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Phylogeographic lineages and differentiation
pattern of Atlantic salmon (Salmo salar) in the
Baltic Sea with management implications

Marja-Liisa Koljonen, Hakan Jansson, Tiit Paaver, Oleg Vasin, and
Jarmo Koskiniemi

Abstract: The genetic structure and isolation pattern of the Atlantic saln8ainfo salay throughout its range in the

Baltic Sea were examined as a starting point for a conservation strategy for the species in this area. The allozyme
variation in seven polymorphic loci was studied in 5125 salmon from 24 rivers in four countries. A clear dichotomy
was observed between stock groups from southeastern (Russia, Estonia, Latvia, southern Sweden) and northwestern
(northern Finland, northern Sweden) drainage regions, corresponding to the postglacial colonisation of the Baltic Sea
by two phylogeographic lineages, one from the east (the Ice Lake lineage) and one from the west (the Atlantic
lineage). The geographical and genetic distances between stocks fit the one-dimensional “isolation-by-distance” model
(p < 0.001). The estimated gene flow ranged from O to10 migrants per generation. The total diversity of hatchery
stocks was 72% of that of the wild stocks. Genetically similar stock groups, phylogeographic lineages, and drainage
regions are recommended for use as genetic management units in addition to stock level.

Résumé: On a examiné la structure génétique et le profil d’isolement du saumon atlangalraq salarL.) dans
toute son aire de répartition dans la mer Baltique en vue d’établir une stratégie de conservation de I'espéce dans cette
région. On a étudié la variation des allozymes de sept loci polymorphes chez 5125 saumons prélevés dans 24 rivieres

de quatre pays. On a observé une nette dichotomie entre les groupes de stocks des bassins hydrographiques du sud-est

(Russie, Estonie, Lettonie, sud de la Suede) et des bassins du nord-ouest (nord de la Finlande, nord de la Suede), qui
s’explique par la colonisation postglaciaire de la mer Baltique par deux lignées phylogéographiques, I'une de I'est
(lignée du lac glaciaire) et I'une de I'ouest (lignée de I'Atlantique). Les distances géographiques et génétiques entre les
stocks s'accordent avec le modeéle unidimensionnel d’isolement en fonction de la digtand@:001). Le flux

génétique estimé variaited0 a 10 mjrants par génération. La diversité totale des stocks d’écloserie était de 72 % de

celle des stocks sauvages. En plus de la taille des stocks, on recommande de prendre en considération dans les unités

génétiques de gestion les groupes de stocks génétiquement similaires, les lignées phylogéographiques et les bassins
versants.

[Traduit par la Rédaction]

Introduction form one effectively isolated evolutionary unit of Atlantic

. . . . ... salmon and differ clearly from Atlantic salmon of the rivers
A hierarchical structure of population dlfferent|at.|on IS draining into the Atlantic Ocean and Barents Sea (Stahl

evident among Atlantic salmorselmo se}la) populatlons. 1987; Koljonen 1989; Kazakov and Titov 1993). A study on

X . Baltic and North Sea populations showed that more than

one of the three major groups of the species, the others be ¢ of the total between-population component (57.5%) de

ing the west and east Atlantic groups (Stahl 1987) or racegy a4 from a major branching between Atlantic and Baltic
(Cross et al. 1998). Nowadays, Baltic salmon as a Who'%reas (Ryman 1983).

The status of natural populations in the Baltic Sea is
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gain insight into the total evolutionary structure and the reacording to an ICES report (Anonymous 1996), the total smolt pro
sons for it and thus gain the basic information needed fo_ﬂuqti_on of r_ivers draining _into the Baltic Sea was about 5571 000
Creating a management and conservation Strategy. individuals in 1995, of which 5.5%, or 299 000, were naturally re

The primary factors in the genetic structure of Baltic salmonﬁ:‘)d”t‘;]e?' Ogr.estt)'matée (4|862 Oool St.mollts) 'S” iometh‘""ttsrn?”er
are related to glaciation history, to the formation of the Balticblgnz) at and is based only on relatively well-known data-(Ta
Sea, and to the colonisation sources and directions of th :

i € Some of the samples from Finnish and Swedish stocks have
salmon stocks. When the front of the ice sheet advanced frofeen used previously, in conjunction with mixed-stock fishing

the northwest and covered all of Scandinavia, the preglaciainalyses (Koljonen and McKinnell 1996; Koljonen and Pella 1997)
(actually interglacial) salmon populations were forced to movgsee Table 1). New data were available for this study from four
southwards and into glacial ice-marginal lakes and catchmentwedish (Kalixalven, Byskeélven, Ljungan, Mdrrumsan), two
draining southwards. Glacial relicts of several species of freshFinnish (lijoki, Oulujoki), four Estonian (Kunda, Loobu, Keila,
water crustaceans are thought to have immigrated into Scandfasalemma), and two Latvian rivers (Daugava, Venta) (Table 1).
navian lakes from eastern glacial lakes rather than from gecause one of the samples, Légdedlven, was from the published
western marine Atlantic direction (Segerstrale 1976). The Atdata of Stahl (1983), and these data did not include |dDUBH-
lantic salmon rivers of the Baltic Sea basin could thus als , the allele frequencies of the most similar stock, Dalélven, were

h b lonised either f th t b fuaial alaci sed instead in this locus, as was also done in an earlier study
ave peen colonised eltner mrom € east, Dy refugial glaci 0|j0nen and Pella 1997)_

lake populations, or from the west, b_y Atlantic populations in” 16 1993 Tornionjoki hatchery sample consisted of offspring
the North Sea and to the south of it, or from both sourcesyom three different broodstocks. Their proportions in the sample
Since the formation of present catchments, the role of gengere weighted with the smolt production proportions in 1993. In
flow has been essential in determining the possibilities for bothhat year-class, 509 (= 147) of the smolts came from the Taival
neutral and adaptive differentiation among salmon stocks. Thioski hatchery and 27%n(= 80) from the Lautiosaari hatchery;
most recent changes in the genetic structure of Baltic salmoa3% (O = 69) were reared from wild spawners caught in the Kuk
have been caused by human activity. kola rapids (totah = 296). The hatchery sample of 1992 was from
Preserving genetic diversity implies conserving the genetide Taivalkoski hatchery. . .
discreteness of certain defined genetic units: populations, river Published data were used to compare the genetic distances with

tock imilari p r bhvl raphic lin Thanose of the potential source population outside the present Baltic
stocks, similarity groups, or phylogeographic lineages. ea range. The eastern, refugial direction was represented by data

goal here has been to identify thes_e units among Baltic 5?1|m0|ff'om the Russian landlocked populations from Lakes Ladoga (Kaza-
stocks and to show how they might serve as the buildingoy and Titov 1993) and Onega (Koljonen 1989). For these popu-
blocks of a management strategy. To clarify the reasons beations, the allele frequency of the most similar, Neva, stock (0.925)
hind the genetic structure, the present distribution of genetigvas used for the information lacking on the@DH-1* locus. The
diversity in Baltic salmon stocks is attributed to three differ- western, Atlantic direction was represented by data from a Norwe-
ent aspects:i) glacial differentiation, i{) gene flow patterns gian stock from the Numedalslégen, a river draining ir!to the North
in the present Baltic Sea, anidl ) the human impact on genetic S_ea (Boyr_ke (_et al. 1997). Publlsh_ed dat_a on the Eman, a Sweghsh
structure. The observed differentiation pattern is evaluated iffYe" draining into the Western Main Basin, were also added (Stahl
relation to the three alternative hypotheses of postglacial colg:28) (Fig. 1). For this stock, the mean of the Morrumsan (0.991)

S . . . and Dalalven (0.987) stocks was used for the information lacking
nisation directions (Ice Lake, Atlantic, or both), and allele fre on thelDDH-1* locus. Two hatchery stocks, Finnish Oulujoki and

quencies areompared with data on potential source populationssyyedish Luleslven, were omitted from this comparison because

outside the recent Baltic Sea. The differentiation patter betneir allele frequencies had been changed markedly by mixing of
tweenpopulations is tested by the “isolation-by-distance” model stocks.

and the level of gene flow between populations is estimated.

