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Abstract

Genetic diversity is one of the levels of biodiversity that the World Conservation Union
(IUCN) has recognized as being important to preserve. This is because genetic diversity is
fundamental to the future evolution and to the adaptive flexibility of a species to respond to the
inherently dynamic nature of the natural world. Therefore, the key to maintaining biodiversity and
healthy ecosystems is to identify, monitor and maintain locally-adapted populations, along with
their unique gene pools, upon which future adaptation depends. Thus, conservation genetics deals
with the genetic factors that affect extinction risk and the genetic management regimes required to
minimize the risk. The conservation of exploited species, such as salmonid fishes, is particularly
challenging due to the conflicts between different interest groups.

In this thesis, | conduct a series of conservation genetic studies on primarily Finnish
populations of two salmonid fish species (European grayling, Thymallus thymallus, and lake-run
brown trout, Salmo trutta) which are popular recreational game fishes in Finland. The general aim
of these studies was to apply and develop population genetic approaches to assist conservation and
sustainable harvest of these populations. The approaches applied included: i) the characterization
of population genetic structure at national and local scales; ii) the identification of management
units and the prioritization of populations for conservation based on evolutionary forces shaping
indigenous gene pools; iii) the detection of population declines and the testing of the assumptions
underlying these tests; and iv) the evaluation of the contribution of natural populations to a mixed
stock fishery.

Based on microsatellite analyses, clear genetic structuring of exploited Finnish grayling and
brown trout populations was detected at both national and local scales. Finnish grayling were
clustered into three genetically distinct groups, corresponding to northern, Baltic and south-eastern
geographic areas of Finland. The genetic differentiation among and within population groups of
grayling ranged from moderate to high levels. Such strong genetic structuring combined with low
genetic diversity strongly indicates that genetic drift plays a major role in the evolution of grayling
populations. Further analyses of European grayling covering the majority of the species’
distribution range indicated a strong global footprint of population decline. Using a coalescent
approach the beginning of population reduction was dated back to 1 000-10 000 years ago (ca.
200-2 000 generations). Forward simulations demonstrated that the bottleneck footprints measured
using the M ratio can persist within small populations much longer than previously anticipated in
the face of low levels of gene flow. In contrast to the M ratio, two alternative methods for genetic
bottleneck detection identified recent bottlenecks in six grayling populations that warrant future
monitoring. Consistent with the predominant role of random genetic drift, the effective population
size (N¢) estimates of all grayling populations were very low with the majority of N, estimates
below 50. Taken together, highly structured local populations, limited gene flow and the small N,
of grayling populations indicates that grayling populations are vulnerable to overexploitation and,
hence, monitoring and careful management using the precautionary principles is required not only
in Finland but throughout Europe.



Population genetic analyses of lake-run brown trout populations in the Inari basin
(northernmost Finland) revealed hierarchical population structure where individual populations
were clustered into three population groups largely corresponding to different geographic regions
of the basin. Similar to my earlier work with European grayling, the genetic differentiation among
and within population groups of lake-run brown trout was relatively high. Such strong
differentiation indicated that the power to determine the relative contribution of populations in
mixed fisheries should be relatively high. Consistent with these expectations, high accuracy and
precision in mixed stock analysis (MSA) simulations were observed. Application of MSA to
indigenous fish caught in the Inari basin identified altogether twelve populations that contributed
significantly to mixed stock fisheries with the Ivalojoki river system being the major contributor
(70%) to the total catch. When the contribution of wild trout populations to the fisheries was
evaluated regionally, geographically nearby populations were the main contributors to the local
catches. MSA also revealed a clear separation between the lower and upper reaches of Ivalojoki
river system — in contrast to lower reaches of the Ivalojoki river that contributed considerably to
the catch, populations from the upper reaches of the Ivalojoki river system (>140 km from the
river mouth) did not contribute significantly to the fishery. This could be related to the available
habitat size but also associated with a resident type life history and increased cost of migration.

The studies in my thesis highlight the importance of dense sampling and wide population
coverage at the scale being studied and also demonstrate the importance of critical evaluation of
the underlying assumptions of the population genetic models and methods used. These results have
important implications for conservation and sustainable fisheries management of Finnish
populations of European grayling and brown trout in the Inari basin.
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“Conservation genetics is the application of genetics to preserve species as dynamic

entities capable of coping with environmental change.

It encompasses genetic

management of small populations, resolution of taxonomic uncertainties, defining
management units within species and the use of molecular genetic analyses in forensics

and understanding species’ biology.”

1. INTRODUCTION

1.1 Conservation biology

Conservation biology is a multidisciplinary
field of science (figure 1) that aims to
provide the principles, tools and
knowledge for preserving the earth’s
biological diversity. It has been termed a
‘crisis discipline” in a similar way to
cancer biology (Soule 1985; Frankham et
al. 2002) due to the fact that in many cases,
conservation actions are initiated only after
a species or population is already in
extreme danger of going extinct.

1.2 Conservation genetics

In addition to ecosystem and species
diversity, genetic diversity is the third
fundamental level of biodiversity that the
World Conservation Union (IUCN) has
recognized as being important to preserve.
This is because genetic diversity is
fundamental to the future evolution and to
the adaptive flexibility of a species is
crucial for persistence in the inherently
dynamic world. Therefore, the key to
maintaining biodiversity and healthy
ecosystems is to identify, monitor and
maintain  locally-adapted  populations,
along with their unique gene pools, upon
which future adaptation depends. Thus,
conservation genetics deals with the
genetic factors that affect extinction risk

- Frankham et al. 2002 -

and the genetic management regimes
required to minimize the risk (Frankham et
al. 2002).

The application of population and
evolutionary genetic theory and methods to
address issues of conservation relevance
has a long history (reviewed by Frankel
and Soule 1981; Schonewald et al. 1983).
However, the formalization of
conservation genetics as a research field is
still relatively recent. For example, the
journal  Conservation  Genetics  was
established in 2000 and the first text book
devoted to conservation genetics was
published in 2002 (Frankham et al. 2002),
which has recently been followed by
several others (Allendorf and Luikart
2006; Henry 2006; Moritz and Sherwin
2009). As such, conservation genetics can
still be considered as a young discipline.
Conservation genetics is an applied
discipline that utilizes information from
population, evolutionary and quantitative
genetics to address issues of conservation
relevance. Frankham et al. (2002)
identified 11 major genetic issues in
conservation biology (figure 2). Below, I
outline how knowledge of genetics can
aide conservation in those areas touched
upon in my thesis.
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Figure 1 Structure of conservation biology and its 15 related topics (modified from Soule 1985). Gray shaded

topics are addressed in this thesis.

1.2.1  Small populations and the loss of
genetic diversity

Small population size is a key theme in
conservation genetics. This is because of
the negative short and long term effects
small population size has on the survival of
populations. In the short term, small
population size reduces survival and
reproduction due to inbreeding depression
(e.g. Saccheri et al. 1998; Hale and Briskie
2007). In the long term, small populations
have a reduced capacity to respond to
environmental changes (Frankham 1995).
New genetic diversity in a species can be
gained only by mutation that is rare and
takes time, in the order of thousands of
years. However, alleles and allelic
combinations can be lost rapidly, even

within a single generation. The great
difference in the time period of gain/loss
primarily motivates the conservation of
genetic diversity within species. Therefore,
the estimation of effective population size
(the size of an idealised population that
would experience the same magnitude of
genetic drift as the population of interest;
Ne), better understanding of the effects of
small population size and the development
and application of methods to identify
cryptic population crashes are all key
themes in  conservation  genetics.
Estimation of effective population size and
detection of population crashes were key
themes in paper Il and were also touched
on in papers I and I11.
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Figure 2 Structure of conservation genetics (modified from Frankham et al. 2002). Gray shaded issues are
thesis topics and Roman numerals refer to the chapters of my thesis in which the topics are addressed.

1.2.2  Population structure and
fragmentation

Understanding the level of migration and
the level of genetic differentiation among
populations is very important for
population management. Decreases in the
level of migration due to human induced
effects such as habitat loss and
fragmentation are particularly important
from a conservation perspective. This is
because when gene flow is restricted,
fragmentation often leads to greater
inbreeding and loss of genetic diversity
within  fragments. In  some cases,
translocations or supplementation may be
required to avoid the negative effects of
inbreeding. For example, population
differentiation should be considered when
fish translocation is needed to enhance
genetic diversity in small populations
(Gross et al. 2001; Gum et al. 2006). In my
thesis, the population structure of two
salmonid fish species was studied in papers
I and I11.

123

Natural populations within species may
exhibit genetic differentiation to such a
level that they should be managed as
separate units. The justification for this is
that the high level of differentiation may
be due to the populations being adapted to
different environments and/or the fact that
there is limited gene flow between the
populations. In salmonid fishes, high
genetic differentiation among populations
is common due to the high level of homing
behavior. Salmonid fishes that are
sedentary or completely resident can have
very high levels of genetic differentiation
among neighboring populations (Carlsson
and Nilsson 2000; Koskinen et al. 2001).
These natural populations are most likely
adapted to their local habitat and inter-
population hybrids might have low fitness.
Therefore, such local populations should
be recognized as separate management
units (Small et al. 1998). In my thesis, the

Identification of management units
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identification of management units was
studied in papers I and I11.

