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Introduction

Throughout its range, Atlantic salmon (Salmo salar
L.) exhibits large interpopulational genetic differ-
ences (Ryman, 1983; Stahl, 1987; Blanco et a!., 1992;
Jordan et al., 1992). These differences have been
attributed to restricted gene flow among populations
caused by efficient homing. Restricted gene flow is
likely to increase the role of genetic drift within
populations and may also facilitate local adaptations.

In recent years, interest in the genetic structure of
Atlantic salmon populations has increased because
of growing exploitation of stocks, destruction of suit-
able habitat and intentional or unintentional human-
mediated gene flow. Intentional gene flow is the
result of the supplementation of natural populations
of salmon with salmon of non-native origin (Thomp-
son & Russell, 1991; Vasquez et al., 1993), and unin-
tentional gene flow is caused by domesticated
salmon that escape from fish farms. The reproduc-
tive success of non-native salmonids in nature,
however, has generally been shown to be less than
that of native salmonids (Thompson & Russell,
1991; Flemming & Gross 1993; Vasquez et a!., 1993;
Hansen et a!., 1995).

The introduction of non-native salmon has poten-
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tial implications for wild salmon populations. It can
lead to displacement of the native populations, to
homogenization of the genetic material by swamping
and, possibly, to outbreeding depression (Hindar et
al., 1991). Evidence of outbreeding depression is,
however, scarce in salmonid fishes, but even a low
degree of spawning intrusion by cultured fish (or
stocked fish of foreign origin) may have a serious
impact on native populations (Hutchings, 1991).

Genetic markers for distinguishing between
source populations are essential for studying the
implications of 'mixing' salmon of different
geographical origin. Mitochondrial DNA (mtDNA)
provides a useful marker system. MtDNA has a
lower effective population size than nuclear genes,
approximately equal to half of the effective number
of females (Birky et a!., 1983), and is therefore more
subject to drift than nuclear genes. This may cause
salmon populations to exhibit larger differentiation
for mtDNA than revealed by traditional allozyme
electrophoresis.

So far, the application of RFLP (Restriction Frag-
ment Length Polymorphism) analysis of the whole
mtDNA has been used to distinguish between
salmon from Scotland and Norway (Knox &
Verspoor, 1991). However, until now the number of
individuals screened and the number of salmon
populations studied have been limited owing to the
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time consuming procedures associated with these
methods. The development of PCR and specific
mtDNA primers has solved many of these problems.
Crude preparations of total genomic DNA can be
used for routinely amplifying mtDNA segments. We
have applied a PCR-based method using the primers
described by Cronin et al. (1993) to study the genetic
structure of salmon populations on different
geographical levels, with particular reference to the
only extant Danish salmon population.

Materials and methods

Salmon populations

The only remnant wild population of Atlantic
salmon in Denmark is found in the Skjern River
(SKJ). The river runs into the North Sea on the west
coast of Jutland (Fig. 1). The Skjern River popula-
tion has been severely reduced as a result of human
activities during this century. It has been isolated for
several decades because of the extinction of all other
Danish salmon populations. At present, the rivers

Fig. 1 Approximate location of the river systems sampled.
See Table 1 for list of abbreviations.

containing natural populations of Atlantic salmon
closest to the Skjern River are situated on the
Swedish west coast. Sea ranching of salmon in
Denmark has never occurred, so gene flow from
domesticated salmon could only have occurred via
escapees from aquaculture in other countries. The
other populations used in this study were sampled
from various river systems in Europe, centred mainly
around the North Sea: the rivers Atran and Lagan
of the Swedish west coast, which have been inten-
sively stocked with native salmon, Numedalslâgen
from Southern Norway, Conon and Dee (two tribu-
taries, Girnock and Baddoch Burns) from Eastern
Scotland, and two Irish populations, Burrishoole and
Corrib from the Atlantic coast.

Sample sites of fish are summarized in Table 1.
Young salmon (parr) from the Skjern River were
collected in 1989 by electrofishing and stored at
—20°C. Fish from Atran, Lagan, Conon, Burrish-
oole and Corrib were provided by the Brusgaard
Production School, Denmark. To reduce the possi-
bility that small sample size could result in the
imported samples showing less genetic variation
than their source populations, fertilized eggs were
collected from at least 20 breeding pairs in the
native rivers. The fish from Brusgaard were sampled
as parr and as young salmon ready for migration to
sea (smolt). Fish from Numedalslâgen, Norway,
were sampled as parr, and muscle samples were
stored in ethanol. Samples from the Girnock and
Baddoch Burns were provided as extracted total
genomic DNA from adult salmon.

