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A B S T R A C T

Present research suggests that phenotypic variations and consequent potential differences in suitability for
commercial culture are more likely to occur among genetically diverse populations. We investigated diversity in
traits important to aquaculture and assessed genetic differentiation based on four mitochondrial markers in three
European populations of Perca fluviatilis. Using a transplant approach to standardize conditions and minimize
environmental effects on phenotype expression, we compared survival, cannibalism, growth rate, growth het-
erogeneity, and specific growth rate of the populations to assess whether difference in aquaculture performance
(i.e. expression of phenotypical traits that facilitate the rearing of fish and impact the productivity of the
farming) is more likely between genetically differentiated populations than between genetically similar popu-
lations. We found key traits of performance to differ among allopatric populations, suggesting value in con-
sidering geographic source of broodstock. The largest aquaculture performance disparities were observed among
genetically differentiated populations. Some lesser differences were observed between allopatric genetically
similar populations, possibly the consequence of pre-collection environment, or transgenerational effects.

1. Introduction

Aquaculture is one of the fastest growing food-producing sectors
(FAO, 2016), with current fish production involving a small number of
species (Teletchea and Fontaine, 2014). This low diversity leads to
negative consequences with respect to (1) wild environments (non-na-
tive species invasion triggered by translocations of the few produced
species out of their natural range for production or trade purpose;
(Garibaldi and Bartley, 1998), (2) food security via high epizooty ha-
zard for key species in the human food supply (Godoy et al., 2008), and
(3) economic prospects due to low potential to adapt to changes in
environment/consumer demand (Fontaine et al., 2009). The diversifi-
cation of fish production to increase aquaculture sustainability
(Fontaine et al., 2009) is an emerging trend including the development
of European perch (Perca fluviatilis L.) culture (Kestemont et al., 2015).

The European perch is a widespread freshwater predatory species
(Stepien and Haponski, 2015). This is a polytypic species that displays
geographic differentiation in genetic (Nesbø et al., 1999) and pheno-
typic traits (Mandiki et al., 2004; Pimakhin and Žák, 2014) throughout
its distribution range. Its high market value along with increasing
consumer demand make it commercially important in some European

countries (i.e. especially in France and Switzerland) where over 500 t
are produced annually (Toner, 2015; FAO, 2016). Nowadays, most of
the production relies on fish bred in intensive aquaculture systems (i.e.
re-circulating aquaculture systems, RAS) and harvested at 80–100 g
(Toner, 2015). The RAS production development began early in the
large scale P. fluviatilis aquaculture since this farming system allows
improving (i) efficiency and profitability of culture by reducing time to
marketable weight, (ii) water consumption, (iii) waste management,
(iv) disease control, and (v) stable temperature maintenance (Żarski
et al., 2017). However, production of European perch still fails to meet
market demands (Kestemont et al., 2015). Indeed, several obstacles in
the life cycle and breeding performance of the current European perch
stock hinder culture development: asynchronous spawning, high larval
mortality, low growth rate, high growth heterogeneity, and high rates
of cannibalism among larvae (Brabrand, 1995; Tamazouzt et al., 2000;
Baras et al., 2003; Policar et al., 2008; Rougeot and Mélard, 2008).

Several studies have determined that presence of traits desirable for
aquaculture can vary between geographically distinct wild populations,
i.e., in Coho salmon (Oncorhynchus kisutch) (Rosenau and McPhail,
1987) and striped bass (Morone saxatilis) (Brown, 1994; Conover et al.,
1997; Brown et al., 1998). Growth, survival, larval malformation, and
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cannibalism (so-called zootechnical traits) have also been shown to
differ among wild allopatric populations of European perch (Mandiki
et al., 2004; Pimakhin and Žák, 2014). The geographic differentiation
of key traits for aquaculture means that choosing wild perch from areas
displaying optimum survival, growth, and cannibalism rates in aqua-
culture conditions may be important for the establishment or en-
hancement of fish farming broodstock, as was shown for P. flavescens
(Rosauer et al., 2011). Since known geographic differentiation of P.
fluviatilis traits included features involved in current bottlenecks of its
aquaculture, this may ultimately help to overcome current challenges in
European perch aquaculture.