1.2.4  Understanding species biology

A thorough understanding of the biology
of a species is necessary for the
development of any conservation plan.
However, the biology of wildlife is often
difficult to observe in practice. Several
biological aspects can be revealed using
genetic approaches. For example, fish
migratory behavior and migratory patterns
have been investigated using genetic
analysis (Ruzzante et al. 2004; Ruzzante et
al. 2006). This information can be used for
sustainable exploitation. For example,
harvest may be temporarily suspended
during the running time of fish from small
populations so that they are not threatened
(Beacham et al. 2004). All of the papers in
my thesis deal with understanding different
aspects of the biology of salmonid fishes,
including breeding site fidelity and feeding
migration behavior.

1.3 Conservation genetics of exploited
populations

When thinking about classic cases of
conservation, one tends to think of socially
appealing species such as birds or large
mammals. Conservation efforts in such
species are entirely focused on maximizing
the survival of all individuals. In contrast,
there is a key difference in aiming to
promote the short and long term survival
of exploited populations such as many fish
species: at the same time as we want to
preserve them, we want to eat them too!
Clearly this results in a conflict and not
just the biological conflict resulting from
the processes of population decline and
replenishment, but also social, and very
often political, conflicts. A common source
of conflict is disagreement about

population size, both in terms of what
minimum population size is necessary for
sustainable  harvesting as well as
misunderstandings regarding the difference
between census sizes and effective
population size. The census size of
exploited populations can often be large,
especially in marine species (e.g. Poulsen
et al. 2006). The extinction risk for large
populations of exploited species is then not
obvious based solely on population census
size. However, it has been demonstrated
that the loss of genetic diversity can still
significant in large populations under a
strong size reduction (Smith et al. 1991;
Hutchinson et al. 2003). Therefore, a
substantial harvest may have a high impact
on any exploited population and a large
population size does not necessarily mean
‘no risk’.

Partly because of these conflicts,
exploited fishes, such as salmonids, have
been threatened due to overfishing,
intentional stocking, ocean ranching,
spread of pathogens and parasites and
escapees from aquaculture (Allendorf and
Leary 1988; Hindar et al. 1991; Taylor
1991; Waples 1991; Leary et al. 1993). In
order to compensate for the decline or
extinction of many salmonid populations,
large scale supportive breeding and release
programs, also known as  stock
enhancement, have been initiated in many
countries (Kitada et al., 2009). Supportive
breeding programs usually use a fraction of
the  wild spawners for artificial
reproduction, and their offspring are
subsequently released into the natural
habitat along with wild conspecifics. A key
conservation aim of supportive release
programs is usually to increase the number
of spawners in natural stocks and
simultaneously avoid the introduction of
foreign genes into the overall naturally
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reproducing  population.  There are,
however, several potential drawbacks to
the use of supportive releases as a
conservation measure. For example,
negative effects such as a decrease in
genetic  variability and/or  effective
population size as well as the replacement
of wild populations by hatchery-born fish
have been theoretically predicted (Ryman
and Laikre 1991) or empirically observed
(Taniguchi et al. 1983; Kitada and Kishino
2006; Kitada et al. 2009). In addition, even
when local broodstocks are used for
enhancement, genetic change can occur in
the gene pool of local populations (e.g.
Koskinen et al. 2002c¢).

Early fisheries genetics studies were
based on blood group analysis (Cushing
1952; Cushing and Durall 1957). Later
studies were based on isozymes (Hodgins
et al. 1969; Aspinwal 1974), minisatellites
(Galvin et al. 1995), microsatellites
(McConnell et al. 1995) and major
histocompatibility (MHC) loci (Beacham
et al. 2005). The most recent marker of
choice for many applications is the single
nucleotide polymorphism (SNP) (Morin et
al. 2004; Ryynanen and Primmer 2006).
However, development of large numbers
of SNPs can be time consuming, especially
in species exhibiting low genetic diversity
(Ryynanen et al. 2007). Hence the markers
of choice throughout this thesis were
highly variable microsatellite loci (see
methods for more details).

1.4 The grayling and the brown trout

European grayling (Thymallus
thymallus) and brown trout (Salmo trutta)
are salmonid fishes i.e. belonging to the
family  Salmonidae, which includes
Atlantic and Pacific salmon, charr, and
whitefish in addition to trout and grayling.
Many salmonids are  anadromous,

spawning in freshwater, then spending a
number of years in the sea before returning
to freshwater to reproduce. They are
predators feeding on insects, benthos and
small fishes. Salmonids are native to the
northern hemisphere. In Finland, they are
highly valuable for recreational (6105 tons,
15.6 million €, year 2006) and commercial
fisheries (3859 tons, 8.7 million €, year
2007;  www.rktl.fi). However, many
salmonid populations have been negatively
affected by human induced changes such
as overfishing (Parrish et al. 1998), loss of
habitat by construction of electro-power
plants and weirs (Uiblein et al. 2001;
Meldgaard et al. 2003), increased pollution
(Arkoosh et al. 1998,), improper stock
transfers (Gum et al. 2006) and infection
by parasites and pathogens (OIE 2003)
increasing the extinction risk of individual
populations and creating challenges for
sustainable fisheries management (WWF
2001).

The European grayling is native to
Europe, with a distribution ranging from
England and France to the Ural Mountains
of north-western Russia. Unlike other
salmonids, grayling tend to have sedentary
behavior and complete their entire
lifecycle in freshwater such as streams,
rivers and lakes. Grayling also show large
phenotypic variation in various meristic,
morphological and life-history traits such
as gill raker number, body size and weight
at first spawning (Zinov'ev 2005). Many
grayling populations are considerably
threatened in several regions (Uiblein et al.
2001; Duftner et al. 2005) and grayling are
listed as a protected species in appendix 111
of the Bern Convention. Natural grayling
populations are common in northern
Finland and can be also found in large
lakes and streams in the eastern part of the
country and have also been stocked in
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other regions. Some populations occupy
the brackish water environment in the Gulf
of Bothnia. Recently, the status of 490
grayling stocks in Finland was evaluated
and three distinct categories of populations
were described (Kaukoranta et al. 2000):
approximately 74% of Finnish grayling
populations are classified as indigenous,
11% are mixed origin and the remaining
15% have been presumably introduced
from Lake Ladoga, Russia. Of 253 Finnish
populations which have been further
evaluated in terms of conservation status,
16% are listed as declining or endangered
(Kaukoranta et al. 2000). In addition, stock
supplementation from hatcheries to support
fisheries is a common practice in several
parts of Finland today where grayling
continues to be highly appreciated by
recreational anglers as a game fish with
annual catches of ca 300 tons (Finnish
Game and Fisheries Research Institute,
www.rktl.fi). Nowadays, 1.5 million one-
summer-old grayling are released annually
to natural resources (Finnish Game and
Fisheries Research Institute, www.rktl.fi).

Phylogeographic studies have indicated
that European grayling throughout Europe
originate from four main mitochondrial
lineages corresponding to different refugia
during the last glacial period (Gum et al.
2009). Grayling populations in Finland
belong to the lineage originating from the
Russian refugium, near the Caspian basin
(Koskinen et al. 2000), while European
mainland populations originated from central
European linecages and Norwegian and
Swedish populations are in the contact
zone of the Russian and central European
lineages (Koskinen et al. 2000; Susnik et al.
2001; Gum et al. 2005). Grayling
populations generally exhibit very low
genetic diversity (Koskinen et al. 2002b;
Gum et al. 2006) compared to other

salmonids (Vasemégi et al. 2005; Gross et al.
2007; Fave and Turgeon 2008; Lehtonen et
al. 2009) and are often genetically highly
structured i.e. exhibiting high levels of
genetic divergence, even among neighboring
populations (Koskinen et al. 2001). Despite
the quite extensive amount of genetic
research, detailed national-level information
of the population structure of European
grayling in northern Europe is currently
lacking. Yet this is the level at which
populations are managed. Clearly, such
information would be useful for efficient
conservation and proper management of
Finnish grayling populations as has been
demonstrated for other salmonid species (e.g.
Primmer et al. 1999; Ostergaard et al. 2003;
Fraser et al. 2004).