The diversity patterns of natural and hatchery stock groupg|ectrophoresis

and natural and hatchery strains of the Tornionjoki stock are Muscle, liver, and, occasionally, eye tissue of salmon was assayed
compared. Finally, conclusions are drawn from the results foby horizontal starch gel electrophoresis. Six enzymes coded by a to
the formulation of a management and conservation strategtal of 18 loci were analysed. Seven of the loci were variabheAT-

for Baltic salmon. This is the first time that data on easterrd* (aspartate aminotransferase (AAT), EC 2.6.11DDH-1* and

and western stocks have been analysed in a comparable wayPDH-2* (L-iditol dehydrogenase (IDDH), EC 1.1.1.14pHP-3*
(isocitrate dehydrogenase (IDHP), EC 1.1.1.4RJDH-3,4* (malate

dehydrogenase (MDH), EC 1.1.1.3WMEP-2* (malic enzyme (ME),

Material and methods EC 1.1.1.40), andPGM-1* (phosphoglucomutase (PGM), EC 5.4.2.2).
Electrophoresis of IDHP, MDH, MEP, and PGM was conducted
Stock samples with the modified buffer system (pH from 6.6 to 6.8) of Clayton and

Tretiak (1972), that of AAT with the same buffer or the system of
Varvio-Aho and Pamilo (1980), and that of IDDH with the buffer
system of Varvio-Aho and Pamilo (1980). Staining methods were as

The allozyme variation of 5125 Atlantic salmon from 24 rivers
or tributaries in the five countries Sweden, Finland, Russia,-Esto
nia, and Latvia that make a major contribution to salmon preduc: .
tion in the Baltic Sea was analysed (Table 1: Fig. 1). The stockd? Kolionen and Pella (1997).
were divided into five groups by geographical drainage region ac
cording to the corresponding sea areas used by the InternationBlata analysis
Council for the Exploration of the Sea (ICES): Bothnian Bay (31), Several samples of each river stock were pooled in the data
Bothnian Sea (30), Gulf of Finland (32), Eastern Main Basin (28),analyses. Heterogeneity among samples of wild and hatchery ori
and Southern Main Basin (25) (Table 1; Fig. 1). The sampledgin was observed in the Tornionjoki stock but not in the groups of
stocks constituted an overwhelming majority of wild and hatcherythe Simojoki stock, and partly for that reason, these groups were
production, unsampled stocks accounting for only about 2%. Actreated separately for the Tornionjoki stock, which increased the
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Table 1. Composition of Atlantic salmon stock samples.

Can. J. Fish. Aquat. Sci. Vol. 56, 1999

Subdivision Class of Sample Total
No. of sea Stock Country Origin stock Year n n
1 31 Tornionjoki Finland, Sweden Wild W 1988 19
wild 1988 100
wild 1989 245
wild 1989 46
wild 199 236
Hatchery 1992 260
Hatchery 1993 296 1202
2 31 Simojoki Finland Hatchery w 1992 689
Hatchery 1998 30
wild 199 30 749
3 31 lijoki Finland Hatchery H 1990 180
Hatchery 1998 153
Hatchery 1997 60 393
4 31 Oulujoki Finland Hatchery H 1992 180
Hatchery 1997 60 240
5 31 Kalixalven Sweden wild w 1987 45
wild 1988 146
wild 1989 583 774
6 31 Lule&lven Sweden Hatchery H 1993 60
7 31 Byskeélven Sweden wild W 1994 30
8 31 Skelleftealven Sweden Hatchery H 1993 84
9 31 Vindelalven Sweden wild w 1989 50
wild 19907 50 100
10 31 Umealven Sweden Hatchery H 1989 48
Hatchery 1998 50 98
11 31 Logdealven Sweden wild w 1979 69
12 30 Angermanélven Sweden Hatchery H 1993 100
13 30 Indalsélven Sweden Hatchery H 1993 90
14 30 Ljungan Sweden wild w 1996 52
15 30 Ljusnan Sweden Hatchery H 1993 50
16 30 Dalélven Sweden Hatchery H 1988 200
17 32 Neva Russia (Finland) Hatchery W 1990 149
Hatchery 1993 171 320
18 32 Kunda Estonia wild W 1994 25
wild 1995 34 59
19 32 Loobu Estonia Wild w 1994 15
wild 1995 35 50
20 32 Keila Estonia wild W 1994 30
wild 1995 33 63
21 32 Vasalemma Estonia wild w 1994 7
wild 1995 36 43
22 28 Daugava Latvia Hatchery H 1996 100
Hatchery 1996 25 125
23 28 Venta Latvia wild wW 1996 107
24 25 Ma&rrumsan Sweden Wild W 1994 67
Total 5125

Note: The classification of each river stock is indicated by W for stocks with wild production and H for stocks with only hatchery production.
“Data from Koljonen and Pella (1997).
®Data from Koljonen and McKinnell (1996).

‘Data from Stahl (1983).

number of stocks studied to 25. Whenever the Hardy—Weinberdrequencies with the Hardy—Weinberg equilibrium. The effect of
disequilibrium was observed in a river stock, each sample was submultiple tests for the Hardy—Weinberg equilibrium was corrected
mitted to further analyses. with the Bonferroni procedure. The population differentiation in