Mitochondrial DNA analyses

DNA was extracted as described by Taggart et al.
(1992). We amplified two segments of the mitochon-
drial genome: ND 1 (NADH dehydrogenase 1) and
the control region (D-loop) with the primers
described by Cronin et al. (1993). Two other sets of

Table 1 Populations of Atlantic salmon sampled, sample size (N), list of
abbreviations, year of sampling and life stage of fish sampled

Sample N Abbreviations Year Life stage

Skjern River (Denmark) 33 SKJ 1989 Parr
Atran (Sweden) 27 ATR 1994 Smolt
Lagan (Sweden) 37 LAG 1994 Parr
Numedals1gen (Norway) 26 NUM 1993 Parr
Conon (Scotland) 34 CON 1994 Parr
Dee (Scotland) 111 DEE 1993 Adult
Burrishoole (Ireland) 32 BUR 1994 Parr
Corrib (Ireland) 27 COR 1994 Parr
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primers, ND3/4 and ND 5/6 (NADH dehydrogenase
3 and 4, and NADH dehydrogenase 5 and 6, respec-
tively), were also tried, but could not be readily
amplified for routine analysis.

PCR reactions were set up in a 50 tL volume
composed of 0.2 /IM of each primer, 10 mrvi Tris-HC1
(pH 9.0), 1.5 mrvt MgC12, 50 mrvi KCI, 0.01 per cent
(w:v) gelatine, 0.1 per cent Triton X-100 and 0.5
units of Taq or Thr polymerase. As a template,
approximately 200 ng of total genomic DNA was
added in 1 x TE buffer.

The following amplification cycles gave the best
results for the ND 1 segment: denaturation at 95°C
for 1 mm, eight cycles consisting of annealing at
50°C for 30 s, extension at 70°C for 2.5 mm, dena-
turation at 95°C for 45 s, followed by 21 cycles at
53°C for 30 s, 70°C for 2.5 mm, 95°C for 45 s and a
final annealing at 53°C for 30 s, with a final exten-
sion for 4 mm at 70°C. For the D-loop segment, an
annealing temperature of 55°C yielded the largest
amounts of DNA.

The amplified segments of DNA were screened
for restriction site polymorphism by using the
following endonucleases: AluI, AvaI, Avail, BamHI,
Ddel, Dral, HaeIII, HhaI, HincII, Hinfl, HpalI,
MboI, MwoI, RsaI, SspI and TaqI. From the findings
of an initial screening of 50 fish pooled from all
populations, we chose only to amplify the ND 1
segment and used only Avail, HaeIII, Hinfl and
RsaI in our analyses of PCR products.

Amplified segments were digested with each of
the four chosen restriction enzymes, using 8 1uL of
the PCR reaction for each digestion. The amount of
restriction endonuclease used for each digestion
varied between 0.5 and 2.5 units. The digested
samples were electrophoresed on 2 per cent agarose
gels in 0.5 x TBE buffer (Tris-borate-EDTA)
followed by staining with ethidium bromide. Visual-
ization of the fragments was carried out under UV
light and recorded on Polaroid film. Each restriction
morph was designated with a capital letter. Compo-
site genotypes (haplotypes) were designated by four
letters, one for each restriction enzyme used in this
study.

Data analysis

The size of the restriction fragments was estimated
by comparison to a hundred base pair ladder (Phar-
macia). Fragments larger than approximately 100 bp
were recorded. For estimation of fragment lengths
we used a least squares method (Schaffer, 1983).
The genetic relationship among haplotypes was
analysed by calculating the mean number of substi-
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tutions per site between all pairs of haplotypes based
on the restriction fragment data, as described by Nei
& Li (1979). Construction of a tree describing the
genetic relationships among haplotypes was carried
out according to the algorithm of Fitch & Margo-
hash (1967) using the programs D from the REAP
package (McElroy et at., 1991) and FITCH from the
PHYLIP package (Felsenstein, 1993). Pairwise tests
for homogeneity of haplotype frequencies between
samples were performed using a Monte Carlo simu-
lation approach (Roff & Bentzen, 1989), with the
program MONTE from the REAP package (McElroy et
at., 1991). Levels of significance were adjusted
according to the sequential Bonferroni method as
described by Rice (1989).