Brown trout is native to Europe, North
Africa and western Asia (Elliott 1989).
Currently, brown trout can be found
worldwide as an introduced species and is
popular for both professional and
recreational fisheries (Youngson et al.
2003; Nylander 2004). Brown trout has a
more flexible life history than its closest
relative, Atlantic salmon (Salmo salar),
ranging from completely stream resident to
sea-run (anadromous) types, both of which
can live sympatrically (Elliott 1994;
Klemetsen et al. 2003). Trout spawn in
freshwater and parr forage in their natal
tributaries or rivers for on average 2-6
years before smoltification, largely
depending on water temperature and food
availability (L'Abee-Lund et al. 1989).
Smolt subsequently migrates to a lake or
sea to grow to maturity while the resident
brown trout spends the entire life cycle in
the natal stream. After maturation brown
trout return to their natal site with high
accuracy thus limiting gene flow which
results in relatively high  genetic
differentiation among populations, even
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between geographically close populations
(Ryman 1983). In freshwater habitats,
lake-run brown trout populations that
migrate from streams to freshwater lakes to
feed and return to streams to spawn appear
to be equally susceptible to the negative
effects of anthropogenic activities as sea-
run migratory populations. An evaluation
of the conservation status of Finnish lake-
run brown trout populations indicated that
80% are classified as endangered (Kallio-
Nyberg et al. 2001). Currently, more than
half of the inland populations are
supported by releases (Finnish Game and
Fisheries Research Institute, www.rktl.fi).
Population genetic research on brown trout
has shown clear genetic structure and
significant genetic differentiation among
most of the populations occupying
neighboring rivers and even tributaries
within the same river (Carlsson and
Nilsson 2000; Hansen et al. 2002; Fraser et
al. 2007; Apostolidis et al. 2008).
Population genetic studies in brown trout
have concentrated on the within river level
of either resident or sea-run populations
(Carlsson et al. 1999; Charles et al. 2005;
Antunes et al. 2006; Hovgaard et al. 2006)
or on very broad regional scales
(Bernatchez 2001; Presa et al. 2002;
Schreiber and Diefenbach 2005). However,
lake-run brown trout systems, the scale of
which falls between within river and
between regions, have been rarely studied
(e.g. Duguid et al. 2006).

1.5 Objectives

The overall objective of my thesis was
to apply and develop population genetic
approaches to conduct a series of studies
on exploited populations of grayling and
brown trout in Finland in order to assist the
conservation and sustainable harvest of
these populations. These approaches
included:

i) the characterization of the population
genetic structure at national (I) and local
(1) scales

ii) the identification of management
units (I, HI) and the prioritization of
populations for conservation based on
evolutionary forces shaping indigenous
gene pools (1)

iii) the detection of population declines
using genetic data and the testing of the
assumptions underlying these tests (1)

iv) the evaluation of the contribution of
natural populations to a mixed-stock
fishery (IV) using information of the
population structure (111)
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2. MATERIAL AND METHODS

Nineteen European grayling
populations were used to study population
genetic structure within Finland (figure
3a). In addition, six populations from
Russia, Sweden, Norway and Germany
were used for comparative purposes
between Finland and other countries.
Finnish populations were categorized and
prioritized based on levels of genetic
differentiation and diversity in a
conservation perspective aiming to retain
total allelic richness at the national level
(Petit et al. 1998; 1). Another nine grayling
populations from Russia, Denmark,
Slovenia and Germany were included (1)
to analyze recent and historical footprints
of population bottlenecks. Complementary
to the genetic bottleneck tests, the effective
population sizes of grayling populations
were estimated (11).

Twenty-eight brown trout populations
were sampled from tributaries and rivers in
the Inari basin, northern Finland (figure
3b), to obtain detailed knowledge about the
genetic relationships among populations.
As a particular focus, the level of genetic
differentiation among populations was
determined to identify management units
for  assisting  conservation  efforts.
Additionally, old scale specimens
(collected from 1949 to 1976) and
spawners used in local hatcheries were
compared with recent natural populations
(mainly collected in 2008-2009) in order to
characterize the temporal trends related to
hatchery  supplementation  of  wild
populations (111). Mixed catches from Lake
Inarijarvi and Lake Paadarjarvi were

analyzed to determine the contribution of
individual populations and population
groups to the fisheries catch of the Inari
basin (1V).

As noted above, microsatellite markers
have been the markers of choice in
fisheries and conservation genetics over
the last 10-15 years. Microsatellites
comprise simple sequence motifs of 1-6
nucleotides that are typically repeated
between 5 to 40 times, i.e. (AC)s, but
longer tandem repeats are also found
(Selkoe and Toonen 2006). Microsatellite
loci exhibit high mutation rates, ranging
from 10 to 10 per locus per generation
(Ellegren 2000). In order to explain
microsatellite variability patterns, several
mutation ~ mechanisms ~ have  been
suggested; the infinite alleles model (IAM;
Kimura and Crow 1964), stepwise
mutation model (SMM; Ohta and Kimura
1973) and two-phase model (TPM; Di
Rienzo et al. 1994). Additionally, null
alleles, allele dropout and genotyping
errors have to be carefully taken into
account when wusing microsatellites as
genetic markers (Pompanon et al. 2005).
However, the great advantage of
microsatellites, besides being highly
variable, is that they are easily amplified
and screened using gel or capillary
electrophoresis and a large number of
statistical tests and analyses methods exist
for the analysis of microsatellite data
(Excoffier and Heckel 2006). As a
consequence, microsatellites are widely
used in population and conservation
genetics.
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Figure 3 Map indicating the locations of the studied salmonid populations. a) Three population clusters of
European grayling, corresponding to northern, Baltic and south-eastern geographic areas of Finland, are
indicated (I). All European grayling populations exhibited strong signs of historical genetic bottleneck (1)
while four populations were also affected by more recent genetic bottleneck (open dots). b) Three population
clusters of brown trout in the Inari basin are indicated (I11) along with Lake Inarijérvi and Lake Paadajérvi
where fishery catches were analyzed using mixed stock analysis (V). The full names of populations are given
in papers (I-1V). Note that three brown trout populations (Ahv, Kon and Sar) were sampled later and were

thus not included in analyses in paper IlI.

For amplification of microsatellite loci
multiplex PCR  (the  simultaneous
amplification of >10 microsatellite loci)
was used throughout the thesis.
Optimization of the multiplex began by
finding optimal annealing temperatures for
individual ~ microsatellite  loci  using
gradient PCR. Typically, the temperature
gradient ranged from 50-60°C and initial
testing was done using equal concentration
of primers (0.2 pmol/ul) as recommended
in a commercial multiplex PCR protocol
(Qiagen). The optimum  annealing
temperature was chosen based on
unambiguous peaks for all loci in the
amplicons. Subsequently, the multiplex

PCR was further optimized using different
concentrations of primers depending on the
intensity of initial amplification. For
example, the concentration of primers for
loci with initial low peak heights was
increased 2-3 fold. Loci that did not result
in reliable amplification after several
optimization rounds were excluded.
Detailed multiplex PCR conditions and
primer concentrations are described in
papers I and IlI.

Characterization of population genetic
structure represents one of the main themes
of this thesis. Principle component analysis
(PCA) on allele frequencies was primarily
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used to visualize the population structure
on both national and local scales (I, I1). To
obtain more detailed information on the
population structure, a Bayesian clustering
algorithm which utilizes the information of
individual multilocus-genotypes (Structure
2.2; Pritchard et al. 2000) was employed in
paper 1, while the information about
groups of individuals was taken into
account when inferring the local
population structure in paper Il (Baps 5.2;
Corander et al. 2004). Analysis of
molecular variance (AMOVA; Arlequin
3.11; Excoffier et al. 2005) was used to
evaluate the amount of variation associated
with a particular population hierarchy (I,
I11). Population genetic simulations were
routinely used to test population genetic
models and their underlying assumptions
(I, 1V). The effect of migration on the
dynamics of the M ratio (Garza and
Williamson 2001) was re-evaluated (I1)
using simulated data (Easypop 1.8;
Balloux 2001) under various migration
rates and time scales. The accuracy of
mixed stock analyses (Oncor,
www.montana.edu/kalinowski/Software)
was evaluated using simulated mixtures of
fish with known-origin (IV; PopTools 3.0;
Hood 2008).

All laboratory procedures and genetic
data analyses are detailed in the original
papers.
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3. RESULTS AND DISCUSSION

Paper | This study aimed to reveal the
national-scale population structure of
Finnish grayling and to prioritize the
conservation of natural populations
according to genetic differentiation and
diversity. Regional population structure
was found in Finnish grayling that
corresponds to three geographic regions of
Finland (northern, Baltic and south-
eastern; figure 3a). The regional clustering
was evident using both PCA and individual
multi-locus genotype based analysis
(figure 4) and further supported by analysis
of molecular variance. The allele
permutation test indicated that the
relatively high differentiation among the
three population groups was mostly driven
by genetic drift and low migration rather
than accumulation of new mutations. PCA
and individual clustering strongly indicated
that the Kitkajarvi population groups
together with the Baltic populations even
though this population inhabits an inland
lake that is relatively distant (174 km)
from the Baltic Sea and, moreover,
currently flows into the White Sea basin. It

was hypothesized that the current
Kitkajarvi  grayling population  was
established more than 8 400 years ago
through the historical waterway from the
Baltic Sea (Heikkinen and Kurimo 1977).