The BIOSYS-1 program (Swofford and Selander 1981) was usegeparate loci within different sea areas and the difference between
to calculate allele frequencies, mean numbers of alleles per locusyild and hatchery strains of the Tornionjoki stocks were tested
and mean heterozygosities and to test the conformance of genotypéth the exact probability test (Raymond and Rousset hp%f
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Fig. 1. Map of the Baltic Sea showing ICES subdivisions 25-32. Rivers with natural Atlantic salmon production are marked in bold,
and hatchery production is designated with circles at river mouths. The sea areas into which the rivers studied drain are shaded and
marked with the letters A—E.
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the STRUC program in the GENEPOP software package {Raymodel (Wright 1943; Kimura and Weiss 1964). The significance of
mond and Rousset 198p Differentiation probabilities across loci the fit was tested by the Mantel test of the ISOLDE program in the
were combined with Fisher's method. Pairwise tests for populatioflGENEPOP software package (version 3.1a, August 1997)-(Ray
differentiation were done by using contingengy tests. mond and Rousset 198busing 10 000 bootstraps. To analyse the
The genetic differentiation between stocks was measured witldimensions of the isolation model, semimatrixes of weighted-pair
Nei et al.’s (1983)D, distance, which had performed well in creat Wise Fgr values Est/(1 — Fgsy), Weir and Cockerham 1984) and
ing the topology of the phylogenetic tree in simulation studies (Neigeographical distances (both distance and In distance) between river
and Takezaki 1994; Takezaki and Nei 1996). The neighbour-joiningnouths of the stocks were compared (Rousset 1997). Geographical
method (Saitou and Nei 1987) was used to construct a dendrograrflistances were measured as straight lines over the sea between
The bootstrap test over loci was performed for the neighbourtiver mouths. The relationship of these two distances was plotted
joining tree by recalculating the distance for all loci 1000 timesas logM) against log(geographical distance) according to Slatkin
with the DISPAN package (Ota 1993). (1993), whereM is the estimated level of gene flow counted from
Geographical distances between stock pairs were compared withe Fst values ¥, migrants for weighted=s; values,M = (1 —
their genetic distances to analyse the fit of the isolation-by-distancE&s)/(2Fst)). If the data fit the isolation-by-distance model, a clear
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Table 2. Estimated smolt production of natural and hatchery stocks of Atlantic salmon in the Baltic Sea in
1995 and production of each river as a proportion of the total.

Production x 1000 fish

Sub- % of total
Sample division Stock Country Natural Hatchery  Total production
1 31 Tornionjoki Finland, Sweden 75 262 337 6.9
2 31 Simojoki Finland 1.4 154 155 3.2
3 31 lijoki Finland 792 792 16.3
4 31 Oulujoki Finland 218 218 4.5
5 31 Kalixalven Sweden 44 44 0.9
31 Réneélven Sweden 1.2 1.2 0.0
31 Pitedlven Sweden 3 3 0.1
31 Abyalven Sweden 1.2 1.2 0.0
6 31 Lulealven Sweden 541 541 11.1
7 31 Byskeélven Sweden 8.7 8.7 0.2
8 31 Skelleftealven Sweden 122 122 25
9 31 Vindelalven Sweden 15 15 0.3
10 31 Umeélven Sweden 130 130 2.7
31 Oreélven Sweden 0.9 0.9 0.0
11 31 Logdealven Sweden 0.9 0.9 0.0
12 30 Angermanalven Sweden 351 351 7.2
13 30 Indalséalven Sweden 256 256 5.3
14 30 Ljungan Sweden 4 30 34 0.7
15 30 Ljusnan Sweden 231 231 4.7
16 30 Dalalven Sweden 162 162 3.3
17 32 Neva Russia, Finland 20 478 498 10.2
32 Luga Russia 10 20 30 0.6
32 Narva Estonia, Russia 10 10 0.2
18 32 Kunda Estonia 1.8 1.8 0.0
19 32 Loobu Estonia 1.8 1.8 0.0
20 32 Keila Estonia 1.8 1.8 0.0
21 32 Vasalemma Estonia 1.8 1.8 0.0
28 Parnu Estonia 8 8 0.2
28 Salaca Latvia 15 94 109 2.2
28 Gauja Latvia 13 163 176 3.6
22 28 Daugava Latvia 5 550 555 11.4
23 28 Venta Latvia 15 19 34 0.7
27 Emaén Sweden 4 4 0.1
24 25 Morrumsan Sweden 30 30 0.6
26 Neumunas Lithuania 5 5 0.1
Total 288 4583 4870.3 100.0

Note: Estonian, Finnish, and Swedish wild productions are from the ICES report (Anonymous 1996). Russian data are
according to Anatsky and Dirin (1997), Latvian production data according to Oleg Vasin, and Lithuanian data according to
Antanas Kontautas. Hatchery production data of Finland are from Finnish Game and Fisheries Research Institute (unpublished
data), of Sweden are from Salmon Research Institute, and of Estonia according to Tiit Paaver.

linear negative regression would be expected, and some kind afase of the Tornionjoki stock, in which only one generation sepa
balance between gene flow and genetic drift would exist. Theseates the wild and hatchery populations compared, the historical
analyses were based on data from 22 populations. Data from thossolutionary differences can be excluded, and the test could-there
of Kalixalven, Ljungan, and Légde were excluded because the infore be restricted to the particular set of loci studied and the nor
dividual genotype data needed for GENEPOP analyses were nahal deviate test (Nei 1987) could be used.

available for these stocks. The distribution of the genetic diversity of salmon stocks was

Unbiased expected mean heterozygosities (for all 18 loci) anéxamined with the hierarchical diversity analysis of Nei (1977). To
their standard errors were estimated according to Nei (1978). Tattain consistency with the assumption of equal weights for popu
examine the source of the variation in diversity estimates, standartations, the average over groups was determined with weights pro
errors for average diversities were calculated separately for thportional to the number of stocks in the group (Chakraborty and
total variation and for the intralocus variation component (NeilLeimar 1987). The stocks of the rivers where salmon have access
1987). In general, the mean heterozygosities of populations wer® spawning grounds and can reproduce naturally were classified
compared by the test for paired observations because allele fre as wild stocks, even though supportive fish releases have been car
quencies and heterozygosities of conspecific populations are higied out in some of the rivers (Table 1). The material for supportive
torically correlated (Nei 1987). For some samples, the test foreleases was derived from either local returning spawners or-hatch
individual loci according to Nei (1987) was also conducted. In theery broodstocks created from local spawners.
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Fig. 2. Genetic distances of Baltic Atlantic salmon stocks. The Fig. 3. Relationship of pairwise genetic distances and
letters A—E correspond to the sea areas from which the stocks geographical distances of Baltic Atlantic salmon stocks to the

originate (see Fig. 1). one-dimensional dispersal pattern.
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Ljusnan B ) . . . .
Indalsélven B the Main Basin, the Mérrumsan stock clearly deviated from

Ljungan B the Latvian salmon stocks of the Eastern Main Basin.

Allele frequency differences were highly significant for
all loci throughout the Baltic Sea. Population differentiation
was also highly significantp(< 0.001) within the Gulf of
Bothnia, Bothnian Sea, and Gulf of Finland and significant
Kunda C (p < 0.05) within the Eastern Main Basin. The great majority
Loobu C of all pairwise tests for contingency between stocks were
highly significant. In only nine out of 625 tested pairs could
a statistically significant difference not be observed, at least
at the 5% level.

