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The phylogeography of north European anadromous and non-anadromous Atlantic
salmon (Salmo salar) populations was investigated using 21 nuclear (microsatellites
and allozymes) loci and mitochondrial DNA haplotypes. A neighbour-joining popula-
tion tree revealed several statistically supported groupings that generally corresponded
well with the sampling regions. A comparison of F. and R estimates with a novel
allele size permutation method suggested that at least two of the groups had diverged
from each other already prior to the ice receding after the last ice age, thus suggesting
that north European Atlantic salmon are derived from at least two separate refugia. We
propose that the anadromous and non-anadromous salmon populations from the Baltic
Sea basin most likely originate from a southeastern ice-lake refugium. The present day
White and Barents Sea basins have probably been colonized from multiple refugia.

Introduction

The last glaciation, dating from ~ 115 000 to
10 000 years ago (Andersen & Borns 1994)
had a great influence on the biodiversity of
northern Europe. As vast ice masses covered

the north European region during this period,
current species of the region originate from
ancestors formerly resident in non-glaciated
areas in the south of the continent. Comparative
phylogeography surveys have identified major
European refugia for terrestrial species in the



Tonteri et al. ANN.ZOOL.FENNICI Vol.42

Apennine, Iberian, and Balkan Peninsulas as
well as in southwest Russia (Hewitt 1996, 1999,
Taberlet et al. 1998). Considering aquatic spe-
cies, refugia contributing to current-day fresh-
water fauna have been identified in central and
eastern Europe (Nesbg er al. 1999, Koskinen
et al. 2000, 2002, Kontula & Vainola 2001),
while marine and anadromous (sea migrating)
fishes most likely have different histories due to
their differing environmental requirements. Spe-
cies with alternative life-history strategies, like
Atlantic salmon (Salmo salar) and brown trout,
(S. trutta) are especially intriguing and difficult
to understand.

The Atlantic salmon (Salmo salar L.) is a
species that has re-colonised north European
waters following the last ice age. Nowadays
the European distribution area of anadromous
Atlantic salmon ranges from northern Portugal
to the Pechora River in northwest Russia, includ-
ing Iceland, the British Isles, and the Baltic Sea
(Parrish et al. 1998). In addition, there are non-
anadromous (land-locked) salmon living in lakes
both in Europe and in North America. These
land-locked populations were formed as they
became isolated from the sea or lake by rapids
and waterfalls created by fast post-glacial land-
upheaval (Berg 1985). The Atlantic salmon is
globally substructured into genetically differen-
tiated populations (Stahl 1987). Using various
classes of genetic markers, it has been demon-
strated that there is a clear division between the
North American and European salmon popu-
lations (Stahl 1987, Bermingham er al. 1991,
McConnell et al. 1995a, 1995b, Verspoor et
al. 1999, King et al. 2001). European salmon
are further divided into two major groups: the
Atlantic and the Baltic salmon (e.g. Stahl 1987,
Bermingham et al. 1991, Bourke et al. 1997,
Verspoor et al. 1999, Nilsson et al. 2001).

Despite numerous studies, the post-glacial
origin of north European Atlantic salmon is still
debated. Considering Baltic Sea salmon, both
Atlantic (Verspoor et al. 1999) and eastern fresh-
water (Nilsson er al. 2001) refugia have been
proposed, as well as combinations of the two
(Koljonen et al. 1999). For salmon of north-
western Russia and the White Sea basin, refugial
populations in the eastern Barents Sea area have
been proposed (Kazakov & Titov 1991, Asplund

et al. 2004), but evidence for later immigration
from the Atlantic also exists (Asplund er al.
2004).

There are several potential reasons for this
lack of concordance. It seems clear that there
are several sources of postglacial re-colonisa-
tion, and the relative contribution of each is
difficult to quantify. Further, some studies suf-
fered from insufficient sampling of some north
European regions, with dense coverage of north-
west Russian populations being particularly rare
(but see Kazakov & Titov 1991, Asplund et
al. 2004). Earlier studies of north European
Atlantic salmon phylogeography have generally
relied on data from a single class of molecu-
lar marker: allozymes (Kazakov & Titov 1991,
Koljonen et al. 1999) or mtDNA (Verspoor et
al. 1999, Nilsson et al. 2001, Asplund et al.
2004). Therefore, inconsistent conclusions may
be due to the fact that these markers have differ-
ent modes of inheritance and differing mutation
and divergence rates which, if information from
different marker types is considered in isolation,
may cause conflicting conclusions when deter-
mining whether the observed genetic structur-
ing was created before or during the period of
ice-induced isolation, or following post-glacial
recolonization.