In this paper, a novel population
categorization method was developed,
based on the relative role of neutral
evolutionary forces (mainly drift and
migration) along the genetic diversity and
differentiation axes (figure 5). Four
population categories were described; 1)
high diversity-high differentiation, 2) high
diversity-low differentiation, 3) low
diversity-high differentiation, and 4) low
diversity-low differentiation. Populations
in category 1 are suggested to exhibit
relatively large population size and highly
diverged from other populations. Thus,
populations in category 1 have the highest
likelihood of containing unique genetic
material and the top priority for
conservation, while those in categories 2-4
have lower priority.
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described in table 1 of paper 1. a) Principal component analysis of Finnish grayling populations based on
allele frequencies. b) Individual clustering as inferred by a series of hierarchical partitioning using Structure.
Each individual is represented by a thin horizontal line pooled into K-colored blocks indicating an
individual's membership fractioned in K clusters. Black horizontal lines separate individuals from different
sampling sites.

0.015
category 2 category 1
@ Tor Kru @ Kem
ooio{ @ @ Pur
@ Per
KasL  0.00s - ;
O @ Kit
KasP .
® tea @ Pie
> 0015  -0010 0005 0 0005 0010 0015 0020 0025 0030 0035
’é Ten ® Naa
o -ofs | _
g @ LieM ® Vo
Juu @ :
0,010 | @ Lie
-0.015
-0.020 4
category 4 i category 3
. gory 0026 @ Kai gory

Differentiation
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separation of the three population clusters and are coded as in table 1 of paper I.
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Paper Il This study combined
information from paper | with published
data (Koskinen et al. 2002b; Gum et al.
2003; Korkea-Aho 2003) to further
analyze European grayling populations
covering the majority of the species’
distribution range. A strong global
footprint of population size reduction in all
analyzed populations (n=34) was detected
based on M ratio test. Using a coalescent
approach the beginning of the population
decline was dated back to 1000-10000
years ago (ca. 200-2000 generations; figure
6) and current populations were estimated
to represent only 0.03-1.2% of historical
sizes. Forward simulations demonstrated
that the bottleneck footprints measured
using the M ratio can persist within small
populations much longer than previously
anticipated in the face of low levels of
gene flow (figure 7). Specifically, the time
window when the genetic footprint as
manifested as a low M ratio is detectable
was re-evaluated and proved to be much
longer (up to 3000 generations) than
originally determined by Garza and

06

Williamson (ca. 350 generations; Garza
and Williamson 2001). This clearly
emphasizes the importance of gene flow in
compensating for the effects of genetic
drift and loss of variation over long
evolutionary time scales. The bottleneck
simulation also suggests that the low M
ratio is unlikely to be frequently observed
in species with high gene flow levels, even
following a dramatic reduction in
population size. In addition to the low M
ratio, more recent bottleneck footprints
were identified in six populations using
alternative bottleneck tests using the
Wilcoxon’s  sign  rank  test  on
heterozygosity excess and the mode-shift
test (Cornuet and Luikart 1996; Luikart et
al.  1998). From the conservation
perspective, careful monitoring of these
populations is warranted. Consistent with
the predominant role of random genetic
drift, the effective population size (N.)
estimates of all grayling populations were
very low with the majority of N, estimates
below 50.
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Figure 6 Estimated time since the start of population decline (posterior distribution) in 34 grayling
populations across Europe using an exponential model in the program MSVAR (Beaumont 2004). The gray
shaded areas correspond to the last glacial period and its last sub-period (Wirm and Weichsel period).
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Figure 7 The dynamics of the M ratio (means and 95% confident intervals) in the presence of migration (m)
during the permanent bottleneck scenario. The uppermost circle on the left-side of the figure corresponds to
the initial M ratio before the population reduction from 10000 to 50. A broken horizontal line represents the
critical bottleneck threshold at 0.68, indicating past population bottleneck according to Garza and Williamson

(2001).

Paper Il This study aimed to
characterize population genetic structure of
lake-run brown trout in the Inari basin, a
large lake system in northern Finland.
Twenty-eight brown trout populations
were clustered into three separate genetic
groups largely  corresponding  to
geographic regions (northern, east-western
and southern of the basin; figure 3b, figure
8). Genetic differentiation among the
northern, east-western, southern population
groups was particularly high (Fst=0.11-
0.16). Significant differentiation was also
observed even among populations from
tributaries in the same river system. Trout
from populations in the Juutunajoki river
system were suggested to feed in small
lakes in the system rather than fully rely on
Lake Inarijarvi, the main lake of the basin.

Lake-run brown trout populations in the
Inari  basin exhibited a significant
isolation-by-distance signal (Rxy=0.496,
P=0.003) and a tendency for genetic
diversity to decrease with increasing
distance from the river mouth (Pearson’s
correlation coefficient r=0.846 for allelic
richness and r=0.805 for expected
heterozygosity, P<0.001 in both cases). By
comparing to other systems, lake-run trout
in the Inari basin had a level of structuring
similar to that of the sea-run trout, but
clearly lower than the resident trout.
However, the correlation between genetic
and riverine distances in all brown trout
systems was much steeper than that of
Atlantic salmon, indicating a higher level
of structuring in brown trout (figure 9).
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Paper IV This study aimed to estimate
population contribution in mixed stock
fishery samples of wild lake-run brown
trout to assist fishery management in the
Inari basin, northern Finland. Twenty-eight
populations from paper Il and three
additional populations were used as
references for mixed stock analyses on
catches of natural fish from Lake
Paadarjarvi and Lake Inarijarvi (figure 3b).
Altogether twelve populations contributed
significantly to mixed stock fisheries
(figure 10b) with the Ivalojoki river system
being the major contributor (70%) to the

total catch, following by the population
group from the Juutuanjoki river system
(15%; figure 10a). The high proportion of
trout from the Ivalojoki river system
(southern population group) in the total
catch from Lake Inarijarvi was initially
unexpected given the high number of
rivers and streams that flow into the lake.
However, when evaluating the habitats
available for reproduction and juvenile
feeding it is evident that the suitable areas
of the Ivalojoki river system are far larger
than in the other rivers (>400 ha vs. ~100
ha or less).
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Figure 10 Contribution of each brown trout group and population to catches from the Inari basin: Lake
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When the contribution of wild trout
populations to the fisheries was evaluated
regionally, geographically nearby
populations were the main contributors to
the local catches. This indicates that a
considerable number of trout occupy
lacustrine feeding grounds nearby the natal
river mouth, rather than dispersing through
Lake Inarijarvi. The brown trout catch
from Lake Paadarjarvi was dominated by
populations from the western group (86%;
figure 10c) which consists of nearby
populations from the Juutuanjoki river
system (Vas, Juu, Kur; figure 3b, figure
10d) indicating that the contribution from
geographically close trout populations is of
primary importance for local fisheries also
in Lake Paadarjarvi. MSA also revealed a
clear separation between the lower and
upper reaches of the Ivalojoki river system
— in contrast to the lower reaches of the
Ivalojoki river that contributed
considerably to the catch, populations from
the upper reaches of the Ivalojoki river
(>140 km from the river mouth) did not
contribute significantly to the fishery.
However, the different level of
contribution could also be at least partially
related to the available habitat size.
Comparative analyses of growth patterns
of fish from the upper and lower reaches of
the river would be necessary to obtain
further evidence about the potential life
history differences and trade-offs within
the river system.



26 Conclusions and future directions

4, CONCLUSIONS AND FUTURE DIRECTIONS

4.1 Conclusions

Based on microsatellite analyses, clear
genetic structuring of exploited Finnish
grayling and brown trout populations was
detected at both national and local scales.
Finnish grayling were clustered into three
genetically distinct groups, corresponding
to northern, Baltic and south-eastern
geographic areas of Finland. Genetic
differentiation among and  within
population groups of grayling ranged from
moderate to high. Such strong genetic
structuring combined with low genetic
diversity strongly indicates that genetic
drift plays a major role in the evolution of
grayling populations. Further analyses of
European grayling covering the majority of
the species’ distribution range indicated a
strong global footprint of population
decline. Using a coalescent approach the
beginning of population reduction was
dated back to 1 000-10 000 years ago (ca.
200-2 000  generations).  Forward
simulations  demonstrated  that  the
bottleneck footprints measured using the M
ratio can persist within small populations
much longer than previously anticipated in
the face of low levels of gene flow. In
contrast to the M ratio, two alternative
methods for genetic bottleneck detection
identified recent bottlenecks in six grayling
populations that warrant future monitoring.
Consistent with the predominant role of
random genetic drift, the effective
population size (N.) estimates of all
grayling populations were very low with
the majority of N, estimates below 50.
Taken together, highly structured local
populations, limited gene flow and the
small N, of grayling populations indicates
that grayling populations are vulnerable to
overexploitation and, hence, monitoring

and careful management using
precautionary principles is required not
only in Finland but throughout Europe.

