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1. INTRODUCTION

Fishes, marine and freshwater alike, provide food and livelihood for 
hundreds of millions of people, and currently fi sh consumption is higher 
than ever before (FAO 2014). For this reason, many fi sh species are 
heavily exploited, and fi sheries are often operation near the maximum 
sustainable exploitation levels (Stokes & Law 2000; Jorgensen et al. 2007; 
Law 2007). Thus, over 80% of the world’s fi sh species are fully exploited 
or overfi shed (FAO 2011). As a consequence, with ever-growing demand 
for fi sh products, the threats of over-exploitation, illegal fi shing and 
illegal fi sh trade are very high. For conservation and sustainable use of 
resources, a better understanding of genetic population structure, local 
adaptations and fi sheries-induced changes in life-history traits is essential, 
because biologically insensible management actions or lack of necessary 
regulations may lead to population collapse (Laikre et al. 2005; Olsson et 
al. 2007) and/or replacement of the local population (Hansen et al. 2012).

Despite various management strategies aimed at reducing fi shing pressure, 
only a few populations show signs of recovery in abundance (Stockwell 
et al. 2003; Hutchings & Reynolds 2004). This suggests that exploitation, 
and subsequent population recovery, are not simple processes decreasing 
or increasing fi sh biomass, but several environmental, ecological and 
genetic mechanisms can be involved, such as habitat alterations, shifts 
in species interactions and life-history traits (Hutchings 2005; Enberg et 
al. 2009; Swain 2011; Kuparinen & Hutchings 2012). Nonetheless, little 
is known about the genetic consequences of harvesting, partly because 
temporal investigations that simultaneously evaluate phenotypic and 
molecular changes are very scarce (Árnason et al. 2009; Jakobsdóttir et al. 
2011). Many studies have also pointed out the diffi culties in distinguishing 
phenotypic responses from true evolutionary changes (Stokes & Law 2000; 
Kuparinen & Merilä 2007; Law 2007; Kuparinen & Merilä 2008). For 
example, faster growth and earlier maturation at a smaller size can be a 
consequence of fi sheries-induced evolution (FIE) or, alternatively, may be 
explained by a decline in fi sh density, where reduced competition for food 
and space leads to increased growth and earlier maturation (Law 2000). 
Furthermore, only a few of the studies focusing on disentangling genetic 
and environmental effects of fi sheries exploitation have explicitly tested 
whether the observed phenotypic shifts could be at least partly attributable 
to population replacement, immigration or emigration (Jakobsdóttir et 
al. 2011; Hansen et al. 2012).
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Eurasian perch is an intensively exploited freshwater fi sh species in 
Europe, and is a targeted angling species in many counties (Estonian 
Fishery, 2013; OECD 2009; Vainikka et al. 2012; Heermann et al. 2013). 
It is among the species with the highest economic importance both for 
freshwater and Baltic Sea fi sheries in Estonia, which is the third largest 
European exporter to European Union markets (Watson 2008). After 
Estonia regained its independence in 1991, the fi shery sector experienced 
major changes, which had severe consequences on coastal and freshwater 
perch stocks. Mainly, due to the opening of the West-European markets 
and practically unregulated fi shing in many coastal areas of Estonia, 
drastic increase in fi shing intensity occurred. This resulted in over-
exploitation of many fi sh stocks, especially in the Matsalu Bay area (Järv 
et al. 2005; Vetemaa et al. 2006). Despite multiple fi shing regulations that 
were introduced in 1999, the Matsalu Bay perch population has not fully 
recovered and the population size has remained very low (Järv et al. 2005).

Several fi shing regulations have been implemented in Estonia for the 
two largest and commercially most important perch stocks, Lake Peipus 
and coastal Baltic Sea ( Järv et al. 2005). However, due to differing 
regulations, cases of potential mislabelling have emerged where perch 
caught from Lake Peipus during fi shing closure were labeled on the market 
as beingof coastal origin. Therefore, reliable identifi cation methods are 
urgently needed for identifying and discriminating between brackish 
and freshwater perch (Ogden 2008; Nielsen et al. 2012; Österblom 2014). 
Various population genetic techniques for distinguishing populations 
are available ( Johnson et al. 2014; Ogden & Linacre 2015), but most 
frequently an individual assignment test is used to determine the most 
likely source population according to multilocus genotype information 
of an individual (Ogden 2008; Nielsen et al. 2012).

Over the last 20 years, the most popular molecular genetic markers 
in population genetic studies have been short tandem repeats or 
microsatellites (Schlötterer 2004; Abdul-Muneer 2014). However, with 
the recent advances in next-generation sequencing (NGS) technologies, 
the use of single nucleotide polymorphisms (SNPs) has been signifi cantly 
increased (Morin et al. 2004; Liao & Lee 2010).

Despite the high cultural and economic importance of perch and 
advances in molecular genetic technologies, we still know very little 
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about the Eurasian perch genome and only a very small number of highly 
polymorphic microsatellite markers were available at the start of this thesis. 
Thus, one of the aims of this work was to develop new microsatellite 
loci to improve the understanding of the genetic population structure 
of perch. As a complementary approach, I also identifi ed large number 
of SNPs and estimated their allele frequencies in perch by adopting 
genome complexity reduction method called double-digest restriction-
site associated DNA (ddRAD) for Ion Torrent PGM next-generation 
sequencing platform. Importantly, ddRAD approach combined with Ion 
Torrent PGM enables small research groups to conduct NGS genomic 
studies due to its reduced cost and speed and customizable amount of 
data (depending on the chips used for sequencing).

This doctoral dissertation is based on four publications that represent 
studies on genetic population structure of Eurasian perch in Estonia in 
order to aid conservation, management and forensic actions of the species. 
In the fi rst publication (I), I investigated the evolutionary consequences 
of intensive fi shing simultaneously at phenotypic and molecular genetic 
level within one specifi c perch population in the Baltic Sea over a 24-year 
period. In the second publication (II), I developed a new set of highly 
polymorphic microsatellite markers for Eurasian perch using ddRAD 
approach combined with Ion Torrent PGM sequencing. In the third 
publication (III), a detailed description of the approach used in publication 
II is given. The developed protocol resulted in extreme genome complexity 
reduction, which enabled the sequencing of a relatively small number 
of genomic fragments with high sequencing depth. Also, over 1200 
SNPs were identifi ed and loci with large allele frequency differences 
between the Baltic Sea and Lake Peipus populations were found. In the 
fourth publication (IV), commercially important brackish and freshwater 
populations of Eurasian perch in Estonia were studied (the Baltic Sea 
and Lake Peipus) to describe the genetic divergence among populations 
and evaluate the power of 16 microsatellite markers to assign individual 
fi sh and groups of fi sh to their population of origin. The methodology 
described in publication IV represents an important step towards the 
development of a robust molecular tools for identifying illegal fi shing 
and fi sh trade in perch in Estonia.
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2. REVIEW OF LITERATURE

2.1. The study species

Fish in the Baltic Sea are comprised of species of marine and freshwater 
origin which have adapted to low salinities/brackish water conditions 
(Johannesson & André 2006; Wennerström et al. 2013). One such species 
is Eurasian perch (Perca fl uviatilis L.), a common freshwater fi sh species 
with a short pelagic larval phase (Craig 1987).

The natural distribution of perch covers a large part of Europe and North-
Asia up to the Kolyma River (Thorpe 1977). According to Nesbø et al. 
(1998), three types of Eurasian perch live in the Baltic Sea region: i) sea 
perch, who live and breed in the brackish water; ii) lake perch, who live 
and breed in the freshwater; and iii) anadromous perch, who live in the 
brackish water, but spawn in the freshwater. In Estonia, perch inhabits 
92% of all the lakes and is very common in the coastal zone (Pihu 1993). 
This species is very resilient to low oxygen content as well as low pH 
levels and can successfully inhabit small forest and bog lakes, often being 
the only fi sh species in those waterbodies (Pihu 1993).

In large lakes, male perch reach sexual maturation earlier (3-4 years 
of age at standard length of 9-14 cm) than females (4-5 years of age at 
standard length of 12-18 cm) and spawning begins at the end of April, 
when the water temperature is between 6 to 8 ºC (Pihu 1959). Perch is 
a predatory fi sh, eating mostly lake smelt, ruffe, common gobies, Baltic 
herring and roach in addition to cannibalising individuals smaller than 
20 cm (Pihu et al. 2003).

Eurasian perch contributes significantly to both commercial and 
recreational fi sheries in coastal Estonian waters of the Baltic Sea and 
in Lake Peipus, the fi fth largest lake in Europe (Jaani & Raukas 1999). 
Perch is mainly fi shed with fyke nets, traps and gill nets all year round, 
peaking in coastal waters during spring in Estonia (as high as 70% of 
annual catch) (Pihu et al. 2003). Due to intense commercial exploitation 
and high importance among recreational fi shermen (Estonian Fishery 
2013; OECD 2009; Vainikka et al. 2012; Heermann et al. 2013), perch 
abundance has declined drastically in some areas during the last two 
decades (Järv et al. 2005; Vetemaa et al. 2006; Ljunggren et al. 2010).
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2.1.1. Genetic population structure of Eurasian perch

Marine species in general show higher genetic variability and lower levels 
of differentiation among populations compared to freshwater species 
because of larger effective population size and higher gene fl ow (Ward 
et al. 1994). However, species that inhabit large areas can also aggregate 
into groups of individuals that are partially isolated from each other, 
by exchanging low number of migrants, resulting in genetic differences 
between them (Laikre et al. 2005).

Consistent with philopatry and short migration distances of perch (Kipling 
& Le Cren 1984; Järv 2000; Saulamo & Neuman 2002), earlier studies 
have shown that multiple genetically different populations of perch may 
occur at a very small spatial and temporal scale in lakes (Gerlach et al. 
2001; Behrmann-Godel et al. 2004; Bergek & Björklund 2007; Bergek 
& Olsson 2009). These works have revealed that small-scale population 
genetic structuring may be associated with differences in biological and 
environmental mechanisms such as natal homing behaviour (returning 
to the same area to spawn), salinity, turbidity, local currents (affects 
larval dispersal) and temperature at the time of spawning (Bergek et al. 
2010; Stepien et al. 2015). In addition, population genetic studies on the 
Baltic Sea perch stocks have demonstrated some contradictory results. 
For example, Nesbø and colleagues (1998; 1999) found very low levels of 
genetic divergence, while others reported higher levels of differentiation 
and strong signals of isolation by distance (Bergek & Björklund 2009; 
Olsson et al. 2011).

According to Nesbø et al. (1998) three different ecotypes of Eurasian perch 
inhabit the Baltic Sea (sea, lake and anadromous) and it was suggested 
that high level of genetic differentiation of perch in the Gulf of Bothnia 
was due to differences in their reproductive behaviour. The results of 
mtDNA analysis showed high level of genetic differentiation at small 
geographic scale between the lake and all the other behavioural groups, but 
not among the two anadromous populations. A similar low level genetic 
differentiation was demonstrated in another study, where postglacial 
colonization of perch in Europe was investigated (Nesbø et al. 1999). 
Despite the high level of structuring among groups (southern Europe, 
eastern Europe, western Europe with Poland, and Norway), hierarchical 
analysis of molecular variance (AMOVA) results showed low within-group 
structuring. The inability to characterise high levels of genetic divergence 
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in perch might be due to the marker type. In both studies they used 
mitochondrial and random amplifi ed polymorphic DNA (mtDNA and 
RAPD, respectively) markers, which are known to be less informative 
than microsatellites, which were used in later publications.

More recent population genetic studies of Eurasian perch show moderate 
or high level genetic differentiation (Gerlach et al. 2001; Bergek & 
Björklund 2007, 2009; Bergek et al. 2010; Olsson et al. 2011). Using 
microsatellite loci, Gerlach et al. (2001) demonstrated moderate levels 
of genetic differentiation between two populations in Lake Constance, 
Germany. They also found evidence indicating isolation by distance and 
kin aggregation, which played a major role in population structuring. 
Even greater segregation was demonstrated by Bergek and Björklund 
(2007) in a small 24 km2 lake. Signifi cant genetic differentiation was 
measured between almost all nine locations, however, the reasons for 
cryptic barriers, which caused this kind of genetic divergence, remained 
unclear. On the other hand, both Bergek et al. (2010) and Olsson et 
al. (2011) demonstrated that differences in small-scale environmental 
conditions during the time of spawning is a key force behind a higher 
genetic differentiation in perch. 

2.2. Genetic markers

Molecular genetic markers are easily identifi able variable locations at DNA 
sequences due to single nucleotide mutations, replacements or insertion/
deletion of nucleotides that can be used to detect differences between 
individuals or populations. Several types of genetic markers have been 
used to characterize the divergence and diversity of fi sh populations, 
including restriction fragment length polymorphisms (RFLPs), amplifi ed 
fragment length polymorphisms (AFLPs), mitochondrial DNA (mtDNA), 
microsatellites and single nucleotide polymorphisms (SNPs ) (Abdul-
Muneer 2014). However, choosing between these different marker types 
depends on the study question (Wan et al. 2004) and organism. For 
example, RFLP analysis was the fi rst technique used for genome mapping, 
association and forensics studies (Schlötterer 2004); mtDNA markers are 
primarily used for phylogenetic analyses (Sloss et al. 2004); microsatellite 
marker analyses are valuable in determining the genetic variation of 
closely related individuals and populations; and SNPs are used to describe 
historic demographic events, identifi cation of footprints of selection 
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and to determine the connection between genotype and phenotype (via 
quantitative trait locus mapping and genome-wide association studies) 
(Schlötterer 2004).

During the last twenty years, the most popular DNA markers in 
fi sheries research have been microsatellites, due to their wide range of 
applications, high levels of polymorphism, relatively straightforward 
laboratory protocols and high repeatability (Abdul-Muneer 2014). In 
addition, microsatellite markers have been widely used for non-model 
species because it is possible to use primers which are developed for sister 
species or genera (Seeb et al. 2011). For example, in the work presented in 
this thesis, I successfully applied microsatellite loci that were developed 
for walleye (Stizostedion vitreum) (Borer et al. 1999) and yellow perch (Perca 
fl avescens) (Zhan et al. 2009) in Eurasian perch (Perca fl uviatilis L.) (I).

2.2.1. Restriction-site associated DNA (RAD) and next-
generation sequencing (NGS) in non-model organisms

Recent technical advances in NGS technologies have enabled the 
sequencing of entire genomes of numerous species at an unprecedented 
speed. However, for many applications, obtaining the complete genome 
sequence from a large number of individuals is still prohibitively expensive 
and, depending on particular research question, not even necessary. 
Hence, various genome complexity reduction methods have been recently 
developed, which allows only a subset of genome to be sequenced (Baird 
et al. 2008; Davey et al. 2011; Elshire et al. 2011; Peterson et al. 2012), thus 
enabling higher number of samples to be sequenced at higher relative 
sequence coverage.

Most widely used genome complexity reduction methods that have been 
increasingly used in non-model species is restriction-site associated DNA 
(RAD) sequencing, which uses restriction enzymes to digest and fragment 
the genome, followed by sequencing of fragments of certain size range 
(Baird et al. 2008; Hohenlohe et al. 2010; Recknagel et al. 2015). RAD 
sequencing is currently used in wide-range of research fi elds such as 
molecular evolution (Emerson et al. 2010), conservation (Sharma et al. 
2012) and forensics (Ogden et al. 2013) as well as population genetic, 
biogeographic and phylogenetic studies (Baxter et al. 2011; Bruneaux et 
al. 2013).
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RAD sequencing enables researchers to uncover large numbers of 
polymorphic markers across the genome in a cost-effective manner 
(Davey et al. 2011). Recent innovations to earlier RAD library preparation 
protocols have simplifi ed the procedure even further and eliminated 
physical shearing of high-molecular-weight genomic DNA by introducing 
two restriction enzyme digestion (Peterson et al. 2012; Bruneaux et al. 
2013; Fig. 1). Using two restriction enzymes (termed double-digest RAD 
(ddRAD) or double RAD (dRAD)) is advantageous due to reduced 
library preparation cost and increased throughput (Peterson et al. 2012). 
Subsequently, specifi c adapters that commonly include 4-6 bp long barcode 
sequence are ligated to the fragments. Barcodes are used to identify 
individual samples or pools of samples that are sequenced together in a 
single library (Andrews et al. 2016) to reduce the time and cost. However, 
pooling multiple individuals into one DNA library with single barcode 
can also pose various challenges. For example, unequal representation of 
DNA from individual samples could lead to inaccurate allele frequency 
estimates (Anderson et al. 2014) and assessing the level of allele dropout, 
paralogues, mapping errors and hidden population structure could be 
more diffi cult or even impossible (Schlötterer et al. 2014).
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Pooled DNA of
Lake Peipus origin

Pooled DNA of
Baltic Sea origin

Restriction digest of genomic DNA

and BamHI

Ligation of adapters
containing TCGTT
barcode

Ligation of adapters
containing AGACC
barcode

Fragments of ~300 bp lengths
were extracted

Nick-translater, PCR-amplified with Ion Torrent
primers A and P1 and purified

(to remove < 100 bp long fragments)

67.9% fragments were
between 262-299 bp

65.4% fragments were
between 262-299bp

Emulsion PCR, emulsion breaking
and enrichment

314 Chip 318 Chip

Figure 1. Step-by-step illustration of ddRAD library preparation (modifi ed from 
Ahmad (2014)).

As a fi nal step, prepared library or libraries are sequenced. Currently, 
most popular sequencing platforms are Illumina sequencers, which use 
optical detection of DNA bases (Metzker 2010; Loman et al. 2012). On 
the other hand, Ion Torrent Personal Genome Machine (PGM) sequencer, 
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also called semiconductor sequencer, technology uses sensor chips to 
detect hydrogen ions (H+) that are released during polymerization as a 
complementary strand of DNA is synthesized (Rothberg et al. 2011). This 
chip has millions of microwells containing template DNA strand to be 
sequenced and is fl ooded with all four nucleotides in successive fl ows. If 
the introduced nucleotide is complementary to the template nucleotide, 
it is incorporated into the growing complementary strand. This causes 
the release of large number of H+ that triggers a change in pH and that 
signal is transformed into a voltage change. If homopolymer repeats are 
present in the template sequence, multiple nucleotides will be incorporated 
in a single cycle, which leads to a corresponding number of released 
hydrogens and a proportionally higher electronic signal (Rothberg et 
al. 2011). Sometimes, however, erroneous insertions or deletions occur, 
since Ion Torrent is unable to correctly indicate the exact number of 
homopolymers if they are more than 8 bases long (Loman et al. 2012; 
Quail et al. 2012). Despite high error rates (~4%; Bragg et al. (2013)), the 
Ion Torrent platform continues to be a cheaper (purchasing cost of the 
platform and cost of sequencing per chip is relatively low), faster (hours 
instead of days) and more fl exible (amount of data depends on the chip 
used) alternative for small laboratories and individual research groups 
(Glenn 2011).

2.3. Over-exploitation and fi sheries induced selection

Fishing usually removes individuals non-randomly from a population, 
favouring larger size and/or one sex over another (Law 2000). As a result, 
fi sheries-induced selection often is expected to cause evolutionary changes 
towards lower maturing ages and/or sizes in over-harvested populations 
(Heino & Godø 2002; Sharpe & Hendry 2009; see Audzijonyte et al. (2016) 
for review). Alternatively, however, aforementioned changes can be a 
consequence of declined fi sh density, where reduced competition for food 
and space leads to increased growth and earlier maturation (Law 2000). 
Despite the increasing number of studies reporting signifi cant temporal 
shifts in life-history traits due to fi sheries-induced selection (Kuparinen 
& Merilä 2007; Allendorf & Hard 2009), diffi culties in distinguishing 
phenotypic responses from true evolutionary changes remain (Law 
2007; Kuparinen & Merilä 2008). Additionally, observed shifts in life-
history traits and genetic composition could be at least partly due to 
population replacement or immigration (Hansen et al. 2012). For example, 
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temporal genetic analysis of the over-exploited North Sea cod (Gadus 
morhua) population was strongly affected by gene fl ow from neighbouring 
populations (Hutchinson et al. 2003). Since, local adaptation may occur 
at a much smaller scale than the dispersal ability of the species (Hauser 
& Carvalho 2008; Savolainen et al. 2013), the recovery of overfi shed 
populations may be hampered by the infl ux of non-native individuals, 
who lack the necessary adaptations to the new environmental conditions.

Another risk of high exploitation to the sustainability of a population is 
the potential reduction of genetic diversity (Allendorf et al. 2014; Pinsky 
& Palumbi 2014), which can affect the evolutionary potential of stocks 
by weakening its ability to adapt to changing environmental conditions 
(Laikre et al. 2005; Johannesson & André 2006; Wennerström et al. 2013). 
Low genetic diversity means that all individuals within a population are 
genetically very similar making them more sensitive to new environmental 
pressures (e.g. diseases, parasites, global warming) and in the worst case 
scenario, causing the death of all individuals. However, individuals from 
a population with high genetic diversity have a much better chance of 
having alleles that allow them to adapt to changes and survive and 
reproduce, keeping the population sustainable (Frankham et al. 2002). 
For example, exposing inbred (low genetic diversity) and outbred (high 
genetic diversity) Drosophila fl ies to changing environmental conditions, 
such as increasing levels of salinity, the outbred populations were better 
able to adapt to the change (Frankham et al. 1999).

2.3.1. Fight against illegal fi shing and fi sh trade

In addition to fi sheries actions that operate outside the level of sustainability 
(FAO 2014), fi sh populations around the world are further damaged by 
the illegal, unreported and unregulated (IUU) fi shing, which have been 
estimated to be up to 25% of the global catch (Agnew et al. 2009). Hence, 
if catches from IUU fi shing are not taken into account while developing 
new management plans for heavily exploited fi sh stocks, the subsequent 
recovery could be compromised, as more fi sh are actually caught than 
biologically sustainable (Helyar et al. 2014).

Mislabelling fi sh and fi sh products can be considered another form of 
IUU activity that endangers harvested populations as well as consumers 
(Warner et al. 2013; Helyar et al. 2014). Such activities are usually carried out 
to obtain a higher price (e.g. red snapper (Lutjanus campechanus) is replaced 
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with tilapia (Oreochromis niloticus)) or hide the real source of the fi sh, which 
might originate from an endangered population under strict protection 
rules (Miller & Mariani 2010). In order to fi ght against illegal fi shing and 
fi sh trade as well as ensure the enforcement of different fi shing regulations 
and other conservation measures, reliable identifi cation methods are 
needed for fi sh traceability (Ogden 2008; Nielsen et al. 2012; Österblom 
2014). To that end, various molecular genetic tools have been used for 
this purpose since early 1990s (Sweijd et al. 2000; Ogden 2008; Rasmussen 
& Morrissey 2008), but highly variable microsatellite markers are one of 
the most frequently used genetic markers for identifying population of 
origin (e.g. Cornuet et al. 1999; Hansen et al. 2001). However, to reliably 
determine the origin of individual fi sh at small spatial scale, large number 
of genetic markers with high level of divergence is typically needed, since 
most marine populations are often weakly differentiated (Nielsen et al. 
2009; Nielsen et al. 2012). Also, comprehensive reference data (allele 
frequency information) from all potential source populations or target 
species is needed to avoid erroneous exclusions and/or inclusions of 
individuals (Ogden & Linacre 2015).
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3. HYPOTHESES AND AIMS OF THE STUDY

The main objective of this thesis was to improve the understanding of 
the genetic population structure of Eurasian perch in Eastern Baltic 
Sea region to aid conservation, management and forensic actions of the 
species.

The specifi c aims of the thesis are:

1) to investigate the consequences of over-exploitation and subsequent 
population recovery of Eurasian perch (Perca fl uviatilis L.) in Matsalu 
Bay, in the eastern Baltic Sea (I);

Hypothesis: Over-harvesting causes changes in life-history traits and infl uences 
genetic make-up of the populations.