Most of the populations studied were in Hardy—\Weinberg
equilibrium. After Bonferroni correction for several loci per
population, statistically significant deviations were seen in
Results four (all hatchery samples) out of 152 of the tests: an excess

of heterozygotes in the Tornionjoki 1993 samplBH-2*,
Geographical distribution of genetic differentiation p = 0.024) and a deficiency of heterozygotes in Neva 1990

The genetic distances between populations from geoflIDDH-1*, p < 0.001), SkelleftedlvenDH-2*, p = 0.025),
graphically different areas were substantial, and a dichotomgnd AngermanalvenlDDH-2*, p = 0.025). At stock level,
was seen between stocks from the east and those from tlvehen the probabilities of different loci were joint with Fisher’s
west (Fig. 2). This dichotomy was largely due to variation inmethod, the only statistically significant deviations were in
the IDDH-2* locus. The frequency of the allel®DH-2*-72  samples from hatchery stocks of Skelleftealven=(0.03)
was markedly higher (0.70-0.83) in the three southeasterand Neva 1990( < 0.001).
areas (Gulf of Finland, Eastern Main Basin, Southern Main The geographical and genetic distances of Baltic salmon
Basin) than in the northwestern areas (0.18-0.51) (Bothniastock pairs fitted the isolation-by-distance model. According
Sea, Bothnian Bay) (Table 3). At other loci, Morrumsanto the Mantel test, the correspondence was highly significant
(Southern Main Basin) had an exceptionally high frequencyp < 0.001) for all stocks studied and for wild stocks; there
of allele*116 in IDHP-3* (0.49). In Estonian stocks, the fre was, however, no correspondenge=(0.14) if only hatchery
quencies ofmMEP-2*125(0.28-0.70) were higher than in stocks were considered. The observed genetic distances also
Baltic Sea stocks in general (0.01-0.18) (Table 3). Thus, ofitted the isolation-by-distance pattern when the two lineages
the three alternative hypotheses of colonisation, genetic disvere treated separately. For the eastern lineage the correla
tance between stocks was the most consistent with the hyion was highly significantg < 0.001) and for the western
pothesis of the colonisation of the Baltic Sea region by twolineage was significantp(= 0.027). The data on wild stocks
different phylogeographic lineages. The eastern lineage covhad a better fit with the regression model in whigg/(1 —
ered stocks of the Main Basin and Gulf of Finland and theFg;) values were plotted directly against geographicat dis
western lineage those of the Gulf of Bothnia. tance (regression coefficient 0.70, Fig. 3) rather than on its

The dendrogram also matched the present geographicahtural logarithm (regression coefficient 0.66), indicating that
form of the Baltic Sea. The populations were clustered intahe dispersal of salmon stocks bears a closer resemblance to
three branches corresponding to the three main parts of thtee one- than to the two-dimensional pattern (Slatkin 1993).
sea from which they originated: Gulf of Bothnia (Bothnian The apparent pattern of isolation-by-distance among Bal
Bay (A), Bothnian Sea (B)), Gulf of Finland (C), and Main tic salmon populations could also be seen whenRgeval-
Basin (Eastern Main Basin (D), Southern Main Basin (E))ues were transformed into estimates of gene flow as number
(Fig. 2). Within the Gulf of Bothnia group, the stocks from of migrants by plotting the log(migrants) on log(geograph
its two parts Bothnian Bay and Bothnian Sea grouped partlycal distance) from all population pairs of wild and hatchery
together, yet with some differentiation between them. Withinpopulations (Fig. 4). The linear regression line was then

51

5
Luledlven A
— Oulujoki A
28

Neva C
Keila C

Vasalemma C

Venta D
Daugava D
17 Maorumsan E
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Table 3. Allele frequencies in variable loci in Baltic salmon stock samples.

Can. J. Fish. Aquat. Sci. Vol. 56, 1999

SAAT4* IDDH-I* IDDH-2*
Stock n 100 25 50 100 28 100 72
31. Bothnian Bay
la. Tornionjoki W 641 0.732 0.265 0.003 645 0.998 0.002 643 0.658 0.342
1b. Tornionjoki H 579 0.904 0.096 0 556 1 0 512 0.673 0.327
2. Simojoki 653 0.643 0.353 0.004 700 1 0 643 0.632 0.368
3. lijoki 284 0.794 0.206 0 374 0.995 0.005 351 0.620 0.380
4. Oulujoki 230 0.770 0.215 0.015 239 0.969 0.031 230 0.596 0.404
5. Kalix 719 0.677 0.323 0 764 1 0 764 0.673 0.327
6. Lulealven 60 0.825 0.133 0.042 60 0.975 0.025 60 0.650 0.350
7. Byskealven 29 0.931 0.069 0 26 0.981 0.019 30 0.583 0.417
8 Skelleftedlven 84 0.893 0.101 0.006 84 0.946 0.054 84 0.494 0.506
9 Vindelalven 100 0.850 0.150 0 100 1 0 100 0.760 0.240
10. Umealven 98 0.893 0.107 0 89 0.995 0.005 97 0.820 0.180
11. Légdealveh 69 0.986 0.014 0 69 0.987 0.013 69 0.552 0.448
30. Bothnian Sea
12. Angermanélven 100 0.930 0.070 0 100 0.940 0.060 100 0.510 0.490
13. Indalsalven 89 0.949 0.051 0 88 0.892 0.108 88 0.733 0.267
14. Ljungan 51 0.804 0.196 0 52 0.750 0.250 52 0.788 0.212
15. Ljusnan 50 0.840 0.160 0 50 0.900 0.100 50 0.560 0.440
16. Dalélven 200 0.960 0.040 0 200 0.987 0.013 196 0.561 0.439
32. Gulf of Finland
17. Neva 170 0.691 0.229 0.080 320 0.925 0.075 320 0.166 0.834
18. Kunda 40 0.587 0.413 0 25 0.980 0.020 42 0.250 0.750
19. Loobu 35 0.772 0.214 0.014 15 1 0 33 0.303 0.697
20. Keila 40 0.625 0.325 0.050 22 0.977 0.023 40 0.300 0.700
21. Vasalemma 30 0.750 0.233 0.017 7 1 0 30 0.283 0.717
28. Eastern Main Basin
22. Daugava 125 0.804 0.196 0 88 1 0 125 0.232 0.768
23. Venta 107 0.678 0.322 0 94 1 0 107 0.299 0.701
25. Southern Main Basin
24. Morrumsan 67 0.746 0.254 0 57 0.991 0.009 67 0.231 0.769
Total 4650 4824 4833

?Data are from Stahl (1983).

log(migrants) = 2.96-0.68 log(distance (km)). The regresa substantial 15%Qgt = 0.147) (Table 4). As much as half
sion explained 69% of the variation in the data. When onlyof this was a consequence of differentiation between the two
the 11 wild stocks were included, the regression line wagroposed phylogeographic lineagé€s £ = 7.5%), but differ
very similar, log(migrants) = 2.82-0.82 log(distance), whereagnces between sea areas within lineages were also apparent
the coefficient of determination was as high as 82% of thgG,, = 2.9%). Together, these upper hierarchical levels con

observed variation (Fig.B}. For the hatchery stock group, stituted two thirds of the between-stock component.

the isolation-by-distance model did not fit the data. Hatchery The total diversity was almost 30% higher for the wild
production also caused increased scattering of the data pointgoup Hy = 0.076) than for the hatchery groud{= 0.054)

as seen in the figure for joint hatchery and wild production(Table 4). This was explained partly by the dissimilar distri
butions of wild and hatchery stocks among sea areas and

The population distances studied covered the range frorartly by the historically different levels of diversity within
over 100 migrants to zero. Most of the population pairs wer¢hese areas. This could also be seen in the substantially
separated by distances of between 100 and 1000 km. At thiigher Gsr estimate Gsy = 0.161) for diversity between
range, the estimated number of migrants decreased froMild stocks than between hatchery stockss{ = 0.063).
about 10 to near zero (Figa}t The migration rate between Within Bothnian Bay alone, where historically more similar
several population pairs from distances of over 600 km (2.@enotype structures could be expected, the level was the
in log scale) was already very low, near the one individualsame. For this are&i for the six wild stocks was 0.057 and
for the six hatchery stocks was 0.055.