Population genetic analyses of lake-run
brown trout populations in the Inari basin
revealed hierarchical population structure

where individual  populations  were
clustered into three population groups
largely  corresponding to  different

geographic regions of the basin. Similar to
my earlier work with European grayling,
the genetic differentiation among and
within population groups of lake-run
brown trout was relatively high. Such
strong differentiation indicated that the
power to determine the relative
contribution of populations in the mixed
fisheries should be relatively high.
Consistent with these expectations, high
accuracy and precision in mixed stock
analysis  (MSA)  simulations  were
observed. Application of MSA to
indigenous fish caught in the Inari basin
identified altogether twelve populations
that contributed significantly to mixed
stock fisheries with the lvalojoki river
system being the major contributor (70%)
to the total catch. When the contribution of
wild trout populations to the fisheries was
evaluated  regionally,  geographically
nearby populations were the main
contributors to the local catches. MSA also
revealed a clear separation between the
lower and upper reaches of Ivalojoki river
system — in contrast to lower reaches of the
Ivalojoki river that contributed
considerably to the catch, populations from
the upper reaches of the Ivalojoki river
system (>140 km from the river mouth)
did not contribute significantly to the
fishery. This could be related to the
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available habitat size but also associated
with the resident type life history and
increased cost of migration. These results
have important implications  for
conservation and sustainable fisheries
management of the Inari basin.

The studies in the thesis highlight the
importance of dense sampling and wide
population coverage at the scale being
studied. The clear population structure at
the national scale in paper | was revealed
due to analyses of the larger number of
populations compared to previous studies
(e.g. Koskinen et al. 2000; Koskinen et al.
2002b). The importance of wide
population  coverage  was  further
highlighted in paper 11 where European
grayling populations from the majority of
the species distribution range were
analyzed and identified a strong global
footprint of population bottleneck. As a
consequence, if the bottleneck analyses
would have originated from a small
number of populations, our interpretation
of patterns of reduced variability would
have been different. The high level of
precision observed in mixed stock analysis

in paper IV further indicates the
importance of adequate size of reference
populations. In addition, papers I-1V

demonstrate the potential and utility of
combining different datasets for common
analyses.

Computer simulations also played a
significant role in this thesis. Simulations
were routinely used to test population
genetic models and their underlying
assumptions. In paper Il, the genetic
bottleneck simulations were extended to
evaluate the effect of migration on the
dynamics of the M ratio test. These results
strongly indicated that a low M ratio,
commonly believed to represent a signal of

rather recent genetic bottleneck
(maximally few hundred generations), can
persist within small populations much
longer than previously anticipated in the
face of low levels of gene flow. Hence,
based on coalescent and forward
population genetic simulations, the low M
ratio in European grayling is more
consistent with the common historical
genetic bottleneck scenario related to the
last glaciation and subsequent post-glacial
colonization assuming that low to medium
levels of migration occur between
populations. In the same study, a newly
developed effective population size (Ne)
estimator (Koyuk et al. 2008; Tallmon et
al. 2008) was also tested and demonstrated
that low levels of migration did not
noticeably bias the N, estimates. The
computer simulations had also a
substantial role in evaluating the reliability
of mixed stock analyses in paper IV. Taken
together, this thesis demonstrates the
importance of critical evaluation of the
underlying assumptions of the population
genetic models and methods used. As such,
population genetic simulations, both
forward and reverse in time, represent an
important and efficient means for such
work.

4.2 Future directions

This PhD thesis contains several
guestions and research themes that can be
developed further. For example, it is
important to remember that grayling and
trout populations that were analyzed in this
thesis represent only a small proportion of
the populations that inhabit different rivers
and lakes in Finland. Hence, there is still a
considerable gap between the number of
analyzed samples and the number of
populations present in nature. Such
discrepancy  between the  sampling
coverage and the number of actual
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populations can have important
implications for genetic analyses. For
example, as highlighted in paper II, if
genetic analyses are conducted on samples
collected from a single watershed location,
as is often the case, the N, estimates can
reflect effective population size of the local
sub-population rather than that of the
overall water system. Hence, studies
examining even larger number of grayling
populations from the central to northern
part of Finland as well as testing the
temporal stability of allele frequencies are
warranted in order to shed more light on
this issue. To that end, there are still a
number of gaps to fill using additional
samples to enable more comprehensive
overview about the relative role of
different evolutionary forces that can
facilitate more effective conservation and
management practices. The developed
methods such as the 13-locus multiplex
PCR and microsatellite panel described in
paper | could assist towards reaching such
goals by reducing future laboratory work.
This PhD thesis also provides a solid
framework for future mixed stock analyses
efforts in the Inari basin as almost all
brown trout populations in the basin were
sampled and the reference dataset is ready
for future study of the migratory behavior
and feeding preferences of the lake-run
trout populations. Similar to grayling, the
genetic screening methods developed, such
as the 13-locus multiplex PCR and
microsatellite panel for brown trout, could
help with fast and effective genotyping in
the future. Therefore, the molecular tools
and the reference dataset generated in my
thesis will contribute to conservation and
sustainable fisheries management of both
lake-run and resident trout populations of
the Inari system in the future.

Throughout this thesis 1 analyzed
neutral molecular markers (microsatellites)
that presumably are not affected by natural
selection and most of the inferences in the
thesis are based on the relative roles of
neutral evolutionary forces such as genetic
drift, migration and mutation. As a result,
the potential role of natural selection on
natural populations of European grayling
and brown trout is only indirectly
discussed and not directly evaluated.
Hence, studies assessing genes and
genomic regions potentially affected by
natural selection would be interesting to
conduct in the future. Further, given the
high level of inter-population genetic
differentiation observed in both grayling
and brown trout, studies aimed at further
investigating the relative importance of
genetic drift and natural selection in
explaining ~ the  observed  genetic
differentiation are recommended (e.g.
Hansen et al. 2002; Vahé4 et al. 2008). In
addition, given that salmonid populations
are suggested to commonly evolve local
adaptations (Garcia de Leaniz et al. 2007),
studies aimed at testing the local
adaptation paradigm would be particularly
interesting. These could include e.g.
reciprocal  transplantations of local
populations (Larsen et al. 2008) and
common garden experiments in order to
contrast quantitative genetic differentiation
(Qst) and neutral molecular differentiation
(Fst) among  different  populations
(Koskinen et al. 2002a; Jensen et al. 2008).
Alternatively, genes and genomic regions
under directional natural selection can be
identified using hitchhiking mapping
approaches (Schlotterer 2003; Vasemégi et
al. 2005; Makinen et al. 2008) and the
candidate genes and regions subsequently
focally studied to find the actual targets of
selection (Hemmer-Hansen et al. 2007;
Andersen et al. 2009). Such studies would
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complement the work conducted in this
thesis on assumedly neutral genetic
variation and provide additional valuable
knowledge regarding adaptive variation
which could be used to further fine-tune
management strategies.



30 Acknowledgements

5. ACKNOWLEDGEMENTS

This research was supported by the
center of Excellence in Evolutionary
Genetics and Physiology. My living cost
was funded by the Royal Thai Scholarship.

Throughout my four years in Finland |
have had warm kindness and nice working
environment from surrounding people and
I would like to take this opportunity to say
thank.

First and the most important, | want to
express my gratitude to Professor Craig
Primmer, supervisor who gave the chance
of starting my PhD study, strong support
and consistent guidance in numbers of
ways until the graduate. | have appreciated
Anti  VVasemdagi, my co-supervisor, who
walked me from the basic knowledge of
genetic analyses until to the making of
manuscripts and thesis introduction ready
for submitting. | have really been indebted
Juha-Pekka V&ha, who taught me how to
make the genetic simulation and to use the
analysis programs. | sincerely thank to the
thesis reviewers Jens Carlsson and Jouni
Aspi for their valuable comments. Dr Jodie
Painter is acknowledged for her thorough
and professional English revision of the
thesis. My respectful thank goes to
Professor Harri Savilahti and Dr Einar Eg
Nielsen, the custos and the opponent in my
doctoral disputation.

I would like to thank Ari Savikko and
people working at the Inari Fisheries
Research and Aquaculture station and Inari
anglers in providing fish samples and
demonstrating ice-fishing and breeding the
salmonids. | thank to co-authors Mikko T
Koskinen, Jorma Piironen, Marja-Liisa
Koljonen and Teuvo Niva in making the
research articles possible.

I acknowledged Ville Aukee and Anni
Tonteri, who introduced me into Finnish
laboratory environment and especially the
multiplex PCR. Ville, your assistance on
other practical issues was always perfect!
I am very thankful to Satu Koivumaki and
Tatjaana  Saarinen  for  their  kind
demonstrations to use the sequencing
machine for microsatellite genotyping. My
warm thank goes to Albert Vallunen, who
optimized the DNA extraction protocol
that always work well and super fast. I am
grateful to Meri Lindqgvist, who gave me a
lot of technical help, even fixing problems
of computer software setting, and other
practicalities. | also wish to thank Raija
Rouhiainen, Pirjo Lehtola and Heidi Graan
for assistance and for keeping the
laboratory working. Particularly, your
warm kindness and smile have made me
not too cold in Finland. Kiitos!

