clustered according to sampling site no matter 
what year they were sampled. RDA supported the spatial organization 
of individuals for AFLP2 (R2 = 0.213, p-value = 0.001) and AFLP3 (R2 = 
0.139, p-value = 0.001) (Figure 3D and 3F).

A comparison between LSP sites and two geographically distant 
lakes confirmed the very low differentiation among LSP sites. Using 
both analyses with and without a priori assumption showed no 
ambiguity in individuals clustering according to their lake of origin: a 
null standardized PPS was observed, correct reassignment was as high 
as 81%, and differences between lakes were also confirmed with RDA 
analysis (R2 = 0.146, p-value < 0.001).

Few loci were detected as possibly being under positive selection 
for AFLP1 (12 loci; 2.02%), AFLP2 (18 loci; 5.16%), and AFLP3 (4 
loci; 2.50%) when using the Mcheza program. However, analyses with 
Bayescan software were found to be more conservative, with only one or 
two loci detected as outlier loci for each independent AFLP procedure. 
Furthermore, similar FST values and standardized PPS were obtained 

Figure 2:  Results of AFLP and microsatellite marker simulations. (A) Popula-
tion differentiation, (B) standardized parsimony scores, and (C) proportion of 
correct reassignment as a function of NEm for microsatellite (circle) and AFLP 
(triangle) markers.

AFLP1 AFLP2 AFLP3
With all loci
FST 0.2316* 0.1610* 0.1010*
Standardized PPS 0 0.1667 0.1287
Reassignment rate 90.47 % 74. 42 % 43.14 %
Without loci detected as under positive selection
Detected outlier 
loci

12 (2.02 %) 18 (5.16 %) 4 (2.50 %)

FST 0.2141* 0.1501* 0.0884*
Standardized PPS 0 0.1905 0.1862
Reassignment 
rates

90.48 % 76.74 % 22.55 %

*p-value < 0.001
Table 3: Results of the different AFLP performed in this study. Partition of the ge-
netic diversity (FST), standardized parsimony scores (PPS), and reassignment 
rate are given over all loci and without loci presumably under positive selection 
(outlier loci detected with the Mcheza software).

Figure 3: Individual relationships inferred from the different AFLP surveys. 
Unrooted NJ trees obtained for AFLP1 (A), AFLP2 (C), and AFLP3 (E); RDA 
plots obtained for AFLP1 (B), AFLP2 (D), and AFLP3 (F) as a function of 
sampling sites within LSP. The percentages of constrained inertia for each 
corresponding axis are in parentheses. White and grey symbols indicate in-
dividuals sampled respectively in 2003 and 2004 for AFLP1 and in 2008 and 
2009 for AFLP 2 and AFLP3.
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when excluding these loci (Table 2). RDA analysis also indicated the 
same organization for AFLP1 (R2 = 0.186, p-value = 0.001), AFLP2 (R2 
= 0.200, p-value = 0.001), and AFLP3 (R2 = 0.123, p-value = 0.001).

Discussion
Genetic differentiation of sympatric populations in LSP

The present study shows that yellow perch in LSP are more 
genetically similar within a small area than among geographically 
distant ones. Furthermore, no marked differentiation was observed 
among years. These results confirm the presence of multiple sympatric 
populations in the lake. Individuals representative of a given area were 
collected over two years and at two different sites, and were sampled on 
different dates to reduce the probability of sampling related individuals. 
Consequently, it appears extremely unlikely that sib sampling was 
responsible for the genetic similarity observed within a region.

Similarly, loci under putative positive selection were detected 
because of their higher-than-expected FST over all loci. However, even 
removing these loci from the analyses resulted in similar population 
differentiation. This indicates that the clustering of individuals by 
site did not rely on a few loci, but rather that several loci revealed a 
similar trend. Interestingly, the fact that some loci displaying a strong 
geographic signal should be under selection would represent further 
evidence of spatial organization through time. Considering the 
alternative hypothesis, that larvae are from a panmitic population, such 
a geographic signal over tens of loci would be the result of selection on 
individuals at each generation. This would be unlikely, since it would 
imply an extremely high mortality rate.

Natal site fidelity 

The presence of multiple sympatric populations in the LSP is 
consistent with yellow perch natal site fidelity. The species is known 
to be generally sedentary, with displacement of adults generally not 
exceeding 4 km, although some vagrant individuals have been found 
tens of kilometres from their marking site [26]. Furthermore, local 
characteristics, such as otolith chemical concentration, migration time, 
or ultraviolet radiation tolerance, vary according to environmental 
condition [62-65]; this is also seen in the Eurasian perch [66]. Both 
species display spawning site fidelity, as shown by mark–recapture 
experiments [67-70]. Within LSP, yellow perch display different growth 
rates [36], and Bertrand et al. [35] have shown that feeding range does 
not exceed 2 km in LSP, suggesting a non-random distribution of 
individuals. 

Natal site fidelity behaviour of yellow perch has been studied using 
egg mass manipulations on a specific spawning site of Lake Lochaber, 
Nova Scotia, Canada. Four years of systematic removal of egg masses 
resulted in a declining number of eggs laid on that site years after, even 
though the site remained a potential spawning ground [32,33]. This 
behaviour has also resulted in genetically distinct sympatric populations 
of Eurasian perch [29,71], and the same pattern of differentiation was 
observed over years [30]. Natal site fidelity could be based on olfactory 
signals: it was shown that Eurasian perch are able to recognize related 
individuals [72]. 

AFLP and larvae

AFLP markers are known to be more powerful than microsatellites 
in individual-based population assignment because the higher number 
of dominant loci compensates for the high variability of co-dominant 
markers for assessing population differentiation [22,23,73]. Simulated 

data revealed similar trends using either AFLP or microsatellite loci. 
When population differentiation is well defined (low migration rates), 
no significant differences between AFLP or microsatellite markers 
are observed. Indeed, the genetic organization of populations can be 
detected with both methods, as reported in previous studies [74,75]. 
However, both methods failed to detect genetic organization when 
high migration occurs between populations. A difference between the 
methods is observed at intermediary migration rates, where AFLP 
markers allow better detection of population differentiation than 
microsatellites. This may explain, at least partially, why a previous study 
using microsatellite markers on adult yellow perch failed to detect 
genetic differentiation among sample sites within LSP [37].

The use of the larval stage not only allowed the localization of birth 
site, but also provided certitude that individuals belonged to the same 
cohort. Indeed, using adults may result in a group of individuals from 
different cohorts, since yellow perch life span can reach 21 years [25]. 
Genetic differences occurring over time may result from variability in 
recruitment and reproductive success as well as effective population 
size. Consequently, genetic differentiation of a population cannot be 
detected when pooling individuals from different cohorts even if it is 
observed in separate cohorts [76-78]. 

In conclusion, this study revealed multiple sympatric populations 
of yellow perch coexisting in LSP, which is consistent with ecological 
observations in terms of local adaptations and the evidence of natal 
site fidelity observed in this species. Recent colonization of LSP and 
expected straying among sympatric populations leading to gene flow 
resulted in very low differentiation when compared to populations 
from different lakes. Nonetheless, each population represents a distinct 
demographic unit with specific recruitment, growth, and mortality 
rates. These results have implications for management and should be 
considered when multiple spatially organized populations occur in a 
same fishery [79-81].
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