Although some hypotheses have been put forward to explain geo-
graphic differentiations of phenotypic traits desirable for aquaculture
(e.g., Mandiki et al., 2004, Rosauer et al., 2011). Population differences
in specific traits can be shaped by genetic differentiation fostered by
gene flow reduction among separated or isolated populations or by
phenotypic plasticity, the capacity of a genotype to vary in phenotype
depending on environmental or developmental conditions (Pigliucci
et al., 2006), or their combination (Avise, 2000; DeWitt and Scheiner,
2004; Bergek and Björklund, 2009). Earlier studies comparing survival,
cannibalism, and growth rates of allopatric P. fluviatilis populations
have employed an experimental transplant approach (Mandiki et al.,
2004; Pimakhin and Žák, 2014), which reduces environmental effects.
Since allopatric populations are placed in the same environment, one
would expect phenotypic variation and potential consequent differ-
ences in aquaculture performance to occur among genetically differ-
entiated populations (see genetic differentiation in European popula-
tions in Nesbø et al., 1999). However, previous studies did not assess
the genetic differentiation between studied populations and in-
vestigated only early life stages derived from eggs collected from the
wild. Since environmental impact on gene expression and resulting
phenotypes may or may not be consistent throughout life and can also
affect succeeding generations, it is not known if observed differences
among populations are genetically- or environmentally-induced.

In this study, we aim at (i) highlighting the geographic differ-
entiation in keys traits for aquaculture and (ii) investigating the genetic
basis of this potential differentiation in P. fluviatilis. To this end, we
develop a comparison of survival, growth parameters, and cannibalism
in three allopatric European populations through a transplant experi-
mental design, placing each population in the same standardized con-
ditions, coupled with a genetic assessment based on four mitochondrial
markers.

2. Materials and methods

2.1. Wild fish stock and initial egg assessment

Egg ribbons of three wild allopatric fish populations were collected
from three localities in different drainage basins (Table 1) corre-
sponding to areas where occur genetically different populations ac-
cording to Nesbø et al. (1999). The egg ribbons were sampled at the
beginning of the European perch spawning season (i.e. this beginning
was determined by collaborators' population monitoring; from the end
of April and beginning of May). We transported egg ribbons by car to
the experimental facility of the Faculty of Fisheries and Protection of
Waters, South Bohemia University. Eggs were held in oxygenated
polyethylene bags (filled 1/3 of water, 2/3 of oxygen, t-16 ± 1 °C)

placed in a thermo box: 10 ribbons from Poland, 11 ribbons from the
Czech Republic, and 12 ribbons from Slovakia. After the transportation,
we determined the developmental advancement of ribbons by ran-
domly choosing 150 eggs per population, photographing them, and
comparing them to references from Żarski et al. (2011). Polish and
Slovakian populations were on 6 days post-fertilization (dpf) while the
Czech population was on approximately 8 dpf. At the facility, bags were
placed into separate 200 L hatching tanks filled with dechlorinated tap
water (17 °C ± 0.5, pH = 7 ± 0.5, oxygen ˃90%) for temperature
acclimatization. When temperature in the bag and hatching tank
equalized, egg ribbons were placed onto the net bottom of hatching
cages Żarski et al. (2017) until three days post-hatching (dph). During
this period, 50% of water volume was replaced daily. Water tempera-
ture, pH, and oxygen saturation were maintained at 17 ± 0.8 °C,
7 ± 0.5, and > 90%, respectively.

After temperature acclimatization, 150 randomly chosen eggs per
population were sampled to assess fertilization rate according to
(Křišťan et al., 2012). At the eyed stage, the inner diameter, not in-
cluding the gelatinous coat, of 100 randomly sampled eggs was mea-
sured following Żarski et al. (2011) using a Leica Z6-APO scope (Leica
Microsystems, Switzerland). The eggs from Poland (PL), Czech Republic
(CZ), and Slovakia (SK) hatched on 2, 9, and 12 May 2017, respectively.