I am very grateful to my officemates.
Kalle Rytkonen, you have helped me since
the first day we met and | still remember
that you were walking with me along the
snowy way and introducing the language
center building. Later on, you experienced
me to numerous Finnish issues. Reza
Zahiri, | really thank for countless
discussion, including non-research topics.

I express my gratitude to Paula
Lehtonen, who encouraged me throughout
the years to keep on working and writing
research manuscripts. My gratitude also
goes to visiting and past PnP members
Katharina, Gregory, Nikoletta, Claudia,
Hannah, Annina, Iraj, Juha, Petra and
Laura. | also thank current PnP members
Erica Leder, Mikhail Ozerov, Roghelio
Diaz Fernadez, Heidi Viitaniemi, Veronika
Laine and Siim Kahar. Support and



Acknowledgements

31

friendship from all of you greatly
contributed to my graduate. Thank for the
good times!

I also thank to lecturers Seppo Nokkala,
Christina Nokkala, Irma Saloniemi, Niklas
Wahlberg, Sanna Huttunen and Mikko
Nieminen and other people Elsi, Julien,
Pavel, Heike, Jenni, Oxana and Suvi. You
have  provided  excellent  working
atmosphere in the laboratory of genetics.

| appreciated officers working in The
Royal Thai Embassy at Stockholm and
Helsinki in take caring me for both abroad
affairs and scholarship issues. 1 also thank
to Thai colleagues and friends Krissana,
Mingkwan, Anyamanee and many others,
including Thais in Turku. Communications
using Thai language have made me not so
lonely during these years. Kob-khun-krab!

I am indebted my brother Peerapong
and my sister Patrawadee and her friend
Sarunya in doing both formal and informal
affairs for me in my home country. | also
appreciated my ex-wife Chaweewan for
her ever kindness. Finally | am deeply
grateful to my mother and father for their
lovely support. The Siamese fighting fish
you let me rare during my childhood
seemingly shaped my life.



32 References

6. REFERENCES

Arkoosh MR, Casillas E, Clemons E, Kagley AN,
Olson R, Reno P, Stein JE (1998) Effect of
pollution on fish diseases: Potential impacts on
salmonid populations. J. Aquat. Anim. Health,
10, 182-190.

Allendorf FW, Leary RF (1988) Conservation and
distribution of genetic variation in a polytypic
species, the Cutthroat trout. Conserv. Biol., 2,
170-184.

Allendorf FW, Luikart G (2006) Conservation and
the Genetics of Populations. Blackwell
Publishing, Oxford.

Andersen O, Wetten OF, De Rosa MC, Andre C,
Alinovi CC, Colafranceschi M, Brix O,
Colosimo A (2009) Haemoglobin
polymorphisms affect the oxygen-binding
properties in Atlantic cod populations. Proc. R.
Soc. Lond. Ser. B-Biol. Sci., 276, 833-841.

Antunes A, Faria R, Johnson WE, Guyomard R,
Alexandrino P (2006) Life on the edge: The
long-term persistence and contrasting spatial
genetic structure of distinct brown trout life
histories at their ecological limits. J. Hered.,
97, 193-205.

Apostolidis AP, Madeira MJ, Hansen MM,
Machordom A (2008) Genetic structure and
demographic history of brown trout (Salmo
trutta) populations from the southern Balkans.
Freshw. Biol., 53, 1555-1566.

Aspinwal N (1974) Genetic-analysis of north-
American populations of pink salmon,
Oncorhynchus gorbuscha: possible evidence
for neutral mutation-random drift hypothesis.
Evolution, 28, 295-305.

Balloux F (2001) EASYPOP (Version 1.7): A
computer program for population genetics
simulations. J Hered, 92, 301-302.

Beacham TD, Candy JR, Mclintosh B,
MacConnachie C, Tabata A, Kaukinen K, Deng
LT, Miller KM, Withler RE, Varnavskaya N
(2005) Estimation of stock composition and
individual identification of sockeye salmon on
a Pacific Rim basis using microsatellite and
major histocompatibility complex variation.
Trans. Am. Fish. Soc., 134, 1124-1146.

Beacham TD, Lapointe M, Candy JR, Miller KM,
Withler RE (2004) DNA in action: Rapid
application of DNA variation to sockeye
salmon fisheries management. Conserv. Genet.,
5,411-416.

Beaumont MA (2004) msvarl.3 update
(http://www.rubic.rdg.ac.uk/~mab/stuff/).

Bernatchez L (2001) The evolutionary history of
brown trout (Salmo trutta L.) inferred from
phylogeographic, nested clade, and mismatch
analyses of mitochondrial DNA variation.
Evolution, 55, 351-379.

Carlsson J, Nilsson J (2000) Population genetic
structure of brown trout (Salmo trutta L.)
within a northern boreal forest stream.
Hereditas, 132, 173-181.

Carlsson J, Olsen KH, Nilsson J, Overli O, Stabell
OB (1999) Microsatellites reveal fine-scale
genetic structure in stream-living brown trout.
J. Fish Biol., 55, 1290-1303.

Charles K, Guyomard R, Hoyheim B, Ombredane D,
Bagliniere JL (2005) Lack of genetic
differentiation between anadromous and
resident sympatric brown trout (Salmo trutta) in
a Normandy population. Aquatic Living
Resources, 18, 65-69.

Corander J, Waldmann P, Marttinen P, Sillanpaa MJ
(2004) BAPS 2: enhanced possibilities for the
analysis of genetic population structure.
Bioinformatics, 20, 2363-2369.

Cornuet JM, Luikart G (1996) Description and
power analysis of two tests for detecting recent
population bottlenecks from allele frequency
data. Genetics, 144, 2001-2014.

Cushing JE (1952) Serological differentiation of fish
bloods. Science, 115, 404-405.

Cushing JE, Durall GL (1957) Isoagglutination in
fish. Am. Nat., 91, 121-126.

Di Rienzo A, Peterson AC, Garza JC, Valdes AM,
Slatkin M, Freimer NB (1994) Mutational
processes of simple-sequence repeat loci in
human populations. Proc. Natl. Acad. Sci. U. S.
A., 91, 3166-3170.

Duftner N, Koblmuller S, Weiss S, Medgyesy N,
Sturmbauer C (2005) The impact of stocking on
the genetic structure of European grayling
(Thymallus thymallus, Salmonidae) in two
alpine rivers. Hydrobiologia, 542, 121-129.

Duguid RA, Ferguson A, Prodohl P (2006)
Reproductive isolation and genetic
differentiation of ferox trout from sympatric
brown trout in Loch Awe and Loch Laggan,
Scotland. J. Fish Biol., 69, 89-114.

Ellegren H (2000) Microsatellite mutations in the
germline: implications for evolutionary
inference. Trends Genet., 16, 551-558.



References 33

Elliott JM (1989) Wild brown trout Salmo trutta: an
important national and international resource.
Freshw. Biol., 21, 1-5.

Elliott JM (1994) Quantitative ecology and the
brown trout. Oxford University Press, Oxford.

Excoffier L, Heckel G (2006) Computer programs
for population genetics data analysis: a survival
guide. Nat. Rev. Genet., 7, 745-758.

Excoffier L, Laval G, Schneide S (2005) Arlequin
(version 3.0): An integrated software package
for population genetics data analysis.
Evolutionary Bioinformatics Online, 1, 47-50.

Fave MJ, Turgeon J (2008) Patterns of genetic
diversity in Great Lakes bloaters (Coregonus
hoyi) with a view to future reintroduction in
Lake Ontario. Conserv. Genet., 9, 281-293.

Frankel OH, Soule ME (1981) Conservation and
Evolution. Cambridge University Press,
Cambridge, UK.

Frankham R (1995) Conservation genetics. Annual
Review of Genetics, 29, 305-327.

Frankham R, Balou JD, Briscoe DA (2002)
Introduction to conservation genetics.
Cambridge University Press, Cambridge, UK.

Fraser DJ, Hansen MM, Ostergaard S, Tessier N,
Legault M, Bernatchez L (2007) Comparative
estimation of effective population sizes and
temporal gene flow in two contrasting
population systems. Mol. Ecol., 16, 3866-3889.

Fraser DJ, Lippe C, Bernatchez L (2004)
Consequences of unequal population size,
asymmetric gene flow and sex-biased dispersal
on population structure in brook charr
(Salvelinus fontinalis). Mol. Ecol., 13, 67-80.

Galvin P, McKinnell S, Taggart JB, Ferguson A,
Ofarrell M, Cross TF (1995) Genetic stock
identification of Atlantic salmon using single
locus minisatellite DNA profiles. J. Fish Biol.,
47, 186-199.

Garcia de Leaniz C, Fleming IA, Einum S, Verspoor
E, Jordan WC, Consuegra S, Aubin-Horth N,
Lajus D, Letcher BH, Youngson AF, Webb JH,
Vollestad LA, Villanueva B, Ferguson A,
Quinn TP (2007) A critical review of adaptive
genetic variation in Atlantic salmon:
implications for conservation. Biol. Rev., 82,
173-211.

Garza JC, Williamson EG (2001) Detection of
reduction in population size using data from
microsatellite loci. Mol. Ecol., 10, 305-318.