The AMOVA (analyses of molecular variance)
method and program developed by Excoffier et at.
(1992) was used for analysing the distribution of
genetic variation among populations. This method
quantifies levels of genetic variation by analysis of
variance. The program allows for partitioning the
variance components into different hierarchical
levels: variance among groups, variance among
populations within groups and variance within popu-
lations. The AMOVA program was also used for
calculation of -statistics: 1sT, the correlation of
random haplotypes within subpopulations, relative
to that of random haplotypes drawn from the total
population; the correlation of random haplo-
types from a group of subpopulations, relative to
that of random pairs of haplotypes drawn from the
whole population; the correlation of random
haplotypes within subpopulations, relative to that of
random pairs drawn from within that geographical
group. For the estimation of 'ST all populations
were included, whereas for the organisation of the
populations into group levels, geographical groups
that only contained one population were excluded
(Skjern River and Numedalslâgen). The other
populations were organized into three groups
according to their respective geographical region: (i)
Atran and Lagan; (ii) Conon and Dee; and (iii)
Corrib and Burrishoole. The relationship between
geographical and genetic distance was investigated
by comparing distances measured over sea from
river to river, with genetic distances computed as
'ST (Slatkin, 1993) between sample pairs. The
relationship was tested by use of the program
G-Mantel from the G-Stat 3 package (Siegismund,
1993). Gene flow was estimated as the effective
number of migrating mitochondria per generation,
which is expected to be approximately the number
of migrating females per generation (Hudson et at.,
1992).
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Results

The size of the amplified ND 1 fragment was 2 kb.
Digestion patterns revealed restriction site differen-
ces for four of the endonucleases. AvaI, Hinfl and
RsaI detected two morphs, whereas three morphs
were revealed by using HaeIII (Table 2). Differences
between morphs could in all cases be explained by
the gain or loss of one restriction site.

Six composite genotypes (haplotypes) were identi-
fied (Table 3). The genetic relationship among
haplotypes is summarized in Fig 2. The distribution
of haplotypes between localities (Table 3) shows that
haplotype 2 was the most common and appeared in
all populations studied. Haplotypes 1, 3 and 4 were
found in most populations. Only one 'private' haplo-
type was found (haplotype 5 from the Dee). Signi-

ficant differences in haplotype frequencies were
found for the majority of the pairwise comparisons
between populations (Table 4); however, only the
populations from Skjern River and Lagan were
significantly different from all other populations.
Most of the genetic variance was distributed within
populations (Table 5). The 'among population
within group' level contributed 20 per cent to the
total variance. A very small proportion of the
genetic variation was distributed among groups. The
tIST value of 0.335 for all populations, when substi-
tuted in the equation: (Nm)F = (1/ITsT— 1) (Hudson
et al., 1992), provided an estimate of gene flow
among populations of (Nm)F = 0.99. The Skjern
River population showed the largest average genetic
distances to other populations, with pairwise IST
values ranging from 0.26 to 0.54. The relationship

Table 2 Approximate size in base pairs (bp) of restriction fragments, for
Atlantic salmon ND 1 digested with four endonucleases: AvaIl, HaeIll, HinfI
and RsaI

Restriction
endonuclease Avail HaeIII Hinfl
Restriction
morph A B A B C A B A

RsaI

B

Fragment
sizes (bp) 940 630 630 1040 1040 480

540 570 570 570 390 390
410 410 500 530 310
340 380 400 400 300 300
320 320 230 270 270
220 220 210 210 210 230 230
160 160 180 180 180 210 210

170 170 170 160
150 150 150
110 110 110

Only fragments larger than one hundred base pairs are included.

Table 3 Haplotype frequencies for Atlantic salmon and sample sizes (N)

Haplotype AAAA BBBB AABA BBBA ACAA AAAB
Number N 1 2 3 4 5 6

Skjern River 33 0.67 0.30 0 0.03 0 0
Atran 27 0.11 0.74 0.11 0 0 0.04
Lagan 37 0 0.22 0.68 0.10 0 0
Numedalslágen 26 0 0.65 0.23 0.12 0 0
Conon 34 0.24 0.24 0.09 0.44 0 0
Dee 111 0.09 0.54 0.07 0.25 0.05 0
Burrishoole 32 0.22 0.44 0 0.28 0 0.06
Corrib 27 0 0.41 0.15 0.44 0 0

Haplotypes are denoted by capital letters in the following order: Avail, HaeIII,
Hinfl, RsaI and by number, 1—6.