2.2. Pre-experiment rearing protocol

All populations were reared in the same conditions. At 3 dph, larvae
were transferred into an RAS. We mixed larvae from 10 ribbons per
each population in this system. The light grey tanks sized
22.5 × 30 × 89 cm, 60 L with water flow-through averaging 1 L/min in
each tank till 31th DPH (17 ± 0.8 °C, pH = 7 ± 0.5, oxygen ˃90%).
We used a density of 67 specimens L−1. The feeding was initiated
3 days after hatching with Artemia nauplii up to day 24 (Tamazouzt
et al., 2000; Jentoft et al., 2006). During the first seven days of feeding,
larvae were fed manually at 2 h intervals from 08.00–18.00 h with
micro-Artemia nauplii of 350–380 μm (Ocean Nutrition) in ration 700
nauplii per larvae. Micro-Artemia nauplii was subsequently replaced
with Artemia nauplii with hatching ˃260,000 nauplii g−1 (Ocean Nu-
trition) at rations for the second week 35% of fish biomass and 10% for
the last third week, respectively (Kestemont et al., 2015). At 21 dph,
Artemia nauplii were progressively replaced with commercial pelleted
BioMar Larviva Pro Wean 100 (Nersac, France) over the course of four
days, manually fed at 2 h intervals from 08:00–18:00 h with a daily
ration for the first day 10% Artemia nauplii of fish biomass +2% of
compound feed, for the second day 5% Artemia nauplii of fish biomass
+30% of compound feed, for the third day 5% Artemia nauplii of fish
biomass +60% of compound feed and 100% of compound feed on the
24 dph (Kestemont and Mélard, 2000). From 25 dph juveniles were fed
only commercial pellets with the size of pellets which progressively
increased according to mean body weight (in ration 0,01 g – 9, 3%;
0,22 g – 7, 4%; 0,73 g – 5, 1%; from 1,56 g – 4.5%) (Fiogbé and
Kestemont, 2003). Dead larvae were removed daily. After 3 dph the
temperature was gradually increased from 17 °C to 23 °C (+1 °C per
day) and kept stable. Temperature, oxygen saturation, and pH were
measured twice daily in the pre-experimental period with a multimeter
(Hach Lange HQ40d, Germany). The light intensity ranged 200–250 lx
at the water surface. The photoperiod was constant at 12 L: 12D.

Table 1
Sampling sites of European perch populations.

Country Locality Habitat Basin Latitude(N)/Longitude (E) WGS84

Poland Stary Dwór Lake Small lake Baltic Sea 53°44′51.6″N 20°27′11.8″E
Czech Republic Nové Hrady pond North Sea 48°47′33.8″N 14°48′32.3″E
Slovakia River Váh River Black Sea 49°07′29.7″N 18°27′26.2″E
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2.3. Experimental rearing protocol

Prior to the experiment (i.e. after pre-experiment rearing), the in-
itial body weight and mortality rate were assessed at 30th day: (1)
initial body weight: 0.11 ± 0.02 for Slovakians, 0.13 ± 0.02 for
Czechs, and 0.04 ± 0.01 for Polishes; (2) mortality rate: 75%; 62.5%;
55%, respectively. The experiment was initiated at 31 dph with feed-
trained juveniles, a time when digestive enzymes are expected to be
fully developed (Cuvier-Péres and Kestemont, 2001) and mortality as-
sociated with feed changes declined (Kestemont et al., 1996; Ljunggren
et al., 2003). Juveniles were redistributed into 60 L light rectangular
grey tanks size 22.5 × 30 × 89 with water flow-through of 2 L/min in
each tank (150 specimens per tank; 2.5 specimens L−1) (Mélard et al.,
1996) in triplicate RAS (~4000 L) with dechlorinated tap water. The
rearing experiment lasted 84 days, from the 31 to 115 dph. Dead fish
were immediately removed from the tanks and numbers recorded daily.
Juveniles were fed manually at 2 h intervals from 08:00–18:00 h with a
daily ration (Fiogbé and Kestemont, 2003). Concentration of oxygen,
pH, and temperature were monitored twice daily. Ammonium and ni-
trite concentrations were recorded twice weekly. Dissolved oxygen was
maintained above 90% and pH at 7 ± 0.5. Concentrations of ammo-
nium were 0.05 ± 0.01 mg L−1, while nitrites were
0.05 ± 0.02 mg L−1 measured with portable spectrophotometer (DR
2800, Hach Company, USA). The light intensity ranged 200–250 lx at
the water surface. The photoperiod was constant at 12 L: 12D.