The analysis of multiple classes of molecular
markers, in combination with dense and exten-
sive sampling coverage, may provide a resolution
to some of the difficulties outlined above. Firstly,
combined analysis of nuclear markers with dif-
fering mutation rates such as microsatellites and
allozymes may help to provide a clearer pic-
ture of population relationships as the different
marker types may resolve relationships over dif-
ferent evolutionary time scales. Secondly, analy-
sis of microsatellite data may be particularly
useful for estimating the number of post-glacial
refugia that contributed to the re-colonisation of
northern Europe. This is due to the timing of the
re-colonisation event, which occurred ~ 10 000
years, or 2500 Atlantic salmon generations, ago.
This generation number is precisely the diver-
gence time above which microsatellite mutations
are expected to contribute to the genetic diver-
gence of populations (Estoup & Angers 1998).
Therefore, mutation should only have contrib-
uted to the microsatellite divergence between
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north European salmon populations colonised
from different post-glacial refugia. Whether or
not mutation has contributed significantly to the
genetic divergence between two groups of popu-
lations can be statistically tested by a recently
developed allele size permutation test (Hardy
et al. 2003). Hence, the method can be applied
to test whether north European salmon popula-
tions from a particular region originate from one
or more refugia. In this study, a combination of
microsatellite, allozyme, and mtDNA variation
was used to infer the refugial Atlantic salmon
lineages that contributed to the post-glacial colo-
nisation of current day north European popula-
tions.

Material and methods
Sampled populations

A total of 901 Atlantic salmon individuals from
15 anadromous and eight non-anadromous north
European populations were analysed (Table 1
and Fig. 1). The sampled individuals were either
adult or juvenile salmon, which were caught by
electrofishing, fly-fishing, drift nets or perma-
nent traps between the years 1988 and 2000.
Fin samples were preserved in 95% ethanol
for DNA extraction while tissues for allozyme
analysis were snap frozen in liquid nitrogen. For
the majority of samples, DNA was isolated using
the salt extraction method of Aljanabi and Mar-
tinez (1997).

Microsatellite data

Initially, seventeen microsatellite markers
were screened: Ssal4, Ssa289 (McConnell et
al. 1995a), SSOSLS5, SSOSL311 (Slettan et al.
1995), Ssa85, Ssal71, Ssal97, Ssa202 (O’Reilly
et al. 1996), SSOSL438 (Slettan et al. 1996),
SLEEIS84, SLEENS2 (Schill & Walker unpubl.,
GenBank accession numbers U86703 and
U86706, respectively), SSI1/ (Martinez et al.
1999), Ssa412, Ssa422 (Cairney et al. 2000),
$§520.19, SSD30, and SSF43 (Sanchez et al.
1996). A new reverse primer was designed for
Ssa412 (5-GTT TCT TGG TTA GTA CCG GAC

ATG-3") in order to obtain a longer PCR prod-
uct. Of these seventeen loci, three were excluded
from further analyses due to the amplification of
a duplicated locus in some populations (SS77),
due to the occurrence of null-alleles (S520.19),
or due to tight physical linkage with another
locus in the dataset (Ssa289: linkage distance
to Ssa422 < 10 cM (Gharbi 2001)). To facilitate
genotyping through enhancing 3” adenylation, a
GTTT “PIGtail” (Brownstein et al. 1996) was
added to the 5" end of each non-labelled primer.

The 10 ul amplification reactions consisted
of ca. 100 ng of extracted DNA, 0.1 to 0.5 uM
of each primer, one of which was fluorescently
labelled (Table 2), 1 X NH, reaction buffer
(16 mM (NH,),SO,, 67 mM Tris-HCI (pH 8.8),
0.01% Tween-20, Bioline), 1.5 mM MgCl,, 250
#M dNTP and 0.1 U of BioTaq DNA polymerase
(Bioline). In some cases, multiplex PCRs were
also utilised. These reactions were otherwise
the same except that some primer concentra-
tions were modified (Table 2). All amplifications
were carried out on a PTC100, PTC200 (MJ
Research) or Mastercycler gradient (Eppendorf)
thermal cyclers. The general PCR protocol used
started with a 3-minute denaturation at 94 °C fol-
lowed by 35 cycles of denaturation at 94 °C for
30 seconds (s), annealing at x °C (see Table 2 for
details) for 30 s, and extension at 72 °C for 30 s.
The protocol ended with a 5-minute final exten-
sion at 72 °C. For SSOSL311 each repeated step
was 60 seconds long.

