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Abstract

The founder event in a recently recolonized salmon population in the Baltic Sea (Gulf of
Finland) was investigated. To identify the origin of the founders, four wild populations
and two hatchery stocks were analysed using six microsatellite loci. The results of assign-
ment tests and factorial correspondence analysis suggest that the initial recolonizers of the
river Selja originated from the geographically nearest (7 km) wild population (river Kunda)
but as the result of stocking activities, interbreeding between recolonizers and hatchery
individuals has occurred in subsequent years. Although the hatchery releases are out-
numbering the wild salmon recruitment in the Baltic Sea at present, our results suggest
that the native populations may still have an important role in colonization processes of the
former salmon rivers.
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Introduction

 

Understanding the role of gene flow during the
evolutionary dynamics of populations is important in
conservation programmes both of wild and captive
populations. High genetic differentiation among Atlantic
salmon populations, described in many studies using
different genetic markers (Tessier 

 

et al

 

. 1997; Koljonen 

 

et al

 

.
1999; Nilsson 

 

et al

 

. 2001), indicates restricted gene flow
between rivers or even between tributaries or different
stretches of a river (Verspoor 

 

et al

 

. 1991; Beacham &
Dempson 1998; Garant 

 

et al

 

. 2000). As a consequence of
accurate homing behaviour in salmon, the founding of
new populations or reoccupation of areas where former
populations have been driven to extinction may be limited

(Young 1999). However, several studies have shown that
some release practices, e.g. delayed release (smolts are kept
in cages in the sea for some period before they are
released), might increase the straying of hatchery fish
(reviewed by Quinn 1993). Considering that hatcheries
are releasing approximately nine times more salmon smolts
to the Baltic Sea than are estimated to come from wild
populations (ICES 1998) the reared individuals may have
an important effect on the genetic composition of salmon
populations in the Baltic Sea.

A suitable model by which to study gene flow and the
formation of genetic structure as a result of the founder
effect and enhancement practices occurred in the river Selja
salmon population in the Gulf of Finland in the Baltic Sea
(Fig. 1) where the native stock was driven to extinction in
the beginning of the 1970s as a result of pollution (Loigu

 

et al

 

. 2001). When conditions improved during the 1990s,
spontaneous recolonization of this river took place. In
addition, restocking of the river with hatchery fish was
started in 1997.
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Highly variable microsatellite loci provide sufficient
variation for the application of a growing number of novel
statistical methods, which can utilize multilocus genotype
information (reviewed by Luikart & England 1999).
Assigning individuals to given groups based on their
multilocus genotypes (Paetkau 

 

et al

 

. 1995; Cornuet 

 

et al

 

. 1999)
is one promising approach that has already been applied
in different studies on plants (Muir 

 

et al

 

. 2000; Sefc 

 

et al

 

. 2000),
invertebrates (Bogdanowicz 

 

et al

 

. 1997; Pálsson 2000),
mammals (e.g. Reed 

 

et al

 

. 1997; Kyle 

 

et al

 

. 2000) and fishes
(e.g. Estoup 

 

et al

 

. 1998; Roques 

 

et al

 

. 1999; Hansen 

 

et al

 

.
2000; Primmer 

 

et al

 

. 2000). We applied this method to
determine the genetic origin of founders of the recently
recolonized river Selja salmon population and to detect
the genetic effects on this population of the subsequent
stocking activities.

 

Materials and methods

 

Samples

 

Juvenile and adult salmon from five rivers and two
hatcheries were collected during 1995–99 (Table 1). The
samples from the recolonized river Selja population were
collected by electrofishing before stocking (1995) and after
3 years of stocking (1999) with hatchery salmon of river
Neva origin. Samples were collected from the rivers
Kunda, Loobu, Keila and Pärnu to represent the potential
wild donor populations (Fig. 1). Additionally, hatchery
fish of river Neva origin from the Laukaa hatchery
(Finland) and adults from the river Narva with mixed
genetic origin (river Neva and river Salatsa; Kazakov &
Titov 1993) were sampled. Fin clips or muscle tissue were

Fig. 1 Map of the Baltic Sea showing sampling locations of salmon populations.

Table 1 Studied salmon samples and the number of individuals assigned to each baseline population directly or after simulation (in
parenthesis; with the threshold of rejection 0.05) using the Bayesian approach of assignment test (Cornuet et al. 1999)

Sample n
Year of 
sampling

Age- 
class Status

Number of individuals assigned to:
Rejected from 
all samplesNeva Narva Pärnu Keila Kunda Loobu

Recolonized population
Selja 33 1995 0+ Unknown 0(5) 0(5) 0(0) 1(8) 28(24) 4(10) (9)
Selja 45 1999 1+ Unknown 

+ Hatchery
19(10) 12(8) 0(0) 5(4) 1(1) 8(3) (26)