2.4. Assessment of aquaculture performance of fish populations

2.4.1. Measurements
All fish were weighed and measured at 31, 59, 87, and 115 dph for

body weight, specific growth, and growth heterogeneity. At each
sampling date, 15 specimens per tank (45 per population) were an-
aesthetized using clove oil solution at 0.015 mg L−1 and weighed
(OHAUS Explorer EX224M, NJ, USA) to the nearest 0.1 mg. Specific
growth rate (SGR, %/day) was calculated by SGR = 100*(lnW2-
lnW1)*∆T−1, in which W1 and W2 are the initial and final mean body
weight, and ∆T is the time interval between samplings in days. Growth
heterogeneity (GH) was calculated from CVFBW/CVIBW, where CV is the
coefficient of variation (100*SD/mean) and IBW and FBW are the in-
itial and final body weight.

Mortality rate (MR, %) was calculated from number of dead fish as
Df*100/Ni, in which Df is number of dead fish and Ni is the number of
initial stocked fish per tank. This rate was calculated for four time
periods (31–59 dph, 59–87 dph, 87–115 dph, and 31–115 dph). The
number of dead fishes was recorded daily.

Cannibalism rates (i.e. cannibalism type II) were recorded at the end
of experiment at 115 dph. Cannibalism rate (CR, %) was calculated as
CR = ((Ni – Nd – Nf)/Ni) * 100, where Ni and Nf are the initial and final
numbers of fish, respectively, and Nd is the number of dead fish counted
during the experiment (Kestemont et al., 2003; Mandiki et al., 2004;
Ljubobratović et al., 2015).

2.4.2. Statistical analyses
Statistical analyses compared the mean values of each factor among

the tree fish populations (i.e. using populations as statistical units).
Since each group sample was not drawn from a normally distributed
population according to the Shapiro-Wilk test, the assumptions for one-
way analysis of variance were not met, and the Kruskal-Wallis test by
rank was used to assess differences in growth rate, growth hetero-
geneity, mortality, and cannibalism. When significant differences were
detected, Dunn's multiple comparison test was used to identify specific
population differences. Statistical analyses were conducted in R v. 3.4.4
(R Development Core Team, 2018).

2.5. Assessment of genetic differentiation among fish populations

To estimate genetic differentiation, fin clips were collected from 15
perch of each population and stored in pure ethanol (99%). The DNA
extraction used a commercial E.Z.N.A. Tissue DNA kit (Macherey-
Nagel, Germany). Fragments of four mitochondrial regions, cytochrome
b (Cytb), D-loop of control region (D-loop), 16S rRNA (16S), and cy-
tochrome oxidase I (COI) were amplified using primers L14724F/
H15918R (Irwin et al., 1991), HV2/CSBD (Nesbø et al., 1998), 16Sar/
16Sbr (Palumbi, 1996), and jgLCO1490/jgHCO2198 (Vrijenhoek,
1994), respectively. These DNA regions are commonly used for de-
termining genetic differences at the intraspecific level (Lecocq et al.,
2013) including in European perch (Nesbø et al., 1999). The conditions
of the polymerase chain reaction (PCR) were 10 pmol primers, PPP
MasterMix (Top Bio), DNA, and distilled water. An initialization step of
5 min at 95 °C was followed by 38 cycles of denaturation at 94 °C for
40 s; 50 s annealing at 55.8 °C for 16S, 49 °C for COI, and 55 °C for Cytb
and D-loop; and 1-minuts extension at 72 °C plus a 10-minuts final
extension at 72 °C. The PCR products were purified with the E.Z.N.A Gel
extraction kit (Macherey-Nagel, Germany) following manufacturer's
protocol. The products were sequenced by Macrogen Europe (Am-
sterdam, Netherlands) on a 3730XL (Applied Biosystems) using primers
H15918R, CSBD, 16Sbr, and jgLCO1490.

Nucleotide sequences were manually checked using GENEIOUS
10.1.3 (Kearse et al., 2012). There was no uncertainty in the consensus
sequences. For coding genes (COI and Cytb), translation to proteins
using the vertebrate mitochondrial DNA genetic code was performed on
Mesquite 3.31 (Maddison and Maddison, 2015) to verify that there was
no stop codon in coding regions. The fish origin of each sequence was
checked with BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The
unique haplotypes found were deposited in GenBank (Table S1).

