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Abstract Pikeperch (Sander lucioperca Linnaeus,
1758) is a wide-ranged percid predator fish charac-
terised by a great ecological value in the Eurasian
freshwater and brackish ecosystems. It is also one of
the most famous fish species of Lake Balaton (Hun-
gary), where a unique (genetically separated) pike-
perch stock lives. However, until now, no detailed
information was available about the pikeperch popu-
lation genetic structure in Lake Balaton. In the pre-
sent study, the population genetic structure of the
pikeperch assemblages in the lake was revealed by
using microsatellite markers. Commercial fishery and
angler catch data going back more than 100 years ver-
ified that the pikeperch has always been a key element
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of Lake Balaton’s fish stock utilization. Results of
genetic data analyses showed that the pikeperch in
the Lake Balaton forms a metapopulation system, in
which only the westward stocks show certain sepa-
ration. Moreover, it seems that the exploitation and
mass fish kills that happened in the 1960s and 1970s
may have had only a slight impact on the population
genetic structure of Balaton pikeperch stocks. The
information about genetic features and utilization
changes of pikeperch stocks can help to develop area-
specific management plans and ensure the long-term
survival of this carnivore fish species characteristic of
Lake Balaton.
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Introduction

Pikeperch (Sander lucioperca Linnaeus, 1758) is a
wide-ranging percid predator fish of the Eurasian
freshwater and brackish ecosystems (Hokanson,
1977; Brown et al., 2001; Kottelat & Freyhof, 2007).
It is distributed from the southern area of the Balkan
Peninsula beyond the Artic Circle in Scandinavia, and
the Aral Sea to the River Elbe (Kottelat & Freyhof,
2007). In the centre of its relatively large distribution
area, the species is in decline (Olsson, 2019), while
at the edge of its distribution, its spread has been
detected (Kottelat & Freyhof, 2007; Craig, 2008; Bar-
mintseva et al., 2014; Eschbach et al., 2014; Louati
et al.,, 2016). Since it is one of the top predatory
fishes in these above-mentioned habitats, it has great
ecological importance, and at the same time, great
economic value. It is important to the local fishery
in its whole range (Vetamaa et al., 2001; Tyutyunov
et al., 2002; Abdolmalaki & Psuty, 2007); similarly,
as a favourable game fish, it has considerable rec-
reational use (e.g. Dahl, 1982; Harka & Sallai, 2004;
Lehtonen et al., 1996; Steffens & Winkel, 1999). For
this reason, this species has been introduced to sev-
eral watersheds (Eschbach et al., 2014; Louati et al.,
2016). Besides traditional exploitation, pikeperch is
considered as one of the most promising freshwa-
ter fish species for aquaculture in Europe. Its high
growth potential, high-quality flesh and high market
acceptance make it an appropriate candidate for land-
based recirculating aquaculture systems (Dalsgaard
et al., 2013; Pyanov et al., 2014; Ende et al., 2021).
The demand for good quality pikeperch products has
increased, in the case of both natural stocks and aqua-
culture production. For this reason, the knowledge of
ecology, population dynamics and genetics of natural
pikeperch stocks can help to develop area-specific
management plans for the long-term survival of the
species in natural habitats. At the same time, we can
get important information for the selection of the
most appropriate lineages for aquacultural utilisation.