In order to enable simultaneous electrophore-
sis of several markers in a single gel lane, the
markers were divided into two groups (Table 2).
The loci within a group were pooled together in
different amounts in order to produce fluorescent
signals of similar intensity (Table 2). The dena-
turated samples were electrophoresed on an ABI
Prism™ 377 genetic analysis instrument along
with the GeneScan 400HD ROX size stand-
ard (Applied Biosystems). GeneScan 3.1.2 and
Genotyper 2.5 (Applied Biosystems) were used
to analyse the DNA fragments and to score the
genotypes. All genotypes were inspected visually
and then data were exported to a spreadsheet pro-
gram for further analysis. In total, 901 individu-
als were successfully genotyped with at least 12
of the 14 microsatellite markers and were hence
included in further statistical analyses.
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Seven allozyme loci were utilized in the study:
AAT-4%*, ESTD-2*, IDDH-1%, IDDH-2*, IDHP-
3*, MDH-3%, and MEP-2*. Sample preparation
and electrophoresis were performed as described
in Kazakov and Titov (1998). Tissue samples
suitable for allozyme analysis were not available
for the same individuals as analysed with mic-
rosatellites in the Dee, Tornio, and Vindelalven
populations, hence, allozyme allele frequencies
from earlier studies were used for these popula-
tions (Jordan et al. 1992, Bourke et al. 1997, Fi9- 1. A map indicating sampling locations and pie
Koljonen ef al. 1999, E. Verspoor, pers. comm.). diagrams shOW|_ng the d|s_tr|but|on of mtDNA haplotypes
) k . among the studied Atlantic salmon populations. MiDNA
Published details of allele frequencies for the  haplotype data were not available for the river Taipale
locus ESTD-2* were not available for Vindel-  population.
alven. Therefore, the locus was assumed to be
monomorphic in this population since all the
other studied rivers in the Baltic Sea are mono- Mitochondrial DNA data
morphic for this locus (Bourke er al. 1997). As
no allozyme data were available for Tuloma, this  Frequencies of mtDNA haplotypes were obtained
population was excluded from analyses, which  from previously published studies (Palva et al.
included allozyme data. 1989, Nielsen et al. 1996, Nilsson et al. 2001,

Table 2. Details of the PCR reactions and genetic diversity indices of the microsatellite markers employed in this
study. Total A = the total number of alleles observed across populations. Mean A = average number of alleles per
population. A = allelic richness. H, = the average observed heterozygosity within a population. H, = the average
expected heterozygosity within a population.

Microsatellite Group Label PCR details Diversity indices

Primer Annealing Pooled Sizerange Total Mean A H, H,

conc. (uM)  temp. (°C) vol. (pl) (bp) A A
Single Multiplex

Ssa85 1 HEX 0.5 55 2.0 115-181 27 84 89 0.75 0.72
Ssal71* 1 FAM 0.1 0.2 55 1.5 206-260 25 76 7.7 0.72 0.69
Ssa197 1 HEX 0.4 60 1.5 159-271 27 10.2 10.0 0.80 0.79
Ssa202 1 NED 0.3 55 0.5 227-283 14 73 83 0.74 0.73
SSOSL85* 1 NED 0.5 0.5 55 1.0 178-226 19 6.7 7.4 0.67 0.65
SSOSL311 1 FAM 04 53 1.0 120-186 31 9.7 10.1 0.75 0.74
SS0SL438* 1 NED 0.2 0.11 55 0.5 117-151 16 44 49 0.53 0.54
SLEEI84t 2 FAM 0.3 0.4 55 1.0 171229 28 76 7.1 0.60 0.58
SLEENS82t 2 NED 04 0.4 55 1.0 209-233 13 43 5.0 048 047
Ssal4t 2 HEX 0.4 0.4 55 1.0 146-152 4 22 21 0.34 033
Ssa412 2 FAM 0.2 60 1.0 282-306 8 33 34 044 044
Ssa422 2 HEX 0.6 60 1.0 180-210 12 51 5.6 0.65 0.61
SSD30 2 HEX 0.6 50 1.0 217-247 10 2.7 3.2 027 0.27
SSF43 2 HEX 04 55 1.0 106-126 8 3.1 3.6 0.30 0.32
Average of all loci 173 59 6.2 0.57 0.56
* Multiplex .

1 Multiplex II.
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Asplund et al. 2004) for all but three of the
populations included in the study. Haplotypes
for the land-locked populations from Kamennoe
and Luzhma were generated using the methods
described in Asplund ef al. (2004). MtDNA data
were not available for the population from the
river Taipale.

Statistical analyses

Genetic diversity and Hardy-Weinberg and
genotypic linkage equilibrium

For microsatellites, the observed number of alle-
les (A), the observed proportion of heterozygotes
(H ), and the expected level of gene diversity
(H ) were estimated using Microsatellite Toolkit
3.1 (Park 2002). To account for unequal sample
sizes, allelic richness (A) was calculated with
FSTAT 2.9.3.2 (Goudet 2001). Since no indi-
vidual allozyme data were available for samples
from rivers Dee, Tornio, and Vindelalven, the
observed number of alleles as well as unbiased
gene diversity were calculated from previously
published allele frequencies. GENEPOP version
3.4 (Raymond & Rousset 1995) was used to
test for significant deviations from Hardy-Wein-
berg equilibrium (HWE) or genotypic linkage
equilibrium. To correct for multiple significance
tests, a sequential Bonferroni correction (Rice
1989) was employed.