2) to investigate the applicability of restriction-site associated DNA 
(RAD) sequencing approach for Ion Torrent PGM platform to 
identify SNPs with high level of genetic differentiation between 
brackish and freshwater perch populations (III);

Hypothesis: Restriction-site associated DNA (RAD) sequencing of pooled 
samples using Ion Torrent PGM platform enables detection of highly 
differentiated markers.

3) to improve the understanding of the genetic population structure 
of Eurasian perch in Estonia (IV) by developing and utilizing 17 
novel microsatellite loci (II);

Hypothesis: Signifi cant genetic structuring exists among and between brackish 
and freshwater Eurasian perch populations in Estonia.

4) to investigate the utility of newly developed microsatellite markers 
to discriminate Eurasian perch both at the individual level and 
between habitats (brackish water vs freshwater origin) to more 
effi ciently combat illegal fi shing and fi sh trade in Estonia (IV).

Hypothesis: The level of genetic divergence between brackish (coastal Baltic) and 
freshwater (Lake Peipus) populations in Estonia enables accurate identifi cation 
of the origin of perch individuals or groups.
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4. MATERIAL AND METHODS

In this section I will briefl y present an overview of the methods used 
throughout the thesis. Detailed descriptions of the methods can be found 
in each specifi c publication.

4.1. Study area and sample collection

Samples of perch (1,503 individuals for molecular genetic and 1,570 
individuals for phenotypic analyses) used within the current thesis, were 
collected from 13 brackish water sites in the Baltic Sea (Åland Islands 
(Föglö), Haapsalu, Kihnu, Kõiguste, Küdema, Matsalu Bay, Paslepa, Pärnu 
Bay, Turku, Vaindloo, Vilsandi and Virtsu) and from four freshwater 
locations in Lake Peipus (Fig. 2). Most of the brackish water sites were 
located in Väinameri Sea region, which is a semi-enclosed shallow area 
in Western Estonia with average water depth of only 5 m (Kumari 1970; 
Kotta et al. 2008). The seawater temperatures in Väinameri Sea vary 
annually between 0-28ºC (yearly mean temperature +5.2-5.8ºC; warmest 
monthly temperature in July +16.5-17ºC), surface salinities range between 
4-6 ‰ and sea is ice covered from January till mid-April (Kumari 1970; 
Kotta et al. 2008). Lake Peipus is located on the Estonian/Russian border 
and is the fi fth largest lake in Europe (3,555 km2). The lake is eutrophic 
and shallow with a mean water depth of 7.1 m (Jaani & Raukas 1999).
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Figure 2. Sampling sites of Eurasian perch. Samples number 2, 9, 10 and 15 were 
used for ddRAD library preparation in Publication II and III.

During the last few decades perch population abundance has gone through 
drastic stock decline in the Väinameri Sea region without ever recovering 
to its original state. In the 1990s, the commercial catch dropped more 
than hundred times (e.g. from ca 500 t as an average in 1970-1990 to 3.2 t 
in 1999; Vetemaa et al. (2006)). Even though in 2010 and 2011 the offi cial 
perch catch had increased to 23.7 and 17.2 t, respectively (Eschbaum et 
al. 2012), it is far from the pre-1990s levels. In Lake Peipus, however, the 
offi cial commercial catch has been rather stable (1992-2014, on average 
638 t per year) (Statistics Estonia).

Samples used in Publications I – IV consisted of adult fi sh caught from the 
wild (some of them during breeding season (I)), using either trawling (II, 
III, IV), fyke nets (I, II, III, IV) or caught by recreational fi shermen (II, 
III, IV) (Fig. 2). For DNA analyses in Publication I, old dried scales or 
opercular bone samples were used, which were maintained by the Estonian 
Marine Institute, University of Tartu, Estonia. For other publications fi n 
clip samples (preserved in 96% ethanol) were used.
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4.2. Genotyping and laboratory analysis

For genotyping, eleven microsatellites used in Publication I were 
developed by Borer et al. (1999) and Zhan et al. (2009). Publication IV 
included novel microsatellite markers that were identifi ed by double-
restriction-site associated DNA approach combined with Ion Torrent 
PGM sequencing (II, III).

DNA extraction, polymerase chain reaction and genotyping protocols 
are described in detail in each respective publication. All microsatellite 
genotyping was performed using in-house genetic analysers (ABI 
Prism 3130xl (I) and ABI 3500 (IV)) and scoring was carried out with 
GENEMARKER v1.60 (Soft Genetics) and GENEMAPPER v4.1 
software (Life Technologies, USA), respectively. 

4.2.1. ddRAD library preparation

To develop genomic resources and genetic tools for the Eurasian perch, 
which could be used in a court of law, double-restriction site-associated 
(ddRAD) sequencing approach was carried out with Ion Torrent PGM 
platform. The term library preparation consists of various steps involving 
in the creation of sequencing templates from genomic DNA (Fig. 1). The 
goal of using two restriction enzymes with Ion Torrent PGM platform was 
to reduce the genome complexity of Eurasian perch genome by sequencing 
only those genomic fragments which contained PstI and BamHI cut sites 
(III). For this, the genomic samples from 76 wild perch were used in two 
pools: the Baltic Sea pool and Lake Peipus pool. To combine the pools, 
each individual sample was added in equimolar concentration. Pooling 
is considered a fast and cost-effective method for SNP discovery in 
comparison to obtaining individual genotyping (Futschik & Schlötterer 
2010), providing relatively accurate allele frequency estimates (Gautier 
et al. 2013; Schlötterer et al. 2014). ddRAD library preparation protocol 
broadly followed the methods described by Bruneaux et al. (2013), with 
some modifi cations as outlined in Publication II (Fig. 1). In short, pooled 
DNA was digested simultaneously with two restriction enzymes PstI 
and BamHI. Then the restriction reaction was followed by the ligation 
where Ion Torrent A and P1 adapters where attached to the sticky ends 
of DNA fragments. In order to differentiate between the pools, two 5 
bp barcodes were incorporated to the adapters (III). After adding the 
adapters, each library was loaded onto E-Gel® SizeSelect 2% Agarose 



25

Gel (Life Technology) to extract DNA fragments of approximately 300 
bp of length. Subsequently, adapter-ligated products were nick-translated 
(to make labeled probes) and PCR-amplifi ed (18 cycles). As a fi nal step 
before preparing samples for Ion Torrent PGM sequencing, both libraries 
were purifi ed twice using Solid Phase Reversible Immobilization (SPRI) 
bead solution (Meyer & Kircher 2010) to remove fragments smaller than 
100 bp. Both Sea and Lake libraries were subsequently used for emulsion 
PCR and enriched with an Ion Xpress Template Kit, according to the 
manusurer’s instructions. The details of the ddRAD library preparation 
are described in Publication III.

4.3. Data analysis

In publications I and IV, I estimated basic population genetic parameters 
(observed and expected heterozygosity (HO, HE, respectively), allelic 
richness (AR), mean number of alleles (A), the number of unique 
alleles in a sample (IV)) using FSTAT v2.9.3.2 (Goudet 1995) and 
MICROSATELLITE TOOLKIT v3.1.1 (Park 2001). Also, deviations 
from Hardy-Weinberg equilibrium and linkage disequilibrium were 
assessed using GENEPOP v4.0 (Rousset 2008). Genetic differentiation 
(FST) estimates between samples, as one of the most commonly used 
statistics in population genetics, were calculated following Weir and 
Cockerham (1984) in FSTAT. The significance of allele frequency 
differences between samples was estimates using genetic differentiation 
test in GENEPOP. In Publication I, the program STRUCTURE v2.3 
(Pritchard et al. 2000) was used to detect changes in genetic composition 
based on multilocus genotype information. The effective population 
size (Ne) and immigration rate in Publication I was estimated using 
a maximum-likelihood method implemented in the program MLNE 
v1.0 (Wang & Whitlock 2003). In Publication IV, a hierarchical analysis 
of molecular variance (AMOVA) was used to estimate the amount of 
genetic variation due to differences between the groups and between 
populations within the groups, using the program ARLEQUIN v3.5.1.2 
(Excoffi er et al. 2005). In Pulication IV, the differences in basic population 
genetic parameters (average AR, HO, HE, FIS (inbreeding coeffi cient), FST) 
between freshwater and Baltic Sea populations were tested, using two-
sided randomisation test implemented in FSTAT. To estimate genetic 
similarity of samples, Nei’s genetic distances were calculated between 
all sampling sites (Nei et al. 1983), and a neighbour-joining method was 
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used to construct a dendrogram. The bootstrap values were calculated 
using 1,000 replicates, and the tree was visualised with MEGA v6.06 
(Tamura et al. 2013).

4.3.1. Phenotypic analysis

To investigate possible changes in life-histories, phenotypic data of  1,570 
Eurasian perch from the pre- (growth data: 1987, 1990; maturity data: 
1987-1992) and post-collapse (growth data: 2009, 2010; maturity data: 2006-
2008 and 2010) periods in Matsalu Bay were investigated (I). For these two 
categories of  samples, changes in age-specifi c lengths were investigated 
using linear mixed effect models (LME), where sex and a factor indicating 
whether the individual belonged to the “pre-“ or “post-“ collapse group, 
as well as their interactions, were set as fi xed effects and the cohort (group 
of  fi sh according to their year of  birth) was set as a random effect. These 
analyses were conducted separately for ages one to fi ve years, as no older 
individuals were present in the post-collapse period (I).

In Publication I, sex-specifi c maturity ogives (i.e. the age-specifi c probability 
of  being mature) in pre- and post-collapse years were investigated through 
a generalized linear model (GLM) with a binomial error structure, having 
age, length, collapse indicator (factor, similar to that described above) as 
well as their two-way interactions and the quadratic effects of  age and 
length as effects. Model simplifi cations were made by stepwise model 
reduction based on either likelihood ratio test (LME) or chi-squared tests 
(GLM) as suggested by Crawley (2007). Whole life-history analyses were 
conducted using R v2.11.1 (R Development Core Team) (I).

To test whether the individuals belonging to distinct genetic clusters 
identifi ed by STRUCTURE differed in their growth rate, the age-specifi c 
lengths (ages from one to fi ve) were used in linear mixed models, having sex, 
cluster, and their interactions fi xed effects, and cohort as a random effect. 
Similar to the analysis described earlier, model simplifi cation was made by 
stepwise model reduction based on likelihood ratio tests (LME) using R.

4.3.2. Bioinformatic data analysis and SNP validation

Evaluation of the quality of raw sequence reads represents a fi rst important 
NGS analysis step as reads with low quality, artifacts or excessive length 
variation may later lead to erroneous assembly. Before SNP validation in 
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Publication III, the Ion Torrent sequencing data was quality controlled and 
de novo assembled. To carry out these tasks, the sequencing information 
was split into two datasets (Sea and Lake), based on the barcode sequences 
using fastx_barcode_splitter.pl implemented in FASTX – Toolkit v0.0.13 
(http://hannonlab.cs-hl.edu/fastx_toolkit/index.html). Then, all the reads 
were trimmed with FASTQ/A Trimmer in FASTX – Toolkit and fi ltered 
using custom Python scripts. The quality of the data was checked using 
PRINSEQ-LITE v0.17.3 (Schmieder & Edwards 2011), after which de 
novo assembly was performed using MIRA v3.9.15 (Chevreux et al. 1999). 
Additional fi ltering was carried out with TABLET v1.13.07.31 (Milne et 
al. 2012) in order to exclude contigs with repetitive sequences and highly 
variable contigs, which most likely contain multiple loci. Mapping was 
performed with MIRA and the subsequent BAM fi le was used as an input 
for SAMTOOLS v0.1.18 (Li et al. 2009) for SNP discovery. Finally, to 
avoid incorrect SNP calling caused by frequent homopolymer sequencing 
errors of the Ion Torrent PGM platform, SNPs associated with three or 
more consecutive homopolymers were discarded.

Primers chosen for SNP validation in Publication III were selected to: 
i) show high differentiation between afore mentioned Sea and Lake 
pools or ii) contain PstI restriction site to test the potential presence 
of chimeras (two genomic fragments ligated together erroneously). For 
primer development, an online PRIMER3 v0.4.0 (Koressaar & Remm 
2007; Untergasser et al. 2012) program was used and subsequent Sanger 
sequencing was carried out at Estonian Biocentre (http://vvv.ebc.ee) 
using 3130x1 Genetic Analyser (Applied Biosystems). Following sequence 
alignment and analysis was done with BIOEDIT v7.2.5 (Hall 1999) using 
CLUSTALW multiple alignment option when necessary, otherwise 
sequences were aligned manually.

4.3.3. Individual and group assignment.

In Publication IV, I evaluated the power of both, individual and group 
assignments, to correctly identify the genetic origin of perch. For both 
of these analyses GENECLASS2 (Piry et al. 2004) was used.

I also assessed the power of newly developed microsatellite marker set 
to distinguish between perch from brackish and freshwater habitats and 
to estimate the ability of 16 loci to correctly determine the source of 
multiple individuals of unmixed origin resembling potential forensic 
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case where it is important to evaluate the likelihood of group of fi sh to 
originate from alternative sources. First, ONCOR (Kalinowski 2008) 
was used to simulate 1,000 new genotypes based on observed allele 
frequency estimates for multiple populations. Second, the assignment 
probabilities of simulated genotypes were calculated in relation to Lake 
Peipus and the Baltic Sea reference dataset. Then, I calculated the log10 
likelihood ratios for different sample sizes, to evaluate the likelihood of 
fi sh to originate from alternative sources (brackish vs freshwater origin) 
using Excel add-in program POPTOOLS v3.2.5 (Hood 2011). The group 
assignment procedure developed in Publication IV is expected to be 
useful in solving potential cases of fi sheries fraud, when it is necessary 
to test the origin of multiple fi sh from single genetic origin.
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5. RESULTS AND DISCUSSION

5.1. Phenotypic and genetic effects of  over-exploitation

In Publication I, marked changes in size- and age-distribution of Eurasian 
perch and increase in juvenile growth rate and reduction in age at sexual 
maturity in males were detected. In the pre-collapse years (1987-1992), the 
mean age and length of perch were 5.1 years and 195.3 mm, respectively. 
However, in the post-collapse years, the mean age and length were 
considerably reduced (mean age 3.0 years; mean length 164.7 mm; Fig. 3a). 
While such patterns can result from a shift in the demographic structure 
of the population, analysis of the age-specifi c length showed that the 
growth rates of individuals had changed over time. As shown in Fig. 3b, 
most of the difference in juvenile length-at-age can be attributed to lower 
growth rates during the fi rst year of age during the pre-collapse years.

Figure 3. Changes of Eurasian perch life-history traits in Matsalu Bay. a) Mean age 
and length of perch from 1987 to 2010 (empty and fi lled circles, respectively); b) 
length-at-age estimates back-calculated (BC length) from scales. Full and open circles 
represent post- (2009-2010) and pre-collapse (1987-1990) length-at-age, respectively. 
Standard errors deviations are encompassed by vertical lines (Publication I, modifi ed).

In the pre-collapse samples 40% of  2-year old, 37% of  3-year old and 10% 
of  4-year old males were immature, while in the post-collapse groups all 
the studied males at age 2 to 4 were mature. All of  these above-mentioned 
parameters are often considered as evidence supporting FIE, genetic 
response to high harvesting pressure that would favour early-maturing 
individuals. However, based on combined individual-based life-history 
and genetic analysis, the fi ndings of  Publication I provide evidence that 
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temporal phenotypic trends can also arise from increased immigration of  
foreign individuals with different life-history patterns. This fi nding was 
based on the results of  the analysis of  age-specifi c length in post-collapse 
cohorts (information from STRUCTURE analysis; Fig. 4), which showed 
that the individuals belonging to distinct genetic clusters also differed in 
their growth rates. So far only a few studies focusing on disentangling 
genetic and environmental effects of  fi sheries exploitation have explicitly 
tested whether the observed phenotypic shifts could be at least partly 
attributable to population replacement or immigration (Jakobsdóttir et 
al. 2011; Hansen et al. 2012) from the neighbouring populations with 
different genotypes and phenotypes.

Publication I also provided insights to changes in effective population size 
associated with the collapse and recovery of  a harvested fi sh population. 
As in case of  Matsalu Bay perch population, a dramatic reduction in the Ne 
was detected in the post-collapse sample (1995-2008) compared to earlier 
years. The Ne value in the post-collapse years was seven times smaller than 
in the pre-collapse period (Ne = 11, 95% CI = 7-21 and 79, 95% CI = 
40-225, respectively), however, reduced effective population size did not 
result in a rapid loss of  genetic diversity. This is most likely explained by the 
relative insensitivity of  genetic diversity indexes to population bottlenecks 
(Frankham et al. 2002; Busch et al. 2007) and increased immigration 
(estimated immigration rate = 0.462, 95% CI = 0.296-0.718 and 0.114, 
95% CI = 0.063-0.181, in post- and pre-collapse cohorts respectively).

Similar to many harvested fi sh populations around the world (Hutchings 
2000; Stockwell et al. 2003; Hutchings & Reynolds 2004; Hutchings 
& Rangeley 2011), the reductions in fi shing pressure and introduction 
of various regulations, the Matsalu Bay perch population has not yet 
fully recovered (Eschbaum et al. 2012; Keskkonnaministeerium 2015). 
These results are consistent with the fi ndings in Atlantic cod (Gadus 
morhua), which showed that fi shing can specifi cally target genetically and 
phenotypically different sections of a population (Árnason et al. 2009). 
One possible explanation for this is that fi sh which replaced the original 
stock are not well adapted to the current conditions. However, more 
experimental work is needed to test this hypothesis.
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Taken together, all the above-mentioned genetic shifts would have 
remained unnoticed without the use of modern molecular genetic tools. 
The fi ndings highlighted in Publication I demonstrate the added value of 
simultaneous genetic and life-history analyses when aiming to characterise 
the effects of population recovery and fi shing-induced selection. Also, this 
work demonstrated that alternative mechanisms (population replacement 
or immigration) behind the phenotypic changes are feasible and need to 
be considered when temporal shifts in life-history traits are observed. Not 
many studies have investigated temporal genetic changes of over-harvested 
marine fi shes (Hutchinson et al. 2003; Nielsen & Hansen 2008; Larsson et 
al. 2010; Palstra & Ruzzante 2010) and based on my fi ndings, it is likely 
that extinctions of local populations due to population replacement may 
be more frequent than we think. Hence, simultaneous individual-based 
genetic screening combined with phenotypic analysis (Lappalainen et al. 
2016) should be a vital part of developing future fi sheries management 
and conservation measures.

5.2. Genetic diversity, Hardy-Weinberg and linkage 
disequilibrium

Genetic diversity measures investigated in Publication I and IV were 
quantifi ed as expected and observed heterozygosity, mean number of 
alleles, allelic richness and private alleles (IV). I also tested the presence 
of linkage disequilibrium between loci and Hardy-Weinberg equilibrium 
for all genotyped markers (Table 1 and 2).

Genetic diversity measures from Matsalu Bay presented in Publication I, 
showed considerable fl uctuations over the 24-year period, with the most 
drastic change occurring in post-collapse cohorts (individuals born in 
2006-2008). Also, Hardy-Weinberg (H-W) equilibrium testing indicated 
that all three post-collapse samples deviated signifi cantly 
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Table 1. Temporal and spatial information of Eurasian perch samples used for genetic 
analysis in Publication I.

Sampling site

Cohort/ 

Sampling 

Year* n A A
R
(4) H

E
H

O
H-W‡ LD

9. Matsalu Bay ≤1981 26 5.57 3.46 0.50 0.52 NS 0
9. Matsalu Bay 1982 63 5.71 3.15 0.48 0.47 NS 0
9. Matsalu Bay 1983 67 6.86 3.35 0.51 0.52 NS 0
9. Matsalu Bay 1984 52 5.71 3.26 0.50 0.47 NS 0
9. Matsalu Bay 1985 48 5.00 3.22 0.50 0.52 NS 0
9. Matsalu Bay 1986 52 6.29 3.24 0.50 0.45 NS 0
9. Matsalu Bay 1987 57 5.86 3.34 0.51 0.46 NS 0
9. Matsalu Bay 1988 44 6.14 3.51 0.54 0.49 NS 1
9. Matsalu Bay 1989 31 6.14 3.59 0.55 0.51 NS 0
9. Matsalu Bay 1990 40 6.43 3.3 0.52 0.53 NS 0
9. Matsalu Bay 1994-1996† 47 5.86 3.44 0.53 0.45 NS 0
9. Matsalu Bay 2006 84 5.57 2.91 0.44 0.40 *** 8
9. Matsalu Bay 2007 47 5.57 3.29 0.5 0.46 *** 10
9. Matsalu Bay 2008 26 4.86 3.32 0.55 0.39 *** 7
10. Pärnu Bay 1987 27 4.71 3.31 0.51 0.55 NS 0
10. Pärnu Bay 2010 101 8.71 3.61 0.56 0.56 NS 1
5. Haapsalu 2010 19 5.43 3.63 0.55 0.56 NS 0
11. Paslepa 2010 16 3.71 3.01 0.49 0.51 NS 0
13. Virtsu 2010 18 5.14 3.61 0.57 0.49 NS 0

* - Matsalu Bay samples are shown as cohorts, other areas as sampling years
n – number of fi sh successfully genotyped; A – mean number of alleles; AR – allelic 
richness
‡ – P-values for Hardy-Weinberg equilibrium test after Bonferroni corrections (k = 
133). NS denotes a non-signifi cant and *** highly (P < 0.001) signifi cant P-value.
† - this sample consists of fi sh born in 1994 (n = 15), 1995 (n = 17), 1996 (n = 15)
LD – number of locus pairs (out of 21 comparisons) deviating from gametic phase 
equilibrium after Bonferroni corrections (k = 0.002).



34

T
ab

le
 2

. S
am

pl
e 

in
fo

rm
at

io
n 

an
d 

ge
ne

tic
 e

st
im

at
es

 o
f s

tu
di

ed
 E

ur
as

ia
n 

pe
rc

h 
sa

m
pl

es
 (t

he
 m

ea
n 

nu
m

be
r o

f a
lle

le
s p

er
 lo

cu
s (

A
), 

al
le

lic
 ri

ch
ne

ss
, 

ex
pe

ct
ed

 (H
E
) a

nd
 o

bs
er

ve
d 

he
te

ro
zy

go
sit

y 
(H

O
), 

H
ar

dy
-W

ei
nb

er
g 

eq
ui

lib
riu

m
 (H

-W
) a

nd
 g

am
et

ic 
ph

as
e 

eq
ui

lib
riu

m
 (L

D
)) 

(P
ub

lic
at

io
n 

IV
).

Sa
m

p
li

n
g 

si
te

A
b

b
re

vi
at

io
n

Sa
m

p
li

n
g 

ye
ar

n
A

A
ll

el
ic

 r
ic

h
n

es
s 

(A
R
)

H
E

H
O

H
-W

*
L

D
P

ri
va

te
 

al
le

le
s

A
R
 

(4
)

A
R
 

(1
2)

A
R
 

(2
1)

1.
 P

ei
pu

s
Pe

i10
20

10
55

10
.13

3.
53

5.
99

7.5
0

0.
59

0.
57

**
*

0
10

2.
 P

ei
pu

s
Pe

i11
20

11
64

10
.3

1
3.

41
5.

68
7.0

6
0.

57
0.

56
N

S
0

6
3.

 P
ei

pu
s -

 M
us

tv
ee

Pe
i1

3M
20

13
34

8.
69

3.
53

5.
92

7.3
9

0.
59

0.
56

N
S

0
6

4.
 P

ei
pu

s -
 V

ar
nj

a
Pe

i1
3V

20
13

26
8.

19
3.

53
6.

11
7.6

9
0.

57
0.

56
N

S
0

4
5.

 H
aa

ps
al

u
H

aa
20

10
18

6.
19

3.
43

5.
51

-
0.

59
0.

57
N

S
0

0
6.