Diversities within populations, measured as mean expected
heterozygosities for 18 loci, varied from 3 to 8.2% (Table 5).

(Fig. 4a).

per generation level (0 in log scale) (Fig. 4).

Mean diversities of populations and groups

The average mean heterozygosity was somewhat higher for
In the diversity analyses the hierarchical levels used wer¢he wild stocks (6.3%) than for the hatchery stocks (5.1%),

total, lineage, area, and stock. Within the whole Baltic Seabut the difference was not significartt£ 1.536, df = 6, one-

the proportion of the between-stock diversity component wasailed p < 0.10). When the mean heterozygosities of popula
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Table 3 (concluded.

IDHP-3* SMDH-3,4* mMMEP-2* PGM-1*
n 100 116 n 100 80 115 n 100 125 n 100 75
645 0.997 0.003 645 0.992 0.003 0.005 645 0.898 0.102 646 0.980 0.020
502 0.996 0.004 555 0.988 0.009 0.003 571 0.901 0.099 555 0.990 0.010
706 0.999 0.001 749 0.998 0.002 0 747 0.886 0.114 747 0.991 0.009
365 1 0 393 0.982 0.018 0 382 0.853 0.147 393 1 0
208 0.887 0.113 240 0.998 0.002 0 238 0.847 0.153 240 0.998 0.002
773 1 0 773 0.995 0.005 0 745 0.917 0.083 756 0.988 0.012
60 0.992 0.008 59 0.992 0 0.008 59 0.907 0.093 60 1 0
30 1 0 30 1 0 0 30 0.817 0.183 30 0.983 0.017
84 1 0 84 0.994 0.006 0 84 0.988 0.012 84 1 0
100 1 0 100 1 0 0 100 0.950 0.050 100 1 0
98 1 0 98 1 0 0 98 0.980 0.020 98 1 0
69 1 0 69 1 0 0 69 0.819 0.181 69 1 0
100 0.955 0.045 100 1 0 0 100 0.980 0.020 100 1 0
89 0.994 0.006 89 1 0 0 89 0.972 0.028 89 1 0
52 1 0 52 1 0 0 52 0.962 0.038 52 1 0
50 0.980 0.020 50 1 0 0 50 0.980 0.020 50 1 0
200 1 0 200 1 0 0 200 0.880 0.120 200 1 0
316 0.979 0.021 320 0.997 0.003 0 319 0.878 0.122 320 1 0
40 1 0 59 1 0 0 58 0.431 0.569 59 1 0
36 1 0 50 1 0 0 50 0.300 0.700 50 1 0
39 1 0 63 1 0 0 63 0.714 0.286 63 1 0
30 1 0 43 1 0 0 43 0.616 0.384 43 1 0
125 0.964 0.036 125 1 0 0 125 0.904 0.096 125 0.996 0.004
103 0.981 0.019 107 1 0 0 107 0.902 0.098 107 1 0
65 0.515 0.485 67 1 0 0 67 0.881 0.119 67 1 0
4885 5120 5091 5103

tion pairs were compared at the total genome level by théatchery strain had a lower mean heterozygosityp at
pairwiset test, which includes the between-loci variation eom 0.001 in these loci. In addition, allele frequency differences
ponent, no statistically significant differencgs>X 95%) were  between the two Tornionjoki strains were highly significant
found between any of the population pairs, not even betweeim four out of seven locigAAT-4% p = 0.000;IDDH-2*, p =
Morrumsan (8.2%) and Umealven (3.0%)=2.17, for five  0.000;SMDH-3,4* p = 0.0017;PGM-1* p = 0.0012).

variable loci, df = 4, two-taile < 0.10). Differences were, When the genetic variability was measured as the number
however, statistically significant between these stocks at thef different alleles, a somewhat different picture emerged.
locus level in four out of five individual loci ap < 0.001:  For example, small Estonian stocks had quite high levels of
IDDH-1*, IDDH-2*, IDHP-3*, and mMEP-2* Similarly,  heterozygosity but a low number of alleles. Hatchery stocks
several other stock pairs displayed significant differences dbad, on average, even slightly higher values than wild stocks
the locus level but not at the total genome level, although al(Table 5). The Tornionjoki wild stock, however, was the
lele frequency differences between population pairs were staonly one having all observed potential 16 alleles (average
tistically significant in most cases. The variation in standard2.3) in the seven polymorphic loci. The highest number of
errors was mainly due to the variation between loci (Table 5).alleles was in stocks of the Bothnian Bay area.

The mean heterozygosity of the Tornionjoki hatchery
strain was lower (0.47) than, but not significantly different Discussion
from, that of the wild strain (0.61)t (= 1.640, df = 6, one-
tailed p < 0.10) for the total genome level. The hetero Pattern of genetic differentiation of populations
zygosity of three individual loci was, however, significantly = The genetic distances of stocks within the Baltic Sea showed
lower in the Tornionjoki hatchery strain than in the wild a dichotomy between northwestern and southeastern stocks
stock sample JAAT-4* p < 0.001; PGM-1* p < 0.05; (Fig. 2) that was consistent with the hypothesis of two dis
IDDH-1*, p < 0.001). When only the set of the variable loci tinct postglacial colonisation lineages. When the allele fre
studied was included, and only intralocus variances werguencies of the potential source populations outside the
used, the normal deviate test showed that the TornionjokBaltic Sea were compared with those of the corresponding

© 1999 NRC Canada



1774 Can. J. Fish. Aquat. Sci. Vol. 56, 1999

Fig. 4. Relationship of gene flow (log (migrants)) to from the Gulf of Bothnia (Tornionjoki, Simojoki, Dalélven,
geographical distance (log (geographical distance (km))) for Lulealven; Bourke et al. 1997). In the nearest Atlantic popu
(@) wild and hatchery Atlantic salmon stocks) (wild stocks lations, i.e., those of Ireland and Scotland, the frequency of
alone, and ¢ hatchery stocks alone. this allele was very similar to that of the Gulf of Bothnia
3 (0.38; Bourke et al. 1997). As a result, the allele frequencies
25 | @) . of the stocks from the southeastern part of the Baltic Sea
' (Russia, Estonia, Latvia, southern Sweden) were closer to
g 2 those of the eastern, landlocked stocks (Lakes Onega and
8 15} Ladoga) than to those of the northwestern Baltic salmon
-E’ 1k stocks around the Gulf of Bothnia (northern Finland, nerth
§ ern Sweden), which in turn bore a closer resemblance to the
=05 stocks from rivers draining into the North Sea and eastern
0 : Atlantic (Fig. 5). The hypothesis was also supported by the
05 finding that genetic distances for variable allozyme loci among
05 1 15 2 25 3 35 stocks from the coast of continental Europe and the northern
log(geographical distance), km Baltic were under 0.03 (Bourke et al. 1997) but that the av
erage distance within the Baltic Sea between the northwestern
group and Neva stocks was 0.045.
3 That the present dispersal areas of the western and eastern
25 | ©) lineages correspond to the extent of the Baltic Sea stages in
~ ol ¢ which dispersal could have been possible during glaciation
§ provides further support for the hypothesis that dispersal oc
51°r curred in two directions and at different times. The range of
E 1} the stocks of the eastern lineage is compatible with the ex-
8 05 tent of the first stage of the Baltic Sea, the Baltic Ice Lake,
’ which formed at about 12 200 — 12 000 years BP, when the
0 ' ' ice-dammed lakes in the eastern Gulf of Finland were joined
0.5 with the rest of the Baltic basin (Donner 1995). Until the
0.5 1 15 2 2.5 3 35 end of the Baltic Ice Lake stage, the Baltic Sea was a lake
log(geographical distance), km and the ice sheet had not yet retreated from Finland and
northern Sweden (Fig.a&. Even on the south coast of Swe-
den, the Rivers Eman (0.65; Stahl 1987; Fig. 1) and Mor-
3 © rumsan have high frequencies of the eastern all&lg2)
25} and thus seem to come within the range of influence of the
5 2} M eastern lineage.
8 15| . Lake Ladoga was at that time part of the Baltic Ice Lake,
o o e s which explains the similarity between salmon from Lake
% 1r ¢ “:‘& Ladoga and the stocks of the eastern lineage. Lake Onega
S 05} R RE ”“‘ was isol_ated from the preceding River Onega Ice Lake before
0 , , , MR 2 .0} 53 the Baltic Ice Lake stage (12 500 — 11 500 BP) (Saarnisto et
al. 1995) and drained into Lake Ladoga. The existence of
05 landlocked salmon in Lake Onega indicates that they had
0.5 ooy o228 3 35 survived in glacial lakes. The exceptional allele frequency
log(geographical distance), km (0.49) of allelelDHP-3*116 in the Mérrumsan stock could