This information can also help to develop a stock
structure more appropriate to increase aquaculture
productivity. Since the pikeperch is an important
species in fisheries, particularly for anglers, several
notes have been published about its genetic features.
Results of the macroscale phylogenetic studies of
Cytochrome B sequence analyses made on the con-
tinental European pikeperch population showed two
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major clades (Kohlmann et al., 2013). The first clade
can be found in Northern Europe and Asia. The sec-
ond haplogroup is found in Central Europe in the
Danube drainage system (Haponski & Stepien, 2013;
Tsaparis et al., 2022). The pikeperch is a non-indig-
enous species in France and Tunisia, but this later
haplogroup is still present there. There are several
hypotheses regarding how the pikeperch appeared in
these areas (Armengaud, 1962; Goubier, 1972), but
the microsatellite marker analysis suggests that these
populations have Central European origin (Tsaparis
et al.,, 2022). Even though in France one can find
only introduced, stocked populations, their allelic
richness was higher than was detected at Baltic Sea
stocks (Poulet et al., 2009). Smaller-scale studies have
revealed that the Finnish lake populations showed
greater genetic diversity than the coastal stocks (Sdisé
et al., 2010). Moreover, a north-to-south genetic
diversity gradient was shown in this area (Bjorklund
et al., 2007). Another survey showed that the current
stocking practices cause artificial gene flow, which
decreases the genetic divergence of natural Finn-
ish pikeperch populations (Salminen et al., 2012). In
Asia, there is a significant genetic variation among
the pikeperch populations both in the Aral Sea (Khur-
shut & Kohlmann, 2009), and the Caspian Sea (Ghar-
ibkhani et al., 2009). In contrast, in Kazakhstan, there
is low genetic divergence between the natural popula-
tions, which may be caused by the rapid range expan-
sion of this species (Barmintseva et al., 2014). In
Russia, there is no significant difference between the
Volga and Akhtuba populations (Kusishchin et al.,
2018). In China, instead of the north-to-south genetic
separation that characterises the Scandinavian stocks
(Bjorklund et al., 2007; Séisd et al., 2010), a signifi-
cant east-to-west separation was observed (Lu et al.,
2022).

As has been noted above, the Danube system
hosts a separate pikeperch lineage. At the same
time, the recent study by Tsaparis et al. (2022)
highlighted that the Hungarian pikeperch stocks
have a unique genetic background and can be char-
acterised by higher genetic diversity compared to
the other European populations. Therefore, the
pikeperch stocks living in the inner area of the Car-
pathian basin are treated as a separate cluster. This
high-level differentiation can be explained by the
fact that the centre of the Carpathian Basin (where
Hungary is situated) is mainly lowland, and the
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environmental circumstances are appropriate for
this species. Moreover, this area was never glaci-
ated during the ice ages (Hewitt, 1996); therefore,
it could serve as a refugium for many terrestrial
and aquatic species (Varga, 2009; Schmitt & Varga,
2012), and a genetically separated cluster of pike-
perch could also survive. Since this species prefers
shallow eutrophic lakes with low water transpar-
ency (Sonesten, 1991; Craig, 2008) Lake Balaton
provides appropriate environmental conditions to
keep and maintain large pikeperch stocks. There-
fore, Lake Balaton has long been recognised as the
best and most characteristic pikeperch habitat in
Hungary (Harka & Sallai, 2004).

Pikeperch is among the most valuable species
in the fishery sector, and it has become one of the
most popular targets of anglers in the last decades.
To ensure the long-term conservation of the lake’s
pikeperch populations, it has been registered with
protected designations of origin and protected geo-
graphical indications (‘Balatoni hal’ PGI) by the
European Commission (“URL1”). Therefore, it is
widely accepted that pikeperch is of particular eco-
logical and economic importance in Lake Balaton,
and several studies were made on the biology of the
species (Bir6, 1981; Specziar, 2010 and the cited
works therein). Moreover, little information has been
published so far about the genetic variation of Lake
Balaton’s pikeperch stocks. Two of the available pop-
ulation genetic surveys (Kanainé Sipos et al., 2019;
Molnér et al., 2020) do not provide information about
the genetic variation of the pikeperch stock within
Lake Balaton.

The Hungarian population has greater genetic
diversity than other European populations (Tsaparis
et al., 2022). Lake Balaton is the best pikeperch habi-
tat in Hungary (Harka & Sallai, 2004), based on its
large size, unique shape and special hydrological
characteristics (Istvanovics et al., 2007), as in the case
of other large lakes (Egger et al., 2007; Sepulveda-
Villet & Stepien, 2011). Our basic hypothesis is that
more than one metapopulation may occur in the lake.
Therefore, the main aims of this present study are (i)
to analyse the genetic structure of the pikeperch stock
within the Lake Balaton, which is the largest isolated
native population of this species in Central Europe
(ii) to reveal any discrepancies within the population
and (iii) to evaluate whether the observed patterns are
related to any environmental impact.