 K
ih

nu
K

ih
20

13
40

7.6
9

3.
22

5.
19

6.
31

0.
54

0.
53

N
S

0
1

7. 
K

õi
gu

st
e

K
õi

20
13

40
8.

13
3.

36
5.

61
6.

83
0.

54
0.

53
N

S
0

3
8.

 K
üd

em
a

K
üd

20
12

61
7.5

6
3.

15
4.

88
5.

81
0.

53
0.

52
N

S
0

0
9.

 M
at

sa
lu

20
10

-2
01

1†

16
2

**
*

60
9a

. A
†

M
at

_A
11

9
9.1

9
3.

19
5.

18
6.

33
0.

53
0.

51
**

*
55

4
9b

. B
†

M
at

_B
43

4.
38

2.
62

3.
68

4.
07

0.
43

0.
44

**
*

29
0

10
. P

är
nu

Pä
r

20
13

73
8.

44
3.

22
5.

18
6.

26
0.

53
0.

53
N

S
0

2
11

. P
as

le
pa

Pa
s

20
10

16
5.

06
3.

16
-

-
0.

54
0.

48
N

S
0

0
12

. V
ils

an
di

V
il

20
13

40
7.6

9
3.

23
5.

18
6.

32
0.

54
0.

53
N

S
0

1
13

. V
irt

su
V

ir
20

10
22

5.
81

3.
17

4.
93

-
0.

53
0.

44
**

*
0

0
14

. Å
la

nd
 Is

la
nd

s
Å

la
20

07
30

7.4
4

3.
22

5.
29

6.
57

0.
53

0.
50

N
S

0
1

15
. T

ur
ku

Tu
r

20
11

64
9.

81
3.

36
5.

59
6.

87
0.

54
0.

52
N

S
0

7
16

. V
ai

nd
lo

o
Va

i
20

13
40

8.
88

3.
50

5.
87

7.
28

0.
57

0.
55

N
S

0
5



35

Allelic richness - based on minimum sample size of 4, 12 and 21 diploid individuals:
- AR(4); all populations in the dataset,
- AR(12); Paslepa population was removed from the dataset,
- AR(21); Paslepa, Haapsalu and Virtsu populations were removed from the dataset.
*P-values for Hardy-Weinberg equilibrium test after Bonferroni corrections (k = 17). 
NS denotes a non-signifi cant and *** highly (P < 0.001) signifi cant P-value.
LD - number of locus pairs (out of 120 comparisons) deviating from gametic phase 
equilibrium after Bonferroni corrections (k = 0.000417).
† Matsalu 2010 and 2011 samples were divided into two groups (A (pre) and B (post) 
as in Pukk et al. 2013) using Structure v2.3.3.

from H-W equilibrium proportions (P < 0.05; after Bonferroni 
corrections). Deviations from H-W equilibrium may be caused by 
non-random mating, selection and/or small effective population size 
(Karlsson & Mork 2005). Furthermore, deviations seen in Publication 
I may arise when population substructuring occurs (Fig. 4) leading to 
strong Wahlunds’ effect (reduction in HO compared to HE), indicating 
the presence of two genetically distinct perch groups in Matsalu Bay.

In addition, the results of the linkage disequilibrium test showed a large 
number of signifi cant deviations for post-collapse Matsalu Bay samples 
(Table 1). This supports the hypothesis that two genetically distinct perch 
populations are present in the bay as genotypic linkage disequilibrium 
patterns were most likely infl uenced by hidden population structure 
(Slatkin 2008). This is also supported by the Bayesian clustering analysis, 
where post-collapse Matsalu Bay samples clearly differentiated from all 
the nearby regions (I; Fig. 4).

Based on analysis of  16 newly developed microsatellite markers presented 
in Publication IV, the mean number of  alleles (A) per locus ranged from 
4.38 to 10.31 and the HE values ranged from 0.43 (Matsalu Bay) to 0.59 
(Lake Peipus and Haapsalu). In general, average allelic richness (AR) and 
A values were highest in Lake Peipus sampling sites and lowest in some 
Väinameri Sea samples (Table 2). The number of  unique alleles in a sample 
was estimated only in Publication IV, where all together 50 private alleles 
with very low frequency (range 0.42-1.92%) were found in 12 separate 
sampling sites. Majority of  private alleles (n = 26) were found from four 
Lake Peipus samples, while 11 private alleles were found in Väinameri Sea.

H-W equilibrium testing over all loci revealed signifi cant (P < 0.05) 
deviations from H-W equilibrium proportions in four out of 17 sampling 
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sites after Bonferroni corrections (Publication IV). Also, results of the 
linkage disequilibrium test showed that a large number of locus pairs (60 
out of 120) deviated signifi cantly for Matsalu Bay samples, confi rming 
the results of Publication I. The lack of gametic phase disequilibrium and 
presence of H-W equilibrium in three out of four Lake Peipus samples, 
however, does not allow for drawing strong conclusions about the presence 
or lack of multiple genetically divergent perch populations in Lake Peipus.

Many earlier studies have shown that over-exploitation of fi sh stocks may 
lead to a drastic reduction of Ne, which in turn leads to lower genetic 
diversity (see also Kenchington (2003) for review; Pinsky & Palumbi 2014). 
Brackish water perch stocks underwent a drastic population decline in 
the 1990s (Vetemaa et al. 2006), and I also detected a small but signifi cant 
difference in genetic diversity between brackish and freshwater samples 
(Publication IV). The allelic richness of brackish water populations (Ar(21) 
= 6.26) was signifi cantly (P < 0.05) lower than for the freshwater samples 
(Ar(21) = 7.41), and a similar trend was evident based on heterozygosity 
estimates (HO = 0.564 and 0.515, P < 0.001; HE = 0.579 and 0.527, P < 
0.001; for Lake Peipus and brackish water samples, respectively). However, 
as slightly lower genetic diversity was also observed in the Baltic Sea 
perch sample collected from the Finnish Archipelago Sea, it is not clear 
whether the difference in variability between Lake Peipus and Väinameri 
Sea samples genuinely refl ects the recent population decline. Based on the 
lack of strong signs of recent genetic bottlenecks, it is therefore possible 
that small differences in diversity may not be caused by a recent reduction 
in effective population size (Luikart et al. 1998). This is in accordance 
with many other studies which have failed to detect strong signals of 
recent genetic bottlenecks even when demographic data strongly suggest 
that the population has gone through size collapse (Le Page et al. 2000; 
Busch et al. 2007; Mardulyn et al. 2008).

5.2.1. Genetic differentiation and population structure

The genetic differentiation estimates between the earliest cohort (1981) 
and post-collapse cohorts showed signifi cant (P < 0.001) increase in 
FST values (I), illustrating a sharp temporal change in allele frequencies 
between pre- and post-collapse perch caught in Matsalu Bay. On the 
other hand, a low level of genetic differentiation was observed among 
the majority of analysed brackish water samples (FST values below 0.015; 
IV), while within freshwater sites the temporal and spatial samples did 
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not signifi cantly differ from each other (pairwise FST estimates 0-0.005). 
Considering that earlier studies have found considerable population 
genetic structuring in perch even in small waterbodies (Gerlach et al. 
2001; Bergek & Björklund 2007), it was somewhat surprising to fi nd a 
lack of differentiation within a big lake (3 555 km2). Yet, as evident from 
analysis presented in Publication IV, considerable genetic structure was 
detected at a larger geographic scale, with freshwater (Lake Peipus) samples 
being clearly distinguishable from all the brackish water sampling sites. 
This result was also supported by AMOVA, indicating that a signifi cant 
amount of variation was explained by differences among groups (variance 
among groups 4.54%, variance within groups 0.61%). Such a high level of 
genetic differentiation between the coastal and freshwater populations has 
also been described for pikeperch, another economically very important 
freshwater fi sh species in the Baltic Sea (Säisä et al. 2010).

To further visualize the genetic differentiation among studied samples, 
I constructed a neighbour-joining dendrogram (Fig. 5b) and analysed 
data by using principal component analysis (Fig. 5a; IV). Both analyses 
revealed a strong separation of Lake Peipus and the Baltic Sea samples, 
while Vaindloo positioned between Lake Peipus and coastal samples. Also, 
several branches of the tree showed high bootstrap support, indicating 
genetic similarity among geographically close sampling sites. Therefore, 
the ecotype divergence between the brackish and freshwater samples 
appears to be representative of the genetic variation present within the 
Eurasian perch gene pool. The low level of between-population variation 
in Väinameri Sea region is indicative of high level of gene fl ow between 
these populations despite the short migration distances characteristic 
of Eurasian perch (Kipling & Le Cren 1984; Järv 2000; Saulamo & 
Neuman 2002).
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Figure 5. a) Principal component analysis (PCA) based on allele frequencies for 
Eurasian perch samples; b) neighbour-joining tree for 17 perch samples. Sites, numbered 
1-16, are listed in Table 2 and Fig. 2 (Publication IV).

5.3. Generation of  new genomic resources for Eurasian perch

In order to reliably detect spatial and temporal changes of population 
genetic structure in Eurasian perch, the application of a large number of 
polymorphic markers is preferable (Vähä & Primmer 2006). However, at 
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the start of this thesis only very little genomic information was available 
for Eurasian perch (Yang et al. 2009) and earlier population genetic studies 
on perch have used a relatively small number of polymorphic microsatellite 
markers developed for P. fl uviatilis (Yang et al. 2009) or other related 
species, such as walleye and yellow perch (Borer et al. 1999; Zhan et al. 
2009). Furthermore, for reliable analysis of markers based on historical, 
degraded, DNA samples (e.g. dried scales or operculum samples), it is 
preferable to use short fragments for amplifi cation as longer markers 
often result poor amplifi cation or long allele dropouts (I). I therefore 
aimed to develop an additional set of highly polymorphic, relatively short 
microsatellite markers suitable for reliable genotyping from both high-
quality DNA as well as from degraded samples. In order to achieve this, I 
used NGS technology and ddRAD approach to carry out extreme genome 
complexity reduction, which allows for sequencing of a relatively small 
number of genomic fragments with high sequencing depth. In contrast 
to random sequencing, this approach enabled in silico identifi cation of 
length polymorphisms from the sequence data, which likely increased 
the subsequent validation success of the tested markers (II).

Compared to other RAD sequencing studies in a wide range of species, 
ddRAD protocol described in Publication III enabled very effi cient 
genome complexity reduction. Sequencing of ddRAD libraries generated 
4,171,836 raw sequences (II, III) and after fi ltering and de novo assembly, 
16,886 contigs were retained (over 2.2 MB of novel sequence data) for 
mapping. For SNP discovery, all available sequence reads (1,259,177) were 
used against the assembled reference sequence and 7,325 possible SNPs 
were identifi ed (III). After stringent fi ltering, a total of 1,259 putative 
SNPs remained. However, the downside of stringent fi ltering is the loss 
of rare allelic variants (Bruneaux et al. 2013) and in Publication III, 
at least fi ve reads per SNP allele were required to call a putative SNP. 
Additionally, despite of higher sequencing errors of the Ion Torrent PGM 
platform compared to other approaches (Bragg et al. 2013), reliable SNP 
calling was possible because of high sequencing depth.

In Publication II, more than 1,300 microsatellite motifs were identifi ed 
using MSATCOMMANDER v0.8.2 (Faircloth 2008) and I was able 
to design primers for almost 200 loci using PRIMER3. Yet, Sanger 
sequencing of subset of loci (n = 24) indicated that not all putative SNP 
markers represent genuine polymorphisms. For subsequent primer testing 
I selected 36 microsatellite markers and evaluated their performance and 
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variability by using 48 individuals from two sampling sites (Pärnu Bay, n 
= 24; Lake Peipus, n = 24). From all tested markers, 17 were polymorphic 
with an average of eight alleles (varied between 2 to 19), and none of the 
loci deviated from H-W equilibrium (II). As demonstrated in Publication 
IV, these new microsatellites represent a useful tool for population genetic 
studies of Eurasian perch.

5.4. Using population genetic methods to provide tools against 
illegal fi shing and fi sh trade

Illegal, unreported and unregulated (IUU) fi shing is a serious global 
problem that threatens the sustainable management of commercially 
important fi sh species by reducing the effective population size and 
creating erroneous and misleading data for fi sheries statistics, and this 
may impede effi cient conservation actions (Helyar et al. 2014).

In Estonia, various fi shing regulations have been implemented for Lake 
Peipus and Baltic Sea perch (Järv et al. 2005), to facilitate sustainable use 
of  these commercially important stocks. Quotas and temporal fi shing 
closures have been applied to Lake Peipus perch fi sheries and in the Baltic 
Sea, for example, a minimum size limit is applied (total length of  19 cm). 
Consequently, because of  the differences in fi sheries regulations, cases of  
illegal fi shing and fi sh trade (e.g. false product labelling) arise, necessitating 
reliable genetic forensics methods to ensure the enforcement of  fi sheries 
regulations (Ogden 2008; Nielsen et al. 2012). To this end, individual and 
group assignments were carried out to evaluate the genetic similarity 
among samples and to ascertain the possibility of  identifying the source of  
unknown fi sh. The results in Publication IV showed that 16 microsatellite 
loci used in the study did not provide enough power for highly accurate 
individual assignment to specifi c sampling sites (mean self-assignment 
accuracy 36.7%, range 9.1-97.3%). For this reason, group assignment was 
performed, and this resulted in much higher accuracy (from 62.9% to 
90.9%). In order to apply this method in real cases of  possible fi sh fraud, 
I further tested the power of  identifi cation and exclusion of  a group of  
fi sh of  unmixed source (all samples originating from a single location) 
of  Baltic Sea or Lake Peipus origin. Using this approach, it was possible 
to distinguish brackish water perch from freshwater individuals (and vice 
versa) with very high confi dence (log10 likelihood ratio > 3), when sample 
size exceeded 15-20 individuals per group (Fig. 6.). On the other hand, 
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it is likely that using a larger number of  markers would increase both 
the individual and group assignment accuracy and exclusion power even 
further (Nielsen et al. 2012). SNP markers identifi ed in Publication III 
with existing microsatellite panel could be therefore used in the future to 
increase the discriminatory power of  individual assignment. In addition, 
increasing the reference database by including samples from other coastal 
areas of  the Gulf  of  Finland and southern parts of  Lake Peipus would 
be benefi cial to improve the completeness of  the genetic baseline and 
increase the robustness of  multilocus genotype analysis. Taken together, 
the results of  this thesis indicate that by using highly variable genetic 
markers it is possible to distinguish between the two most commercially 
important sources of  Eurasian perch in Estonia.
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is represented with n.
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6. CONCLUSIONS

The following conclusions can be drawn from this thesis on population 
genetic and life-history analysis of Eurasian perch.

• Rapid collapse of a local Eurasian perch population in Matsalu 
Bay was most likely a result of over-exploitation as indicated by 
drastic changes in size- and age-distribution, increased juvenile 
growth rate and reduction in age at sexual maturation in males.

• Application of various fi shing regulations as well as reduction in 
fi shing pressure in Western-Estonian coastal areas have not led 
to full recovery of local Eurasian perch population in Matsalu 
Bay. Instead, based on combined individual-based life-history and 
genetic analysis, the fi ndings of Publication I provide evidence 
that temporal phenotypic trends can also rise from increased 
immigration of foreign individuals with di fferent life-history 
patterns. The drastic decline in fi sh abundance did not result in a 
rapid loss of genetic diversity. The latter may be explained by an 
increased infl ux of non-native individuals, which compensated for 
the expected loss of genetic diversity among the remnant native 
population.

• The newly developed fast RAD sequencing protocol described in 
Publication III, enabled very high genome complexity reduction 
by targeting a small number of genomic regions. By retaining high 
coverage necessary for robust SNP discovery, a reliable estimation 
of various population genetic parameters was possible. Using this 
protocol, over 2.2 MB of novel sequence data was generated for 
Eurasian perch.

• Over 1,200 putative SNPs were identifi ed and loci with large 
allele frequency differences between freshwater (Lake Peipus) and 
brackish water DNA pools (the Baltic Sea) were found. These 
markers could be used for the development of high-throughput 
genotyping assay, which can be used for determining the origin of 
perch in the future. Genetic information generated in Publication II 
and III, represents an important step towards developing valuable 
genomic resources and new genetic tools for Eurasian perch.
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• I showed in Publication II that RAD-based genome complexity 
reduction protocol and Ion Torrent PGM sequencing can be 
successfully used for fast microsatellite development. Seventeen 
newly developed microsatellite loci will be an invaluable resource for 
population genetic studies, while primer information for additional 
microsatellites can be further used to increase the number of highly 
polymorphic microsatellite markers in Eurasian perch.

• Based on genetic structuring of Eurasian perch between and 
within two commercially important locations (Väinameri Sea, 
Lake Peipus), the results presented in Publication IV showed that 
using only moderate sample sizes (15-20 individuals) and assuming 
unmixed nature of the samples, it is possible to distinguish 
freshwater perch from coastal sea individuals with very high 
confi dence (log10 likelihood ratio > 3).

• The microsatellite reference baseline for Eurasian perch generated 
during this thesis, allows for combatting more effi ciently against 
illegal fi shing and fi sh trade in Estonia.

The current thesis provides important insights into the population genetic 
consequences of overfi shing of local fi sh population and provides new 
information on the population genetic structure of perch in brackish and 
freshwater habitats. However, to achieve more extensive understanding 
of the importance of local adaptation in the fi eld of fi sheries science 
and conservation, future studies combining genomic tools and temporal 
monitoring of life-history traits of the exploited fi sh stocks are needed. 
Finally, more work is needed to build comprehensive and robust molecular 
genetic reference databases to combat against illegal fi shing and fi sh trade. 
The population genetic framework described within this thesis represents 
a small but important milestone towards developing biologically sound 
conservation and management strategies for Eurasian perch.
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SUMMARY IN ESTONIAN

Ahvena (Perca fluviatilis L.) molekulaargeneetiliste näitajate ja 
elukäiguomaduste analüüs

Sissejuhatus

Mere- ja mageveekalad moodustavad olulise osa sadade miljonite 
inimeste toidu- ja/või elatusallikast. Intensiivne püük on tänaseks viinud 
paljude kalapopulatsioonide arvukuse äärmiselt madalale. Vaatamata 
mitmesugustele kaitsemeetmetele (nt keeluajad kalapüügi surve 
vähendamiseks kudemisperioodil, püügikvoodid, alammõõdud) ei ole 
paljude majanduslikult oluliste kalapopulatsioonide arvukus endisele 
tasemele taastunud. Kalavarude kaitsestrateegiate väljatöötamise ja 
jätkusuutliku majandamise eelduseks on täpne teave liigi populatsioonide 
geneetilise muutlikkuse ja struktuuri, piirkondlike kohastumiste ning 
kalapüügist põhjustatud elukäiguomaduste muutuste kohta. Neid 
aspekte arvestamata on väga keeruline üleekspluateeritud liikide ja/
või populatsioonide kaitsmiseks rakendada bioloogiliselt põhjendatud 
kaitsemeetmeid.

Ahven (Perca fluviatilis L.) on nii Eestis kui ka mujal Euroopas 
väärtuslik, peamiselt magevees elav kalaliik. Paljudes veekogudes 
on ahvenapopulatsioonid jagunenud geneet i l iselt erinevateks 
alampopulatsioonideks. Eestis on kõige tähtsamad ahvenapüügi piirkonnad 
Peipsi järv ja riimveeline rannikumeri (peamiselt Väinameri ja Pärnu 
laht). Kuna nende kahe püügipiirkonna kaitsemeetmed (püügikvoodid 
ja ajalised püügipiirangud) on oluliselt erinevad, siis on olnud juhtumeid, 
kus Peipsist püügikeelu ajal püütud ahvenaid on turustatud rannikumerest 
pärit kaladena ja vastupidi. Selleks, et võidelda illegaalse kalapüügi ja 
kaubandusega, mille puhul märgistatakse kalapartiid teadlikult valesti, 
on vaja kasutada meetodeid, mis võimaldavad määrata illegaalse püügi 
kahtlusega kalade päritolu.

Üle 20 aasta on illegaalse kalakaubanduse kriminalistilistes menetlustes 
kasutatud erinevaid DNA markereid, millest kõige populaarsemad on 
mikrosatelliidid ehk tandeemselt korduvad lühikesed, ühe kuni kuue 
aluspaari pikkused DNA järjestused (ingl k short tandem repeats, STR). 
Need võimaldavad suhteliselt lihtsalt ja suure usaldusväärsusega määrata 
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geneetilisi erinevusi isendite ja populatsioonide vahel. Mikrosatelliitide 
laialdase kasutamise peapõhjused on nende suur muutlikkus, ühtlane 
ja arvukas esinemine uuritavate organismide genoomis, neutraalsus 
loodusliku valiku suhtes ning lookuste genotüpiseerimiseks vajalike 
oligonukleotiidsete praimerite ülekantavus teistele sugulasliikidele. 
Uue põlvkonna sekveneerimismeetodid (ingl k next-generation sequencing, 
NGS) on loonud eeldused ka ühealuspaariliste polümorfi smide ehk SNP 
(ingl k single nucleotide polymorphisms) markerite kiireks väljatöötamiseks ja 
rakendamiseks populatsioonigeneetilistes uuringutes ning kriminalistilistes 
menetlustes. Kalade päritolu kindlaksmääramiseks kasutatavate DNA 
markerite valikul on äärmiselt oluline nende eristusjõud, st kui hästi on 
võimalik erinevatest veekogudest pärit kalu üksteisest eristada.

Pärast Eesti iseseisvuse taastamist 1991. aastal toimusid Läänemere 
rannapüügis suured muutused (püügisurve suurenemine Lääne-Euroopa 
turu avanemise tõttu, praktiliselt reguleerimata kalapüük), mis päädis 
paljude kohalike ahvenapopulatsioonide ülepüügiga, mõjutades eriti 
drastiliselt Matsalu lahe populatsiooni. Hoolimata mitmete kaitsemeetmete 
rakendamisest alates 1999. aastast, ei ole Matsalu lahe ahvenapopulatsioon 
siiani täielikult taastunud. Selleks et paremini mõista pikaajalise ülepüügi 
tagajärjel toimunud populatisoonisiseseid muutusi, on oluline samaaegselt 
uurida ahvenapopulatsioone nii fenotüübi (sh elukäiguomaduste) kui ka 
genotüübi tasandil.

Vaatamata suurele sotsiaal-majanduslikule tähtsusele ei ole Eesti 
ahvenapopulatsioonide geneetilist struktuuri ja ülepüügi mõju sellele 
siiani uuritud. Samuti puudus illegaalse püügi kahtlusega ahvenate 
päritolu geneetiliseks määramiseks vajalik riim- ja mageveeliste 
referentspopulatsioonide genotüüpide andmebaas. Nende uuringute 
tegemiseks oli ahvena jaoks välja töötatud ka liiga vähe liigispetsiifi lisi 
suure muutlikkusega geneetilisi markereid.

Sellest tulenevalt on käesoleva väitekirja peamised eesmärgid ja hüpoteesid 
järgmised:

1) uurida Matsalu lahe ahvenapopulatsiooni üleekspluateerimise tagajärgi 
populatsiooni geneetilisele struktuurile ja elukäiguomadustele (I);

Hüpotees: Varude üleekspluateerimine põhjustab olulisi muutusi populatsioonide 
elukäiguomadustes ning geneetilises struktuuris.
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2) selgitada RAD sekveneerimise meetodi rakendatavust uue põlvkonna 
sekveneerimise platvormil Ion Torrent PGM riim- ja mageveelise 
päritoluga ahvenapopulatsioonide isendite eristamiseks sobivate uudsete 
SNP markerite väljatöötamiseks (III);

Hüpotees: RAD sekveneerimise meetodit ja erinevate isendite DNA segu kasutades, 
on Ion Torrent PGM platvormi abil võimalik välja töötada kõrge diferentseeritusastmega 
markereid.