The Genetical Society of Great Britain, Heredity, 77, 35 1—358.



GENETIC STRUCTURE OF ATLANTIC SALMON POPULATIONS 355

between genetic and geographical distance (Fig. 3)
was not significant (Mantel test: P =0.8).

Discussion

Variability in Atlantic salmon mtDNA

Clonal diversity of mtDNA in Atlantic salmon was
low. One reason for this low level is that we only
analysed one segment of the mtDNA. However, the
detected low number of clones is in accordance with
other results on populations of Atlantic salmon by
King et at. (1993), Hovey et at. (1989) and Pallson &
Arnason (1994) and is also in accordance with low

Type 4

Type 2

6

Fig. 2 Phylogenetic tree summarizing the genetic relation-
ship among Atlantic salmon haplotypes. The tree was
based on the mean number of base substitutions per site
between haplotypes (Nei & Li, 1979) and constructed
according to the algorithm by Fitch & Margoliash (1967),
using the program FITCH from the PHYLIP program
package (Felsenstein, 1993).

levels of genetic variation in this species as detected
by other methods of genetic analyses (Davidson et
al., 1989). Low genetic variation is often found for
fish species inhabiting formerly glaciated regions
(Billington & Hebert, 1991).

Phylogeny and geographical distribution of
haplotypes

We found no obvious correspondence between
phylogeny and geographical distribution. The four
most common haplotypes were widely distributed
(Table 3) among river systems and were represented
in all geographical regions. The single 'private'
haplotype discovered was from the Dee. Results
from digestion of the whole mtDNA by other
authors (Hovey et a!., 1989; Palva et at., 1989; King
et at., 1993) have not revealed more than two diges-
tion morphs employing the restriction endonuclese
HaeIII. In our analyses we have identified three
morphs using this restriction endonuclease, the
rarest of these morphs being the one that separates
haplotype 6 from haplotype 1.

Table 5 Genetic variance components and -statistics for
Atlantic salmon populations estimated using the AM0VA
program (Excoffier, 1992)

Genetic variance D statistics

Among groups 0.2% I 0.002

Among populations within groups 20.3% 1Sc 0.203

Within populations 79.5% IIST 0.335t

tFor calculation of this value, all populations were
included.

Table 4 Pairwise tests for homogeneity of haplotype frequencies between
populations of Atlantic salmon

SKJ ATR LAG NUM CON DEE BUR

ATR 22.4***

LAG 49.0*** 29.6***

NUM 22.0** 8.2 NS 13.5**

CON 30.4*** 22.9*** 31.6*** 19.5**

DEE 51.1 14.2 NS 594*** 10.9 NS 14.4*

BUR 168** 147* 374*** 179** 8.2NS 14.7NS

COR 35.1*** 18.8** 18.6*** 7.1 NS 8.3 NS 8.6 NS 13.5*

The significances of the x2 were estimated using a Monte Carlo approach (Roff
& Bentzen, 1989).

Values of significance were adjusted according to the sequental Bonferroni
method. x2 values of the original matrix are tabulated.
** * <0.001, **J<0.01, * <0.05; NS: nonsignificant.
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two sexes. The estimated gene flow is well within the
range of estimated values from studies using allo-
zyme variation, Nm = 1.42 (Elo, 1993, from 57 popu-
lations), 2.5 (Stahl, 1981, Baltic populations) and 2.3
(Koijonen, 1989, four Finnish stocks), which mdi-
cates that estimates of gene flow based on data
obtained from allozyme electrophoresis and RFLP
analysis of mtDNA are comparable. This is also
supported by the results of Hansen & Loeschcke
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Fig. 3 Relationship between genetic (pairwise ST values)
and geographical distance (km) between Atlantic salmon
populations. Relationships involving the Skjern River are
indicated with X.

This lack of correlation between phylogeny and
geographical distance probably arises from the post-
glacial colonization of the studied geographical
regions by Atlantic salmon. The number of muta-
tions accumulated in mtDNA during this rather
short period has not been sufficient for populations
to diverge. The findings from a related species with
a similar evolutionary history, the brown trout
(Salmo trutta L.), shows a similar pattern (Hansen &
Loeschcke, 1996). Therefore genetic differences
observed between haplotypes, for the major part,
probably represent 'old' variation predating the last
glaciation (about ten thousand years), as is observed
for allozyme variation (Stahl, 1987).