Materials and methods
Study area

Our population genetic study was carried out on
Lake Balaton, which is one of the largest (A: 594
km?, mean depth: 3.2 m, V:~1.8 km3) freshwa-
ter shallow lakes in Central Europe (Istvanovics
et al., 2007). Lake Balaton is the largest contiguous
natural habitat for the pikeperch in the Carpathian
Basin. The surface area as well as the mean depth
of the basins increase from west to east. The estuar-
ies of the most important inflows are in the western
area of the lake. The specific hydrological features
and the lake morphometry cause environmental gra-
dients along the longitudinal axis (Istvanovics et al.,
2007) from the eu- or mesotrophic western to an
oligotrophic eastern area of the lake.

Sample collection

Fin samples were collected from six different loca-
tions of Lake Balaton from anglers’ catches during
2016-2017. In all cases, the standard length (SL)
of the fish used for the sampling exceeded 350 mm.
The cut fin samples were stored in 1.5-mL micro-
tubes in 96% ethanol at —20 °C until the start of the
DNA isolation. The locations and other important
information of samples are shown in Table 1 and
Fig. 1.

Table 1 Sampling locations and sample sizes

No Sample site  Site Coordinates Number of
abbre- individuals
viation
1 Keszthely ke N46.71019, 15
E17.26671

2 Balatonboglar bo N46.78442, 9
E17.64722

3  Balatonakali ba N46.87866, 11
E17.74037

4 Tihany ti N46.91885, 36
E17.90042

5 Siéfok si N46.92167, 9
E18.06410

6  Balatonftizf6 bf N47.05352, 13
E18.03946
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Fig. 1 A The distribution
of pikeperch sampling sites
on the littoral region of
Lake Balaton; geographic
position of Hungary in
Europe and Lake Balaton

in Hungary are indicated

in inserts (B) and (C),
respectively; the oligo-mes-
otrophic gradient of the lake
is indicated by an arrow; ke-
Keszthely population, bo-

Balatonboglar population,
ba- Balatonakali popula-
tion, ti- Tihany population,
si- Si6fok population and
bf- Balatonf{izf6 population

DNA isolation

Total genomic DNA was extracted using QIA-
GEN DNeasy Blood & Tissue Kits according to the
instructions of the manufacturer. The DNA concen-
tration of the samples was determined with a Maestro
NanoDrop spectrophotometer (Thermo Fisher Scien-
tific, Wilmington, Delaware, USA), adjusted to 55 ng/
uL for later use, and stored at —20 °C.

PCR amplification and microsatellite analysis

Fifteen microsatellite markers (MSL1, MSL2,
MSL3, MSL5, MSL9—Kohlmann & Kersten,
2008; Svi-4, Svi-6, Svi-L7, Svi-18—Wirth et al.,
1999; Pfla-L3, Pfla-L9—Leclerc et al., 2000;
7a038, Zald4, Zal199, Za207, Za237—Dubut et al.,
2010) were used to genotype the individuals. In
the PCR reaction with NED, PET, VIC, and FAM
end-labelled primers, the amplification of mark-
ers was performed in three multiplexes and one
simplex reaction in a reaction volume of 20 uL.
The composition of the multiplex A reaction was
1.5 mM MgCl,, 200 pM dNTP, 0.1 pM MSLI,
0.066 pM MSL3, 0.266 pM MSLS5, 0.2 pM MSL9
from primer, 55 ng template DNA and 1.2 U Taq
polymerase. The composition of the multiplex B
reaction was 1.5 mM MgCl,, 200 pM dNTP, 0.2
puM MSL2, 0.1 pM Svi-4, 0.1 pM Svi-6, 0.2 pM
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Svi-L7, 0.2 pM from Svi-18, 0.2 pM from Pfla-L8
primer, 55 ng of template DNA and 1.2 U of Taq
polymerase. The composition of the third multiplex
reaction was 1.5 mM MgCl,, 200 pM dNTP, 0.06
pM Pflal9, 0.02 pM Za038, 0.04 uM Zal44, 0.06
pM Za207, 0.06 pM from Za237 primer, 55 ng of
template DNA and 1.2 U of Taq polymerase. The
composition of the simplex reaction was 1.5 mM
MgCl,, 200 pM dNTP, 0.01 pM Zal99 primer, 55
ng template DNA and 1.2U Taq polymerase.