3) selgitada välja kalanduse seisukohalt peamiste Eesti riim- ja 
mageveeliste ahvenapopulatsioonide geneetiline struktuur (IV), kasutades 
restriktsioonisaitidega seotud DNA sekveneerimise (ingl k restriction-
site-associated DNA (RAD) sequencing) meetodi abil välja töötatud kõrge 
muutlikkusega liigispetsiifi lisi mikrosatelliitmarkerid (II);

Hüpotees: Eesti riim- ja mageveelised ahvenapopulatsioonid on geneetiliselt oluliselt 
struktureeritud.

4)  h i nnat a  käesoleva  doktor itöö raames  vä l ja  tööt at ud 
mikrosatelliitmarkerite (II) rakendatavust riim- ja mageveelist päritolu 
ahvenate eristamiseks illegaalse kalapüügi ning kaubandusega võitlemise 
eesmärgil (IV).

Hüpotees: Eesti riim- ja mageveeliste populatsioonide geneetiline diferentseeritus 
võimaldab nii isendite kui ka isendirühmade tasandil määrata ahvenate päritolu 
(Peipsi järv vs. rannikumeri).

Materjal ja metoodika

Doktoritöös kasutati geneetilisteks uuringuteks 1503 ja elukäiguomaduste 
analüüsideks 1570 ahvena andmeid. Kalad koguti 13st Läänemere 
riimveelisest (Ahvenamaa ja Turu (Soome), Haapsalu, Kihnu, Kõiguste, 
Küdema, Matsalu laht, Paslepa, Pärnu laht, Vaindloo, Vilsandi ja Virtsu) 
ja neljast Peipsi järve püügikohast.

DNA eraldamiseks kasutati nii kuivanud soomuseid ja lõpusekaaneluu 
proove kui ka 96% etanoolis hoitud uimetükke.

Ahvena jaoks uute geneetiliste markerite (mikrosatelliidid ja SNP markerid) 
väljatöötamiseks kasutati nn ddRAD (ingl k double-digest restriction-site 



61

associated DNA) sekveneerimise meetodit. Selleks loodi kaks tuuma-DNAd 
sisaldavat raamatukogu (nii järve kui ka rannikumere ahvenate jaoks), 
mis sekveneeriti platvormiga Ion Torrent PGM.

Matsalu lahe populatsiooni üleekspluateerimise tagajärgi käsitlevas 
uuringus kasutati ahvenate genotüpiseerimiseks 11 mikrosatelliitmarkerit, 
mis olid välja töötatud hele-uim koha (Stizostedion vitreum) ja Põhja-Ameerika 
ehk kollase ahvena (Perca fl avescens) jaoks. Eesti riim- ja mageveeliste 
ahvenapopulatsioonide geneetilist struktuuri käsitlevas uuringus kasutati 
genotüpiseerimiseks 16 käesoleva doktoritöö raames välja töötatud 
liigispetsiifi list mikrosatelliitmarkerit.

Elukäiguomaduste (pikkus, kaal, kasvukiirus, suguküpseks saamise vanus) 
ajaliste muutuste uurimiseks jagati Matsalu lahe ahvenate andmestik 
kollapsieelseks (1987–1992) ja kollapsijärgseks (2006−2010) perioodiks. 
Lisaks jagati andmestik sünniaasta järgi kohortidesse (kollapsieelne 1981–
1996, kollapsijärgne 2006–2008).

Uuritud populatsioonide geneetilist varieeruvust iseloomustati uuritud 
mikrosatelliitmarkerites esinenud alleelide keskmise arvu (A), valimi 
suurusest sõltumatu alleelide keskmise korrigeeritud arvukuse (AR), 
faktilise (HO) ja teoreetilise (HE) heterosügootsuse ning privaatalleelide 
arvu põhjal. Samuti hinnati mikrosatelliitmarkerite alleelisageduste 
erinevuste olulisust püügikohtade vahel ja Hardy-Weinbergi (H-W) 
tasakaalust kõrvale kalduvate genotüübisageduste statistilist olulisust. 
Määrati ka püügikohtade geneetilise diferentseerumise aste (FST) ja hinnati 
geneetilist sarnasust Nei DA geneetilise distantsi põhjal.

Tulemused ja arutelu

Matsalu lahe ahvenapopulatsiooni üleekspluateerimise tagajärgi käsitleva 
uuringu tulemused näitasid, et elukäiguomaduste suured muutused võivad 
olla tingitud intensiivsest ülepüügist. Näiteks olid kollapsi eel püütud 
ahvenad keskmiselt vanemad ja pikemad kui kollapsi järel püütud kalad 
(vastavalt 5,1 aasta vanused ja 195,3 mm pikad ning 3,0 aasta vanused 
ja 164,7 mm pikad). Kuna sellised muutused võivad tekkida ka pelgalt 
populatsiooni demograafi lise struktuuri nihke tagajärjel, uuriti, kas 
ja kui palju on kalade kasvukiirus ajaliselt muutunud. Selgus, et suur 
osa erinevustest kahe aegrea vahel on tingitud kollapsieelsete ahvenate 
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aeglasemast kasvukiirusest esimesel eluaastal. Uurides aga suguküpsete 
isaste isendite osakaalu ajalisi muutusi, selgus, et kollapsieelsetes valimites 
oli 40% 2-aastaseid, 37% 3-aastaseid ja 10% 4-aastaseid mittesuguküpseid 
isaseid kalu, samas kui kollapsijärgsetes valimites olid kõik 2–4-aastased 
isased ahvenad suguküpsed.

Tihti seostatakse eelpool mainitud elukäiguomaduste muutusi kalapüügi 
survest tingitud evolutsiooniga (geneetilised muutused ülepüütud 
populatsiooni genofondis, kus loodusliku valiku tulemusena eelistatakse 
vara suguküpseks saavaid isendeid). Nii elukäigutunnuste kui ka 
geneetiliste näitajate samaaegsel uurimisel, selgus, et mainitud muutused 
võivad olla tingitud ka kollapsijärgsest suurenenud immigratsioonist 
naaberpopulatsioonidest, kus elavad teistsuguste elukäiguomadustega 
ahvenad, moodustades täiesti eraldiseisva geneetilise üksuse.

Matsalu lahes täheldatud populatsiooni kokkukukkumine ja efektiivse 
populatsiooni suuruse järsk kahanemine (Ne vähenes 79-lt 11-le) ei 
põhjustanud geneetilise muutlikkuse vähenemist. Selle üheks põhjuseks 
võib välja pakkuda suurenenud immigratsiooni, mille puhul „võõraste” 
isendite erinevad alleelisagedused hoiavad geneetilise muutlikkuse taseme 
kõrgena. Samas võib immigratsioon olla põhjuseks, miks üleekspluateeritud 
populatsioonid ei taastu isegi pärast kaitsemeetmete rakendamist, sest 
kohaliku populatsiooni välja vahetanud isendid ei ole nende jaoks uute 
keskkonnatingimustega nii hästi kohastunud.

Matsalu lahe ahvenate geneetilise muutlikkuse näitajate osas esines 
24-aastase perioodi jooksul märkimisväärseid kõikumisi, kuid kõige 
drastilisemad olid need kollapsijärgsel perioodil sündinud kalade seas. 
Samuti esines kõigis kolmes kollapsijärgses kohordis statistiliselt olulisi 
(P < 0,05; pärast Bonferroni korrektuuri) kõrvalekaldeid H-W tasakaalust. 
Kõrvalekaldeid H-W tasakaalust võib põhjustada mittejuhuslik paarumine, 
selektsioon ja/või väike efektiivne populatsiooni suurus. Matsalu lahes aga 
võib see olla tingitud tugevast Wahlundi efektist (faktilise heterosügootsuse 
vähenemine võrreldes teoreetilisega), mille põhjustab populatsioonide 
struktureerumine väiksemateks geneetiliselt erinevateks üksusteks.

Ruumilis-ajaliste geneetiliste muutuste usaldusväärseks määramiseks 
ahvenapopulatsioonides on vaja kasutada suurt arvu polümorfseid 
geneetilisi markereid. Osaliselt lagunenud DNAga vanade koeproovide 
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(nt kuivatatud soomused ja lõpusekaane luud) kasutamisel tuleb analüüsida 
lühemaid DNA fragmente sisaldavaid markereid, sest pikemaid fragmente 
on sageli võimatu amplifi tseerida. Kuna ahvena genoomsed ressursid 
olid väga piiratud ja populatsioonigeneetilistes uuringutes oli võimalik 
kasutada suhteliselt väikest arvu peamiselt vaid sugulasliikide jaoks välja 
töötatud mikrosatelliitmarkereid, mille alleelide pikkus ei olnud sageli 
sobilik osaliselt lagunenud DNAga proovide analüüsiks, otsustasime 
ahvena jaoks välja töötada liigispetsiifi lised SNP ja mikrosatelliitmarkerid. 
Kasutades uue põlvkonna ddRAD sekveneerimise meetodit ja platvormi 
Ion Torrent PGM, töötasime välja 17 uut suure muutlikkusega suhteliselt 
lühikest mikrosatelliitmarkerit ning 1259 SNP kandidaatlookust. Seejärel 
kasutati 16 uut mikrosatelliitmarkerit edukalt uuringus, mille eesmärk oli 
selgitada välja peamiste Eesti riim- ja mageveeliste ahvenapopulatsioonide 
geneetiline struktuur ning hinnata mikrosatelliitmarkerite rakendatavust 
illegaalse püügi kahtlusega ahvenate päritolu määramiseks.

Selgus, et geneetiline muutlikkus oli mageveelistes (Peipsi järv) 
püügikohtades üldiselt suurem kui ri imveelistes (rannikumeri). 
Rannikumere püügikohtade vaheline geneetiline diferentseeritus oli 
suhteliselt väike (FST alla 0,015) ja Peipsi järve erinevate püügikohtade 
ahvenad ei erinenud üksteisest oluliselt (paaride vaheline FST 0,000–
0,005). Geneetilise diferentseerituse puudumine nii suure järve (3555 km2) 
püügikohtade vahel oli mõnevõrra üllatav, sest varasemad uurimustööd 
palju väiksemates järvedes on leidnud suuri järvesiseste populatsioonide 
vahelisi geneetilisi erinevusi. Nei DA geneetilise distantsi põhjal koostatud 
populatsioonide dendrogramm näitas aga geneetilise struktuuri olemasolu 
mage- ja riimvee püügikohtades.

Kasutatud 16 mikrosatelliitmarkeri paneel võimaldab nii isendite kui ka 
isendirühmade (eeldades, et kaladel on sama päritolu) tasandil määrata 
ahvenate päritolu (Peipsi järv vs. rannikumeri), olles seega potentsiaalne 
vahend illegaalse kalapüügi ja kaubanduse vastu võitlemisel. Isendite 
tasandil ei ole kalade päritolu määramise täpsus siiski piisavalt suur 
(keskmine täpsus 36,7%), kuid isendirühmade tasandil – kui uuritavate 
kalade arv on vähemalt 15–20 – on Peipsi järve ja rannikumere ahvenate 
päritolu määramise usaldusväärsus väga suur (log10 tõenäosuste suhe üle 3, 
st ahvenad kuuluvad rohkem kui 1000 korda tõenäolisemalt Peipsi järve 
kui rannikumere isendite hulka või vastupidi).
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Järeldused

Üleekspluateerimise tagajärjel toimunud Matsalu lahe ahvenapopulatsiooni 
järsk arvukuse vähenemine põhjustas suuri muutusi elukäiguomadustes, 
suurendades noorkalade kasvukiirust ja isaste ahvenate suguküpseks 
saamise vanust.

Ühel ajal tehtud elukäiguomaduste ja molekulaargeneetiliste andmete 
analüüsid kinnitasid, et ahvena elukäiguomaduste muutused võisid Matsalu 
lahes tuleneda teistsuguste feno- ja genotüübiga isendite suurenenud 
immigratsioonist naaberaladelt.

Uue põlvkonna ddRAD sekveneerimise meetodiga oli võimalik kiiresti 
ja suhteliselt odavalt töötada ahvena uurimiseks välja uued geneetilised 
markerid, mida saab edaspidi kasutada populatsioonigeneetiliste näitajate 
usaldusväärsel hindamisel ja kalade kriminalistikas.

Käesolev uurimustöö andis uusi andmeid Eesti mage- ja riimveeliste 
ahvenapopulatsioonide geneetilise struktuuri kohta ning näitas geneetiliste 
markerite potentsiaali illegaalse püügi kahtlusega kalade päritolu 
määramiseks. See võimaldab tõhusamalt võidelda illegaalse kalapüügi 
ja kaubandusega.

Doktoritöö raames välja töötatud genoomsed ressursid ja saadud 
populatsioonigeneetiline teave ahvena kohta on oluline eeldus bioloogiliselt 
põhjendatud kaitsestrateegiate ning populatsioonide jätkusuutliku 
majandamise kavade väljatöötamiseks.
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Abstract

Over the recent years, growing number of studies suggests that intensive size-

selective fishing can cause evolutionary changes in life-history traits in the har-

vested population, which can have drastic negative effects on populations, ecosys-

tems and fisheries. However, most studies to date have overlooked the potential

role of immigration of fish with different phenotypes as an alternative plausible

mechanism behind observed phenotypic trends. Here, we investigated the evolu-

tionary consequences of intensive fishing simultaneously at phenotypic and

molecular level in Eurasian perch (Perca fluviatilis L.) population in the Baltic

Sea over a 24-year period. We detected marked changes in size- and age-distribu-

tions and increase in juvenile growth rate. We also observed reduction of age at

sexual maturity in males that has frequently been considered to support the

hypothesis of fisheries-induced evolution. However, combined individual-based

life-history and genetic analyses indicated increased immigration of foreign indi-

viduals with different life-history patterns as an alternative mechanism behind

the observed phenotypic change. This study demonstrates the value of combining

genetic and phenotypic analyses and suggests that replacement or breakdown of

locally adapted gene complexes may play important role in impeding the recovery

of fish populations.

Introduction

Fishing causes substantial mortality in commercially

exploited fish stocks, often exceeding the level of natural

mortality (Stokes and Law 2000; Jørgensen et al. 2007; Law

2007). As a consequence, over 80% of the world’s fish spe-

cies are currently fully exploited or overfished (FAO 2011).

Moreover, comparison of current population abundance

estimates with historical records indicates that heavy

exploitation has caused drastic collapses in many commer-

cially harvested marine stocks (Pauly et al. 2002; Myers

and Worm 2003; Hutchings and Reynolds 2004; Pauly

2008). Despite various management strategies aimed at

reducing fishing pressure, only few populations show signs

of recovery in abundance (Stockwell et al. 2003; Hutchings

and Reynolds 2004). This suggests that exploitation, and

subsequent population recovery, is not simple processes

decreasing or increasing biomass, but several environmen-

tal, ecological and genetic mechanisms can be involved,

such as habitat alterations, shifts in species interactions and

changes in population genetic composition as well as the

evolution of life-history traits (Hutchings 2005; Enberg

et al. 2009; Swain 2011; Kuparinen and Hutchings 2012).

Nonetheless, little remains known about the genetic conse-

quences of harvesting, partly because temporal investiga-

tions that simultaneously evaluate phenotypic and

molecular changes are very scarce (�Arnason et al. 2009;

Jakobsd�ottir et al. 2011).

Over the last decade, increasing numbers of studies of

experimental and wild harvested fish populations have

reported significant temporal shifts in life-history traits that

have been associated with fisheries-induced selection

(Conover and Munch 2002; Jørgensen et al. 2007; Kupari-

nen and Meril€a 2007; Allendorf et al. 2008; Allendorf and

© 2013 The Authors. Published by Blackwell Publishing Ltd. This is an open access article under the terms of the Creative

Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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Hard 2009). At the same time, many studies have also

pointed out the difficulties in distinguishing phenotypical

responses from true evolutionary changes (Stokes and Law

2000; Kuparinen and Meril€a 2007; Law 2007; Kuparinen

and Meril€a 2008). For example, faster growth and earlier

maturation at a smaller size can be a consequence of fisher-

ies-induced evolution (FIE) or, alternatively, may be

explained by a decline in fish density, where reduced com-

petition for food and space leads to increased growth and

earlier maturation (Law 2000). Furthermore, only a few of

the studies focusing on disentangling genetic and environ-

mental effects of fisheries exploitation have explicitly tested

whether the observed phenotypic shifts could be at least

partly attributable to population replacements, immigra-

tion or emigration (Jakobsd�ottir et al. 2011; Hansen et al.

2012). However, while the role of population replacement

is a relatively unconsidered concept in fisheries literature,

this is not the case for other taxa (e.g. Pergams and Lacy

2008; Mackie et al. 2010; Saltonstall 2002). For example,

rapid morphological and genetic changes of white footed

mice (Peromyscus leucopus) have been associated with

immigration of non-native individuals with a distinct phe-

notype that displaced the previously resident population

due either to selective advantage in the changing habitat or

to genetic swamping (Pergams and Lacy 2008). Neverthe-

less, given that the majority of fish species consist of repro-

ductively isolated populations and genetic differences often

exist at a much smaller scale than the dispersal ability of

the species (Allendorf et al. 2008; Hauser and Carvalho

2008; Bergek and Bj€orklund 2009), the influx of non-native

individuals with different geno- and phenotypes could be

more widespread than previously anticipated. For instance,

temporal genetic analysis of North Sea cod (Gadus morhua)

demonstrated that a heavily exploited population can be

strongly affected by gene flow from neighbouring popula-

tions (Hutchinson et al. 2003). Similarly, drastic changes in

population genetic composition have been well docu-

mented in many fish species, particularly in systems with

prolonged and/or strong anthropogenic impacts (Vasem€agi

et al. 2005; Nielsen and Hansen 2008, Palstra and Ruzzante

2010) or seasonal variations in abiotic conditions (Crispo

and Chapman 2009).

Here, we investigated the consequences of overexploita-

tion and subsequent population recovery of the Eurasian

perch (Perca fluviatilis L.) population in Matsalu Bay, in

the eastern Baltic Sea (Fig. 1), based on combined temporal

genetic and life-history analyses over a 24-year period. The

system provided a unique opportunity for studying the

effects of intensive fishing as prior to the 1990s, when Esto-

nia was still part of the Soviet Union, only commercial fish-

ermen had rights to fish in the study area with trap and gill

nets. However, after the Republic of Estonia reclaimed its

independence from the Soviet Union in 1991, fishing

became virtually unregulated for a short period of time in

many coastal areas of Estonia, which encouraged overex-

ploitation and lead to the subsequent collapse of the Mat-

salu Bay perch population in the late 1990s (Fig. 2A; J€arv

2002; J€arv et al. 2005). Despite multiple fishing regulations

that were introduced in 1999, the Matsalu Bay perch popu-

lation has not recovered and the population size has

remained very low (J€arv et al. 2005).

Materials and methods

Study area and sample collection

Matsalu Bay in the V€ainameri (Moonsund) Archipelago is

situated in the north-eastern part of the Baltic Sea (Fig. 1)

and is very shallow (a mean depth of 1.5 m) with a surface

area of 67 km2 (Kotta et al. 2008). The water chemistry

parameters are determined by the mixing of water from the

Kasari River (the mean yearly inflow of 40-50 m3/s), and

the V€ainameri area and its salinity varies between 2 and 5

&. The shallow areas of Matsalu Bay are especially good

spawning places for the Eurasian perch, providing suitable

food for juveniles and adults (J€arv 2000). Prior to the

1990s, the annual official catch of perch in the V€ainameri

area was approximately 500 metric tonnes, while officially

recorded catches today are below 20 tonnes (Fig. 2A; J€arv

et al. 2000; J€arv 2002; J€arv et al. 2005). Based on previous

studies, Eurasian perch show strong site fidelity (Bergek

and Bj€orklund 2009) and seldom migrate more than 10 km

(Saulamo and Neuman 2002). In Matsalu Bay, for example,

58.2% of the tagged perch have been recaptured within a

10 km area from the place of release (J€arv 2000).

Figure 1 Sampling locations of perch in V€ainameri (Moonsund) Archi-

pelago area (Paslepa (1); Haapsalu (2); Matsalu Bay (3); Virtsu (4)) and

P€arnu Bay (5) in the Baltic Sea.
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Perch samples were collected during the spawning season

when the water temperature reached 6–8 °C in 1987–2010
in Matsalu Bay (sampling date: median, 22nd of May; range,

from 15th of April to 28th of June) and neighbouring regions

(P€arnu Bay and coastal areas near Haapsalu, Paslepa and

Virtsu) using fyke nets (mesh size 16 and 18 mm). For phe-

notypic analyses, information was extracted from 1 570

individuals (Matsalu Bay: years 1987, n = 102, 1988,

n = 100, 1989, n = 102, 1990, n = 100, 1991, n = 99, 1992,

n = 102, 1993, n = 102, 1994, n = 101, 1995, n = 101,

1996, n = 101, 1997, n = 101, 1998, n = 99, 1999, n = 56,

2000, n = 7, 2002, n = 22, 2003, n = 12, 2004, n = 12, 2006,

n = 17, 2007, n = 28, 2008, n = 33, 2009, n = 73, 2010,

n = 100) (standard length, maturity status, sex), and ages

and growth histories of these individuals were obtained

through back-calculations from operculum and scale sam-

ples (Pierce et al. 1996). For DNA analyses, dried scale or

opercular bone and fin clip (P€arnu Bay, 2010, n = 64) sam-

ples (n = 1 088) were selected (Matsalu Bay: years 1987,

n = 104, 1988, n = 201, 1990, n = 100, 1993, n = 102,

1996, n = 102, 2000, n = 76, 2009, n = 73 and 2010,

n = 100; P€arnu: 1987, n = 52, 2010, n = 52; Haapsalu:

2010, n = 19; Paslepa, 2010: n = 19 and Virtsu, 2010:

n = 24). For subsequent population genetic analyses, all

individuals were divided into cohorts according to their year

of birth (Table 1).

DNA extraction and microsatellite genotyping

Total DNA from dried scale and operculum samples was

extracted following a salt-based protocol combined with a

vacuum-based extraction method as described by Swatdi-

pong et al. (2010a). For ethanol-preserved samples (P€arnu

Bay, 2010), DNA was isolated from fin clips according to

Laird et al. (1991). Genetic diversity was initially assessed

using 11 microsatellite markers: Svi6, Svi18 and Svi33

(Borer et al. 1999) and PFE01, PFE03, PFE11, PFE12,

PFE14, PFE15, PFE19 and PFE22 (Zhan et al. 2009). Data

for four loci were subsequently excluded due to low levels

of polymorphism (Svi33, PFE14, PFE22) or due to poor

amplification (PFE15).

Microsatellite loci were amplified by single- or multiplex

polymerase chain reaction (PCR) using a three primer sys-

tem (fluorescently labelled universal M13 primer, M13-

tailed forward primer and reverse primer) according to

Boutin-Ganache et al. (2001). The 6 ll PCR reaction con-

sisted of ca. 100 ng of template DNA, 2x multiplex PCR

master mix (Qiagen), 1 lM of FAM, VIC, NED or PET-

labelled universal M13 primer, 0.05 lM of forward and

0.2 lM of reverse primer. Amplifications were carried out

in a PTC100 Thermal cycler (MJ Research) for PFE01

(NED), PFE12 (PET), PFE19 (PET) and in a 2720 Thermal

cycler (Applied Biosystems) for Svi6 (VIC), PFE11 (VIC),
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Figure 2 Catch statistics of perch (Perca fluviatilis L.) in V€ainameri

(Moonsund) area and changes of life-history traits in Matsalu Bay. (A)

Official catch of perch in Matsalu Bay from 1975 to 2010 (dashed line)

and the total fishing effort, TFE (net/day/100) of gill net fishery from

1994 to 2009 (filled circles); (B) mean age and length of perch from

1987 to 2010 (empty and filled circles respectively); (C) length-at-age

estimates back-calculated (BC length) from scales; (D) same as figure

(c), but individuals with non-native genotype were excluded from the

analysis. Full and open circles represent post- (2009–2010) and pre-col-

lapse (1987–1990) length-at-age respectively. Standard deviations are

encompassed by vertical lines.
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PFE03 (FAM), Svi33 (FAM) with an initial heat-activation

at 95 °C for 5 min followed by 15 cycles of denaturation at

94 °C for 30 s, annealing at 55 °C (PFE12, PFE19), 53 °C
(Svi6, Svi33, PFE03, PFE11) or 52 °C (PFE01) for 90 s and

extension at 72 °C for 60 s. This was followed by 25 cycles

of denaturation at 94 °C for 30 s, annealing at 52 °C (Svi6,

Svi33, PFE03, PFE11, PFE12, PFE19) or 50 °C (PFE01) for

90 s and extension at 72 °C for 60 s. The PCR was termi-

nated after 15 min of extension at 60 °C.
PCR products (FAM and VIC-labelled fragments 1 ll;

NED and PET-labelled fragments 2 ll) were diluted in

100 ll of ddH2O, denatured and electrophoresed on an

ABI Prism 3130xl genetic analyzer (Applied Biosystems/

Hitachi) along with GeneScan 600 LIZ size standard

(Applied Biosystems). DNA fragments were genotyped

using GeneMarker 1.60 (Soft Genetics). All genotypes were

manually inspected.