The alignments were conducted in MAFFT v. 6.0 using FFT-NS-2
algorithm default parameters (Katoh et al., 2017). The four markers
were concatenated within a single alignment for the genetic differ-
entiation analyses using Mesquite 3.31. A concatenated haplotype map
for each population was created with QGIS software 2.18.3 (https://
qgis.org/en/site/). Analysis of molecular variance (AMOVA, 100,000
permutations) based on allele frequency and estimate of the fixation
index FST and pairwise FST were calculated in Arlequin v. 3.5 (Excoffier
et al., 2005) with 10,000 random permutations.

3. Results

3.1. Egg assessment

Fertilization rates of the CZ, SK, and PL populations were
80 ± 2.3%, 90 ± 4.2%, and 88 ± 4.1%, respectively. Egg diameter
(mm) differed significantly among populations tested (Kruskal-Wallis,
P < .01) with mean ± SD of 1.89 ± 0.1, 1.77 ± 0.07, and
1.69 ± 0.08 for SK, CZ, and PL populations, respectively.

3.2. Aquaculture performance

At 31 dph, initial body weight differed significantly among popu-
lations (Kruskal-Wallis test, P < .01, Table 2). At 59 and 87 dph, SK
and PL populations showed significantly lower body weight than CZ
(Kruskal-Wallis test, P < .01, Table 2). At 115 dph, the CZ population
showed significantly higher body weight than SK and PL populations.

Throughout the experiment, the SGR was significantly higher in the
PL population at most sampling times (Table 2). The CZ population did
not differ from SK population at 115 dph. (Table 2).

Mortality rates of the populations were similar at most sampling
times (Table 2). Kruskal-Wallis test P-values 0.05 (31 to 59 dph), 0.19
(59 to 87 dph), < 0.05 (87 to 115 dph; (pairwise results Table 2), and
0.24 (31 to 115 dph). There was no significant difference in survival
among the populations throughout the study period (Table 2).
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Growth heterogeneity differed significantly between SK and PL
groups from 31 to 59 dph), with the PL population exhibiting the lowest
GH (Table 2). However, no significant difference in GH was detected at
later sampling points at 87 dph and 115 dph.

Cannibalism was detected in all groups. The cannibalism rate was
not significantly different in all groups (Table 2).

3.3. Genetic differentiation among fish populations

Sequencing data was obtained from 39 perch of the three popula-
tions (Table S1). The data matrix for D-loop (350 bp), 16S (541 bp), and
COI (641 bp) contained four, five, and four unique haplotypes, re-
spectively. The CytB (399 bp) data matrix was not polymorphic and
presented only one previously reported haplotype (accession number
KC819836) (Haponski and Stepien, 2013). The information of haplo-
type distribution is presented in Fig. 1.

The aligned sequences of the concatenated matrix (1931 bp) from
39 European perch exhibited 16 variable sites, defining 12 unique
haplotypes with the two most common being H3, shared by 16 speci-
mens recorded from SL, CZ, as well as H4 in 9 specimens from PL and
SK (Fig. 1). The coefficient of genetic differentiation diversity among
populations was 0.365 (P < 0.01). The concatenated matrix was
characterized by high haplotype diversity (Hd = 0.780). AMOVA re-
sults demonstrated 22.84% of the genetic variation to be among po-
pulations and 77.16% of the genetic variation within populations.

The FST value was 0.228 (AMOVA, P < .01), indicating significant
population genetic structure. Pairwise FST indicated strong differentia-
tion of the PL population from the other populations (Table 3). The SK
and CZ were weakly differentiated with low FST values and no sig-
nificant differentiation in AMOVA.

4. Discussion

4.1. Geographic variation in aquaculture performance

The aquaculture performance of the three studied fish populations
suggests differences in potential for fish farming (Table 2). Populations
differed in SGR, growth heterogeneity, traits currently impacting

European perch culture (Kestemont et al., 2015). Such population-
specific aquaculture performance has been reported in European perch
from other geographic areas (Mandiki et al., 2004; Pimakhin and Žák,
2014). Therefore, consideration of differences among allopatric popu-
lations is important for the establishment or enhancement of European
perch broodstock, as has been the case with other fish species (Rosenau
and McPhail, 1987; Brown, 1994; Conover et al., 1997; Brown et al.,
1998). Further comparative studies of other European perch popula-
tions are required to allow identifying the population(s) best suited to
aquaculture.