The temperature profile of the PCR reactions was
as follows: multiplex A and B: pre-denaturation at 94
°C for ten minutes, thirty-five cycles: 60 s at 94 °C,
90 s at the coupling temperature (multiplex A: 56 °C,
multiplex B: 55 °C), and 60 s at 72 °C, and then the
PCR product was kept at 4 °C. For multiplex C, the
profile was pre-denaturation at 94 °C, two cycles, 60 s
at 94 °C, 90 s at 59 °C and 60 s at 72 °C, two cycles,
60 s at 94 °C, 90 s at 58 °C and 60 s at 72 °C, two
cycles, 60 s at 94 °C, 90 s at 56 °C and 60 s at 72 °C,
25 cycles, 60 s at 94 °C, 90 s at 59 °C and 60 s at 72
°C and then the PCR product was kept at 4 °C. The
simplex PCR temperature profile was the following:
pre-denaturation at 94°C, five cycles, 60 s at 94 °C,
90 s at 49 °C and 60 s at 72 °C, thirty cycles, 60 s
at 94 °C, 90 s at 47 °C and 60 s at 72 °C, and then
the PCR product was kept at 4 °C. The length of the
PCR products was examined on an eight-capillary
ABI 3500 type sequencer (POP-7 polymer, GeneScan



Hydrobiologia

standard 600 LIZ). The fragment sizes were quanti-
fied using GeneMapper 4.1 software.

Processing genetic data

MICRO-CHECKER version 2.2.3 (number of ran-
domisations: 1000, 95% CI) was used to evaluate the
presence of null alleles (Van Oosterhout et al., 2006).
The number of alleles (N,), number of effective
alleles (N.g), observed (H,) and unbiased expected
heterozygosity (uH,), and fixation index (F) were cal-
culated using the GenAlEx 6.5 programme (Peakall
& Smouse, 2012). Allele richness (AR) and indi-
vidual allele richness (AR,) were estimated by HP
RARE 1.0 (Kalinowski, 2005). The comparison of
genetic diversity values in each subpopulation was
performed by one-way ANOVA (Tukey post hoc test,
in case of N,, AR, H,, uH, and F) and Kruskal-Wal-
li’s test with Bonferroni correction (a significance
threshold of 0.008, in case of Ny and AR,) using the
SPSS 11.5.0 software package. The analysis of the
molecular variance (AMOVA), after which genetic
differentiation among the population (F,) values were
determined in all subpopulation pairs, the calculation
of the Nei’s genetic distance matrix of the individuals
was performed using the GenAlEx 6.5 programme.
The Neighbor Joining (NJ) tree was constructed
based on Nei’s genetic distances using MEGAI11
software (Tamura et al., 2021). The Bayesian algo-
rithm implemented in the software STRUCTURE
(Pritchard et al., 2000; Falush et al., 2003) was used
to determine population structure. The most prob-
able cluster number (K) was estimated by using both
posterior probabilities (highest InP(D)) and the AK
method of Evanno et al. (2005) in the STRUCTURE
HARVESTER software (Earl & vonHoldt, 2012). To
determine the cluster number, an admixture scenario
with allele frequencies correlated was chosen, the
burn-in was set to 10,000, and the number of further
MCMC runs was set to 200,000. Calculations were
repeated 10 times for each K. Discriminant analysis
of principal components (DAPC) using microsatellite
loci and populations was performed in the R environ-
ment (4.2.1) with the adegenet 2.1.1.7 package (Jom-
bart, 2008). The paired Mantel test (9999 permuta-
tions), between pairwise F values and geographic
distances among populations, was calculated in the
GenAlEx 6.5 software. Genetic bottleneck, indicat-
ing potential population declines, was tested with

Bottleneck 1.2.02 software (Cornuet & Luikart, 1996)
under a two-phased mutation model (TPM) with 0%
stepwise mutation model (SMM) in the TPM and
36% variance of the geometric distribution. The sig-
nificance was estimated by the Wilcoxon sign-rank
test with 1000 iterations. The effective population size
(N,) was estimated with LD and heterozygote excess
methods implemented in NeEstimator 2.01 software
(Do et al., 2014). The relative directional migration
network was calculated by divMigrate-online soft-
ware (Sundqvist et al., 2016) using the method based
on Jost’s D and 1000 bootstrap iterations for the sta-
tistical testing of the asymmetry between migration
rates of all population pairs. A threshold value of 0.5
was used in the filter function to highlight the main
migration directions.