DNA was successfully extracted and amplified from

79.5% of the tested samples (n = 865; Table 1). Altogether

223 samples of 1 088 (20.5%) showed signs of contamina-

tion (the occurrence of more than two alleles per locus), or

did not result in successful amplification, and were excluded

from subsequent analysis. To evaluate genotyping error rate,

96 individuals (9.9% of all individuals) were re-amplified

and re-genotyped (years 1987, n = 12, 1988, n = 14, 1990,

n = 7, 1993, n = 7, 1996, n = 8, 1999, n = 11, 2002, n = 7,

2009, n = 15 and 2010, n = 15). Estimated allelic error rates

at each locus (Pompanon et al. 2005) varied between 0%

(PFE19) and 5.7% (PFE11) with a mean of 2.5%. At least

one locus mismatch was detected in 7.29% of individuals

and in 2.5% of alleles. According to Pompanon et al. (2005),

microsatellite genotyping error rates of between 0.5 to 1%

per locus are common, but also higher error rates have been

reported (Taberlet et al. 1996; Ellis et al. 2011), especially

when using low quality DNA (Haaland et al. 2011).

Phenotypic analysis

Possible changes in fish life-histories were investigated by

comparing life-history data of perch from the pre- and

post-collapse periods in Matsalu Bay. Growth data were

available only for the pre-collapse years 1987 and 1990 and

for the post-collapse years 2009 and 2010. In these two year

groups, changes in age-specific lengths were investigated

using linear mixed effect models (LME), where sex and a

factor indicating whether the individual belonged to the

‘pre-’ or ‘post-’ collapse group, as well as their interactions,

were set to fixed effects and the cohort was set to a random

effect. These analyses were conducted separately for ages

from 1 to 5 years, as no older individuals were present in

the post-collapse period, and thus comparison between

pre- and post-collapse groups was not possible.

Table 1. Temporal and spatial information of Eurasian perch samples used for genetic analysis.

Sampling site Cohort/sampling year* n A Ar He Ho H–W‡ LD M-ratio

Matsalu Bay � 1981 26 5.57 3.46 0.50 0.52 NS 0 0.49

Matsalu Bay 1982 63 5.71 3.15 0.48 0.47 NS 0 0.51

Matsalu Bay 1983 67 6.86 3.35 0.51 0.52 NS 0 0.60

Matsalu Bay 1984 52 5.71 3.26 0.50 0.47 NS 0 0.50

Matsalu Bay 1985 48 5.00 3.22 0.50 0.52 NS 0 0.45

Matsalu Bay 1986 52 6.29 3.24 0.50 0.45 NS 0 0.53

Matsalu Bay 1987 57 5.86 3.34 0.51 0.46 NS 0 0.53

Matsalu Bay 1988 44 6.14 3.51 0.54 0.49 NS 1 0.54

Matsalu Bay 1989 31 6.14 3.59 0.55 0.51 NS 0 0.53

Matsalu Bay 1990 40 6.43 3.3 0.52 0.53 NS 0 0.55

Matsalu Bay 1994–1996† 47 5.86 3.44 0.53 0.45 NS 0 0.56

Matsalu Bay 2006 84 5.57 2.91 0.44 0.40 *** 8 0.48

Matsalu Bay 2007 47 5.57 3.29 0.5 0.46 *** 10 0.52

Matsalu Bay 2008 26 4.86 3.32 0.55 0.39 *** 7 0.47

P€arnu Bay 1987 27 4.71 3.31 0.51 0.55 NS 0 0.45

P€arnu Bay 2010 101 8.71 3.61 0.56 0.56 NS 1 0.69

Haapsalu 2010 19 5.43 3.63 0.55 0.56 NS 0 0.46

Paslepa 2010 16 3.71 3.01 0.49 0.51 NS 0 0.35

Virtsu 2010 18 5.14 3.61 0.57 0.49 NS 0 0.44

*Matsalu Bay samples are shown as cohorts, other areas as sampling years.

†This sample consists of fish born in 1994 (n = 15), 1995 (n = 17), 1996 (n = 15).

‡P-values for Hardy–Weinberg equilibrium test after Bonferroni corrections (k = 133). NS denotes a non-significant and *** highly (P < 0.001) signifi-

cant P-value.

n – number of fish successfully genotyped; A –mean number of alleles; Ar – allelic richness.

LD – number of locus pairs (out of 21 comparisons) deviating from gametic phase equilibrium after Bonferroni corrections (k = 0.002).
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Maturity data were available for the pre-collapse years

1987–1992 and post-collapse years 2006–2008 and 2010.

Sex-specific maturity ogives (i.e. the age-specific probabil-

ity of being mature) in pre- and post-collapse years were

investigated through a generalized linear model (GLM)

with a binomial error structure, having age, length, collapse

indicator (factor, similar to that described above) as well as

their two-way interactions and the quadratic effects of age

and length as effects. Model simplifications were made by

stepwise model reduction based on either likelihood ratio

tests (LME) or chi-squared tests (GLM) as suggested by

Crawley (2007). Whole life-history analyses were con-

ducted using R 2.11.1 (R Development Core Team 2010).

Population genetic analysis

GenePop 4.0 (Rousset 2008) was used to test for deviations

from the gametic phase and Hardy–Weinberg (HW) equi-

libria (5 000 iterations each). To assess levels of genetic

diversity over time, allelic richness (Ar; the effect of differ-

ent sample sizes are taken into account), mean number of

alleles (A), observed (Ho) and expected heterozygosity (He)

were calculated using FSTAT 2.9.3.2 (Goudet 1995) and

Microsatellite Toolkit 3.1.1 (Park 2001). To identify poten-

tial footprints of genetic bottleneck, the M-ratio measure

was calculated following Garza and Williamson (2001).

The standard deviation of the M-ratio was calculated by

bootstrapping over loci (10 000 replications) as described

in Swatdipong et al. (2010b) using the program PopTools

2.7.5 (Hood 2006).

To investigate genetic differentiation between year clas-

ses, pairwise FST values were calculated following Weir and

Cockerham (1984) and implemented in FSTAT 2.9.3.2

(Goudet 1995). The significance of allele frequency differ-

ences between cohorts was estimated using the genetic dif-

ferentiation test implemented in GenePop 4.0 (Rousset

2008).

The program Structure 2.3 (Pritchard et al. 2000) was

used to detect changes in genetic composition over the per-

iod of 24 years based on multilocus genotype information.

This approach aims to divide the genotype data into

homogenous genetic clusters (K) that are in HW and

gametic phase equilibrium. Twenty independent runs were

performed for each value of K (K = 1–6), using prior pop-
ulation information, as suggested by Hubisz et al. (2009),

with a burn-in period of 100 000 iterations and 100 000

replications. The method developed by Evanno et al.

(2005) was used to estimate the most likely number of clus-

ters based on the rate of change in the logarithmic proba-

bility of data between successive K-values. In addition to

Matsalu Bay samples, individuals from nearby regions

(P€arnu Bay and Moonsund Archipelago Sea) were also

included in the analysis. To avoid spurious clustering of

the individuals due to incomplete genotype data, individu-

als with more than two missing loci were excluded from

this analysis (693 individuals retained).

The effective population size (Ne) and immigration rate

(m) of the Matsalu Bay perch population were estimated

using a maximum-likelihood method implemented in the

program MLNE 1.0 (Wang and Whitlock 2003). This

method requires a user-specified upper limit for Ne, which

was set at 2 000 after checking that similar results were

obtained with higher upper limits for Ne. To obtain esti-

mates of Ne and m for the pre- and post-collapse periods

the data were divided into two groups (from cohorts 1981

to 1990 and from cohorts 1995 to 2008, respectively). We

subsequently created a putative donor population (source

of immigrants) by pooling all the individual genotypes that

clustered together with more than a 0.8 probability as ‘for-

eign’ genotypes, identified by Structure (cohorts 1987,

n = 3; 1999, n = 1; 2005, n = 6; 2006, n = 41; 2007,

n = 20; 2008, n = 7). We also carried out analyses using

samples from neighbouring regions (P€arnu, Virtsu, Paslepa

and Haapsalu Bay) as potential source populations (data

not shown). The generation length for pre- and post-col-

lapse cohorts was set at 5.3 and 3.3 years, respectively,

according to the mean ages of mature individuals. As the

intervals between year classes were not integers, all esti-

mates were adjusted according to the equations provided

by Wang and Whitlock (2003). More specific estimations

of Ne and m were also carried out, keeping pre- and post-

collapse samples separate. For pre-collapse analysis, the

1981 and 1982 samples were pooled together (0 generation)

and the subsequent year classes were analysed separately

until 1990 (1.7 generations). Similarly, for post-collapse

analysis the 1989 and 1990 samples were pooled together (0

generation) and the subsequent year classes were analysed

separately until 2008 (4.76 generations).

Analysis of life-history traits based on multilocus

genotype information

To test whether the individuals belonging to distinct

genetic clusters identified by Structure differed in their

growth rate, the age-specific lengths (ages from one to five)

were used in linear mixed models, having sex, cluster, and

their interaction as fixed effects, and cohort as a random

effect. Similar to the analysis described earlier, model sim-

plification was made by stepwise model reduction based on

likelihood ratio tests (LME) using R 2.11.1.

Results

Changes in growth rate and maturation

The mean age and length of perch in the Matsalu Bay

population decreased considerably during the study per-
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iod (Fig. 2B). In the pre-collapse years (1987–1992), the
mean age and length of perch were 5.1 years and

195.3 mm respectively. However, in the post-collapse

years, the mean ages and lengths were considerably

reduced (mean age 3.0 years; mean length 164.7 mm).

While such a pattern can result from a shift in the demo-

graphic structure of the population, analysis of the age-

specific length showed that the growth rates of individu-

als had changed over time. One-year-old perch in 2009

and 2010 were on average 17.5 mm longer (Fig. 2C)

(likelihood ratio (L) = 16.3; P < 0.001) than fish of the

same age in the pre-collapse years (1987 and 1990), while

2-year-old perch were 10.9 mm longer in the post-col-

lapse years (L = 11.8, P < 0.001). As shown in Fig. 2C,

most of the difference in juvenile length-at-age can be

attributed to lower growth rates during the first year of

age. No significant differences in length at the ages of 3,

4 or 5 years were found between the pre- and post-col-

lapse groups (group indicator could be reduced from the

model with P > 0.05).

In the pre-collapse samples, 40% of 2-year old, 37% of 3-

year old and 10% of 4-year old males were immature, while

in the post-collapse group all the studied males at the ages

of two (n = 22), three (n = 54) and four (n = 33) were

mature. In males, the probability of being mature (maturity

ogive) was found to differ significantly between the pre-

and post-collapse groups (v2=�29.9, P < 0.001) as well as

to depend on the age of the individual (v2=�17.2,

P < 0.001; slope estimate was 0.8193 (z = 3.862,

P < 0.001)). In females, on the other hand, the probability

of being mature did not differ between the pre- and post-

collapse groups (v2=�0.262, P = 0.608), but was signifi-

cantly affected by age (v2=�146.2, P < 0.001; slope esti-

mate was 1.9370 (z = 7.754, P < 0.001)).

Deviations from Hardy–Weinberg and gametic phase

equilibria

Hardy–Weinberg (HW) equilibrium testing over all loci

indicated that five out of 14 cohort samples from Mat-

salu Bay (1987, 1995, 2006, 2007 and 2008) deviated sig-

nificantly from HW equilibrium proportions (P < 0.05

before Bonferroni correction). However, after applying

the Bonferroni correction, deviations in three recent

cohorts (2006–2008) remained significant (Table 1). The

linkage disequilibrium test indicated that in the post-col-

lapse cohorts (2006–2008) a large proportion of locus

pairs significantly deviated from the gametic phase equi-

librium (P < 0.05; 7–10 locus pairs of 21 comparisons

after the Bonferroni correction; Table 1). In contrast, just

one locus pair deviated from gametic phase disequilib-

rium in eleven of the Matsalu Bay cohorts sampled

before the population collapse.

Temporal patterns of genetic diversity

Genetic diversity measures (Ho, He, A, Ar) from Matsalu

Bay showed considerable fluctuations over the period of

24 years – the largest changes, however, were associated

with the more recent post-collapse cohorts born in 2006–
2008 (Fig. 3). Both mean expected heterozygosity (He) and

allelic richness (Ar) were lowest in the 2006 cohort, whereas

the mean number of alleles (A) and observed heterozygos-

ity (Ho) had the smallest values in the 2008 year class

(Fig. 3A,B). M-ratio estimates, on the other hand, showed

no marked decrease in post-collapse cohorts (Table 1),

suggesting that a sharp decrease in population size did not

result in obvious signs of genetic bottleneck.

Population differentiation

Estimates of FST between the 1981 and subsequent pre-col-

lapse year classes (1982–1995) showed relatively stable allele

frequencies over 16 years in Matsalu Bay (FST = 0–0.016;
most pairwise comparisons non-significant) (Fig. 3C; see

Appendix S1 in Supporting Information). When the earli-

est cohort (1981) was compared with the post-collapse

cohorts (2006–2008), a sharp increase in genetic differenti-

ation was evident (FST = 0.042–0.072; all pairwise compar-

isons highly significant, P < 0.001; Fig. 3C). A similar

increase in genetic differentiation was observed when

cohorts from Matsalu Bay were compared with samples

collected from adjacent sea areas (P€arnu versus Matsalu

pre-collapse year classes FST = 0–0.015; most pairwise

comparisons non-significant; P€arnu versus Matsalu post-

collapse year classes FST = 0.038–0.065; all pairwise com-

parisons highly significant, P < 0.001). Consistent with the

FST analysis over all loci, individual allele frequency esti-

mates reflected large genetic shifts in the post-collapse sam-

ples from Matsalu Bay (Fig. 3D). In contrast to the

Matsalu Bay cohorts, comparison of temporal samples

from P€arnu Bay collected in 1987 and 2010 showed no sig-

nificant differences.

Bayesian clustering and analysis of life-history traits based

on multilocus genotype information

Bayesian clustering analysis showed that the temporal sam-

ples from Matsalu Bay and nearby regions can be separated

into two distinct genetic groups (Fig. 4). These two clusters

were identified using the DK method (Evanno et al. 2005)

which had highest mean log likelihood of �9886.41 for K2

(�10134.20 = K1, �9941.86 = K3, �9931.12 = K4,

�10012.40 = K5 and �10116.90 = K6). This did not dis-

tinguish populations based on their geographical proximity

but instead, suggested that the majority of post-collapse

individuals spawning in Matsalu Bay (cohorts 1999–2001,
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2005–2008) have distinct multilocus genotypes compared

to cohorts sampled earlier from the same location. In addi-

tion to the post-collapse samples, a few individuals in the

1986 and 1987 cohorts also possessed multilocus genotypes

that resembled post-collapse samples (Fig. 4).

Analysis of the age-specific length in post-collapse

cohorts (taking into account the Bayesian clustering infor-

mation) showed that the individuals belonging to distinct

genetic clusters also differed in their growth rates. The

length of 1-year-old fish depended on sex, inferred cluster

and the interaction of sex and inferred cluster (P < 0.05 in

all model reductions). The length of 1-year-old females car-

rying the local Matsalu Bay multilocus genotype was on an

average 22 mm smaller than for fish carrying a foreign

genotype in the post-collapse sample (SL 70 mm and

92 mm respectively). Similarly, local Matsalu Bay males

were smaller than the foreign individuals of the same age

(SL 76 mm and 80 mm respectively). At the age of 2 years,

the length did not differ between sexes, but perch carrying

the local Matsalu genotype were still 16 mm smaller than

the individuals of foreign origin (likelihood ratio = 15.2,

P < 0.001). At the ages of 3, 4 and 5 years, however, no sig-

nificant differences between the fishes of local and foreign

origin were found (P > 0.05 in all model reductions). In

contrast to the analysis of the whole data set (Fig. 2C), only

a minor increase in mean length was observed at the age of

one year among local fish in the post-collapse years, when

individuals with non-native genotypes were excluded

(Fig. 2D) (likelihood ratio = 5.9, P < 0.015; after Bonfer-

roni correction, P > 0.05). At the ages of 2–5 years, no dif-

ferences in length between pre- and post-collapse samples

with local genotype were found (P > 0.05 in all model

reductions).

Estimation of effective population size and immigration

rate

Maximum-likelihood analyses of effective population size

(Ne) and migration rates (m) indicated that the estimated

Ne of the Matsalu Bay perch population was small, while

the immigration rates, especially in the post-collapse sam-

ples, were high. Consistent with the drastic reduction in

census size, the Ne estimate in the pre-collapse sample

(1981–1990; Ne = 79, 95% CI = 40–225) was seven times

larger than in the post-collapse sample (1995–2008;
Ne = 11, 95% CI = 7–21). The estimated immigration rate

was four times higher in the post-collapse sample

(m = 0.462, 95% CI = 0.296–0.718) compared to the pre-

collapse cohorts (m = 0.114, 95% CI = 0.063–0.181). More

detailed cohort-by-cohort analysis, however, showed two

distinct cases where m was much higher than in the other

year classes: in 1986 (m = 0.276, 95% CI = 0.157–0.404)
and in 2006 (m = 0.264, 95% CI = 0.169–0.317) support-

0.35

0.40

0.45

0.50

0.55

3

4

5

6

7

0.00

0.02

0.04

0.06

0.08

1980 1990 2000 2010

0.2

0.4

0.6

0.8

1.0

Year class

A
lle

le
fre

qu
en

cy
F
S
T

A
lle

le
nu

m
be

r
H

et
er

oz
yg

os
ity

(A)

(B)

(C)

(D)

**
*

*

**
*

**
*

Figure 3 Fluctuations in genetic diversity, differentiation and allelic fre-

quency estimates among perch (Perca fluviatilis L.) year classes from

Matsalu Bay (1981 to 2008). (A) Expected (He) and observed heterozy-

gosity (Ho) (filled and empty circles respectively); (B) mean number of

alleles (A) and allelic richness (Ar) (filled and empty circles respectively);

(C) pairwise FST values between 1981 and later year classes (*P < 0.05,

***P < 0.001); (D) frequency estimates of three most variable alleles of

microsatellite loci (PFE01-266: squares, Svi6-126: filled circles, PFE03-

141: empty circles).
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ing the results from the Bayesian clustering analysis

(Fig. 4).

Discussion

Both theoretical and empirical studies suggest that inten-

sive fishing can cause changes in the life-history traits of

the harvested population, yet distinguishing possible evolu-

tionary changes from plastic environmental variations is far

from trivial (e.g. Stokes and Law 2000; Heino and Godø

2002; Kuparinen and Meril€a 2007; Nussl�e et al. 2009; Uusi-

Heikkil€a et al. 2010; Kuparinen et al. 2011). In this study,

we detected marked changes in size- and age-distributions

and increases in juvenile growth rates and reductions in age

at sexual maturity in males, parameters which have fre-

quently been considered as evidence supporting a FIE sce-

nario. We were not able to estimate probabilistic

maturation reaction norms for post-collapse data as all the

fish at age two or older were already mature in contrast to

pre-collapse data, where ca 40% of 2- and 3-year old were

immature. However, based on combined individual-based

life-history and genetic analysis, the findings of this study

provide empirical evidence that temporal phenotypic

trends can also arise from increased immigration of foreign

individuals with different life-history patterns.

The results of the present study are in accord with recent

findings in Atlantic cod, demonstrating that fishing can dif-

ferentially target genetically and phenotypically distinct

components of a population, thus leading to phenotypic

changes associated with a change in the population compo-

sition (�Arnason et al. 2009; Jakobsd�ottir et al. 2011). Such

genetic shifts would remain unnoticed without the use of

molecular genetics tools (Hutchinson et al. 2003) and

therefore this study, similar to others (�Arnason et al. 2009;

Jakobsd�ottir et al. 2011), demonstrates the value of com-

bined genetic and life-history analyses when studying the

effects of population recovery and harvesting-induced

selection. When analysing the possible causes behind the

changes in life-history traits, it is therefore important to

rule out population replacement, emigration and immigra-

tion scenarios as alternative mechanisms behind pheno-

typic change (Jakobsd�ottir et al. 2011; Hansen et al. 2012).

The dispersal of individuals may also be non-random in

relation to genotype, individual state and environmental

factors (Bowler and Benton 2005; Edelaar and Bolnick

2012). Nevertheless, further research is needed to explicitly

test for the presence of non-random dispersal and gene

flow in perch in Matsalu Bay. Currently, there exists a

rather limited number of temporal genetic studies of

exploited marine fishes (e.g. Hutchinson et al. 2003; Niel-

sen and Hansen 2008; �Arnason et al. 2009; Larsson et al.

2010; Palstra and Ruzzante 2010), and it is possible that

many extinctions of local fish populations have gone unno-

ticed and/or undocumented because of population replace-

ments through immigration (Vasem€agi et al. 2001, 2005).

Future genetic studies using archived material and new

genomic tools could shed light onto this critical but under-

rated issue (Nielsen and Hansen 2008; Palstra and Ruzzante

2010).

This study also provided insights into effective popula-

tion size associated with the collapse and recovery of a tar-

geted population. In the Matsalu Bay perch population, a

drastic reduction in the effective population size was

observed, as Ne in the post-collapse period (cohorts 1995–
2008) was seven times smaller than in the pre-collapse per-

iod (cohorts 1981–1990). Contrary to expectations, this

sharp decrease in Ne did not result in a rapid loss of genetic

diversity. This can be explained by the increased influx of

non-native immigrants, which compensated for the

expected loss of genetic diversity among the remnant native

population. This increased influx of immigrants is not sur-

prising, given that a reduced Ne can make the local popula-

tions more sensitive to immigration, potentially leading to

genetic swamping and/or loss of local adaptations (Hutch-

inson et al. 2003; Pergams and Lacy 2008; Allendorf et al.

2008; Mackie et al. 2010; Edelaar and Bolnick 2012).

Although it is reasonable to assume that increased immi-

gration is directly related to population collapse, cohort-by-

cohort analysis indicated that similar, but weaker, influxes

of non-local genotypes may also have happened earlier,
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before the overexploitation of the Matsalu Bay perch popu-

lation (e.g. 1986:m = 0.276, 95% CI = 0.157–0.404; Fig. 4).
It is important to keep in mind, however, that the estimates

of m are obtained by pooling immigrant genotypes identi-

fied with Structure to establish allele frequencies of a puta-

tive donor population. Therefore, estimated migration rates

should be regarded with caution until identification of the

actual source population of immigrants. Analysis of addi-

tional four sampling sites indicated that these geographically

close coastal areas (Moonsund Archipelago Sea and P€arnu

Bay) most likely do not represent the source population(s)

of immigrants that were found in Matsalu Bay. We therefore

suggest that the immigrant genotypes observed in our study

area might originate from near-shore littoral perch from the

River Kasari delta area that flows intoMatsalu Bay, while the

vast majority of genotypes from the pre-collapse samples

belong to the more open-water pelagic form. Hence, the

observed phenotypic and genotypic changes may be related

to expansion or decrease of the spatial shift in the spawning

areas of these populations. The occurrence of genetically

and phenotypically distinct but geographically close popula-

tions in Eurasian perch is also supported by earlier research.