Potential donor populations
Neva 115 1995–97 0+ Hatchery 108(98) 6(13) 0(0) 1(0) 0(0) 0(0) (17)
Narva 35 1998 Adults Hatchery 4(8) 28(24) 2(0) 1(0) 0(0) 0(0) (10)
Pärnu 21 1997 0+ Wild 0(0) 0(2) 19(15) 2(2) 0(0) 0(0) (6)
Keila 30 1997 0+, 1+ Wild 0(1) 2(10) 1(4) 25(25) 1(3) 1(0) (3)
Kunda 78 1996–99 0+, 1+ Wild 0(2) 2(26) 1(5) 1(26) 72(66) 2(13) (9)
Loobu 67 1996, 1999 0+, 1+ Wild 0(5) 0(7) 0(6) 0(40) 2(39) 65(64) (2)
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preserved in 96% ethanol until used for total DNA
extraction according to Laird 

 

et al

 

. (1991); except the Selja
1995 samples, where DNA was extracted from dried scales
of 0+ old parr according to Nielsen 

 

et al

 

. (1997).

 

Genetic analysis

 

Three tetranucleotide (

 

Ssa202

 

, 

 

Ssa197

 

, 

 

Ssa171

 

; O’Reilly

 

et al

 

. 1996) and three dinucleotide (

 

SSOSL417

 

, 

 

SSOSL311

 

,

 

SSOSL85

 

; Slettan 

 

et al

 

. 1995) microsatellite loci were
amplified according to the polymerase chain reaction (PCR)
conditions recommended by the authors. For the scale
samples 40 instead of 33 PCR cycles were used to increase
the amount of PCR product. Different electrophoresis
and visualization procedures were applied in different
laboratories: nondenaturing polyacrylamide gel electro-
phoresis and silver staining, denaturing polyacrylamide
gel electrophoresis followed by autoradiography or
silver staining, and fluorescent analysis on a Pharmacia
ALFexpress automated sequencer. Known genotypes from
three to seven individuals were included in all gel runs
to ensure the correct determination of allele sizes. In
tetranucleotide loci allelic ladders up to 12 alleles were
used for correct allele determination.

 

Data analysis

 

The 

 

genetix

 

 4.0 program (Belkhir 

 

et al

 

. 2000) was used to
calculate allele frequencies, and observed and unbiased
expected heterozygosities. Exact tests for genotypic
disequilibrium between loci, departure from Hardy–
Weinberg equilibrium and for genotypic differentiation
between population pairs were computed using 

 

genepop

 

3.1b (Raymond & Rousset 1995). The same program was
used to quantify the genetic differentiation between
samples by calculating unbiased 

 

F

 

ST

 

 values (Weir &
Cockerham 1984). In all cases of multiple tests, significance
levels were adjusted using the sequential Bonferroni
technique (Rice 1989). To determine the genetic origin of
founders of the river Selja salmon population, the Bayesian
approach of assignment test implemented in the

 

geneclass

 

 1.0.02 program (Cornuet 

 

et al

 

. 1999) was used.
Although the computation of this likelihood-based
assignment test assumes Hardy–Weinberg and linkage
equilibrium, it has been reported that at least in the case of
homozygote excess, the Bayesian approach still performs
better than the distance-based assignment methods that
are not restricted to these assumptions (Cornuet 

 

et al

 

. 1999).
To measure the confidence that the individual to be
assigned truly belongs to any of the reference populations,
a simulation option (with 10 000 simulated individuals
per population) of the 

 

geneclass

 

 1.0.02 program was used
(Cornuet 

 

et al

 

. 1999). The individual was excluded from a
given candidate population if the individual probability of

belonging to the particular population was lower than
5% (as the result, the individual can be assigned to more
than one population). To avoid the possible bias in self-
assignment of the individuals to their population of origin,
the ‘leave one out’ procedure was applied, excluding the
tested individual when calculating the allele frequency
distribution of their own population (see Cornuet 

 

et al

 

.
1999 for details). The hybrid origin of the Selja 1999 sample
(interbreeding between wild recolonizers and stocked
hatchery fish) was visualized by applying factorial
correspondence analysis described in She 

 

et al

 

. (1987)
and Berrebi 

 

et al

 

. (2000) using 

 

genetix

 

 4.0 (Belkhir 

 

et al

 

.
2000).

 

Results

 

Allelic variation and population differentiation

 

The total number of alleles per locus ranged from nine
(

 

Ssa202

 

) to 25 (

 

SSOSL311

 

) and the expected heterozygosity
among loci varied between 0.335 and 0.932 in different
populations. The mean number of alleles per locus ranged
from 3.8 (Selja 1995) to 12 (Neva). In total, 22 private alleles
were found, all with a frequency below 0.06, except one
allele in the Narva sample with a 0.1 frequency. No private
alleles were detected in the Selja 1995 sample. Multiple
probability tests by population revealed significant
deviations from Hardy–Weinberg expectations at the 5%
level in Loobu, Neva and both Selja samples. An exact test
for linkage disequilibrium among loci showed zero to four
deviations (

 

P 

 

< 0.05) in 15 pairwise combinations of loci.
However, linkage was not consistent between the same
pair of loci among samples. A possible exception was the
locus pair 

 

SSOSL311

 

 and 

 

SSOSL417

 

, for which linkage was
detected in four samples out of eight. Pairwise comparisons
of genotypic frequencies combining probabilities over all
loci indicated highly significant (

 

P 

 

< 0.001) differentiation
between all pairs of samples. Multilocus 

 

F

 

ST

 

 values ranged
from 0.06 to 0.2 (mean 0.13) with the smallest differentiation
between the Kunda and Selja 1995 samples.