Gross R, Kuhn R, Baars M, Schroder W, Stein H,
Rottmann O (2001) Genetic differentiation of
European grayling populations across the Main,
Danube and Elbe drainages in Bavaria. J. Fish
Biol., 58, 264-280.

Gross R, Lulla P, Naver T (2007) Genetic variability
and differentiation of rainbow trout
(Oncorhynchus mykiss) strains in northern and
Eastern Europe. Aquaculture, 272, S139-S146.

Gum B, Gross R, Geist J (2009) Conservation
genetics and management implications for
European grayling, Thymallus thymallus:
synthesis of phylogeography and population
genetics. Fisheries Manag. Ecol., 16, 37-51.

Gum B, Gross R, Kuehn R (2005) Mitochondrial
and nuclear DNA phylogeography of European
grayling (Thymallus thymallus): evidence for
secondary contact zones in central Europe. Mol.
Ecol., 14, 1707-1725.

Gum B, Gross R, Kuehn R (2006) Discriminating
the impact of recent human mediated stock
transfer from historical gene flow on genetic
structure of European grayling Thymallus
thymallus L. J. Fish Biol., 69, 115-135.

Gum B, Gross R, Rottmann O, Schroder W, Kuhn R
(2003) Microsatellite variation in Bavarian
populations of European grayling (Thymallus
thymallus): Implications for conservation.
Conserv. Genet., 4, 659-672.

Hale KA, Briskie JV (2007) Decreased
immunocompetence in a severely bottlenecked
population of an endemic New Zealand bird.
Animal Conservation, 10, 2-10.

Hansen MM, Ruzzante DE, Nielsen EE, Bekkevold
D, Mensberg KLD (2002) Long-term effective
population sizes, temporal stability of genetic
composition and potential for local adaptation
in anadromous brown trout (Salmo trutta)
populations. Mol. Ecol., 11, 2523-2535.

Heikkinen O, Kurimo H (1977) The postglacial
history of Kitkajarvi, North-eastern Finland, as
indicated by trend-surface analysis and radio-
carbon dating. Fennia, 153, 1-32.

Hemmer-Hansen J, Nielsen EE, Frydenberg J,
Loeschcke V (2007) Adaptive divergence in a
high gene flow environment: Hsc70 variation in
the European flounder (Platichthys flesus L.).
Heredity, 99, 592-600.

Henry RJ (2006) Plant Conservation Genetics.
Haworth Press, Binghamton, NY.

Hindar K, Ryman N, Utter F (1991) Genetic-effects
of cultured fish on natural fish populations.
Can. J. Fish. Aquat. Sci., 48, 945-957.

Hodgins HO, Ames WE, Utter FM (1969) Variants
of lactate dehydrogenase isozymes in sera of
sockeye salmon (Oncorhynchus nerka). Journal
of the Fisheries Research Board of Canada, 26,
15-19.

Hood GM (2008) PopTools version 3.0.6. Albany,
Western Australia.



34 References

Hovgaard K, Skaala O, Naevdal G (2006) Genetic
differentiation among sea trout, Salmo trutta L.,
populations from western Norway. J. Appl.
Ichthyol., 22, 57-61.

Hutchinson WF, van Oosterhout C, Rogers Sl,
Carvalho GR (2003) Temporal analysis of
archived samples indicates marked genetic
changes in declining North Sea cod (Gadus
morhua). Proceedings of the Royal Society of
London Series B-Biological Sciences, 270,
2125-2132.

Jensen LF, Hansen MM, Pertoldi C, Holdensgaard
G, Mensberg K-LD, Loeschcke V (2008) Local
adaptation in brown trout early life-history
traits: implications for climate change
adaptability. Proceedings of the Royal Society
B: Biological Sciences, 275, 2859-2868.

Kallio-Nyberg I, Kolijonen M-L, Jutila E (2001)
Taimenatlas. p. 57. Finnish Game and Fisheries
Research Institute, Helsinki, Finland.

Kaukoranta M, Koljonen M-L, Koskiniemi J,
Pennanen J, Tammi J (2000) Atlas of Finnish
fishes, English summary. Distribution of
lamprey, brook lamprey, salmon, trout, Arctic
charr, whitefish, vandace, grayling, asp, vimba,
spined loach and bullhead, and status of the
stocks., p. 40. Finnish Game and Fisheries
Research Institute, Helsinki, Finland.

Kimura M, Crow JF (1964) Number of alleles that
can be maintained in finite population.
Genetics, 49, 725-&.

Kitada S, Kishino H (2006) Lessons learned from
Japanese marine finfish stock enhancement
programmes. Fish Res., 80, 101-112.

Kitada S, Shishidou H, Sugaya T, Kitakado T,
Hamasaki K, Kishino H (2009) Genetic effects
of long-term stock enhancement programs.
Aquaculture, 290, 69-79.

Klemetsen A, Amundsen PA, Dempson JB, Jonsson
B, Jonsson N, O'Connell MF, Mortensen E
(2003) Atlantic salmon Salmo salar L., brown
trout Salmo trutta L. and Arctic charr
Salvelinus alpinus (L.): a review of aspects of
their life histories. Ecology of Freshwater Fish,
12, 1-59.

Korkea-Aho T (2003) Individual-based population
genetic analysis of grayling (Thymallus
thymallus) from a single water system. In:
Department of Biological and Environmental
Sciences, p. 80. University of Helsinki,
Helsinki.

Koskinen MT, Haugen TO, Primmer CR (2002a)
Contemporary fisherian life-history evolution
in small salmonid populations. Nature, 419,
826-830.

Koskinen MT, Nilsson J, Veselov AJ, Potutkin AG,
Ranta E, Primmer CR (2002b) Microsatellite
data resolve phylogeographic patterns in
European grayling, Thymallus thymallus,
Salmonidae. Heredity, 88, 391-401.

Koskinen MT, Piironen J, Primmer CR (2001)
Interpopulation genetic divergence in European
grayling (Thymallus thymallus, Salmonidae) at
a microgeographic scale: implications for
conservation. Conserv. Genet., 2, 133-143.

Koskinen MT, Ranta E, Piironen J, Veselov A, Titov
S, Haugen TO, Nilsson J, Carlstein M, Primmer
CR (2000) Genetic lineages and postglacial
colonization of grayling (Thymallus thymallus,
Salmonidae) in Europe, as revealed by
mitochondrial DNA analyses. Mol. Ecol., 9,
1609-1624.

Koskinen MT, Sundell P, Piironen J, Primmer CR
(2002c¢) Genetic assessment of spatiotemporal
evolutionary relationships and stocking effects
in grayling (Thymallus thymallus, Salmonidae).
Ecol. Lett., 5, 193-205.

Koyuk A, Bennett A, Tallmon D (2008) ONeSAMP
1.1 (http://genomics.jun.alaska.edu/).

L'Abee-Lund JH, Jonsson B, Jensen AJ, Saettem
LM, Heggberget TG, Johnsen BO, Naesje TF
(1989) Latitudinal variation in life-history
characteristics of sea-run migrant brown trout
Salmo trutta. J. Anim. Ecol., 58, 525-542.

Larsen PF, Nielsen EE, Williams TD, Loeschcke V
(2008) Intraspecific variation in expression of
candidate genes for osmoregulation, heme
biosynthesis and stress resistance suggests local
adaptation in European flounder (Platichthys
flesus). Heredity, 101, 247-259.

Leary RF, Allendorf FW, Forbes SH (1993)
Conservation genetics of Bull trout in the
Columbia and Klamath River drainages.
Conserv. Biol., 7, 856-865.

Lehtonen PK, Tonteri A, Sendek D, Titov S,
Primmer CR (2009) Spatio-temporal genetic
structuring of brown trout (Salmo trutta L.)
populations within the River Luga, northwest
Russia. Conserv. Genet., 10, 281-289.

Luikart G, Allendorf FW, Cornuet JM, Sherwin WB
(1998) Distortion of allele frequency
distributions provides a test for recent
population bottlenecks. J. Hered., 89, 238-247.

Makinen HS, Shikano T, Cano JM, Merila J (2008)
Hitchhiking mapping reveals a candidate
genomic region for natural selection in three-
spined stickleback chromosome VII1I. Genetics,
178, 453-465.

McConnell SK, Oreilly P, Hamilton L, Wright JN,
Bentzen P (1995) Polymorphic microsatellite



References 35

loci from Atlantic salmon (Salmo salar) -
genetic differentiation of north-American and
European populations. Can. J. Fish. Aquat. Sci.,
52, 1863-1872.

Meldgaard T, Nielsen EE, Loeschcke V (2003)
Fragmentation by weirs in a riverine system: A
study of genetic variation in time and space
among populations of European grayling
(Thymallus thymallus) in a Danish river system.
Conserv. Genet., 4, 735-747.

Morin PA, Luikart G, Wayne RK (2004) SNPs in
ecology, evolution and conservation. Trends
Ecol. Evol., 19, 208-216.