Genetic differentiation

Genetic divergence among populations was stud-
ied using Wright’s F. and its analogue p,
(Rousset 1996), which is based on the stepwise
mutation model. GENEPOP 3.4 was employed
to compute F and pg, estimates over all popula-
tions and for all population pairs based on mic-
rosatellite data by using the 0 estimator of Weir
and Cockerham (1984) and the ® estimator of
Michalakis and Excoffier (1996), respectively.
F . values were not estimated from the allozyme
data since individual data were not available for
all populations. For the computation of p, esti-
mates, allele sizes in base pairs were transformed
into numbers of repeat units. The loci Ssa/71 and

SLEEIS84 had alleles that were not multiples of
the reported repeat unit length. In Ssal71 these
half alleles were observed in up to 40% of indi-
viduals in seven populations and were marked as
missing data. In SLEEIS4 the half alleles were
more common, occurring in up to 78% of indi-
viduals in 12 populations, and thus the locus was
excluded from the computation of p estimates.

Isolation by distance

A Mantel’s test was employed to examine if there
was an association between the geographical
and genetic divergence of the populations. Non-
anadromous populations were excluded from
the analysis since there are no migration pos-
sibilities between populations. Interpopulation
geographical distances were calculated as short-
est water distances between river-mouths and
they were plotted against the estimates of F /(1
— F,;) (Rousset 1997) and the Cavalli-Sforza and
Edwards’ (1967) chord distance (D) calculated
from the microsatellite data. Allozyme data were
excluded from this analysis due to the unavail-
ability of individual data for some populations.
The Mantel’s test was performed using the proce-
dure of Smouse et al. (1986) implemented within
the program GenAIEx 5.1 (Peakall & Smouse
2001). Statistical significance of the values was
obtained via 999 random permutations.

Relationships between populations

To study the inter-population relationships and to
infer potential post-glacial colonization routes of
the Atlantic salmon, the D, distances were calcu-
lated. This distance measure was chosen because
it has been shown to be one of the most efficient
in obtaining correct tree topology using micro-
satellite data (Takezaki & Nei 1996). A Neigh-
bor-Joining tree was constructed utilizing the
programs Segboot, Gendist, Neighbor, Consense,
and Fitch from Phylip version 3.573c or 3.6b
software packages (e.g. Felsenstein 1995). Trees
were created for allozyme and microsatellite data
separately, and also for data for both marker types
combined. Phylogram reliability was estimated
by 2000 bootstrap replicates over loci.
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Individual assignment tests

The extent of genetic differentiation among pop-
ulations can also be measured with assignment
tests (Cornuet et al. 1999, Hansen et al. 2001).
GeneClass2 program (Piry et al. 2004) was used
to assign individuals to their most likely popu-
lation of origin based on their microsatellite
multi-locus genotype. Again, allozyme data was
excluded from this analysis since individual data
were not available for all populations. The direct
approach using the Bayesian method (Rannala &
Mountain 1997) and the “leave one out” proce-
dure were employed.

Analysis of molecular variance

A hierarchical analysis of molecular variance
(AMOVA) was performed using microsatellite
data by applying the Arlequin version 2.0 soft-
ware (Schneider et al. 2000). In order to test
alternative colonisation hypotheses, populations
were grouped in three different combinations:

1. All non-anadromous populations were
grouped together with the anadromous popu-
lations from the Baltic Sea to test for pos-
sible common ancestry. A second group was
formed of the anadromous populations from
the White and Barents Seas, and the Atlantic
Ocean to account for their potential recoloni-
zation from a second refugium.

2. As above except that the three non-anadro-
mous populations from rivers draining to
the White Sea basin, Kamennoe, Pisto, and
Luzhma, were grouped together with the
anadromous populations from the White Sea
basin.

3. As for grouping 1, except that the non-anad-
romous populations of Kamennoe, Pisto, and
Luzhma were included as a third, separate

group.
Allele size permutation test
To test whether stepwise-like mutations have

contributed to genetic differentiation between
groups of populations, the allele size randomi-

zation test (Hardy et al. 2003) implemented in
the program SPAGeDi 1.1 (Hardy & Vekemans
2002) was utilized. This method can be inter-
preted as testing whether F = R, where R is
an SMM-based measure of genetic differentia-
tion based on microsatellite allele size variance,
which is analogous to Fe., and unbiased with
respect to differences in sample size between
populations and differences in variance between
loci (Slatkin 1995). When the contribution of
mutations to genetic differentiation is negligible
as compared with genetic drift and migration,
estimates of differentiation using F . and R,
should be similar. On the other hand, if stepwise-
like mutations have contributed significantly to
divergence, Ry >F,.

Taking into account the generation time of
salmon and the approximate microsatellite muta-
tion rate, stepwise-like mutations should not
have contributed significantly to the divergence
of populations colonised from the same glacial
refugium, but should have contributed to the
divergence of populations colonised from dif-
ferent refugia (Estoup & Angers 1998). Hence,
allele size permutation provides a method for
testing whether particular regions have been
colonised from more than one refugium. For this
purpose the populations were divided into three
groups: (1) the Baltic Sea basin, (2) Kamennoe,
Pisto, and Luzhma, and (3) White and Barents
Seas, and the Atlantic Ocean. Due to the geo-
graphical distinctiveness of these regions, and
also genetics data (see below), migration between
these regions can be considered to be negligible.
Again, the locus SLEEI84 was excluded because
of its high frequency of half alleles.