 

Analysis of individual multilocus genotypes

 

To identify the probable source population of the founders,
multilocus genotype likelihoods of the salmon from the
river Selja were compared to the six possible donor
populations using the assignment test (Table 1). Direct
assignment classified correctly 91.6% of individuals of
known samples to their population of origin, indicating
that sufficient genetic differentiation exists for individual
classification using six microsatellites. The individuals of
unknown origin from the Selja 1995 sample were assigned
with the highest frequency to the wild Kunda population
(85% and 73% by the direct and simulated approach,
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respectively), followed by the river Loobu population (12%
and 30%, respectively) (Table 1). After 3 years of stocking
hatchery salmon (Neva) to the river Selja, a high
proportion of individuals (58%) from the Selja 1999 sample
were rejected from all simulated baseline samples. To
reveal their origin, a factorial correspondence analysis was
applied. Most individuals of the Selja 1999 sample had
intermediate component scores compared to the hatchery
fish (Neva) and initial recolonizers (Selja 1995), indicating
that these fish may have a hybrid origin (Fig. 2). The
recolonizers, however, had very similar scores to the
individuals in the Kunda sample, which suggests their
very close genetic relationship (Fig. 2).

 

Discussion

 

The results of assignment tests suggest that the initial
recolonizers of the river Selja in the mid-1990s originated
from the river Kunda population that was geographically
the nearest (7 km). This was also supported by the factorial
correspondence analysis. However, it cannot be com-
pletely excluded that a small number of native fish may
have survived in the river Selja and the juveniles detected
in 1995 were the result of recovery of the population,
instead of recolonization. For example, Nielsen 

 

et al

 

.
(1997) demonstrated that the river Skjern salmon popu-
lation in Denmark was close to extinction, but a few
breeders found in one tributary clustered together to the
historical samples of the same river. However, short
distance to the first obstacle (12 km), limited reproduction
area (5–8 ha) and absence of tributaries together with the
water-quality data (Kangur & Viilmann 2001) and results
of electrofishing surveys from the 1970s and1980s strongly
support the hypothesis of extinction of the native salmon
population in the river Selja.

Identification of the wild Kunda population as the most
likely source of the recolonizers is surprising considering

that the proportion of hatchery releases compared to wild
production is even more pronounced (approximately
37 : 1) in the Gulf of Finland (ICES 1998), compared to the
total Baltic where the stocked fish outnumber the wild
salmon approximately nine-fold. It is also unlikely that the
founders came from the Gulf of Bothnia or from the Baltic
Main Basin population(s) not included in this study. It has
been shown with mitochondrial DNA and allozymes that
the Gulf of Bothnia populations belong to a different
phylogeographic lineage compared to the southern popu-
lations and the salmon stocks of the Main Basin cluster apart
from the populations in the of Gulf of Finland (Koljonen

 

et al

 

. 1999; Nilsson 

 

et al

 

. 2001). There are no wild salmon
populations left on the northern coast of the Gulf of Fin-
land. In addition, the absence of private alleles in the Selja
1995 sample and the low 

 

F

 

ST

 

 value between the Selja 1995
and Kunda samples suggests close relationships between
the geographically adjacent wild population and the recol-
onized population. Recolonization from the geographi-
cally nearest population is consistent with the correlation
between genetic and geographical distances found in wild
salmon populations (Koljonen 

 

et al

 

. 1999; Nielsen 

 

et al

 

.
1999), indicating that the spawners tend to stray and
successfully reproduce in adjacent rivers. Surprisingly fast
recolonization of the extinct river may indicate a higher
level of straying to the unoccupied habitats than the
present gene flow between extant salmon populations.
Rapid colonization of the new areas, followed by smaller
straying rates after the populations have become estab-
lished, has been shown for example in several Pacific
salmon species (

 

Oncorhynchus

 

) (Quinn 1993). We have
presumed that the colonizers could come only from one
population. However, it is possible that the founders were
from different genetic sources, e.g. from both the Kunda
and the Loobu populations, although this is less likely
because of the threatened situation of the Loobu popu-
lation, where no natural reproduction has been reported
in 1983, 1987, 1990 and during 1996–97 (Kangur &
Viilmann 2001).

Interbreeding between the recolonizers and the hatchery
individuals was not directly evident from the individual
assignments, but visualization of the multilocus geno-
types using factorial correspondence analysis indicated
the probable occurrence of first-generation hybrids
between wild colonizers and hatchery fish. To evaluate the
relative success of the hatchery and naturally recolonized
individuals, monitoring of the genetic structure over a
longer timescale is necessary.
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