4.2. Sources of geographic variation in aquaculture performance

Knowledge of the source of aquaculture performance differences
among fish populations is critical to fish farming. However, establishing
the origin of variation among allopatric fish populations is not
straightforward. Differences can be explained by genetic differentiation
(Avise, 2000) or phenotypic plasticity (DeWitt and Scheiner, 2004;
Bergek and Björklund, 2009).

Past demographic events such as population movements triggered
by climate cycles (Bernatchez and Wilson, 1998) and former/current
geographic barriers (Bergek and Björklund, 2009) are important factors
shaping within-species genetic differentiation. These factors can lead to
a decrease or interruption of gene flow among allopatric conspecifics
that fosters local genetic specificity through processes including genetic
drift (Avise, 2000). Isolated gene pools may occur with diverse habitats,
eco-climatic conditions, population densities, or food availability pro-
ducing variation in selective pressure (Mayr, 1963). In this scenario,
phenotypic variation can result as a consequence of genetic adaptations
to the local environment (Losos and Ricklefs, 2009), for instance, to

Table 2
Body weight, specific growth rate, mortality rate, growth heterogeneity, and
cannibalism rate (mean ± standard deviation) of tree populations of European
perch juveniles at 31, 59, 87, and 115 dph. Different superscripts within a row
indicates significant difference. SK = Slovakia, CZ = Czech Republic,
PL = Poland.

SK CZ PL

Body weight (g)
31 dph 0.11 ± 0.02b 0.13 ± 0.02c 0.04 ± 0.01a

59 dph 0.38 ± 0.04a 0.60 ± 0.07b 0.30 ± 0.03a

87 dph 2.22 ± 0.22a 4.12 ± 0.40c 3.07 ± 0.33b

115 dph 5.98 ± 0.46a 8.95 ± 3.14b 6.70 ± 0.46a

Specific growth rate (%
day−1)

31–59 dph 4.29 ± 0.31a 5.41 ± 0.25a 7.26 ± 0.61b

59–87 dph 10.66 ± 0.34a 12.28 ± 0.29b 15.57 ± 0.53c

87–115 dph 14.20 ± 0.49a 14.89 ± 0.79a 18.36 ± 0.67b

Mortality rate (%)
31–59 dph 46.67 ± 10.35a 36.89 ± 2.78a 40.00 ± 9.26a

59–87 dph 4.44 ± 3.01a 5.11 ± 1.68a 1.11 ± 0.38a

87–115 dph 0.22 ± 0.38a 1.78 ± 0.77b 0.44 ± 0.38ab

31–115 dph (total) 51.33 ± 8.82a 43.78 ± 3.79a 41.56 ± 9.48a

Growth heterogeneity
31–59 dph 1.66 ± 0.45b 0.95 ± 0.24ab 0.82 ± 0.25a

59–87 dph 1.26 ± 0.18a 1.07 ± 0.32a 1.47 ± 0.64a

87–115 dph 1.22 ± 0.16a 0.85 ± 0.22a 1.30 ± 0.33a

31–115 dph (total) 2.47 ± 0.28b 0.81 ± 0.20a 1.42 ± 0.54a

Cannibalism rate (%)
31–115 dph (total) 26.44 ± 5.55a 28.22 ± 5.00a 28.89 ± 0.77a

Fig. 1. Sampling areas and haplotype distribution of European perch popula-
tions. Different colours indicate different haplotypes. Numbers in brackets in-
dicate the number of specimens sharing the haplotype.

Table 3
Pairwise FST values from the mitochondrial dataset of European perch
populations. SK = Slovakia, CZ = Czech Republic, PL = Poland.

SK CZ

SK
CZ 0.048
PL 0.224 0.394

Significant values in bold, P= .01.
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abiotic factors (temperature, levels of dissolved oxygen, ammonia, ni-
trites, salinity, photoperiod, food availability, and quality) as well as
biotic factors (degree of competition, predation, and population den-
sity) (Hansson, 1984; Przybylski, 1996; Pierce et al., 2003).