It should be noted however that as a conse-
quence of their stepwise-like mutation pattern,
size homoplasy can occur in microsatellite loci,
i.e. alleles of the same size are not necessar-
ily derived from the same ancestral allele (for
review see Estoup et al. 2002), which could lead
to underestimation of population divergence. If
the amount of size homoplasy was considerable,
the allele size permutation test would be con-
servative, as the level of genetic differentiation
as measured by R, would underestimate the
level of population differentiation, and hence
also underestimate the contribution of mutations
to population divergence.
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Fig. 2. The relationship between the geographical and
genetic distances of anadromous Atlantic salmon popu-
lations. Genetic distances are givenin Aas F/(1 - F,),
and in B as D_.. Black diamonds represent interpopula-
tion distances between Baltic populations, grey dia-
monds represent interpopulation distances between
Atlantic/Barents/White populations and white diamonds
represent interpopulation distances between the two
groups. The solid black line represents the regression
slope of all interpopulation comparisons (Fg,: Mantel's
ry = 0.477, P = 0.001; D..: Mantel's r,, = 0.513, P =
0.001) and the grey hatched line that of Atlantic/Bar-
ents/White population comparisons. (F;: r,, = 0.452, P

=0.048; D,.: Mantel’s r,, = 0.651, P = 0.004).

Results

Microsatellite and allozyme diversity of
Atlantic salmon from northern Europe

The average number of alleles per microsatellite
locus within a population varied between 2.5
(Saimaa) and 10.6 (Dee; Table 1 and Appendix
1) with average observed heterozygosity ranging
from 0.29 (Saimaa) to 0.72 (Dee). As expected,
the variation observed at allozyme loci was
lower than at microsatellite loci (Table 1 and
Appendix 2), with the number of alleles per
allozyme locus varying from 1.3 (Kamennoe) to
2.3 (Tornio) and expected heterozygosity from
0.07 (Kamennoe) to 0.33 (Varzuga).

Hardy-Weinberg and linkage equilibrium
of microsatellite and allozyme loci

Considering data for each population, the null
hypothesis of Hardy-Weinberg equilibrium
(HWE) could not be rejected for any microsat-
ellite or allozyme locus after a Bonferroni-type
correction for multiple statistical tests. At the
population level, following the correction for
multiple tests, one deviation from Hardy-Wein-
berg proportions (Nilma) remained significant
(Appendix 1). This was due to significant het-
erozygote excess at three of the 14 microsatellite
loci (SSOSL311, SSOSL438, Ssal4). This may
be due to hybridisation between Atlantic salmon
and trout in this river system (J. Lumme unpubl.
data).

After correcting for multiple statistical tests,
five pairs of microsatellite loci were in signifi-
cant linkage disequilibrium (LDE). However, as
there are no indications that these loci are geneti-
cally linked (Gharbi 2001, Gilbey et al. 2004), it
is unlikely that these cases affected our analyses.
Regarding the allozyme data for which individ-
ual level genotypes were available, only one pair
of loci (SAAT-4* & IDDH-2%) was not in linkage
equilibrium.

Genetic differentiation and relationships
between the north European salmon
populations

Single locus estimates of F . and pg ranged
from 0.127 to 0.309 and from 0.081 to 0.314,
respectively. The lowest estimate of pairwise F,
calculated over all loci was 0.011 (Kitsa—Var-
zuga) and the highest 0.500 (Saimaa—Kamen-
noe) with the mean value being 0.217 (Appen-
dix 3). The pairwise difference measured with
Py, ranged between 0.007 (Kitsa—Varzuga) and
0.571 (Saimaa—Unja) with the mean value of
0.218 (Appendix 3). A significant association
between geographical and genetic distance (both
F,. and D Appendix 4) was observed for
all anadromous populations and also when the
three Baltic populations were excluded from the
analysis (Fig. 2).

Based on allozyme data alone, phylogeo-
graphic resolution was relatively limited with the
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Sai

0.1 0.01

Baltic Sea basin

White Sea basin
non-anadromous

White and
Barents Seas
and Atlantic
Ocean

Fig. 3. Neighbour-joining phylograms based on (a) allozyme data, (b) microsatellite data, and (c) the combination
of both marker types based on D, distances. The numbers indicate percent bootstrap support for each node over

2000 replications. Only values over 50% are shown.