not be explained by gene flow from the North Sea, as high

lineages within the Baltic Sea, the results gave further supffequencies were not observed there, the range being from
port to this hypothesis of colonisation from both east and?-00 to 0.20 (Bourke et al. 1997). This exception is therefore
west. In our data, within the Baltic Sea, the frequency of theattributed to genetic drift in an isolated population. The east
allele IDDH-2*—72 was clearly higher in the eastern lineage €rn lineage of the Baltic Sea stocks together with the present
(0.70-0.83) than in the western lineage (0.18-0.50). The frédandlocked stocks from Lakes Ladoga and Onega is here
quency of this same allele was, however, still higher in thecalled the Ice Lake lineage.

eastern landlocked populations: 1.00 in Lake Onega-Kol The initial provenance of the eastern lineage was most
jonen 1989) and 0.92 in Lake Ladoga (Kazakov and Titoviikely glacial ice lakes in present-day Russia. Segerstrale
1993) (Fig. 1). The similarity between these Russian dand(1976) proposed that the Ice Lake of the River Onega basin
locked populations and the southeastern lineage within théig. 6) and glacial lakes along the edge of the continental
Baltic Sea was evident. ice sheet served as refugia for glacial relicts of the Baltic

An Atlantic salmon stock from the Atlantic, Numedalsldgen, Sea area, e.g., the fourhorn sculpMypxocephalus quadri

had a frequency of 0.36 of allete-72 (Bourke et al. 1997), cornig), a fish that had colonised Finland via this eastern
which is identical to the mean of our data from the stocks inroute. The outer margin of the ice sheet was less than 80 km
the Gulf of Bothnia area. In their dendrogram, this Norwegiansoutheast of Lake Onega (Saarnisto et al. 1995). From this
salmon stock also groups together with the salmon stockeefugium area, salmon were able to colonise both Lakes
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Table 4. Hierarchical diversity analysis of Baltic Atlantic salmon stocks.

Stock group K H+ H. Ha Hsg Gt GsL Gsa GaL Gar Gt
Whole Baltic Sea 25 0.067 0.062 0.060 0.058 0.147 0.075 0.042 0.029 0.105 0.075
Lineage

Atlantic 17 0.055 0.055 0.053 0.047 0.040 0.007

Ice Lake 8 0.077 0.072 0.063 0.108 0.040 0.069
Sea area

31. Bothnian Bay 12 0.056 0.054 0.039

30. Bothnian Sea 5 0.053 0.051 0.044

32. Gulf of Finland 5 0.076 0.072 0.064

28. Eastern Main Basin 2 0.056 0.056 0.006

25. Morrumsan 1 0.081 0.081
Wild stocks 14 0.076 0.063 0.161
Hatchery stocks 11 0.054 0.051 0.063

Note: Distribution of total diversity was also examined separately for wild and hatchery stock giupamber of stocks within each grouping
(relative weight of group in analysish;, total diversity;H,, diversity for lineagesH,, diversity for sea areasig,diversity for samples. Estimates &f
are the proportions of between-stock diversity components between corresponding hierarchicaGlgyéisthe whole dataGg , between stocks within
lineages;Gg,, between stocks within areaS;, , between sea areas within lineag€s;, between sea area§;;, between lineages.

Onega and Ladoga and also the southeastern Baltic Sea rivewsation, which is assumed to be of western origin (Forstén
The homing behaviour of salmon has played a role in mainand Alhonen 1975).
taining the patterns of this first colonisation. The hypothesis of two phylogeographic colonisation lin
Salmon stocks of the Gulf of Bothnia from north of cen- eages was supported by three factospéssible donor pop-
tral Sweden formed the western lineage, the range of whichlations and colonisation routes existed for both lineages,
corresponded to the geographical region that was liberate(i) the lineages in the Baltic Sea were genetically more sim-
from ice after the Baltic Ice Lake stage, i.e., at the Yoldiailar to their postulated donor stocks outside the present Bal-
Sea stage. This stage began when a wide sound openéd Sea than to each other, and the genetic distance between
across central Sweden over the large basins of Lakes Vanethese lineages was considerable, aiid the ranges of the
and Véttern, via the Narke strait, and the first great ingressuggested lineages within the Baltic Sea were compatible
of seawater turned the water of the Baltic Sea brackistwith the glaciation stages at which colonisation is expected
(Fig. 6b). This period lasted from about 10 300 to 9000 BPto have occurred.
(Donner 1995), i.e., until the sea connection was closed and In light of the above colonisation history, the oldest and
a second, shorter lake period, the Ancylus Lake, began. Dumore rare genetic material for this area is currently to be
ing the Yoldia Sea stage the northern Baltic Sea coasts coulidund in the present salmon stocks of Estonia, Latvia, Lithu
have been colonised by salmon from the North Sea. At thaania, Russia, and southern Sweden in the Ice Lake lineage.
time, Finland and most of the present Swedish coast were alhe freshwater period was markedly longer, over 60 000 years,
ready free of ice, and spawning habitats were available ifin the evolution of this lineage than in that of the Atlantic
rivers (Fig. ®). The western lineage is suggested to havdineage of northern Finland and northern Sweden. The risk
colonised along this route and is called the Atlantic lineageof the Ice Lake lineage becoming extinct is greater than is
At the Yoldia Sea stage, other marine fauna, also, such ahat of the Atlantic lineage within the Baltic Sea, as indi
molluscs and crustaceans, colonised the Baltic Sea area (Dogated by current wild smolt production levels (Table 2). The
ner 1995). This route was probably also used by the ringedenetic adaptation of all Baltic salmon to a freshwater (brack
seal Phoca hispida (the subspecies in the Baltic Sea is ish) environment is demonstrated by their genetic resistance
Phoca hispida botniceto invade the Baltic Sea (Forstén and to Gyrodactylus salarigBakke et al. 1990), a fatal fresh
Alhonen 1975). It is possible that some salmon of the Atlan water ectoparasite that is responsible for the death of several
tic lineage entered the Baltic Sea later, during the LittorinaAtlantic salmon stocks in Norway. This parasite was intro
Sea stage, via the sounds between Sweden and Denmatliced into Norway accidentally in the course of a stock