Our study revealed genetic differences among specimens inhabiting
different areas, especially with respect to the PL group vs. other po-
pulations (Table 2). The genetic differentiation is in agreement with
Nesbø et al. (1999). The results obtained in the PL population compared
to the other groups conforms to the hypothesis that genetically different
populations are likely to display variation in characteristics affecting
their potential for aquaculture. However, we also observed variation in
aquaculture performance among fish of genetically similar populations.
This could be explained by an underestimation of the genetic variation
based on analysis of only four mitochondrial markers. Phenotypically
distinct organisms are not always characterized by large genetic dif-
ferences (Ferguson, 2002; Salvato et al., 2002; Rheindt et al., 2011),
making quantification of genetic differentiation challenging without
further analyses of nuclear genes or of the entire genome. Alternatively,
differences in any morphological, physiological, or behavioural trait
among non-genetically similar fish populations could be a consequence
of phenotypic plasticity (DeWitt and Scheiner, 2004).

Phenotypic plasticity is a ubiquitous phenomenon in living organ-
isms in response to environmental conditions (DeWitt and Scheiner,
2004). It is predicted that high gene flow in an allopatric gene pool as
suggested among CZ and SK populations by AMOVA, should favour the
development and maintenance of phenotypic plasticity over local ge-
netically-based adaptations (Crispo, 2008; Bergek and Björklund,
2009). Applying similar environmental conditions to different fish po-
pulations through transplant experiments, as in our study, minimizes
potential effects of phenotypic plasticity on the studied traits and sug-
gests a genetic basis for the variation (West-Eberhard, 2003; Rosburg,
2017). We collected specimens at the egg stage to rule out a potential
phenotypic plasticity effect. Alteration in phenotype as a response to
environmental cues can occur during development and extend through
all or part of the life of an organism (Fusco and Minelli, 2010; Wiens
et al., 2014). Ruling out a potential phenotypic plasticity effect would
require breeding sequential generations of desired strains under similar
conditions, requiring long term transplant experiments, which may be
costly and time-consuming.

4.3. Potential limitations

In addition to genetic or phenotypic plasticity as a source of the
observed differences in aquaculture performance, we cannot exclude
possible sampling bias. First, we did not conduct an initial assessment of
pathogens in the specimens. Although mortality rates were similar
among populations, pathogens may have affected performance of a
population without leading to increased mortality.

Second, the wild egg ribbons were collected from unknown brood-
stock. Therefore, observed interpopulational divergences could be dif-
ferences between genetic pool families that can affect the offspring
husbandry performances. However, we argue that our sampling design
minimizes such an effect. We minimize the risk of studying individuals
with a high degree of kinship by mixing larvae from different egg rib-
bons (i.e. one ribbon is laid by on female) for each population. Third,
environmental conditions such as diet, parasites, and water tempera-
ture experienced by the parent fish may be important in shaping off-
spring phenotype (Mousseau and Fox, 1998): Past environmental cir-
cumstances may contribute as much as current conditions to
performance (Devevey et al., 2010). Such a transgenerational effect is
not determined by the offspring's genome but instead by the environ-
mental experience of its parents (Youngson and Whitelaw, 2008).
Therefore, fish obtained from parents with high condition through a
resource-rich/pathogen-low environment may acquire the parent con-
dition and thus perform better under any environmental conditions
than does offspring of poor quality parents (Valtonen et al., 2012).

Performance of European perch larvae can be impacted by maternal
size (Olin et al., 2012). Since we have no information about the parents
of the sampled egg ribbons, we cannot exclude such a transgenerational
or maternal effect.

5. Conclusion

According to our result, we suggest that aquaculture performance
differs among allopatric populations, as previously stated for other fish
species. Therefore, quantification of geographic variation in key traits
could have potential for overcoming current issues in European perch
aquaculture. The differences were mainly observed between genetically
differentiated populations but lower divergences where recorded be-
tween genetically undifferentiated populations. These latter differences
could be a consequence of different health status, pre-collection en-
vironment, or transgenerational effects. Further studies are needed to
assess the importance of these factors in geographic differentiation of
aquaculture performance.
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