NIJ phylogram indicating only a small number of
nodes supported by bootstrap values > 50% (Fig.
3a). The geographic population structure based
on microsatellite data alone was clearer and
generally corresponded with the geographical
sampling regions (Fig. 3b). The analysis of the
combined microsatellite—allozyme data set iden-
tified the same three groups as the microsatellite
data alone (Fig. 3c). However, the bootstrap sup-
port of some key nodes rose and the within-clus-
ter population relationships were clearer. With
a bootstrap support of 63%, Lake Saimaa and
rivers Tornio and Vindeladlven clustered together
with Neva and the Lake Onega and Ladoga
populations, all from the Baltic Sea basin. Again,
the three Karelian non-anadromous populations
from the White Sea basin formed a well-sup-
ported group of their own. The bootstrap support
for the affinity between the Baltic and White Sea
basin non-anadromous population groups (36%)
was lower than for microsatellite data alone
(51%) indicating that at least some microsatel-
lite and allozyme loci suggest differing affinities.
The remaining populations included all those
from the White and Barents Seas, and the Atlan-
tic Ocean. Support for this cluster as a separate
group was not high, and highly supported nodes
within the cluster tended to be for populations
situated geographically close to each other (Fig.
3¢).

Opverall, 91.2% of the individuals were assigned
to the correct population of origin and 99.6% to
the group of origin: (1) the Baltic Sea basin, (2)
Kamennoe, Pisto, and Luzhma, and (3) White and
Barents Seas, and the Atlantic Ocean (Table 3).
At the population level, 100% assignment success
was achieved for seven out of eight non-anad-
romous populations compared to only one of 15
anadromous populations. Assignment efficiency
was above 80% for all populations except Tuloma
(76.2%) as well as Kitsa (68.9%) and Varzuga
(57.4%), two rivers that share the same estuary and
had the lowest pair-wise F observedin the study.
Accordingly, the majority of incorrect assignments
in these two rivers were reciprocal.

Partitioning of microsatellite variance

The hierarchical analysis of molecular variance
(AMOVA) revealed that the proportion of vari-
ance residing between groups was highest (8.4%)
when the populations were divided into three
groups: (1) the Baltic Sea basin, (2) Kamennoe,
Pisto, and Luzhma, and (3) White and Barents
Seas, and the Atlantic Ocean (Table 4). With
other population groupings, the proportion of
between-group variance was 34% to 45% less
(Table 4). Most of the variation, ca. 77%, resided
at the within population level.
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Comparison of F, and R estimates —
has mutation contributed to genetic
differentiation?

For the allele size permutation test, the popula-
tions were divided into three groups based on
the result of the AMOVA: (1) the Baltic Sea
basin, (2) Kamennoe, Pisto, and Luzhma, and (3)
White and Barents Seas, and the Atlantic Ocean.
The global multilocus estimates of F . and R,
between groups were 0.103 and 0.118, respec-
tively (Fig. 4). The observed multilocus R lay
above the upper limit of the 95% confidence
interval of the null distribution of the permuted
PR, and was statistically significant (P = 0.016).
Considering single loci, the global R values for
Ssa202 and SSOSLS5 were significantly larger
than the pRy. (P = 0.042 and P = 0.038, respec-
tively). This indicates that stepwise-like muta-
tions have contributed to genetic divergence and
therefore, postglacial colonisation of northern
Europe by more than one glacial refugium is
statistically supported. The result remained sta-
tistically significant (P = 0.017) when the three
non-anadromous populations from the White Sea
basin (Kam, Pis, Luz) were excluded from the
analysis. However, for other group pairings, there
was no indication that stepwise-like mutations
have contributed to genetic divergence (Fig. 4).
The same was true at the within group level.

Discussion

Genetic structure of the north European
Atlantic salmon

The level of genetic divergence among anad-

0.20 { mRgt BPRsT OFsT

0.15 .

0.10 *

0.05 ”_‘
0.00

Between three  Baltic vs. White & Baltic vs. White & Barents
groups Barents & Atlantic ~ White non-anadr. & Atlantic vs.
White non-anadr.

Fig. 4. Global R, pAy;, and F; estimates of the three
groups. Allele size permutation test results for testing
the contribution of mutation to differentiation between
the three groups of north European Atlantic salmon.
See text for details of the groupings. The 95% confi-
dence intervals are given for pA,. Cases where global
R, was significantly (0.05 > P > 0.01) larger than the
permuted null distribution pAg, are indicated with an
asterix.

romous populations, as measured using F,
(0.123), was similar to that observed in other
studies investigating the genetic relationships
of European Atlantic salmon populations using
nuclear markers (0.092 to 0.136, Bourke et al.
1997, King et al. 2001, Koljonen et al. 2002)
and also similar to divergence estimates in other
anadromous fish species (seven species average
G, = 0.108, Ward et al. 1994). Global Fo, esti-
mates for different regions were relatively simi-
lar (White Sea: 0.103, Barents Sea and Atlantic
Ocean: 0.095, and Baltic Sea: 0.089). The level
of genetic divergence between non-anadromous
populations was considerably higher (0.336)
and similar to the divergence levels observed
between other freshwater salmonid populations
(0.360 to 0.482, e.g. Garcia-Marin et al. 1999,
Primmer et al. 1999) and freshwater species in
general (49 species average G, = 0.222, Ward
et al. 1994). This difference, and the signal

Table 4. Hierarchical analysis of molecular variance (AMOVA) results for three alternative groupings of the studied
populations. Percentages of total variation explained (%) and fixation indices are given for three hierarchical levels.