(about 9000 BP; Donner 1995), and afterwards. transfer from the Baltic region. A vital proportion of the
The Finnish salmon of Lake Saimaa are closer to thegenetic diversity (with likely adaptive differences in, say,
stocks of the Atlantic Lineage (the frequency of th&2 al-  migration behaviour) within the Baltic salmon lies between

lele was 0.27; M.-L. Koljonen, unpublished) and, moreoverthese two lineages. They have evolved relatively independ
the western colonisation route was also possible for thiently until now and their existence should be taken into
population. The Lake Saimaa area was covered by ice at trgccount in efforts to conserve the genetic diversity of the
time of the Baltic Ice Lake (Fig.# and its first outlet, at Baltic salmon.

about 8000 years BP, was northwestwards into the Gulf of The genetic differentiation between sea areas, within the
Bothnia. The secondary outlet, into Lake Ladoga, did notphylogeographic lineages, is due partly to the longer-geo
form until about 5000 years BP (Saarnisto 1970). Thus, thigraphical distances and partly to the more recent differences
landlocked population derived originally from an ancient salmorin the form and environment of the Baltic Sea; thus, it repre
population in the Gulf of Bothnia area. Lake Saimaa alsosents a different aspect of genetic differentiation from that
hosts a landlocked ringed se&hpoca hispida saimen$ipop-  caused by ancient glacial isolation and old colonisation routes.
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Table 5. Mean number of alleles for seven loci and standard errors and mean heterozygosities for 18 loci and their
standard errors (SE total, including variation both between and within loci; SE sample, excluding variation between loci).

Alleles for Heterozygosities SE SE

Stock Origin Country seven loci SE for 18 loci total sample

31. Bothnian Bay
la. Tornionjoki, W Wild Finland, Sweden 2.3 0.18 0.061 0.033 0.0020
1b. Tornionjoki, H Hatchery Finland 2.0 0.22 0.047 0.027 0.0022
2. Simojoki wild Finland 2.0 0.22 0.064 0.036 0.0016
3. lijoki Hatchery Finland 1.7 0.18 0.061 0.033 0.0027
4. Oulujoki Hatchery Finland 2.1 0.14 0.076 0.035 0.0039
5. Kalixalven Wwild Sweden 1.7 0.18 0.059 0.034  0.0016
6. Luleélven Hatchery Sweden 2.0 0.22 0.056 0.030 0.0071
7. Byskedlven wild Sweden 1.7 0.18 0.056 0.031 0.0090
8. Skelleftealven Hatchery Sweden 1.9 0.26 0.046 0.029 0.0048
9. Vindelélven Wild Sweden 1.4 0.20 0.040 0.024 0.0049
10. Umeadlven Hatchery Sweden 1.6 0.20 0.030 0.019 0.0048
11. Logdedlven wild Sweden 1.6 0.20 0.047 0.031 0.0045
Mean 1.8 0.054

30. Bothnian Sea
12. Angermanélven Hatchery Sweden 1.7 0.18 0.048 0.029 0.0048
13. Indalséalven Hatchery Sweden 1.7 0.18 0.042 0.024 0.0055
14. Ljungan wild Sweden 1.6 0.18 0.062 0.031 0.0077
15. Ljusnan Hatchery Sweden 1.7 0.20 0.057 0.031 0.0072
16. Dalélven Hatchery Sweden 1.6 0.20 0.045 0.029 0.0030
Mean 1.7 0.051

32. Gulf of Finland
17. Neva Wild Russia 2.0 0.22 0.064 0.031 0.0039
18. Kunda Wild Estonia 1.6 0.20 0.078 0.041 0.0059
19. Loobu Wwild Estonia 1.6 0.30 0.068 0.037 0.0073
20. Keila wild Estonia 1.7 0.29 0.077 0.041 0.0071
21. Vasalemma wild Estonia 1.6 0.30 0.071 0.039 0.0074
Mean 1.7 0.072

28. Eastern Main Basin
22. Daugava Hatchery Latvia 1.7 0.18 0.051 0.027 0.0050
23. Venta wild Latvia 1.6 0.20 0.060 0.033 0.0045
Mean 1.7 0.056

25. Southern Main Basin
24. Mérrumsan Wild Sweden 1.7 0.18 0.082 0.038 0.0064

Total mean 1.75 0.058

Mean wild 1.7 0.063

Mean hatchery 1.8 0.051

It nevertheless made a clear contribution to the total diverlations fits the isolation-by-distance model (Wright 1943;
sity (one fifth of the between-stock component, Table 4). Kimura and Weiss 1964). Migrant dispersal was restricted to
The differences observed between populations within eackhort distances and was thus most common between geo
sea area, the lowest level in the hierarchy of the genetigraphically adjacent stocks. So, although all stocks feed in
structure, were systematically statistically significant, yet notthe Baltic Main Basin, spawners tend mainly to stray to the
generally very large. The marked deviations between th@eighbouring river along the shore.
Oulujoki and Lulealven stocks and the other Gulf of Bothnia The observed differentiation pattern fitted the one-
stocks are due to mixing of stocks in the rearing processdimensional migration pattern better than the two-dimensional
Thus, this human interference was seen as deviations frofflane pattern. It can be described by the theoretical one-
the expected differentiation pattern. In Latvia, salmon fromdimensional “stepping stone” model (Kimura 1953), aceord
the River Venta very likely resemble those of the Rivering to which populations are located as “steps” on a line,
Daugava more than historically because both eggs and juveind in each generation, an individual can migrate a restricted
niles have been transferred from the Daugava to the Ventaumber of “steps” in either direction along the line (Kimura

over a long period. and Weiss 1964). Considerable local differentiation will be
more readily expected in the one-dimensional than in the
Isolation pattern and rate of gene flow two-dimensional migration pattern, and in this model the

The pattern of differentiation of Baltic Sea salmon pepu correlation between geographical distance and genetic dis
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Fig. 5. Genetic distances between Atlantic salmon stocks when  Sea salmon most likely corresponded better to the isolation-
populations outside the present Baltic Sea were added. The letterpy-distance pattern than it does today. A balance probably

A-E refer to the sea areas from which the stocks originate. prevailed right up until the 1930s, when damming of the big
rivers resulted in the beginning of fish rearing, which tends
Genetic distance to mix populations. Thus, despite the many human-induced
— changes in the genetic structure of salmon populations, iso
o 0 0.001 lation by distance can still be recognised in the population
Simojoki A differentiation pattern.