Results
Genetic diversity of the populations

The Microchecker did not detect evidence for large
allelic dropout, and the presence of null alleles was
assumed only in the case of loci Pflal.9 (in the Tih-
any population) and MSL-5 (in the Balatonfiizf6
population) due to a general excess of homozygotes.
The genetic diversity data of the six populations
are shown in Table 2. The number of alleles (N,)
was significantly higher in the Tihany population
compared to the other populations except for Kes-
zthely. However, considering the effective number
of alleles, the Keszthely population showed a sig-
nificantly higher value. The same tendency was
detected in allelic richness (AR) and private allelic
richness (AR), where the value in Keszthely was
the highest, but the difference was significant only
for AR,. Both unbiased expected heterozygosity
(uH,) and observed heterozygosity (H,) were sig-
nificantly higher in the Keszthely population. The
fixation index had a low negative value in all popu-
lations except Balatonf{izf6, and the deviation from
Hardy—Weinberg equilibrium was significant at the
Za237 locus in the Balatonboglar and Balatonakali
populations, the MSL-5, MSL-9 and PfLa-L9 in the
Tihany population, Svi-4 in the Siéfok population
and Svi-6, MSL-2 and MSL-5 in the Balatonfiizf6
population.
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Table 2 Genetic diversity parameters of the six pikeperch populations in Lake Balaton

No  Sample site N, N AR AR, uH, H, F

1 Keszthely 6.66+1.95° 3.96+131° 542+1.27 1.00+£0.76° 0.74+0.09° 0.75+0.13®> —0.04+0.15
2 Balatonboglar 4.73+1.79°  281+1.30® 450+1.64 025+033* 0.60+0.20" 0.62+0.23®° —0.08+0.12
3 Balatonakali  4.53+2.26%° 2.64+1.43® 4.17+2.01 035+081* 0.55+0.22® 052+0.20° -0.01+0.18
4 Tihany 7.86+3.33°  2.97+1.60"% 458+1.48 049+037% 0.58+0.19® 0.59+0.22® —0.01+0.14
5 Sisfok 446+1.68"  2.59+1.56° 426+157 029+0.51° 0.55+0.18"  0.54+0.22® —0.03+0.20
6  Balatonfizf6 ~ 4.80+1.78°  270+122® 420+141 026+034* 0.58+0.17" 0.51+0.26 0.10+0.31

N, number of alleles, Neﬂ- effective number of alleles, AR allelic richness, ARp private allelic richness, uH, unbiased expected het-
erozygosity, H, observed heterozygosity, F inbreeding coefficient; where indicated, different upper case letters indicate significant

(p <0.05) differences among populations within parameters

Genetic structure of the pikeperch stock in the Lake
Balaton

The AMOVA revealed in a low level of genetic differ-
entiation among populations (F,=0.028, P<0.001);
the most genetic variance was detected within indi-
viduals (92%, P <0.001) and the proportion among
individuals was 5% (P<0.001). However, the pair-
wise comparisons showed higher differentiation
between the population pairs (Table 3.) The Kesz-
thely population showed a significant differentiation
from all the other populations based on the F values
(Table 3). Moreover, the Keszthely population also
showed higher F, values than 0.05 with the Tihany,
Si6fok and Balatonf{izf6 populations.

The genetic separation of the Keszthely popula-
tion was also supported by the NJ tree constructed
based on Nei’s genetic distance (Fig. 2A). Bayesian
analysis with the STRUCTURE program resulted in
the most probable cluster number K=2 according to
the InP(D) values (Fig. 2B). However, based on the
Evanno et al. (2005) method, the change in AK value
was the highest in the case of five clusters within the
pikeperch stock in Lake Balaton (Fig. 2B). The STRU
CTURE results show no distinct clusters, neither for
K=2 nor for K=5. This reflects the fact that the F

values between populations were found to be low and
thus not high enough for STRUCTURE to identify
distinct clusters. Neither the two nor the five clusters
determined by the software were associated with the
distinct populations.