• •
Genetic differentiation and gene flow among
populations
The results from the analyses of molecular variance
(Table 5) suggest considerable genetic differentia-
tion among populations from different river systems.
The large differences are partly explained from the
specific gene flow dynamics of mtDNA. Population
genetics theory for nuclear genes predicts genetic
differentiation among populations if the exchange of

.effective migrants per generation is less than one
.

(Wright 1931). However, the effective population
size for mtDNA is only about one-quarter that of
the effective population size for nuclear genes (Birky
et a!., 1983), which means that strong genetic differ-
entiation may occur if the effective migration is less
than four individuals per generation. The calculated
number of migrating females (Nln)F of 0.99 corre-
sponds to a total number of approximately two

(1996) who obtained similar results for both
methods in a study of genetic differentiation of
brown trout populations. The similarity of results
obtained with haploid and diploid genetic markers
is, however, not evidence of equal migration rates of
males and females. Higher migration rates among
males and a female-biased sex ratio could create the
same pattern.

Most of the genetic variance for nuclear genes is
distributed within populations of Atlantic salmon
(Ryman, 1983; Stahl, 1987; Jordan et a!., 1992). A
marked difference exists between the major
geographical groups of Atlantic salmon (North
American, European and Baltic), contributing about
30 per cent to the genetic variance (Stahl, 1987).
The hierarchical analysis of variance presented here
(Table 5) shows that a similar large component of
the mtDNA variance is found within populations.
The very low 'among group' variance component is
likely to be the result of the narrow geographical
range covered in this study. MtDNA differences
have been proposed to exist between major groups
(North American and European, Bermingham et a!.,
1991). It would be interesting to apply this method
on a larger geographical scale to investigate possible.
additional large groupings. We observed that part of.
the variance was distributed among populations
within groups, a finding which may be attributed to
the limited populations within each group. A
sampling design that includes more populations
within a narrow geographical range could clarify
this.

•
Relationship between genetic and geographical.
distance

The lack of correlation between genetic and geo-
graphical distance implies that the gene flow among
populations of Atlantic salmon on the geographical
scale studied here follows an island model. This is
supported by the findings of Elo (1993), who found
no correspondence for geographical distances
smaller than 2000 km. However, he found a good
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correlation for geographical distances larger than
2000 km. It would be interesting to apply studies of
mtDNA on a larger geographical level to see if this
'isolation-by-distance effect' can also be found for
mtDNA.

The Skjern River salmon population

The Skjern River population is an illustrative example
of the importance of gene flow and genetic drift for
the genetic population structure of Atlantic salmon.
The low population size of this specific population
has probably lead to the high degree of genetic
differentiation (Table 4). The only other population
that is significantly different from all other popula-
tions studied is the population of the River Lagan,
which has experienced a severe bottleneck in this
century (G. Holdensgaard, personal communica-
tion). Many populations of Atlantic salmon are now
being stocked with hatchery-reared fish of native or
non-native origin including the two populations
mentioned here (SKJ, LAG). Both stocking strate-
gies may disturb the natural population structure of
Atlantic salmon. Stocking fish of native origin can
lead to a lowered effective population size, if the
number of wild founders used for supportive breed-
ing is limited (Ryman, 1991). If fish of non-native
origin were stocked this may lead to increased levels
of gene flow (Evans, 1991; Crozier, 1993). Careful
evaluation of stocking practices is therefore needed
if any impact on population structure is to be
avoided.

MtDNA as a genetic marker for Atlantic salmon
population studies

Mitochondrial DNA can be considered as one
hypervariable locus, representing only a small part
of the total genome and with gene flow dynamics
different from nuclear genes. This has led to doubt
about the representativeness of results obtained by
employing mtDNA as a genetic marker for studies
of population structure (Ferguson et al., 1991; see
also Pamilo & Nei, 1988; Degnan, 1993). However,
we found striking similarities with results on popula-
tion structure of Atlantic salmon as revealed by
other types of analyses. From our point of view,
mtDNA analysis therefore appears to be a fast and
reliable method of obtaining population data with
high resolution.
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