Kalixalven A
Tornionjoki, wild A . . .
lijoki A Amount of genetic diversity

Tornionjoki, hatchery A The total diversity Ky) of natural stocks in the recent
3ap Vindelaiven A Atlantic Baltic Sea is still about 30% higher (7.6%) than that of all
Umealven A ; hatchery stocks together (5.7%). Despite their weak and
Skelleftedlven A Lineage

threatened status, recent natural stocks make a very marked

2 L.AngermanélvenB contribution to the genetic biodiversity of Baltic salmon,
jusnan B X .
Indalsilven B especially those of the Ice Lake lineage. Recent hatchery

Ljungan B stocks cannot completely replace the genetic resources of
Byskealven A these stocks. When the hatchery and wild stock groups of
Logdealven A the Bothnian Sea alone were compared, the diversity levels

Numedalsiagen, North Sea| \yare about the same, showing that by using captive breeding

18 =
Dalalven B in hatcheries, it is possible to maintain genetic variability

51 Lake Onega . .
55 Lake Ladoga (number o_f alleles) at least at a higher level than in the
25 Neva C smallest wild stocks.
L1 keilaC Population sizes tend to be smaller in ordinary hatchery

14 Vasalemma C stocks than in a medium-sized natural salmon stock, which
: causes loss of genetic variation. An effective size of 1000
62 loobuC  Lineage A . .
Ema&n F individuals is large for a hatchery stock, but big natural
venta D stocks can have as many as tens of thousands of spawners.
25 Daugava D The smallest Estonian wild stocks, however, have fewer than
42 Mormumsén E 100 spawners a year. In the Tornionjoki stock case, two out

of 16 alleles (12.5%) were lost in broodstock sampling.

tance also holds for longer geographical distances than in Rare alleles have, however, very likely been lost in the
the two-dimensional model (Kimura and Weiss 1964). Thussmall natural stocks as well, e.g., those of Byskealven and
the location of river mouths along the shore, in a line, and-0gdedlven. The small Estonian stocks (Kunda, Loobu,
over long distances offers relatively good prospects for saimoKeila, Vasalemma) also seemed to have fewer rare alleles
stocks to develop local adaptations. The occurrence of thithan the Neva stock of the same area (Table 3). The loss of
pattern indicates the relatively neutral nature of allozymealleles could be expected to be a direct consequence of small
variation. population size and to occur in both natural and hatchery
The rate of gene flow was very low for distances of overpopulations when they are small and isolated. The small
600 km; since geographical distances between the propos@@pulation sizes and isolated status of wild stocks are often
phylogenetic lineages usually exceeded 550 km, there wag result of human activity, which is thus also responsible for
very little gene flow between populations from different-lin these losses. In the Gulf of Bothnia, only the population
eages. The geographical location of stocks correspondiizes of the Tornionjoki stock (75000 smolts) have -suc
roughly to that of two lines apart from each other. Forceeded in maintaining all potential (found) alleles. Marage
shorter distances, gene flow had clearly occurred, and ament strategies should therefore take account of the risk of
though our estimates are rough, they indicate that the role dpsing diversity arising from both cases.
gene flow has probably been underestimated in maintaining Because of the limited number of variable loci available,
diversity among populations. allozyme studies in general enable only severe bottlenecks
The occurrence of the isolation-by-distance pattern hato be established as statistically significant changes in mean
only recently been tested on Atlantic salmon, previous auheterozygosities. To increase the power of the tests for mean
thors having stressed the completely independent evolutioheterozygosities, McCommas and Bryant (1990) estimated
of each river stock (e.g., Fontaine et al. 1997). Isolation bythat for an 80% probability of detecting a bottleneck at 5%
distance has been found to occur in salmon populations ovesignificance, 15 loci were needed for a bottleneck size of
long distances in data from west Atlantic populations infour reproductive pairs and as many as 46 loci for 16 pairs
eastern Canada (McConnell et al. 1997) and from east Atwhen 30 individuals per population were analysed. The single-
lantic populations from Norway to Spain (Blanco et al. 1992;locus tests revealed, however, that changes in particular loci
Bourke et al. 1997). In addition, isolation was observed ovehad clearly taken place.
shorter geographical distances in Danish Atlantic salmon
stocks from 1913, before human interference changed thklanagement implications
population structure (Nielsen et al. 1999). The maintenance of genetic diversity is internationally ac
Before human impact, the population structure of Balticcepted as a common long-term goal for the management of
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Fig. 6. (a) Proposed route by which the Ice Lake lineage of Atlantic salmon colonised Baltic Sea rivers at the Baltic Ice Lake stage.
The final phase of the Baltic Sea Lake stage before the marine connection to the North Sea. Modified from a map by Eronen and
Haila (Alalammi 1992). i) The proposed route by which the Atlantic lineage of Atlantic salmon colonised Baltic Sea rivers at the
Yoldia Sea stage. Modified from maps by Eronen and Haila (Alalammi 1992).
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all living natural resources (United Nations 1992). It hastively many stocks and sufficient variability for adaptation,
also been stated often and unequivocally that the conservat least these two large genetic management units can be
tion of genetic diversity requires conservation of both levelsformed. Separate strategies are needed to ensure mainte
of diversity, that between and that within stocks (e.g.,nance of genetic diversity within the lineages; gene flow be
Waples 1991; Ryman et al. 1995). The conservation stratéween them should be avoided. Similarly, if the stocks from
gies of these two components of diversity are, in practicethe Gulf of Finland and the Eastern Main Basin can be-con
often opposed to each other, as the first seeks to avoid gerséddered to manage by themselves, a further distinction can
flow and the second loss of variation due to small populabe made and three management units formed. The establish
tion sizes, possibly with aid of organized gene flow. ing of management units depends basically on genetic dif
When considering management principles for Balticferentiation, but information is also needed on potential
salmon, in the longest term, we should ensure that genetiteproduction areas, stock numbers, smolt production levels,
material is preserved throughout the Baltic Sea range with geographical location of stocks, survival risks, fishing pres
diversity and viability sufficient to permit the continuous sure, and possible differences in quantitative traits such as
evolution of self-sustaining populations of this isolated, migration behaviour (Allendorf et al. 1997).
brackish water adapted form of salmon. With the harnessing In principle, the same hierarchy as in the genetic structure
of reproduction rivers, many salmon stocks and their habishould regulate the order of gene flow levels in the manage
tats have been irreversibly lost, and the recent Baltic salmoment strategy. Controlled gene flow should be allowed to
gene pool is only a fraction of what it was before human im maintain diversity between similar stocks. The position of a
pact (only about 25 out of 90 stocks remain). There can bestock in a stock hierarchy can also be used as a weight value
no return to the original state of Baltic salmon stocks; wein the assessment of the conservation values for the stocks.
can only safeguard their continuous evolution from the pres Treating the sea areas (Gulf of Bothnia, Gulf of Finland,
ent state, in an environment with limited potential for naturalMain Basin) separately would also be sensible for fisheries
reproduction. It is therefore crucial that we maintain whatmanagement. Each of the main sea areas has its own prob
remains of the total gene pool after glaciations and humatems with its salmon stocks due to differences in repreduc
impact to as large an extent as possible. The long-term cortion potentials, genetic structure, migration routes, and
servation goal thus gives priority to future evolutionary po-fishing patterns. Thus, long-term strategies are needed to
tential over attained adaptation, should these two come intoreate solutions for each area separately, taking the local po-
conflict. tential for maintaining naturally reproductive stocks into ac-
The scope for enhancement projects is limited by thecount.
range of potential reproduction areas, making it all the more
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