Partitioning of the populations Among groups Within groups Within
populations
Group 1* Group 2t Group 3 % Pt Fee % Pt Fe % PE Fg
Baltic + Luz, Kam, Pis  Whi, Bar, Atl - 47 * 005 178 *** 0.19 77.6 *** 0.22
Baltic Whi, Bar, Atl + Luz, Kam, Pis — 56 ** 0.06 175 ** 019 770 ** 0.28
Baltic Whi, Bar, Atl Luz, Kam, Pis 84 *™ 0.08 148 *** 0.16 76.9 *** 0.23

* Baltic, Baltic Sea basin; Luz, Luzhma; Kam, Kamennoe; Pis, Pisto; ¥ Whi, White Sea; Bar, Barents Sea; Atl, Atlan-

tic Ocean; £ *** P < 0.001.
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of isolation by distance observed for anadro-
mous populations (Fig. 2), highlights the effect
of straying i.e. migration on the population
genetic structure of Atlantic salmon. The mod-
erate to high level of population differentiation
is also evidenced in the individual assignment
test results (Table 3). Overall 91.2% of the
individuals were assigned to the correct popula-
tion of origin and 99.3% to 100% to the correct
group of origin. As expected, due to their higher
level of population differentiation, all but one
non-anadromous population had all their indi-
viduals correctly assigned. In comparison, the
assignment efficiency (57.4% to 100%) among
the populations from the White/Barents/Atlantic
populations was lower.

Even though individuals could be correctly
assigned to their group of origin, analysis of
molecular variance indicated that the proportion
of genetic variation explained at the between-
group level was relatively low (8.4%; Table
4). Nevertheless, this proportion is similar to
that observed in an earlier study of Atlantic
salmon (6.1% between European countries and
3.2% between North American provinces; King
et al. 2001). In contrast, a higher proportion of
molecular variance, 21.9%, was found to reside
between the two continents (King ez al. 2001).

Relationships between populations

Interpopulation relationships based on alloz-
yme data alone were inconclusive, with few
nodes supported by bootstrap values above 50%
(Fig. 3a). On the other hand, microsatellite data
divided the populations into groups correspond-
ing relatively well to their geographical origin
but the relationship of some populations to the
groups still remained unclear (Fig. 3b). Combin-
ing allozyme and microsatellite data, the rela-
tionships became clearer (Fig. 3c): all popula-
tions from the Baltic Sea basin grouped together
with a bootstrap support value of 63%. Within
this cluster, populations from the Gulf of Finland
and the Gulf of Bothnia formed separate, well
supported, groups. Interestingly, the anadromous
River Neva population shared a higher affinity
with geographically closer Lake Ladoga and
Lake Onega populations than with anadromous

populations from the northern Baltic Sea basin,
Bothnian Bay (Fig. 3c). The three non-anadro-
mous Karelian populations from the White Sea
basin formed a second distinct group (Fig. 3c).
The clustering of populations from the White
and Barents Seas and the Atlantic Ocean was
more highly supported by microsatellite data
alone than by the combined data-set (bootstrap
support of 51% vs. 36%, Fig. 3) and thus the
relationship between these populations remains
somewhat unclear. Overall however, the level of
phylogram bootstrap support is higher than that
observed in earlier studies (e.g. Koljonen et al.
1999, King et al. 2001).

Post-glacial origin of north European
Atlantic salmon

Evidence of a single glacial refugium for the
Baltic Sea

The colonisation of the Baltic Sea and lakes
Ladoga and Onega from a single refugium is
supported by the grouping of all Baltic Basin
populations together with a moderately high
bootstrap support (Fig. 3c). The most likely
source of post-glacial colonisation is the Baltic
Ice Lake, the predecessor of the present day
Baltic Sea and lake Ladoga, which was situ-
ated at the southern and southeastern edge of
the Scandinavian Ice Sheet ~ 12 600 to 10 300
years ago (e.g. Bjorck 1995). Lake Onega was
not a part of the Baltic Ice Lake but it has been
suggested to have been connected to it (Saar-
nisto et al. 1995), thus allowing colonisation
of Lake Onega also from this refugium. This
post-glacial colonisation scenario is in line with
that proposed by Nilsson et al. (2001), based on
mtDNA, but is not concordant with colonisa-
tion scenarios where a significant contribution
of salmon from a western (North Sea) refugium
has been proposed for recolonising part (Koljo-
nen et al. 1999) or all (Verspoor et al. 1999) of
the Baltic region. Given the highly supported
(91% bootstrap support, Fig. 3¢) separation of all
Baltic Sea basin populations from the Scottish
River Dee population, any significant contribu-
tion of North Sea stocks to recolonisation of the
Baltic seems highly unlikely.
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Several additional glacial lineages in the
White, Barents, and Atlantic basins