For example, lake and river populations may exchange many

migrants due to their proximity (Hendry et al. 2002), also

perch from littoral and pelagic zones within the same lake

can exhibit significant morphological and growth differ-

ences (Svanb€ack and Ekl€ov 2002; Bartels et al. 2012) and

evidence for stable genetic differentiation at a small spatial

scale have been found both in lakes (Gerlach et al. 2001)

and in the Baltic Sea (Bergek and Bj€orklund 2009). As a

result, we reiterate that despite the uncertainty regarding the

origin of the immigrants, migration remains the most plau-

sible mechanism responsible for the sharp change in genetic

composition andmarked increase in the frequency of observed

Hardy–Weinberg and genotypic equilibrium deviations in

the post-collapse samples collected fromMatsalu Bay.

Similar to many earlier studies that focused on the

consequences of overfishing, this study describes a rapid

collapse of a local population most likely as a result of

over-exploitation, followed by a slow recovery despite of

the reductions in fishing pressure (Pauly et al. 2002; Myers

and Worm 2003; Hutchings and Reynolds 2004; Olsen

et al. 2004, 2005; Pauly 2008). Intriguingly, this reflects the

current status of many fish stocks that, in spite of reduced

fishing pressure, struggle to recover (Hutchings 2000;

Stockwell et al. 2003; Hutchings and Reynolds 2004). It has

been suggested that the sharp decrease in the abundance

and the slow recovery of perch in the Moonsund Archipel-

ago might be at least partly related to the growing cormo-

rant (Phalacrocorax carbo sinensis) colony (Vetemaa et al.

2010), but as only small proportion of the cormorant diet

consists of perch (6–10%), increased predation by cormo-

rants most likely does not play a major role in the slow

recovery of perch in Matsalu Bay. As an alternative expla-

nation, it is possible that the increase of non-adaptive

alleles and the breakdown of locally adapted assemblages

may have had a negative effect on the recovery of the Mat-

salu Bay perch population. This is in line with an increasing

number of studies in both marine and freshwater fishes

that show marked population-level differences in ecologi-

cally important traits, suggesting that adaptive population

differentiation is likely to be more widespread than previ-

ously thought (Hauser and Carvalho 2008). On the other

hand, dispersal and gene flow can either promote or con-

strain adaptive divergence through either genetic or demo-

graphic routes (Lenormand 2002; Garant et al. 2007). For

example, immigration of maladapted individuals may

decrease the mean fitness (Storfer 1999), while immigration

can have a healing effect that counteracts inbreeding

depression in small populations (Ingvarsson and Whitlock

2000). Future research, combining genomic tools and tem-

poral monitoring of life-history traits of the exploited fish

stocks, is clearly needed to further understand the impor-

tance of local adaptation in the field of fisheries science and

conservation.
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Abstract Seventeen polymorphic microsatellite markers

were developed for Eurasian perch, using double-restriction-

site-associated DNA approach combined with Ion Torrent

PGMTM sequencing. In test panel of 48 individuals from two

populations, the average number of alleles per locus was 10.2,

ranging from 2 to 24. These variable microsatellites will be

invaluable resource for population genetic studies in perch.

Keywords Ion Torrent PGMTM sequencing �
Eurasian perch (Perca fluviatilis L.) �Microsatellites �
dRAD tag � Genome complexity reduction �
Next generation sequencing

Eurasian perch (Perca fluviatilis) is widely dispersed

freshwater fishes in the northern hemisphere and is an

important species for commercial and recreational fisher-

ies. However, it has been recently shown that overexploi-

tation can drive local perch populations close to extinction

(Pukk et al. 2013) and therefore, spatial and temporal

genetic analyses can assist in developing optimal strategies

for management of the species. Currently, very little

genetic information is available for Eurasian perch (Yang

et al. 2009). Here, we describe the development of 17 novel

microsatellite loci for P. fluviatilis using modified double-

restriction-site-associated DNA (dRAD) approach (Brune-

aux et al. 2013).

Genomic DNA was isolated from fin clips and dried

scale samples as in Pukk et al. (2013). For dRAD libraries

two DNA pools were generated: the Baltic Sea (Turku Bay,

n = 33; Matsalu Bay, n = 6 and Pärnu Bay, n = 11) and

Lake Peipus (n = 26). The dRAD library preparation

protocol followed the methods outlined by Bruneaux et al.

(2013), with some modifications. Pooled DNA (800 ng)

was digested for 2 h at 37 �C in 20 lL reaction volume

with 20 U of PstI and BamHI (New England Biolabs

(NEB)) and heat-inactivated for 15 min at 75 �C. Adapters
(0.5 lM) (Sea pool, top: 50 CCATCTCATCCCTGCGT

GTCTCCGACTCAGAGAACTGCA 30, bottom: 50 GATC
ATCACCGACTGCCCATAGAGAGG 30; Lake pool, top:

50 CCATCTCATCCCTGCGTGTCTCCGACTCAGTCGT
TTGCA 30, bottom: 50 GATCATCACCGACTGCCCAT

AGAGAGG 30) were then ligated to sticky ends by

1,200 U of T4 DNA ligase (NEB). Samples were incubated

at 22 �C for 1 h, heat-inactivated for 30 min at 65 �C and

loaded to E-Gel SizeSelect 2 % agarose gel to extract DNA

fragments of *300 bp length. Adapter-ligated products

were nick-translated and PCR-amplified in 67.5 lL volume

containing 14.1 lL of E-Gel extraction product, 50 lL of
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Platinum PCR SuperMix High Fidelity (Invitrogen) and

10 lM of standard Ion Torrent primers A and P1. PCR

consisted of 72 �C for 20 min, 95 �C for 5 min followed

by 18 cycles of 95 �C for 15 s, 62 �C for 15 s with a final

extension step at 68 �C for 1 min. Libraries were then

purified twice using solid phase reversible immobilization

bead solution. Subsequent sample preparation was per-

formed according to the manufacturer’s instructions and

Ion 314 and 318 chips were used for sequencing with Ion

Torrent PGMTM.

Sequencing generated 4,228,874 raw sequences, which

formed 27,223 contigs with N50 contig size 204 bp after de-

novo assembly using MIRA 3.9.15 in accurate EST mode

(parameters: limiting maximum contig building time due to

potentially high coverage; masking rare ends of reads, which

have a k-mer occurence less than 3, this improves assembly

of ultra-high coverage contigs by cleaning outlow frequency

sequence dependent sequencing errors). A total of 1,348

microsatellite (di-, tri- and tetranucleotide; minimum of six

repeats) motifs were identified using Msatcommander

v.0.8.2 (Faircloth 2008) and primers for 190 loci were

designed using Primer3 (Rozen and Skaletsky 2000). Thirty-

six microsatellite loci were chosen for subsequent testing

with a panel of 48 individuals from two populations (Pärnu

Bay, n = 24; Lake Peipus, n = 24).

PCR amplifications were carried out in 10 lL reaction

volume with c. 10 ng of DNA, 0.1 lM of forward primer,

0.2 lM of reverse primer, 0.2 lM of FAM, VIC, NED or

PET-labelled universal M13 primer and 2 lL of 59 Fire-

Pol Master Mix (Solis Biodyne). Touchdown PCR program

was used: initial activation of 4 min at 95 �C, followed by

20 cycles of 30 s at 95 �C, 60 s at 60 �C, 60 s at 72 �C,
with the annealing temperature decreasing 0.5 �C per

cycle, followed by 15 cycles of 30 s at 95 �C, 60 s at

50 �C, 60 s at 72 �C and a final extension for 10 min at

72 �C. Electrophoresis was performed using AB 3500

Genetic Analyser (Applied Biosystems).

Out of 36 loci, 13 did not amplify, six were monomor-

phic and 17 loci were polymorphic. The number of alleles

per population varied from 2 to 19 with an average of 8

(Electronic supplementary material, Table 1). Expected

and observed heterozygosities ranged from 0.16 to 0.94 and

from 0.01 to 0.92. After Bonferroni correction one locus

pair (Pflu6900 and Pflu17171) was found to be in linkage

disequilibrium (P\ 0.001) and none of the 17 loci devi-

ated significantly from HWE.

We have shown that a dRAD-based genome complexity

reduction protocol and Ion Torrent PGMTM sequencing can

be successfully used for fast microsatellite development.

We expect that novel microsatellites will be invaluable

resource for population genetic studies while primer

information for additional 154 microsatellite loci (Elec-

tronic supplementary material, Table 2) can be used to

increase the number of markers in P. fluviatilis even

further.
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Abstract

Massively parallel sequencing a small proportion of the whole genome at high coverage enables answering a wide

range of questions from molecular evolution and evolutionary biology to animal and plant breeding and forensics.

In this study, we describe the development of restriction-site associated DNA (RAD) sequencing approach for Ion

Torrent PGM platform. Our protocol results in extreme genome complexity reduction using two rare-cutting restric-

tion enzymes and strict size selection of the library allowing sequencing of a relatively small number of genomic

fragments with high sequencing depth. We applied this approach to a common freshwater fish species, the Eurasian

perch (Perca fluviatilis L.), and generated over 2.2 MB of novel sequence data consisting of ~17 000 contigs, identified

1259 single nucleotide polymorphisms (SNPs). We also estimated genetic differentiation between the DNA pools

from freshwater (Lake Peipus) and brackish water (the Baltic Sea) populations and identified SNPs with the strong-

est signal of differentiation that could be used for robust individual assignment in the future. This work represents

an important step towards developing genomic resources and genetic tools for the Eurasian perch. We expect that

our ddRAD sequencing protocol for semiconductor sequencing technology will be useful alternative for currently

available RAD protocols.

Keywords: de novo assembly, DNA pooling, Eurasian perch (Perca fluviatilis L.), next-generation sequencing, population

genomics, SNP development and validation
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Introduction

As the introduction of next-generation sequencing (NGS)

technologies, whole genome sequencing has been carried

out on an increasing number of species, triggering a

major breakthrough in genetics. For many studies, how-

ever, obtaining the complete genome sequence from a

large number of individuals still remains prohibitively

expensive and is not even necessary. Therefore, several

genome complexity reduction methods which allow only

a subset of the genome to be sequenced have been

recently described (Davey et al. 2011). These methods

rely on the generation of reduced representation libraries

(RRL), generated by restriction enzymes (Altshuler et al.

2000), selective amplification (van Orsouw et al. 2007),

targeted amplicon sequencing (Hyten et al. 2010), cap-

ture probes (Shen et al. 2013), methylation filtering (Pal-

mer et al. 2003), high-C0t selection (Yuan et al. 2003) or

by sequencing the transcribed proportion of the genome,

that is transcriptome (Barbazuk et al. 2007).

One of the most widely used genome complexity

reduction methods that have been applied in both model

(e.g. humans, laboratory mice and Drosophila) and non-

model species is restriction-site associated DNA (RAD)

sequencing. This method targets DNA sequences flank-

ing specific restriction enzyme cutting sites throughout

the genome (Baird et al. 2008; Hohenlohe et al. 2010). To

date, RAD sequencing has been applied in various

research fields ranging from molecular evolution and

evolutionary biology (Emerson et al. 2010) to animal and

plant breeding (Yang et al. 2012), conservation (Sharma

et al. 2012) and forensics (Ogden et al. 2013). Importantly,

RAD sequencing is highly suitable for generating gen-

ome-wide genotype data in situations where not much is

known about the target genome. As a result, RAD

sequencing has been increasingly used in population

genetic, biogeographic and phylogenetic studies of
Correspondence: Lilian Pukk, Fax: +372 7313 489; E-mail: lilian.

pukk@emu.ee
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nonmodel organisms providing a genome-wide view on

the role of different evolutionary forces during popula-

tion differentiation, adaptation and speciation (Baxter

et al. 2011; Bruneaux et al. 2013; Keller et al. 2013).

Earlier RAD library preparation protocols typically

consisted of the following steps: restriction enzyme

digestion, ligation of the first adapter, physical shearing,

end-repair, ligation of the second adapter and size selec-

tion. However, more recent studies have simplified, and

further developed, the library preparation procedure by

eliminating physical shearing and introducing two

restriction enzyme digestion with strict size selection

(termed double RAD (Bruneaux et al. 2013) or double-

digest RAD (Peterson et al. 2012)). These modifications

enable greater flexibility in targeting the optimal number

of genomic regions ranging from thousands of consensus

sequences required for QTL mapping to hundreds of

thousands of contigs necessary for association studies

and hitchhiking mapping.

Most of the RAD studies to date have been carried

out using Illumina GAII and HiSeq NGS platforms, but

to fully exploit the potential of RAD sequencing, other

NGS technologies can be used. For example, the new

semiconductor sequencing technology (Ion Torrent

PGM) represents a simple, fast (hours instead of days)

and flexible solution for small laboratories and individ-

ual research groups, but currently, only a few studies

have reported the utility of Ion Torrent PGM technology

for RAD sequencing (Mascher et al. 2013; Kai et al. 2014).

This can be partially explained by the relatively small

sequencing throughput of PGM technology, which pro-

duces tens of millions of short reads compared to, for

example, hundreds of millions of sequences generated

by the Illumina HiSeq platform. However, for RAD pro-

jects which require sequencing of a smaller number of

genomic regions, such as QTL mapping and basic popu-

lation genetic analysis, Ion Torrent PGM technology is

more accessible to smaller research groups making it a

faster and simpler alternative compared to other NGS

platforms. Therefore, it is important to further develop

and evaluate RAD sequencing protocols adopted for Ion

Torrent PGM that enable high genome complexity reduc-

tion by targeting a relatively small number of genomic

regions while retaining the high coverage necessary for

robust SNP discovery and reliable estimation of various

population genetic parameters.

In this study, we describe the development of a two-

enzyme RAD sequencing approach for Ion Torrent PGM

platform by carrying out extreme genome complexity

reduction using rare-cutting restriction enzymes and

strict size selection of the library while using DNA pool-

ing as a cost-effective approach to estimate allele fre-

quencies on a genome-wide scale. We applied this

approach to the common freshwater fish species, the

Eurasian perch (Perca fluviatilis L.). Eurasian perch con-

tributes significantly to both commercial and recreational

fisheries in the coastal Estonian waters of the Baltic Sea

and in Lake Peipus, the fifth largest lake in Europe (Mo-

ran 2003; Pukk et al. 2013). Because of different fishing

regulations in these water bodies, the ability to use genetic

markers for assigning individuals back to their source

population would be of considerable importance for the

identification of illegal fishing and fish trade. To develop

genomic resources and genetic tools for the Eurasian

perch, which could be used in a court of law, we: i) devel-

oped a restriction-site associated DNA (RAD) sequencing

approach for Ion Torrent PGM platform which results in

extreme genome complexity reduction allowing sequenc-

ing of a relatively small number of genomic fragments

with high sequencing depth; ii) characterized a small pro-

portion of the genome and identified more than a thou-

sand single nucleotide polymorphisms (SNPs) in perch;

iii) estimated genetic differentiation between the DNA

pools constructed based on individuals collected from

freshwater (Lake Peipus) and brackish water (the Baltic

Sea) environments; and iv) identified SNPs with the

strongest signal of differentiation which could be used for

individual assignment in the future.

Materials and methods

DNA isolation and ddRAD library preparation

Seventy-six wild Eurasian perch (Perca fluviatilis L.) were

used for ddRAD library preparation. Genomic DNA was

isolated from fin clips and dried scale samples as

described by Pukk et al. (2013). These samples were

divided into two pools: the Baltic Sea pool (Turku Bay,

n = 33; Matsalu Bay, n = 6 and P€arnu Bay, n = 11) and

Lake Peipus pool (n = 26). DNA quality and concentra-

tion were assessed by agarose gel electrophoresis and

with a NanoDrop spectrophotometer (Thermo Fisher,

Inc.). RAD library preparation protocol broadly followed

the methods described by Bruneaux et al. (2013), with

some modifications as outlined by Pukk et al. (2014). In

short, pooled DNA (800 ng) was digested for 2 h at

37 °C in 20 lL reaction volume, simultaneously with

two restriction enzymes, 20 U of PstI (restriction site 50

CTGCAG 30) and BamHI (restriction site 50 GGATCC 30)
(New England Biolabs) and heat-inactivated for 15 min

at 75 °C (Fig. 1). The ligation consisted of forward (0.016

pmol) and reverse (0.004 pmol) adapters which were

added to 20 lL of restriction reaction together with 5 lL
10 9 T4 DNA Ligase buffer and 1200 U of T4 DNA ligase

(M0202S; NEB) (forward adapter, top: 50 CCATCT-

CATCCCTGCGTGTCTCCGACTCAGXXXXXTGCA 30,
forward adapter, bottom: 50 XXXXXCTGAGTCGGAGA

CACGCAGGGATGAGATGG 30, where XXXXX is a bar-

© 2015 The Authors. Molecular Ecology Resources published by John Wiley & Sons Ltd
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code sequence; reverse adapter, top: 50 GATCATCA

CCGACTGCCCATAGAGAGG 30, reverse adapter, bot-

tom: 50 CCTCTCTATGGGCAGTCGGTGAT 30). To dif-

ferentiate between the pools, two following 5 bp barcodes

were used (Sea pool: 50 AGAAC 30 and Lake pool: 50

TCGTT 30) (Fig. 1). The 50 lL ligation reaction was carried

out at 22 °C for 1 h, heat-inactivated for 30 min at 65 °C.
Each library was subsequently loaded onto E-Gel� SizeSe-

lect 2% Agarose Gel (Life Technology) to extract DNA

fragments of approximately 300 bp length (ranging

between 200 and 351 bp). Adapter-ligated products were

nick-translated and PCR-amplified in 67.5 lL volume

containing 14.1 lL of E-Gel extraction product, 50 lL of

Platinum PCR SuperMix High Fidelity (Invitrogen) and

0.25 pmol of Ion Torrent primers A and P1. PCR consisted

of 72 °C for 20 min, 95 °C for 5 min followed by 18 cycles

of 95 °C for 15 s, 62 °C for 15 s with a final extension step

at 68 °C for 1 min. Libraries were then purified twice

using a 1.8-fold volume of Solid-phase reversible immobi-

lization (SPRI) bead solution (Meyer & Kircher 2010) to

remove fragments smaller than 100 bp.

In the final RAD libraries, the majority of the fragments

(65.4% and 67.9% for Sea and Lake pools, respectively)

were between 262 and 299 bp (Agilent 2100 bioanalyser).

The concentration of the libraries was measured using a

Qubit 2.0 Fluorometer (Invitrogen) and then diluted to

28 pM. Sample emulsion PCR, emulsion breaking and

enrichment were performed using an Ion Xpress Template

Kit, according to the manufacturer’s instructions. The

libraries (100 lL) were loaded on Ion 314 (10 lL) and 318

(90 lL) chips and sequenced with an Ion Torrent PGM.

Quality control, de novo assembly, mapping and SNP
calling

The sequence data acquired using Ion Torrent semicon-

ductor technology were analysed as follows. All the raw

sequence reads from the Ion 314 and 318 chips were

merged into a single FASTQ file and subsequently split

into two (Sea and Lake), based on barcode sequences

using fastx_barcode_splitter.pl implemented in FASTX –
Toolkit version 0.0.13 (http://hannonlab.cshl.edu/fas-

tx_toolkit/index.html). All three files were then trimmed

using a FASTQ/A Trimmer with a FASTX – Toolkit. First, one

bp was removed from the 30 end of all merged raw reads

to avoid integration of an extra nucleotide at the end of

the restriction enzyme (BamHI) cutting site. Second, after

dividing all the reads into Sea and Lake data sets, 10 bp

were trimmed from the 50 end to remove the barcodes.

Subsequently, three filtering criteria were used: (i) reads

with lengths of 30–300 bp were retained; (ii) reads were

removed if 80% or more of a sequence had a quality score

(QS) < 13 and (iii) using a sliding window method with

the quality threshold set to 20 and minimum read length

to 20 bp. Custom Python scripts (available on Dryad) and

computer cluster at the Computing Centre of Finland

(CSC; http://www.csc.fi/) were used for all analyses.

Following filtering, data quality was checked using PRIN-

SEQ-LITE v.0.17.3 (Schmieder & Edwards 2011), after which

de novo assembly was performed using MIRA version

3.9.15 (Chevreux et al. 1999) with job specified as genome,

de novo and accurate in manifest file using Ion Torrent

specific settings. After de novo assembly, the following

filtering was carried out to exclude contigs that most

likely contain multiple loci. First, using TABLET version

1.13.07.31 (Milne et al. 2013), all the contigs with more

than a 2.5%mismatch were discarded. This threshold was

set based on the overall distribution of mismatch percent-

age from the whole data set. Similarly to mismatch per-

centage, we evaluated the distribution of sequencing

depth of all contigs and excluded contigs with more than

5009 coverage from the subsequent analysis to avoid

repetitive sequences. To avoid mis-assembled contigs due

to chimeric reads, the remaining contigs were split into

two or three shorter contigs, depending upon the number

of uncut restriction sites found. The contigs consisting of

40 or more nucleotides were selected as reference for

mapping in MIRA. For mapping, two files containing popu-

lation-specific reads were used. The longer reads contain-

ing uncut motifs were split from the point of restriction

site into shorter (> 20 bp) reads. The job mentioned in the

manifest file for MIRA was genome, mapping and accurate,

and the chimeric read clipping option was also used. The

BAM file produced by MIRA was then used as an input for

Fig. 1 The adapters and primers for Ion Torrent sequencing technology. Genomic DNA (gDNA) is simultaneously digested with two

restriction enzymes (PstI and BamHI) producing fragments with 50 TGCA ’3 and 50 GATC ‘3 overhangs, respectively. The 5-bp barcode

in forward adapter is marked XXXXX.

© 2015 The Authors. Molecular Ecology Resources published by John Wiley & Sons Ltd
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SAMTOOLS v.0.1.18 (Li et al. 2009) for SNP discovery. Poten-

tial SNPs were accepted only if they met the following

stringent selection criteria: read alignment depth of

≤ 5009; ≥ 5 reads per SNP allele; ≤ 2% of polymorphic

sites per contig; quality threshold ≥ 20; and ≤ 2% of mis-

match. To avoid incorrect SNP calling caused by frequent

homopolymer sequencing errors of the Ion Torrent PGM

platform, SNPs associated with three or more consecutive

homopolymers were discarded.

Genetic differentiation

GST values for SNPs were calculated using formulae

described by Bruneaux et al. (2013). To visualize the

effect of coverage on genetic differentiation, a LOESS

smoothing model in PAST (Hammer et al. 2001) was

used (smoothing value was set at 0.15). As GST values

were strongly affected by coverage, we also used a chi-

square test to identify loci showing the strongest genetic

differentiation signal between Sea and Lake pools

(G€unther & Coop 2013). For the 25 top SNP loci that

showed the strongest genetic differentiation between Sea

and Lake pools based on the chi-square test, we also cal-

culated the 95% confidence limits of GST estimates by re-

sampling with replacement (1000 times) the observed

allele counts and recalculating GST values using POPTOOLS

3.2.5. (Hood 2011). This allowed quantification of the

effect of coverage (number of reads) on genetic differen-

tiation estimates; small and/or an uneven number of

reads per contig and per population were expected to

provide relatively inaccurate GST estimates, while genetic

differentiation estimates are more precise for SNPs,

showing high coverage in both population pools.

SNP validation

For SNP validation, primers for PCR amplification were

developed for 24 putative SNP markers, which were

selected from the pre-reanalysed data set according to

their chi-square value (12 markers showing high differen-

tiation between Lake and Sea pools) or the presence of a

PstI restriction site to test the potential presence of chime-

ras (n = 12). For primer development, an online PRIMER3

v.0.4.0 (Koressaar & Remm 2007; Untergasser et al. 2012)

program was used and primers were selected only if they

met the following selection criteria: any’ and 30 close to 0;

melting temperature 57–60 °C and SNP position at least

40 bp from left or right primer to ensure successful

sequencing results (primer sequences available on Dryad).