Moritz C, Sherwin WB (2009) Genetics and the
Conservation of Wild Populations. Sinauer
Associates. Sunderland, MA.

Nylander E (2004) Kalatalous tilastoina 2004:
Finnish fisheries statistic. p. 28. Finnish Game
and Fisheries Research Institute.

Ohta T, Kimura M (1973) Model of mutation
appropriate to estimate number of
electrophoretically detectable alleles in a finite
population. Genet. Res., 22, 201-204.

OIE (2003) Manual of Diagnostic Tests for Aquatic
Animals. The Office International des
Epizooties, Paris, Paris.

@stergaard S, Hansen MM, Loeschcke V, Nielsen
EE (2003) Long-term temporal changes of
genetic composition in brown trout (Salmo
trutta L.) populations inhabiting an unstable
environment. Mol. Ecol., 12, 3123-3135.

Parrish DL, Behnke RJ, Gephard SR, McCormick
SD, Reeves GH (1998) Why aren't there more
Atlantic salmon (Salmo salar)? Can. J. Fish.
Aquat. Sci., 55, 281-287.

Petit RJ, EI Mousadik A, Pons O (1998) Identifying
populations for conservation on the basis of
genetic markers. Conserv. Biol., 12, 844-855.

Pompanon F, Bonin A, Bellemain E, Taberlet P
(2005) Genotyping errors: Causes,
consequences and solutions. Nat. Rev. Genet.,
6, 847-859.

Presa P, Pardo BG, Martinez P, Bernatchez L (2002)
Phylogeographic congruence between mtDNA
and rDNA ITS markers in brown trout. Mol.
Biol. Evol., 19, 2161-2175.

Primmer CR, Aho T, Piironen J, Estoup A, Cornuet
JM, Ranta E (1999) Microsatellite analysis of
hatchery stocks and natural populations of
Acrctic charr, Salvelinas alpinus, from the
Nordic region: implications for conservation.
Hereditas, 130, 277-289.

Pritchard JK, Stephens M, Donnelly P (2000)
Inference of population structure using

multilocus genotype data. Genetics, 155, 945-
959.

Ruzzante DE, Hansen MM, Meldrup D, Ebert KM
(2004) Stocking impact and migration pattern
in an anadromous brown trout (Salmo trutta)
complex: where have all the stocked spawning
sea trout gone? Mol. Ecol., 13, 1433-1445.

Ruzzante DE, Mariani S, Bekkevold D, Andre C,
Mosegaard H, Clausen LAW, Dahlgren TG,
Hutchinson WF, Hatfield EMC, Torstensen E,
Brigham J, Simmonds EJ, Laikre L, Larsson
LC, Stet RIM, Ryman N, Carvalho GR (2006)
Biocomplexity in a highly migratory pelagic
marine fish, Atlantic herring. Proc. R. Soc.
Lond. Ser. B-Biol. Sci., 273, 1459-1464.

Ryman N (1983) Patterns of distribution of
biochemical genetic variation in salmonids:
differences between species. Aquaculture, 33,
1-21.

Ryman N, Laikre L (1991) Effects of supportive
breeding on the genetically effective population
size. Conserv. Biol., 5, 325-329.

Ryman N, Utter F, Laikre L (1995) Protection of
intraspecific biodiversity of exploited fishes.
Reviews in Fish Biology and Fisheries, 5, 417-
446.

Ryynanen HJ, Primmer CR (2006) Single nucleotide
polymorphism (SNP) discovery in duplicated
genomes: intron-primed exon-crossing (IPEC)
as a strategy for avoiding amplification of
duplicated loci in Atlantic salmon (Salmo
salar) and other salmonid fishes. BMC
Genomics, 7.

Ryynanen HJ, Tonteri A, Vasemagi A, Primmer CR
(2007) A comparison of biallelic markers and
microsatellites for the estimation of population
and conservation genetic parameters in Atlantic
salmon (Salmo salar). J. Hered., 98, 692-704.

Saccheri |, Kuussaari M, Kankare M, Vikman P,
Fortelius W, Hanski | (1998) Inbreeding and
extinction in a butterfly metapopulation.
Nature, 392, 491-494.

Schlotterer C (2003) Hitchhiking mapping -
functional genomics from the population
genetics perspective. Trends Genet., 19, 32-38.

Schonewald CM, Chambers SM, MacBryde B,
Thomas WL (1983) Genetics and
Conservation: A Reference for Managing Wild
Animal and Plant Populations.
Benjamin/Cummings Publishing Co., Menlo
Park, CA.

Schreiber A, Diefenbach G (2005) Population
genetics of the European trout (Salmo trutta L.)
migration system in the river Rhine:



36 References

recolonisation by sea trout. Ecology of
Freshwater Fish, 14, 1-13.

Selkoe KA, Toonen RJ (2006) Microsatellites for
ecologists: a practical guide to using and
evaluating microsatellite markers. Ecol. Lett., 9,
615-629.

Small MP, Beacham TD, Withler RE, Nelson RJ
(1998) Discriminating coho salmon
(Oncorhynchus kisutch) populations within the
Fraser River, British Columbia, using
microsatellite DNA markers. Mol. Ecol., 7,
141-155.

Smith PJ, Francis R, McVeagh M (1991) Loss of
genetic diversity due to fishing pressure. Fish
Res., 10, 309-316.

Soule ME (1985) What is conservation biology?
Bioscience, 35, 727-734.

Susnik S, Snoj A, Dovc P (2001) Evolutionary
distinctness of grayling (Thymallus thymallus)
inhabiting the Adriatic river system, as based
on mtDNA variation. Biol. J. Linnean Soc., 74,
375-385.

Tallmon DA, Koyuk A, Luikart G, Beaumont MA
(2008) ONeSAMP: a program to estimate
effective population size using approximate
Bayesian computation. Mol. Ecol. Resour., 8,
299-301.

Taniguchi N, Sumantadinata K, lyama S (1983)
Genetic change in the 1st and 2nd generations
of hatchery stock of black seabream.
Aquaculture, 35, 309-320.

Taylor EB (1991) A review of local adaptation in
Salmonidae, with particular reference to Pacific
and Atlantic salmon. Aquaculture, 98, 185-207.

Uiblein F, Jagsch A, Honsig-Erlenburg W, Weiss S
(2001) Status, habitat use, and vulnerability of
the European grayling in Austrian waters. J.
Fish Biol., 59, 223-247.

Vaha JP, Erkinaro J, Niemela E, Primmer CR (2008)
Temporally stable genetic structure and low
migration in an Atlantic salmon population
complex: implications for conservation and
management. Evol. Appl., 1, 137-154.

Vasemégi A, Gross R, Paaver T, Koljonen ML,
Saisd M, Nilsson J (2005) Analysis of gene
associated tandem repeat markers in Atlantic
salmon (Salmo salar L.) populations:
implications for restoration and conservation in
the Baltic Sea. Conserv. Genet., 6, 385-397.

Vasemdgi A, Nilsson J, Primmer CR (2005)
Expressed sequence tag-linked microsatellites
as a source of gene-associated polymorphisms
for detecting signatures of divergent selection
in Atlantic salmon (Salmo salar L.). Mol. Biol.
Evol., 22, 1067-1076.

Waples RS (1991) Genetic interactions between
hatchery and wild salmonids - lessons from the
Pacific-Northwest. Can. J. Fish. Aquat. Sci.,
48, 124-133.

WWEF (2001) The status of wild Atlantic salmon: a
river by river assessment. p. 172. WWF-US
Marine Conservation Program, Washington
DC.

Youngson AF, Jordan WC, Verspoor E, McGinnity
P, Cross T, Ferguson A (2003) Management of
salmonid fisheries in the British Isles: towards a
practical approach based on population
genetics. Fish Res., 62, 193-209.

Zinov'ev EA (2005) Ecotypes in graylings
(Thymallidae, Salmoniformes). Russ. J. Ecol.,
36, 349-353.



	Swatdipong et al 2009_Unanticipated population structure of European grayling in its northern distribution_ implications for conservation prioritization.pdf
	Swatdipong et al 2009_Unanticipated population structure of European grayling in its northern distribution_ implications for conservation prioritization.pdf
	Abstract
	Background
	Results
	Conclusion

	Background
	Materials and methods
	Fish samples
	Microsatellite data
	Statistical analyses
	Microsatellite diversity, Hardy-Weinberg and genotypic linkage equilibrium
	Genetic differentiation and relationships between populations
	Analysis of molecular variance
	Mantel test
	Allele size permutation test
	Population prioritization for conservation


	Results
	Microsatellite diversity, Hardy-Weinberg and genotypic linkage equilibrium
	Level of differentiation and genetic relationships between populations
	Mantel test
	Allele size permutation test
	Population prioritization and categorization for conservation

	Discussion
	Unanticipated population structuring
	Genetic diversity
	The role of mutations contributing to population differentiation
	Population conservation categorization based on the role of different evolutionary forces

	Conclusion
	Competing interests
	Authors' contributions
	Additional material
	Acknowledgements
	References