Both the population phylogram (Fig. 3c) and
the allele size permutation test (Fig. 4) indicate
that the populations from the White, Barents,
and Atlantic basins most likely originate from
different glacial refugia than the Baltic popula-
tions. A likely location of one refugium is the
eastern Barents Sea. During the Late Weichse-
lian, from ca. 25000 to 10 000 years ago, the
western Barents Sea and White Sea were still
covered by ice but survival in the eastern Barents
Sea should have been feasible (Mangerud et al.
2001). As the glacier receded it would have been
possible for salmon to spread to the rivers of the
Kola Peninsula and to the White Sea (Kazakov
& Titov 1991, Asplund et al. 2004). The mito-
chondrial haplotype (AABA) which is observed
in high frequencies in both the Baltic and White
Sea basins (Fig. 1, Appendix 5; Nilsson ef al.
2001, Asplund et al. 2004) is most likely due to
its presence in inhabitants of the Komi Ice Lake
about 90 000 years ago (Mangerud et al. 2001),
which has been connected to both the Barents
Sea and Baltic Sea at differing times (Masleni-
kova & Mangerud 2001).

A second potential source of the White and
Barents Sea salmon could be the Atlantic Ocean
as has been suggested earlier (Verspoor et al.
1999, Asplund et al. 2004). While neither the
nuclear locus phylogram, nor the allele size per-
mutation test, lend strong support to this theory
(Fig. 3c), the consistent rare occurrence of a
western Atlantic allozyme allele *80 at the locus
ESTD-2* (Bourke et al. 1997) in populations from
the White and Barents Sea basins, including two
non-anadromous populations (Appendix 2), sup-
ports early immigration from the western Atlantic
Ocean. Similarly, the mtDNA haplotype BBBB
commonly occurs in both the Atlantic Ocean and
the White Sea populations (Fig. 1, Appendix 5;
Nilsson et al. 2001, Asplund er al. 2004). Under
this scenario, salmon would have dispersed via
a stepping stone model from the North Sea or
even as far as from the Iberian Peninsula along
the coast of Norway to the Barents Sea and even-
tually to the White Sea (Verspoor et al. 1999,
Asplund er al. 2004), to supplement the apparent
contribution of an eastern refugium.

Non-anadromous populations possibly
colonised from at least two different refugia

Both the nuclear locus phylogram (Fig. 3) and
the AMOVA analysis (Table 4) indicate that the
eight non-anadromous populations can be sepa-
rated into two distinct groups, one including five
populations from the Baltic Sea basin (Lakes
Saimaa, Ladoga, and Onega) and a second
including the remaining three Karelian popula-
tions from the White Sea basin. While the Baltic
Sea basin non-anadromous populations formed
a group with the anadromous populations (see
above), the three non-anadromous populations
from the White Sea basin formed a distinct clus-
ter (Fig. 3). The distribution of mitochondrial
haplotypes (Asplund et al. 2004, and the results
presented here), as well as the nuclear AMOVA
results indicate that Kamennoe, Pisto, and
Luzhma are likely derived from the same refu-
gium as the rest of the populations in the White
Sea basin (Table 4), but perhaps isolated before
significant Atlantic immigration. Thus the origin
of the White Sea non-anadromous populations
could also be the eastern Barents Sea refugium.
The occurrence of an allozyme allele (ESTD-
2#80) commonly observed in North American
populations (Bourke et al. 1997) indicates con-
tribution of an Atlantic refugium.

Indications of male-driven gene flow

While studies with maternally inherited mito-
chondrial DNA markers have identified several
clear borders defining the geographical distribu-
tion of mtDNA haplotypes (Asplund et al. 2004),
nuclear markers failed to detect the same clear
structure (Fig. 3). More specifically, the relation-
ships between the White and Barents Sea popu-
lations based on nuclear markers are unclear
(Fig. 3), whilst with mtDNA markers they can
be divided into three distinct groups according
to abrupt changes in mtDNA haplotype frequen-
cies (see fig. 2 in Asplund et al. 2004). This
could indicate that the homing of female Atlantic
salmon to their natal river is stronger than that of
males, and hence the population genetic structur-
ing of bi-parentally inherited markers is weaker
than maternally inherited markers due to male-
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biased gene flow. Strong homing of females
makes sense in biological terms. To maximize
the size and number of offspring, hatching suc-
cess and larval survival, the female must lay her
eggs at an optimal site (Resetarits 1996). As an
egg is essentially a female cell, laying the eggs
at a site where the female was incubated and
hatched itself — a place that is evidently suitable
— maximises her reproductive success and con-
sequently parental fitness.
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