As a result of the DAPC analysis, the Keszthely
population also shows separation (Fig. 3A). The Kes-
zthely population also shows a clear membership
probability for almost all the individuals (Fig. 3B) in
contrast to the mixed pattern of the other populations.

Gene flow, population size, and bottleneck in the
pikeperch stock of Lake Balaton

The Mantel test demonstrated a strong correla-
tion between genetic (F) and geographical distance
(Fig. 4). Based on the regression, a geographical dis-
tance of 42 km is required to reach the F; value of 5%,
which already shows a meaningful differentiation.
The effective population sizes estimated by
the Ht and Ld method and the occurrence of the
genetic bottleneck events are shown in Table 4.
The lowest estimated effective population size was
in the Balatonboglar population, which showed
shifted allele frequency distribution, indicat-
ing a recent bottleneck event in the population. In

Table 3 Pairwise F values No F

st Keszthely Balatonboglar Balatonakali Tihany Siéfok Balatonftizfo
1 Keszthely -
2 Balatonboglar 0.038 -
3 Balatonakali  0.046 0.000 -
4 Tihany 0.058 0.013 0.006 -
F; values highlighted in 5  Siéfok 0.062 0.036 0.001 0.003 -
bold are significant at the 6  Balatonftizfs  0.054 0.035 0.008 0.017 0006 -

level of p<0.05
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Fig. 2 Genetic structure
of the pikeperch stock in A g g1
the Lake Balaton; A shows
the NJ tree based on the g . —
Nei’s genetic distances; B 8T @
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Fig. 4 Scatter plot for isolation by distance based on the
Mantel test shows a significant and strong linear relationship
between the genetic (F,) and geographic distances of the popu-
lation pairs (p=0.001, r=0.889)

the Tihany population, significant heterozygosity
deficiency was detected, but the allele frequency
showed a normal L-shaped distribution. However,
the Keszthely population showed significant het-
erozygosity excess.

The calculated relative directional migration
matrix (Fig. 5A.) showed the lowest migration
from Keszthely to Siéfok (0.063) and the highest
value from Siéfok to Tihany (1.000). The partial
separation of the Keszthely population was easily
detected if the filter threshold was set to 0.5; the
Tihany population showed the strongest two-way
migration with all other populations (except for
Keszthely) (Fig. 5B). The bootstrapping confirmed
that statistically significant asymmetrical migration
occurs in all cases relative to the Keszthely popula-
tion (Fig. 5C).

Discussion
Genetic diversity and utilisation changes

The genetic diversity (H,: 0.55-0.74, Ar: 4.17-5.42)
of the pikeperch populations in Lake Balaton is
highly comparable to the literature data. In Finnish
populations: in coastal populations, He=0.30-0.37,
Ar=3.3-39, in lake populations He=0.36-0.46,
Ar=4.0-5.5 (Siisa et al., 2010) or He=0.51,
Ar=3.6-4.6 (Salminen et al., 2012). In the Rhone
delta, H,=0.64-0.74 and Ar=4.0-6.0 (Poulet et al.,
2009), and in the lower Volga Basin, H,=0.79-0.82
and Ar=9.57-10.64 (Kusishchin et al., 2018).
Lake Balaton belongs to the Danube River basin, in
which the German populations showed lower diver-
sity values (H.: 0.62 and Ar: 4.5) (Eschbach et al.,
2014). Compared to data in a study covering Euro-
pean stocks and showing a high overlap in the mark-
ers used (Tsaparis et al., 2022) with this study, the
diversity of the Balaton pikeperch population was
also high, not only in the wild (H,: 0.40-0. 69, Ar:
2.7-4.9) but also in domesticated stocks (H,: 0.35-0.
72, Ar 2.6-5.5); where the stocks with high diversity
were of Lake Balaton or Hungarian origin.