Sanger sequencing of seven individuals (four from Lake

Peipus and three from P€arnu Bay) was carried out at Esto-

nian Biocentre (http://vvv.ebc.ee) using 31309l Genetic

Analyzer (Applied Biosystems). For sequence alignment

and analysis, CLUSTALW multiple alignment option in BIOED-

IT v7.2.5 (Hall 1999) was used when possible, otherwise

sequenceswere alignedmanually.

Contig annotation and categorization

RAD contigs were annotated using a BLAST v2.2.28 (Altsc-

hul et al. 1990) (BLASTX – against a Uniprot database and

BLASTN – against a nucleotide database) with the E-value

threshold set at < 19 e�04. Gene names and Gene Ontol-

ogy (GO) terms were retrieved from the Uniprot data-

base according to the BLASTX top hit results. Repetitive

genomic elements were detected using REPEATMASKER

v4.0.3 software (Smit et al. 1996–2010).

Results

RAD tag sequencing, de novo assembly and mapping

The sequencing of the RAD libraries with 314 and 318

chips generated 126 327 and 4 045 509 raw reads, respec-

tively. After filtering, 16 886 contigs covering

2 134 779 bp were retained (N50 contig size 82.56 bp;

mean coverage 45.199) and used as a reference for map-

ping. From the combined reads of both pools (1 377 041

for Sea and 1 158 807 for Lake pool), MIRA used

1 259 177 sequences (2 208 684 bp; 711 194 and 547 983

reads from the Sea and Lake pool, respectively) for map-

ping, with an N50 contig size of 148 bp and a mean cov-

erage of 74.69 (Table S1, Supporting information).

Contig annotation and categorization

A total of 4369 (25.9%) consensus sequences gave signifi-

cant BLASTN (3242 contigs; 19.2%) and/or BLASTX (2518

contigs; 14.9%) hits. The largest proportion of significant

BLASTX hits came from Oreochromis niloticus (549 contigs;

21.8%), Gasterosteus aculeatus (424 contigs; 16.8%), Taki-

fugu rubripes (233 contigs; 9.3%) and Tetraodon nigroviridis

(196 contigs; 7.8%). From all of the BLASTX hits, GO terms

were assigned to 1821 contigs (72.3%).

REPEATMASKER identified repetitive genomic elements

in 1295 contigs. Most of these (1024) were simple repeats

(2.16% of the consensus sequence length). Long terminal

repeat (LTR) retroelements were found in 160 contigs

(0.75% of the sequence), including L2/CR1/Rex (117

contigs; 0.60%), RTE/Bov-B (16 contigs; 0.07%) and

SINEs (27 contigs; 0.08%). Transposable DNA element

footprints (Tc1-IS630-Pogo) accounted for a further

0.01% of the sequence (3 contigs).

SNP identification and classification

When all available sequence reads (1 259 177) were used

against the assembled reference sequence for SNP

© 2015 The Authors. Molecular Ecology Resources published by John Wiley & Sons Ltd
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discovery, 7325 potential SNPs were identified. After

stringent filtering, a total of 1259 putative SNPs remained

(Table S2, Supporting information), corresponding to a

SNP density of one per 1754 bp. The most common SNP

variant consisted of G/A or C/T. The distribution of the

SNPs along the contigs showed that the frequency of

identified polymorphisms decreased after the first 100–
150 bp (Fig. 2), indicating that an elevated sequencing

error rate towards the end of the reads most likely does

not affect the identified 1259 SNPs. The mean overall

coverage so-called SNPs was 81.79 (mean coverage of

Sea and Lake pools: 46.19 and 35.59, respectively), and

842 of SNPs (67%) had ten or more reads per DNA pool.

In total, 32.9% of the filtered SNP-containing contigs had

significant BLASTN (23.3%; 293) and/or BLASTX (18.8%; 237)

hits. Based on the BLASTX results, 168 and 69 SNPs were

located in noncoding and coding regions, respectively,

the latter corresponding to 40 synonymous and 29 non-

synonymous substitutions.

Genetic differentiation between Sea and Lake pools

Genetic differentiation, measured as GST, varied consid-

erably (0–0.8933) among 1 228 SNP loci, which contained

alleles counted for both pooled samples (Fig. 3). GST val-

ues were strongly affected by coverage – most of the

SNPs with very high level of differentiation showed

rather low coverage (< 509), while loci with higher cov-

erage showed similar or slightly higher levels of differen-

tiation than individually genotyped microsatellite loci

(for 17 microsatellites average GST is 0.016; 95% CI: 0.007–
0.025; 24 individuals analysed per population; (Pukk

et al. 2014)). Chi-square test identified loci with high

levels of differentiation and low sampling error (e.g. high

coverage in both pools) between Sea and Lake pools.

SNP validation

From 24 putative SNP markers selected for validation

from pre-reanalysed data set (12 highly differentiated

loci and 12 loci containing seemingly uncut PstI restric-

tion site), twelve yielded positive PCR amplification

products. Eleven of them represented highly differenti-

ated markers while only a single fragment containing

seemingly undigested PstI restriction site was success-

fully amplified. After cleaning, trimming and aligning

the sequences, the presence of both homozygote and het-

erozygote genotypes could be confirmed in 6 of 12 mark-

ers while only homozygotes were observed at four SNP

loci and the sequence quality was too low for reliable

SNP calling at two loci (Table S2).

Discussion

In this study, we described an efficient genome complex-

ity reduction protocol that uses two rare-cutting restric-

tion enzymes and stringent size selection to make a RAD

library compatible for sequencing with Ion Torrent semi-

conductor technology. We obtained a total of 4 M reads,

which were de novo assembled into ~17 000 contigs

predicted to cover 0.18% of the P. fluviatilis genome

(assuming a genome size of 1.19 GB, based on Animal

Genome Size Database; http://www.genomesize.com).
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Fig. 2 Number of filtered SNPs (n = 1259) per nucleotide posi-

tion along the contig.

Coverage
0 100 200 300 400 500

0.0

0.2

0.4

0.6

0.8

G
en

et
ic

 d
iff

er
en

tia
tio

n 
(G

S
T)
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cate loci with the strongest genetic differentiation signal

between Lake and Sea pools, based on the chi-square test (95%
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Compared to earlier RAD sequencing studies carried out

on a wide range of species, our RAD protocol enables

very efficient genome complexity reduction (Fig. 4; Table

S3, Supporting infomation). Therefore, our RAD protocol

for the Ion Torrent is expected to be useful for studies

which require sequencing of a smaller number of geno-

mic regions, such as mapping QTL loci influencing varia-

tion in traits of interest, phylogenetic and population

genomic analysis. Using two 6-cutter restriction enzymes

(PstI and BamHI) in combination with stringent size

selection, we were able to target a small proportion of

the genome while retaining high sequencing depth

allowing reliable SNP calling despite the higher sequenc-

ing errors of the Ion Torrent platform compared to cur-

rently available light-based sequencing approaches

(Loman et al. 2012; Merriman et al. 2012; Bragg et al.

2013). Unlike earlier RAD sequencing studies, that typi-

cally suffer the risk of high DNA loss due to physical

shearing and purification steps during agarose gel size

selection, our protocol included a fast and simple, yet

reproducible, narrow size selection strategy using an E-

Gel� SizeSelectTM Agarose Gel. This enabled quick sepa-

ration and collection of size fractions suitable for a partic-

ular sequencing platform, significantly reducing the

overall library preparation time.

Using our RAD protocol, the mean distance between

two contigs in the Eurasian perch is more than 75 Kb,

and only a small number of published RAD studies have

resulted in a similar level of genome complexity

reduction (Fig. 4; Gagnaire et al. 2013; Hale et al. 2013;

Ogden et al. 2013; Richards et al. 2013). All these studies

have used a single restriction enzyme (SbfI) with an 8-bp

recognition site (50 CCTGCAGG 30) and size selection of

DNA fragments from 300 bp to 600–700 bp. Importantly,

8-cutter SbfI creates the identical four base pair over-

hangs (50 TGCA 30) compared to 6-cutter PstI used in this

study and therefore, the same forward adapters can be

used in relation to both restriction enzymes to target the

optimal number of RAD loci to address a particular

research question. As such, our protocol enables fast and

flexible RAD sequencing and efficient genome complex-

ity reduction with high coverage using semiconductor

sequencing technology.

Eurasian perch, as the most common and widely dis-

tributed member of the Percidae family, contributes sig-

nificantly to commercial and recreational fisheries in

Estonia. Because of different fishing regulations, the abil-

ity to use genetic markers for assigning individuals back

to their source population would be of considerable

importance. Also, perch has a great potential for fresh-

water aquaculture (Rossi et al. 2007), where the use of

molecular markers could be beneficial. However, not

much is known about the P. fluviatilis genome as the

genomic resources of the perch currently include a small

number of mitochondrial and nuclear sequences. In this

study, we obtained over 2.2 MB of novel sequence data

for perch and fifteen per cent of all the consensus

sequences gave significant BLASTX hits. As expected, the

largest proportion of those hits came from the Nile tila-

pia O. niloticus (Perciformes). In total, over 1200 putative

SNPs were identified and loci with large allele frequency

differences between freshwater (Lake Peipus) and brack-

ish water DNA pools (the Baltic Sea) were found, which

could be used for the development of genotyping assays

to correctly assign fish to populations of origin in the

future.

Compared to the microsatellite markers (Pukk et al.

2014), DNA pooling resulted in similar or higher levels

of genetic differentiation estimates for the high coverage

SNPs (Fig. 3). On the other hand, the SNP markers with

relatively low coverage (< 20–509) showed inflated GST

values, demonstrating the importance of high coverage

for accurate estimation of genetic differentiation from

DNA pools. However, SNP validation of a small subset

of loci using Sanger sequencing indicated that not all

putative SNP markers represent genuine polymorphisms

and therefore, great care should be taken during devel-

opment of SNP panels for identifying illegal fishing and

fish trade. The other critical issue related to allelotyping

is the importance of adding equal amount of DNA from

each individual to the DNA pool. However, when using

large number of individuals for generation of DNA
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from 2010 to 2013 that refer to (Baird et al. (2008) and contained

all necessary information (genome size, number of contigs, plat-
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pools, accurate allele frequency estimation can be

achieved even with relatively unequal contributions of

each individual forming the pool (Gautier et al. 2013a,b).

The results of this study also revealed that majority of

the loci with apparently uncut PstI and/or BamHI sites

represent most likely chimeric sequences. Therefore, we

recommend that future studies either exclude putative

chimeric sequences before assembly or alternatively

carry out in silico cutting of the fragments before subse-

quent analysis steps. Further optimization of the library

protocols and developing alternative strategies to reduce

the occurrence of chimeras would be useful.

In summary, this study represents an important step

towards developing genomic resources and genetic tools

for the Eurasian perch, which could be used in a court of

law. Our RAD protocol enables very high genome com-

plexity reduction by targeting a small number of geno-

mic regions while retaining the high coverage necessary

for robust SNP discovery and reliable estimation of vari-

ous population genetic parameters. We expect that the

described RAD sequencing protocol for semiconductor

sequencing technology will be particularly useful for

quick SNP discovery, testing different size selection pro-

cedures, restriction enzymes and other critical steps dur-

ing library preparation. However, Ion Torrent PGM is

currently not the cheapest available NGS technology in

the market, which combined with rather low throughput

and relatively high sequencing error rate makes it less

suitable for larger genotyping-by-sequencing projects.

Therefore, it is important that both the strengths and lim-

itations of the approach are taken into account when

choosing appropriate genome complexity reduction

method and sequencing platform (Arnold et al. 2013;

Andrews & Luikart 2014; Puritz et al. 2014).
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a  b  s  t  r  a c  t

Over  recent  years  a growing  number  of  studies  suggest  that  both  unregulated  and  illegal  fishing  can  lead  to
the unsustainable  exploitation  of  populations  or  species.  For  developing  biologically  sound  management
and conservation  actions  and  to effectively  fight  against  the  illegal  fish  trade,  it  is crucial  to understand  the
spatial and  temporal  patterns  of genetic  diversity  of  commercially  important  fish  species.  In  this  study  we
characterized for  the  first  time  the  population  structure  of Eurasian  perch  at  both  freshwater  (Lake  Peipus)
and Baltic  Sea locations,  representing  important  targets  of  commercial  perch  fisheries  in Estonia.  We  also
evaluated the  effectiveness  of individual  and  group-based  assignment  tests  to identify  the  genetic  origin
of fish  at  different  geographic  scales.  Results  of  our  study  showed  low  genetic  divergence  among  sample
sites, which  resulted  in  a  low  self-assignment  accuracy  of individual  fish  to their  sampling  locations
(mean 36.7%).  However,  the  assignment  accuracy  at  the  regional  level  was  considerably  higher  (Baltic
Sea: 84.9%;  Lake  Peipus  88.0%).  When  assuming  an  unmixed  origin  of  the  group  of individuals,  it was
possible to identify  the  brackish  and  freshwater  origin  of  perch  with  very  high  confidence  (log10  LR  >  3)  if
the sample  size  exceeded  15-20  individuals.  Our  study  demonstrates  the  power  of  highly  variable  genetic
markers to  distinguish  between  the  two  commercially  most  important  Eurasian  perch  stocks  in  Estonia
and the usefulness  of  assignment  tests  to  successfully  identify  the  genetic  origin  of fish.  We  expect  that
the developed  microsatellite-based  reference  database  together  with  the described  analytical  framework
provides an  important  tool to  more  efficiently  combat  against  illegal  fishing  and  fish  trade.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Both unregulated and illegal fishing can lead to unsustainable
exploitation of populations or species and cause habitat destruc-
tion (De Angelis, 2012; Ogden, 2008; Ogden and Linacre, 2015; Pukk
et  al., 2013). Unregulated and illegal fishing may  also lead to serious
socio-economic consequences as overfishing may  decrease genetic
diversity, hampering population’s ability to adapt to changing envi-
ronmental conditions and drive locally adapted populations to
extinction, ultimately leading to the loss of biodiversity and ecosys-
tem  services (Allendorf et al., 2014; Kenchington, 2003; Laikre et al.,
2005; Pinsky and Palumbi, 2014).

∗ Corresponding author.
E-mail addresses: lilian.pukk@emu.ee (L. Pukk), riho.gross@emu.ee (R. Gross),

markus.vetemaa@ut.ee (M.  Vetemaa), antvas@utu.fi (A. Vasemägi).

Marine species often show higher genetic variability and less dif-
ferentiation compared to freshwater fish species because of larger
effective population size, higher migration rates and unhampered
gene flow due to the unrestricted environment they inhabit (Ward
et al., 1994). However, in the Baltic Sea area some primarily fresh-
water species also inhabit low salinity/brackish water habitats. One
such  species is Eurasian perch (Perca fluviatilis L.), a common fresh-
water fish species with a short pelagic larval phase (Craig, 1987).
Consistent with philopatry and short migration distances (Järv,
2000; Kipling and Le Cren, 1984; Saulamo and Neuman, 2002) ear-
lier work in lakes has shown that multiple genetically different
populations of perch may  occur at a small spatial and temporal scale
(Bergek and Björklund, 2007; Bergek and Olsson, 2009; Gerlach
et  al., 2001). Population genetic studies on the Baltic Sea perch
stocks, however, have demonstrated contradictory results as some
authors have found very low levels of genetic divergence (Nesbø
et  al., 1998; Nesbø et al., 1999), while others have reported higher
levels of differentiation and strong signals of isolation by distance

http://dx.doi.org/10.1016/j.fishres.2016.05.027
0165-7836/© 2016 Elsevier B.V. All rights reserved.
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(Olsson et al., 2011) or correlations between genetic divergence
and environmental conditions, such as temperature at the time of
spawning (Bergek et al., 2010). However, such discrepancies might
be  at least partly explained by different marker type, since Nesbø
and colleagues (1998, 1999) used maternally inherited mitochon-
drial  DNA, while more recent population genetic studies in perch
have mainly used microsatellite markers.

Eurasian perch is a commercially intensively exploited freshwa-
ter  fish species in Europe, and is a targeted angling species in many
countries (Estonian Fishery, 2013 OECD, 2009; Vainikka et al., 2012;
Heermann et al., 2013). It is among the species with the highest
economic importance both for freshwater and Baltic Sea fisheries
in  Estonia (OECD, 2009). Currently, Estonia is the third largest Euro-
pean exporter of perch to European Union markets (Watson, 2008)
and perch constitutes a main source of income to Estonian coastal
fishermen (Estonian Fishery, 2013). However, due to declines in
abundance of many perch populations during the last two  decades
(Eschbaum et al., 2012; Järv et al., 2005; Ljunggren et al., 2010;
Vetemaa et al., 2006), various fishing regulations have been imple-
mented to avoid overexploitation of perch stocks and promote
sustainable fisheries management. For example, common manage-
ment actions, such as quotas and temporal fishing clousures (but
no minimum size limit) have been applied to Lake Peipus perch
fisheries. In the Baltic Sea fisheries in Estonia, the minimum size
limit (total length 19 cm)  for perch has been established and the
eligible gill net mesh size has been increased from 76 mm to 96 mm
(Järv et al., 2005). However, despite of the reports of recent increase
of  some coastal perch populations in the Baltic Sea (Eschbaum
et  al., 2015; Olsson et al., 2012), the recovery of other stocks have
been slow (Eschbaum et al., 2012). Thus, to ensure the enforce-
ment of the fishing regulations and other conservation measures,
mainly to discourage illegal fishing and fish trade, reliable identifi-
cation methods are needed for fish traceability (Nielsen et al., 2012;
Ogden, 2008; Österblom, 2014).

Since early 1990s, molecular genetic tools have been increas-
ingly used to identify fish species, individual specimens and
determine the population of origin (Ogden, 2008; Rasmussen
and Morrissey, 2008; Sweijd et al., 2000; Ward, 2000). DNA-
based identification methods include: multi-species microarrays
(Kochzius et al., 2008) and assays for processed fish products
(Jerome et al., 2003), DNA barcoding with mitochondrial DNA
cytochrome oxidase I and cytochrome b primers (Helyar et al.,
2014), and single nucleotide polymorphisms (SNPs) for species-
specific primer or probe development (Chapman et al., 2003).
Furthermore, highly variable microsatellite markers represent one
of the most frequently used molecular genetic markers for iden-
tification of population of origin in fish forensics (e.g. Cornuet
et  al., 1999; Hansen et al., 2001). In particular, the application of
multilocus genotype information for individual assignment and
mixed-stock analysis has been increasingly used for conservation
and management of commercially important species (Kielpinski
et  al., 2014; Roques et al., 1999; Ruzzante et al., 2000). Over the last
decades, molecular tools have been used in a broad range of appli-
cations such as: inspection of illegal caviar (DeSalle and Birstein,
1996), detection of fishing competition fraud (Primmer et al., 2000),
identification of the population of origin of endangered species
(Chapman et al., 2003), distinguishing economically important fish
populations, such as cod, herring, sole and hake (Nielsen et al., 2012)
and  for consumer protection in case of mislabelling fish products
(Helyar et al., 2014). In order for these methods to be effective, it
is  crucial to have comprehensive reference data (allele frequency
or  sequence information) from all potential source populations or
target species to successfully determine the origin of unknown
samples and to avoid erroneous exclusions and/or inclusions of
individuals to populations (Ogden and Linacre, 2015).

The main objective of this study was  to develop a robust and rel-
atively quick genetic authentication method to identify the origin
of  fish in order to fight illegal fishing and fish trade. To achieve this,
we  analysed commercially most important brackish and freshwa-
ter Eurasian perch populations in Estonia and evaluated the power
of  16 microsatellite markers to assign individual fish and groups of
fish to their population of origin.

2.  Materials and methods

2.1. Samples

Despite of being primarily of freshwater origin, Eurasian perch
has been able to successfully colonize brackish water habitats in
the  Baltic Sea where salinity is not higher than 10‰ (Ložys, 2004).
So  far, only the Western part of the Baltic Sea of perch genetic pop-
ulation structure have been investigated using microsatellite DNA
markers (Olsson et al., 2011; Bergek and Olsson, 2009; Bergek et al.,
2010). Here we  focused on the Eastern part of the Baltic Sea (Väi-
nameri Sea region), where catches of perch form a main source of
income to the local fishermen (Estonian Fishery, 2013).

Tissue and scale samples were collected from 785 perch indi-
viduals in 2010-2013 (except Åland Islands samples, which were
collected in 2007) from 13 brackish and from four freshwater sites
(average 46 individuals per site) in the Baltic Sea and Lake Peipus
(Table 1; Fig. 1). Perch from Lake Peipus were caught by trawling
(2010-2011) or by recreational fishermen (Mustvee and Varnja);
fish from Matsalu Bay, Pärnu Bay, Haapsalu, Paslepa, Virtsu, Kihnu,
Kõiguste, Vilsandi and Vaindloo were collected using fyke nets;
perch from Turku, Åland Islands (Föglö) and Küdema were caught
by  recreational fishermen. Fin clips or skin (preserved in 96%
ethanol) and dried scale or operculum samples were used for total
DNA extraction as described by Pukk et al. (2013).

2.2. Microsatellite genotyping

Two tetra-, three tri- and 11 dinucleotide microsatellite loci
were  amplified in three multiplex polymerase chain reactions (PCR)
(Table 2). The 10 �l PCR reaction consisted of ca 5–10 ng template
DNA, 1 x Type-it Multiplex PCR Master Mix  (Qiagen) and forward
and reverse primers (final concentrations shown in Table 2). Ampli-
fications were carried out in a Biometra TProfessional Thermal
cycler with an initial heat-activation at 95 ◦C for 5 min followed
by 28 cycles of denaturation at 95 ◦C for 30 s, annealing at 56 ◦C for
90  s and extension at 72 ◦C for 30 s. The PCR was terminated after
30  min  of extension at 60 ◦C. PCR products were electrophoresed
on  an Applied Biosystems 3500 Genetic Analyser (Life Technologies,
USA) and the loci were genotyped using GeneMapper v4.1 software
(Life Technologies, USA). All genotypes were manually inspected.

2.3.  Genetic analyses

GENEPOP v4.0 (Rousset, 2008) was  used to test for deviations
from Hardy-Weinberg (H-W) equilibria (10 000 iterations each).
Tests for gametic disequilibrium between all pairs of loci in each
sampling site were conducted with Fisher’s exact test in GENEPOP.
To  assess the levels of genetic diversity, the number of unique
alleles (private alleles) in a sample, allelic richness (AR), mean
number of alleles (A), observed (HO) and expected heterozygos-
ity (HE) were calculated using FSTAT v2.9.3.2 (Goudet, 1995) and
MICROSATELLITE TOOLKIT v3.1.1 (Park, 2001). For the analyses
described above, Matsalu Bay individuals from 2010 and 2011 were
divided into pre- (Mat A) and post-collapse (Mat B) groups using
STRUCTURE v2.3.3 (Pritchard et al., 2000) according to their mul-
tilocus genotype information as in Pukk et al. (2013) (Table 1). In
short, Bayesian clustering analysis carried out by Pukk et al. (2013)
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Fig. 1. Sampling locations of Eurasian perch in Lake Peipus (1-4); Western-Estonian sites (5-13); Finland (14-15) and Gulf of Finland (16); see Table 1 for more information.

showed that samples from Matsalu Bay separated into two distinct
groups as perch caught after population collapse in late 1990s had
distinct multilocus genotypes compared to individuals sampled
earlier from the same location.

Pairwise FST values between locations and overall genetic diver-
gence among samples (global FST) were calculated following Weir
and  Cockerham (1984), implemented in FSTAT. The significance
of allele frequency differences between different sampling sites
was  estimated using genetic differentiation test implemented in
GENEPOP. To estimate the amount of genetic variation due to dif-
ferences between population groups (Lake and marine samples)
and  between populations within the groups, a hierarchical analysis
of  molecular variance (AMOVA) was performed using the program
ARLEQUIN v3.5.1.2 (Excoffier et al., 2005). The significance of differ-
ences in average values of AR,  HO, HE, FIS and FST between groups of
populations (Lake versus marine) were tested using FSTAT (1000
permutations, two-sided tests). Also, for some genetic analyses
sampling sites were divided into four separate groups/samples: 1)
Lake Peipus; 2) Western-Estonia (WE; Haapsalu, Kihnu, Kõiguste,
Küdema, Matsalu A & B, Pärnu, Paslepa, Vilsandi and Virtsu); 3)
Åland Islands and Turku in Finland; and 4) Island of Vaindloo in
Gulf of Finland.

To detect recent genetic bottlenecks, two tests were used: the
Wilcoxon’s sign rank test which is based on heterozygosity excess
and  the mode-shift test which evaluates the allele frequency dis-
tribution. Both bottleneck tests were performed with BOTTLENECK
v1.2.02 (Piry et al., 1999) using both the stepwise mutation model
(SMM)  and the infinite allele model (IAM) and 10 000 simulations.
Also, the Garza-Williamson index (the number of alleles divided
by the allelic range (Garza and Williamson, 2001)), was  calculated
for  all sites using ARLEQUIN. According to Garza and Williamson

(2001), the Garza-Williamson index below 0.68 suggests that pop-
ulation has experienced a recent sharp reduction in population size
(but  see also Swatdipong et al. (2010)).

Genetic similarity of sampling locations was  estimated based on
Nei’s genetic distances (DA) between all pairs of sample sites (Nei
et  al., 1983), and the neighbour-joining (NJ)  method was used to
construct the dendrogram. The bootstrap values for this tree were
calculated using 1000 replicates by resampling microsatellite loci.
All  calculations were done using the POPULATIONS v1.2.3.1 soft-
ware  (Langella, 1999) and the tree was  visualised by MEGA v6.06
(Tamura et al., 2013).

Genetic differentiation patterns among locations were visu-
alized by a principal component analysis (PCA) based on allele
frequencies using PCAGEN v1.2.1 (PCAGEN Software, 2013), with
significance of each principal component assessed by 1000 ran-
domisations of genotypes.

Isolation-by-distance (IBD) was calculated as the regression of
FST/(1-FST) on the geographic distance (the actual instead of log-
transformed distance was  used in the analysis as suggested by
Rousset (1997)) between sampling sites using the program Isolde
in  GENEPOP (web version). Four different datasets were used for
IBD analysis: 1) Lake (all Lake Peipus samples), 2) WE  samples,
3) all marine samples; and 4) whole dataset. The geographical
distance between any two  sites was measured as the nearest water-
way distance using ARCGIS v10.3 (Environmental Systems Research
Institute, Inc.; www.esri.com). The statistical significance (1000
permutations) was  evaluated by a Mantel test in the program
Isolde.

We  used two procedures, individual assignment and group
assignment, to evaluate the genetic affinity among locations and to
ascertain the possibility of identifying the source of unknown fish.
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Fig. 2. a) Principal component analysis (PCA) based on allele frequencies for Eurasian perch samples; b) genetic DA distances between 17 perch sampling sites, based on the
neighbour-joining method. Sites, numbered 1-16, are listed in Table 1.

Similarly to previous analysis, individuals with incomplete geno-
types were removed from the subsequent analyses (582 individuals
retained; individuals from Haa, Pas and Vir were not used for build-
ing the reference database because low sample size) and samples
were a priori grouped into four reference groups: 1) Lake Peipus;
2)  WE;  3) Åland Islands and Turku; and 4) Island of Vaindloo. For
self-assignment, leave-one-out procedure was carried out using
GENECLASS2 (Piry et al., 2004). The leave-one-out test was  applied

to the entire dataset to assess the ability of our baseline dataset to
correctly assign fish to their geographical group. This analysis used
the Bayesian assignment test of Rannala and Mountain (1997).

In  order to evaluate the power of correctly determining the ori-
gin  of multiple individuals of unmixed origin we carried out the
following simulations and assignment procedures. In particular,
we  wanted to evaluate the power of our marker set to distinguish
between perch from Lake Peipus and WE (Baltic Sea). To do so,
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Table  2
Characteristics of 16 polymorphic microsatellite loci in Perca fluviatilis.

Panel/Locus Repeat motif Primer sequence(5’-3’) Label of F primer Ta(◦C) Concentration (nM)b

Panel 1
Pflu3068 (AC)1̂0 F: TATGGCAGACAGAAGCGTTG PET 56 150

R:  TGGCTGTCTGGAAGTGTTTG
Pflu6750 (GT)8̂ F: TGTCCGTTCATACAAGTGCTG VIC 56 100

R:  CTCTTCAGCCGACACACAAA
Pflu6900 (AC)1̂3 F: AGCATCCTGCATTCGTCAA FAM 56 200

R: ACTGAATGTTGGGTGGGTGT
Pflu9296 (AC)1̂2 F: AAACACACCTACTACGCTCAGG NED 56 200

R: GGACAGACACCTGACAGACG
Pflu30072 (GT)1̂8 F: CCCATCATAACTTCAAGAAACCA VIC 56 200

R:  GGTGGAAAAGACCACTTGGA
Panel 2
Pflu7009 (GAT)8̂ F: GGAGACACAGCTGGAGGAAT FAM 56 200

R:  TATTCGCTGTCCCCATCTTT
Pflu10174 (AC)7̂ F: CCCCGTAGCAAACTGAAAAA NED 56 150

R:  AAGTCTAAGGGGGCCTGTGT
Pflu12189 (AGC)1̂2 F: ACAGCAAACCCAGCTCCTCT NED 56 200

R:  ATGTGTTGGTCTTGCCTTCC
Pflu26209 (AC)1̂0 F: TCTCTCTGCCCTCTTTGCTC FAM 56 200

R:  CAGTGCCAATACGCAAATGT
Pflu29742 (AC)1̂2 F: GCTCTGATTTACGTGGCAGTC VIC 56 200

R:  CCATCTAATACCACGCTCCAA
Panel 3
Pflu5951 (AAAC)7̂ F: AACCATTTGTACCGCTCTGC NED 56 150

R:  TGATCCTGGTGGTCACAGTC
Pflu7585 (GT)1̂6 F: CACCACTGATTGATGACAGCTT VIC 56 200

R:  CTGAAGGGGTAAACACACACG
Pflu9462 (GT)1̂8 F: TAGATCGGAGGGAGTGGTTG FAM 56 200

R:  ACGGACCAGAGGATTTGTTG
Pflu9896 (AGC)1̂2 F: AAATACCCAAACCCGAGCAC NED 56 200

R: GACACAGACTCCGCAGCAC
Pflu13223 (ATCC)9̂ F: TGCTAAGCTGGCCAGTAGAT PET 56 150

R: GACCCCAGATAAGCGGATG
Pflu29376 (GT)1̂3 F: GCAGATTATCAGTGCGTTTGC FAM 56 200

R:  TGGGACTGGAAGAGAATACAA
F  - forward; R - reverse

F − forward; R − reverse.
a annealing temperature.
b primer concentration in a PCR reaction.

we first simulated 1000 new genotypes for Lake Peipus (2011) and
Pärnu Bay samples using ONCOR (Kalinowski, 2008) based on allele
frequency estimates at 16 microsatellite markers. We  then used
GENECLASS2 to calculate the assignment probabilities of simulated
genotypes in relation to Lake Peipus (2010, 2013) and WE  reference
dataset using the Bayesian approach of Paetkau et al. (2004). Impor-
tantly, we excluded Pärnu Bay and Lake Peipus (2011) individuals
from reference dataset in order to avoid potentially bias assign-
ments that may  occur when the same genotypes are used for both
individual assignment and the generation of a reference baseline.
To estimate the number of individuals needed to reliably determine
the origin of a group of fish of unmixed origin we subsequently cal-
culated the log10 likelihood ratios (LR) for sample sizes of 5, 10,
15  and 20 (e.g. log10 LR 3 and 4 indicates that it is 1000 and 10
000 times more likely that the group of samples originate from one
source compared to the other, respectively). This procedure was
repeated 10 000 times to generate the distribution of likelihood val-
ues  using the Excel add-in program POPTOOLS v3.2.5 (Hood, 2011).
Note that this group assignment procedure is expected to be useful
for solving potential cases of fisheries fraud when the origin of fish
can  be evaluated assuming that multiple samples originate from
the  same source population.

3. Results

3.1. Hardy-Weinberg and linkage disequilibrium

Hardy-Weinberg (H-W) equilibrium testing over all loci indi-
cated that four out of 17 samples deviated significantly from H-W

equilibrium proportions after the Bonferroni correction (Table 1).
The linkage disequilibrium (LD) test indicated that after Bonferroni
correction a large number of locus pairs (60 out of 120) signifi-
cantly deviated from the gametic phase equilibrium for Matsalu
Bay  samples (cut-off P-value = 0.0004 at k = 120).

3.2.  Genetic diversity and differentiation

For the 16 microsatellite loci analysed, the total number of alle-
les  per locus ranged from four (Pflu6750 and Pflu10174) to 39
(Pflu7585) and all loci were polymorphic for all 17 sampling sites.
The  mean number of alleles per locus (A) ranged from 4.38 (Mat B)
to  10.31 (Pei11) and the observed heterozygosity among sampling
sites varied between 0.44 and 0.57 (Table 1). Values of A and AR
were lowest in Mat  B and highest in Lake Peipus. Fifty private alle-
les were found in 12 different sampling sites, but their frequency
was very low ranging from 0.42 to 1.92%, except for a single allele
in  the Åla sample (frequency 5.17%). Expected heterozygosity (HE)
ranged from 0.43 (Mat B) to 0.59 (Pei10; Pei13 M;  Haa).

The overall FST for all sampling locations across all loci was on
average 0.037 (data not shown). The estimated pairwise divergence
(FST) varied from non-significant (between Pei10 and Pei13M;
Pei13M and Pei13V) to highly significant (FST = 0.100 between
Mat  B and Pei13M; Appendix A) with a global FST value between
Lake Peipus and WE samples of 0.041 (P < 0.001). Pairwise genetic
divergence was  statistically significant (P < 0.05) in all but 14 out
of  136 comparisons (Appendix A). The lowest FST estimates (0-
0.005) and lack of significant genetic differentiation were observed
within Lake Peipus samples. Low differentiation was  also observed
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among the majority of WE samples, with pairwise genetic diver-
gence values generally below 0.015. Low differentiation was  also
observed between Vai and Lake Peipus samples, with pairwise FST
estimates ranging from 0.011-0.026. Comparisons across all sam-
ples indicated the presence of considerable genetic structure at
a  larger geographical scale, with the Lake Peipus samples being
clearly differentiated from the WE,  Finnish and Gulf of Finland
samples (Appendix A). This was further supported by AMOVA, indi-
cating that a significant amount of the variation was explained by
differences among Lake Peipus and WE groups (global FST = 0.045,
P  < 0.001).

When comparing the Lake Peipus (Lake) and brackish
water locations, the allelic richness of the marine populations
(AR(21) = 6.26) was significantly (P < 0.05) lower than for the
freshwater samples (AR(21) = 7.41). A similar trend was evident
for  heterozygosity estimates (HO = 0.564 and 0.515, P < 0.001;
HE = 0.579 and 0.527, P < 0.001; for Lake Peipus and brackish
water samples, respectively). In addition, permutation analysis
also  indicated significant differences in divergence within the
groups (FST = 0.001 and 0.030, for Lake and brackish water samples,
respectively, P < 0.05). However, the level of inbreeding within the
brackish and freshwater samples did not statistically differ from
each other.

The first two PCA axes cumulatively explained 58% of the total
genetic diversity and based on this analysis Lake Peipus, WE loca-
tions and Finnish samples were separated into distinct groups,
while Vai was positioned between Lake Peipus and WE samples
(Fig. 2a). Only 0.61% of variation was explained by population dif-
ferentiation within the groups, while 4.54% of variation was  due to
differences between groups (AMOVA). The results of a neighbour-
joining dendrogram based on DA distance (Nei et al., 1983) further
supported the PCA results (Fig. 2b). Several nodes of the tree
showed relatively high bootstrap support indicating genetic simi-
larity among geographically close locations (Lake Peipus samples,
Tur & Åla, Küd & Vil, Pas & Mat  B). In addition, a mantel test showed
a  positive relationship between genetic differentiation and geo-
graphic distance (R2 = 0.23, P < 0.05 and R2 = 0.44, P < 0.001 for all
marine and whole dataset, respectively). However, lack of signifi-
cant isolation-by-distance was observed (both P > 0.05) when WE
and  Lake Peipus sites were analysed separately.

3.3. Genetic bottlenecks

The observed values of the Garza-Williamson indices ranged
between 0.53 and 0.77 and we found no strong evidence for a
recent, severe genetic bottleneck. Also, the mode-shift test detected
an  L-shaped allele frequency distribution for all analysed samples
which is typical for non-bottlenecked populations at mutation-drift
equilibrium. The Wilcoxon’s signed rank test revealed recent het-
erozygosity excess only in one site (Mat B, P < 0.05).

3.4.  Assignment tests

Results of individual assignment tests suggested that 16
microsatellite DNA markers do not provide enough power to
accurately assign individual fish to their collection site (mean
self-assignment accuracy 36.7%, range 9.1-97.3%; Appendix B). In
contrast, the accuracy of assignment to larger geographical region
was  much higher, ranging on an average from 70.9% (Finnish sam-
ples) to 88.0% and 90.9% (Lake Peipus and WE  samples, respectively;
Table 3). Further evaluation of the mean assignment probabilities
of WE and Lake Peipus origin revealed that most individuals were
correctly classified according to their origin with high confidence
(79.9% and 93.2% of individuals were correctly assigned with log
likelihood ratio >2 for WE and Lake Peipus samples, respectively;
Fig. 3). When assignment was carried out using a group of fish

Table 3
GeneClass2 results for individual self-assignment test of 582 Eurasian perch sam-
ples.  Bold values represent correct assignment.

Group number and
sampling site$

n Assigned group
number

Correctly assigned

1 2 3 4

1. Peipus 2010 31 25 6 80.6%
1.  Peipus 2011 63 57 1 5 90.5%
1.  Peipus − Mustvee 20 18 1 1 90.0%
1.  Peipus − Varnja 19 17 1 1 89.5%
2.  Kihnu 35 1 31 2 1 88.6%
2.  Kõiguste 38 33 4 1 86.8%
2.  Küdema 61 1 60 98.4%
2.  Matsalu − A 55 2 45 5 3 81.8%
2.  Matsalu − B 37 37 100.0%
2.  Pärnu 42 2 39 1 92.9%
2.  Vilsandi 38 35 3 92.1%
2.  NA 22 18 3 1 81.8%
3.  Åland Islands 27 5 22 81.5%
3.  Turku 59 2 11 39 7 66.1%
4.  Vaindloo 35 5 8 22 62.9%

NA−Haa, Pas and Vir individuals combined.
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Fig. 3. A scatterplot illustrating the power of assignment test distinguishing the
genetic origin of individuals. Open and filled circles correspond to mean negative
log-likelihood of an individual to belong Lake Peipus and WE  groups, respectively.
Diagonal lines represent a log-likelihood ratio of 0, dotted diagonal lines are sepa-
rated from each other by log-likelihood ratio of two.

instead of single individuals (assuming unmixed origin of the fish),
it  was possible to distinguish between Lake Peipus and the WE
groups with very high confidence (log10 LR > 3), when the analysed
sample size exceeded 15 for Lake Peipus and 20 for WE  samples
(Fig. 4). Hence, our analysis indicates that by using 16 microsatel-
lite loci, robust separation of groups of fish originating from Lake
Peipus and coastal regions of WE  can be achieved when the sample
size exceeds 20.

4. Discussion

For developing biologically sound management and conserva-
tion actions and to effectively fight against illegal trade, it is crucial
to  understand the spatial and temporal patterns of genetic diver-
sity of the target species (Laikre et al., 2005; Wennerström et al.,
2013). In this study, we  characterized for the first time the popula-
tion structure of Eurasian perch at both freshwater and Baltic Sea
locations that represent the most important targets of commercial
perch fisheries in Estonia. We also evaluated the effectiveness of
individual and group-based assignment tests to successfully iden-
tify the genetic origin of fish at different geographic scales and
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Fig. 4. Distribution of simulated log(10)-likelihood ratios for groups of individuals
from (a) Lake Peipus (2011) and (b) Pärnu Bay. The size of the group of simulated
fish  is represented with following colours for both graphs: 5 fish, light-grey bars; 10
fish,  black bars; 15 fish, dark-grey bars; and 20 fish, white bars. A colour version of
this  figure is available from L.P. on request.

generated a reference baseline for future perch forensics investi-
gations in Estonia.

Previous studies of Eurasian perch have found genetic structur-
ing at strikingly small geographical ranges within small freshwater
lakes (Bergek and Björklund, 2007; Gerlach et al., 2001; Ward et al.,
1994). Similarly, sharp changes in genetic composition and pres-
ence  of morphological differences at small spatial scales have been
observed in the Baltic Sea (Bergek and Björklund, 2009; Pukk et al.,
2013). On the other hand, recent population genetic analysis cov-
ering two major basins of the Baltic Sea (central Baltic Sea and Gulf
of  Bothnia) reported strong support for isolation by distance and
rather low level of genetic divergence in perch (global FST = 0.039;
Olsson et al., 2011). The latter is more similar to our results, as
we  observed low differentiation among the majority of Western-
Estonian samples, with pairwise genetic divergence values being
generally below 0.015. The observed lower genetic divergence
compared to Swedish coastal perch populations may  be there-
fore related to less heterogeneous habitat of Western-Estonian
coastal sea. Although, further studies are needed to confirm the
role of various abiotic factors and habitat heterogeneity on fine-
scale population structure in perch. Within Lake Peipus, however,
the temporal and spatial samples were not significantly differenti-
ated  from each other. Lack of significant divergence within a large
lake (3555 km2) is somewhat surprising considering that number
of  earlier studies have found considerable structuring in smaller
freshwater lakes (Bergek and Björklund, 2007; Gerlach et al., 2001).
However, because fish from Lake Peipus were not collected during
the  spawning time, we cannot exclude the possibility that at least
some of our samples consist of individuals from multiple sympatric
populations. On the other hand, lack of gametic phase disequilib-
rium and presence of Hardy-Weinberg equilibrium in three out of
four  Lake Peipus samples does not allow us to draw strong con-
clusions about the occurrence or absence of multiple genetically
divergent perch populations in Lake Peipus. This is in contrast
to  samples collected from Matsalu Bay where we observed very
strong Wahlund effect indicative of two genetically distinct groups

of perch, which corroborates our earlier work (Pukk et al., 2013). As
opposed to the small-scale comparisons, analyses across all sam-
ples  indicated the presence of considerable genetic structure at
larger geographical scale, with Lake Peipus samples being clearly
distinguishable from all marine samples. Such genetic structuring
most likely reflects long-term isolation patterns related to post-
glacial colonization histories (Nesbø et al., 1999). This was  further
supported by AMOVA, indicating that significant amount of varia-
tion  was explained by differences among groups.

Recent studies have shown that overexploitation of commer-
cial fish stocks may  lead to severe reduction of effective population
size,  which in turn leads to the lower genetic diversity (Hauser et al.,
2002; Pinsky and Palumbi, 2014; see also Kenchington (2003) for
review). Consistent with the drastic population decline of coastal
perch stock in WE  (ICES area 29-4) in the1990s (commercial catch
dropped from ca 500 t as an average in 1970-1990 to 3.2 t in 1999;
Vetemaa et al., 2006) we found small but significant differences
in  genetic diversity among coastal and freshwater samples. The
reduced genetic variation of Estonian coastal perch samples may
therefore be the consequence of the abovementioned population
decline, while in Lake Peipus the official commercial catch has
been rather stable over the last two  decades (Statistics Estonia,
2015). However, as Finnish coastal locations showed similar diver-
sity levels compared to samples from WE,  it is likely that the genetic
variability of WE did not considerably decrease despite of popula-
tion collapse. Similarly, we did not find any indications for a recent
genetic bottleneck, but this is hardly surprising given that sharp
demographic declines usually generate detectable genetic foot-
prints in extreme cases, when effective population size decreases
rapidly to tens rather than to hundreds or thousands of individuals
(Luikart et al., 1998). As a result, many genetic studies have failed to
detect signals of genetic bottlenecks even when demographic data
strongly suggest that the population has gone through size collapse
(Busch et al., 2007; Le Page et al., 2000; Mardulyn et al., 2008).

To establish sustainable exploitation rates of perch populations
and ensure the maintenance of genetic diversity, separate fishing
regulations have been implemented for Lake Peipus and coastal
populations of Estonia (Järv et al., 2005). For example, there is a
minimum size limit for perch in the Baltic Sea (fork length, l = 16;
total length, L = 19 cm)  while in Lake Peipus there is no minimum
size limit for perch. However, the differences in fisheries regula-
tions also raise the need for robust and quick methods to detect
potential cases of illegal trade. Hence, reliable high-throughput
genetic forensics methods are needed to ensure the enforcement
of  current fisheries regulations (Nielsen et al., 2012; Ogden, 2008).

Our study showed that 16 microsatellite loci do not provide
enough power for highly accurate individual assignment at specific
sampling site level (mean self-assignment accuracy 36.7%), but the
assignment accuracy at the regional scale was somewhat higher
(88.0% and 90.9% for Lake Peipus and WE samples, respectively).
Moreover, when assuming unmixed origin of the group of indi-
viduals, it was  possible to separate groups of samples originating
from Lake Peipus and WE with very high confidence (log10 LR > 3),
when the sample size exceeded 15 for Lake Peipus and 20 for WE.
This could be helpful when it is necessary to test the claim that a
catch (group of perch) originates from either Lake Peipus or WE
waters. Therefore, our study demonstrates that even with moder-
ate  sample sizes it is possible to determine the freshwater (Lake
Peipus) or coastal sea origin of perch with high confidence, when
the  unmixed nature of the samples can be assumed. On the other
hand, for reliable determination of the origin of individual fish at
smaller geographical scales, a larger number of genetic markers
with preferably higher level of divergence is needed (Nielsen et al.,
2012). To that end, we have recently used double-digest restriction-
site  associated DNA (ddRAD) sequencing to identify SNPs with the
high divergence (GST > 0.2) between the brackish (WE) and fresh-
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water (Lake Peipus) populations (Pukk et al., 2015). These highly
divergent markers together with the existing microsatellite panel
could be used to increase the discriminatory power of individual
assignment in the future.

The other important step towards developing robust molecular
tools and resources for identifying illegal fishing and fish trade in
perch involves increasing the reference database of Lake Peipus by
including samples at the time of spawning and from more southern
locations (Lake Lämmijärv and Lake Pskov) and rivers flowing into
Lake Peipus. Similarly, it would be beneficial to analyse more sam-
ples from the coastal areas of the Gulf of Finland and River Narva to
further understand the factors that contribute to the genetic struc-
turing of both brackish and freshwater populations of perch. We
expect that the microsatellite reference baseline generated dur-
ing  this study provides an important genetic resource to combat
against illegal fishing and mislabelling in Estonia.

Taken together, this work demonstrates the power of multi-
locus genotype approach for the identification of the origin of fish,
focusing on population system with low genetic divergence. As
such, provides a good example of the strengths and weaknesses of
molecular markers to distinguish genetically closely related pop-
ulations. With the ever rising consumer’s interest in the origin
of  their seafood and enforcing legislations surrounding the illegal
trade in protected and/or endangered species, the analytical frame-
work described in this study can be readily used to tackle this issue
in other species around the world (Behrmann et al., 2015; Ogden
and Linacre, 2015; Pardo et al., 2016; Österblom, 2014).
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