Although most subpopulations showed no signs of
a genetic bottleneck event (i.e. temporal population
decline(s) in the past), the results are not entirely con-
clusive. In the case of Tihany, several markers showed
deviations from HW equilibrium and significant hete-
rozygosity deficiency was detected, but the allele fre-
quency showed a normal L-shaped distribution. It can
be assumed that at least for this subpopulation there
has been a major recent change in the population size.
The Lake Balaton’s fisheries statistics (the catch sta-
tistics of the Balaton Fish Management Non-Profit

Table 4 The effective

i ; Sample site Ne
population sizes (Ne)

Wilcoxon test probability Mode-shift

estimated by the Ht and Ld Ht LD Heterozygo-  Heterozygo- Two tails

method, and the results of sity defi- sity excess

the test for recent bottleneck ciency
Keszthely 144.7 99.6 0.972 0.031 0.063 Normal L-shaped
Balatonboglar  22.6 Infinite  0.126 0.885 0.252 Shifted mode
Balatonakali Infinite  Infinite 0.210 0.805 0.421 Normal L-shaped
Tihany 182.9 100.1 0.010 0.990 0.021 Normal L-shaped
Siéfok Infinite  Infinite  0.067 0.939 0.135 Normal L-shaped
Balatonf(izf6  Infinite 29.2 0.359 0.660 0.719 Normal L-shaped
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Fig. 5 Directional relative migration estimated by divMigrate-
online (D method): A all populations, no filter was used, B all
populations, the filter threshold was set to 0.5; C asymmetric
migration, 1000 bootstrapping, no filter was used; ke- Kesz-

Ltd (and of the legal predecessor companies) and the
National Fishery Data Repository), providing infor-
mation about the period from 1901 to 2020 (Fig.
S1), show that the total pikeperch catch in this period
was 10,022 tonnes, and an average (+SD) of 83.51
(+50.18) tonnes of pikeperch were caught yearly. The
largest commercial catch was 236.7 tonnes in 1934,
while only 16 tons of pikeperch were caught in 2008.
Catch data shows considerable temporal changes
in population exploitation. In the first decade of the
twentieth century, the catch was about 100 tonnes/
year, which was followed by a considerable decrease.
From the beginning of the 1920s decade, there was an
increasing trend, which was followed by a decrease
till the middle of the 1940s. The decline due to the
Second World War was followed by a fast run-up to
the mid-1960s, when the pikeperch catch was around
160-170 tonnes per year. From this period, the com-
mercial pikeperch catches steadily reduced to a few
tonnes per year until 2011, when recreational angling
was given priority, and for this reason, since 2013,
commercial fishing has been prohibited. In the last
decade, the anglers’ catch has grown, and the total
amount of pikeperch caught from Lake Balaton
exceeded 92 tonnes in 2019, which is 36.6% of the
total catch of 250.8 tonnes of pikeperch caught from
natural waters in Hungary. The recent exploitation

thely population, bo- Balatonboglar population, ba- Balato-
nakali population, ti- Tihany population, si- Siéfok population
and bf- Balatonf{izf6 population

rate of the pikeperch population by angling is consid-
erable and is estimated to be 49-56%/year for legal
size classes (>35 cm standard length) based on tag-
ging experiments (Specziar, 2010; Specziar & Turc-
sanyi, 2017). The fact that only one analysed pike-
perch population showed traces of bottleneck suggests
that neither the harvesting and stocking nor the mass
fish kills of the last century (Bir6, 1997) considerably
affected the population genetic conditions of Lake
Balaton’s pikeperch stock. This may be due to the
relatively large size of the pikeperch stock (note the
area of the lake is about 600 km?) and the unhindered
admixture of the pikeperch stocks.

Population genetic features of pikeperch stocks

Results of the population genetic survey showed weak
separation among the studied stocks. The pikeperch
stocks are likely to show a metapopulation structure.
The existence of the metapopulation may also support
the significant, but relatively low pairwise F,, values
compared to the other Hungarian and Baltic popu-
lations. (Bjorklund et al., 2007; Siisd et al., 2010;
Kéanainé Sipos et al., 2019). Spawning migration
rarely exceeds 35 km in pikeperch (Lappalainen et al.,
2003), while the length of Lake Balaton is 79 km.
Therefore, the shape and length of the lake already
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allow for a minimal degree of isolation by distance,
with F values greater than 0.05 above 50 km geo-
graphic distance showing a minimal degree of genetic
isolation. However, distinguishing locally reproduc-
ing populations and mapping fine population struc-
ture is often difficult, even when using genetic mark-
ers. A good example of this is North America’s Lake
Erie, where fine-scale studies have been conducted
on several percid species for such purposes. In the
case of yellow perch, although individual spawning
groups were well separated genetically, genetic isola-
tion based on geographic distance was not observed,
and the genetic effect of some groups on the overall
population was greater than others (Sepulveda-Villet
& Stepien, 2011). Several studies have been con-
ducted on the North American relative of pikeperch,
the walleye. Although Stepien et al. (2012), using
microsatellite makers, detected consistent genetic
structure in the lake walleye stock by the isolation
of one spawning site (Van Buren Bay), other spawn-
ing groups showed greater similarity in some years,
and self-assignment tests did not show high values
in many groups. In a more recent study using RAD
sequencing (Chen et al., 2020) for Lake Erie walleye,
a more accurate picture was obtained, showing that
the western spawning groups showed low separation,
but the western and eastern basins were more strongly
separated, with high 95% classification accuracy. Our
present study showed a similar genetic pattern in the
Lake Balaton pikeperch population, and it would be
worthwhile to compare subpopulations using SNP
markers.

Additionally, the migration computations showed
a one-way east-to-west direction for pikeperch move-
ment. This result is in accordance with the findings
of Specziar and Turcsanyi (2017), who analysed the
movement of marked pikeperch individuals. Fish
stocked in mesotrophic areas travel smaller distances
and disperse less than those stocked in the oligo-
trophic areas (Specziar & Turcsanyi, 2017). It seems,
therefore, that the movement and distribution of the
pikeperch are strongly related to the trophic gradi-
ent of Lake Balaton (Istvanovics 2007). The separa-
tion of the stock of Keszthely can also be explained
by the different mean depth and surface area, the
specific morphometrics of the lake, and the differ-
ences between the compositions of the fish fauna
(Bird, 1997). These factors probably resulted in local
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adaptations within the stock, which would be useful
information for stock replacement plantations.
Finally, the genetic structure may also reflect the
effects of stocking and introgression (which could be
more pronounced in the central and eastern areas).
All the pikeperch stocked in Lake Balaton had a natu-
ral origin by hatching from artificial nests placed in
the lake. Although we do not have information on
the local variation in the proportion of introductions
for all periods, it could theoretically not affect the
genetic structure if the natural population size is large
enough. However, there was a significant decline in
the pikeperch population in Lake Balaton between
1965 and 1975 due to mass mortalities. At that
time, the population size was estimated to have been
reduced to between half and one-sixth depending on
the area. In the north-eastern part, a survey carried
out in 1978 showed a lack of older age classes (the
population consisted of 3—5-year fish), which changed
towards the south-west, with a dominance of 4-6-year
classes in the central part, while in the south-western
part (Keszthely), 4-8-year fish were prevalent (Bird,
1981). Stocking on a reduced natural spawning stock
could theoretically have caused introgression (Molnar
et al., 2020) in the central and mainly eastern basins.
Although, it is not possible to make firm conclu-
sions without historical samples and temporal genetic
analyses, anthropogenic influences may have been
involved in the development of the present structure.

Conclusions

Commercial fishery and angler catch data going back
more than 100 years verified that the pikeperch has
always been a key element of Lake Balaton’s fish
stock utilisation. Despite the strong recovery of the
stocks, the genetic diversity of the pikeperch in Lake
Balaton is sufficient compared to other natural stocks.
Neither the harvesting and stocking nor the mass fish
kills in the 1960s and 1970s appear to have caused
bottleneck effects on the species’ genetic pattern. A
metapopulation system can be observed in the studied
area, in which only the westward stocks (in the Kes-
zthely Bay) show certain separation. The migration
calculations showed a one-way east—west direction of
pikeperch movement, which is closely related to the
trophic gradient observed in Lake Balaton.
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