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We examined the inheritance of the sea migration pattern of Atlantic salmon, Salmo salar, in a crossing
and tagging experiment in the Baltic Sea. Individuals from the parental stocks, Neva and Iijoki, and their
reciprocal hybrids were released as 2-year-old smolts, into the same estuary of the Bothnian Sea in 1994.
Two thousand smolts from each of the four groups were marked with Carlin tags. The recapture rate of
the tags was nearly 10%. We used log-linear models to analyse the marine distribution of the salmon
groups from the tag recovery data. The pure stocks and their pooled hybrid groups all showed statistically
significant differences between each other in spatial and temporal sea distribution. The Iijoki salmon
were more frequently (9%) caught outside the Bothnian Sea than were the Neva salmon (2%). The
majority of the lijoki salmon (55%), but fewer Neva salmon (40%), were caught in the second sea year. In
spatial distribution, the hybrids seemed to be intermediate between the parental stocks, with no
differences between reciprocal female and male lines. In duration of sea migration and age at maturity,
however, the hybrids were very similar to their maternal line, the effect of which was thus clearly stronger

than that of the paternal line.

Both genetic and environmental factors influence the
migration behaviour of salmonids (Quinn & Dittman
1990); each stock has adapted uniquely to the particular
environment it has experienced during its life history.
Adaptation to the home river and sea is a result of the
selection of behavioural traits closely associated with
the fitness of the individual. Examples of these traits are
the seasonal timing of the return migration in Atlantic
salmon, Salmo salar (Hansen & Jonsson 1991), the
accuracy of homing in Pacific salmon, Oncorhynchus
tshawytscha (Mclsaac & Quinn 1988) and the balance
between homing and straying in salmonid species, Onco-
rhynchus spp. and Salmo spp. (Altukhov & Salmenkova
1994; Thorpe 1994).

As well as differences in behavioural and life history
traits between salmon stocks (Pascual & Quinn 1994),
there are differences in life history characters such as age
and size at maturity, breeding cost and survival between
males and females (Randall et al. 1986; Jonsson et al.
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1991a; Fleming 1996). In Atlantic salmon the two sexes
may show different migratory behaviours in river
(Jonsson et al. 1990; Fleming 1996) and in sea (Schaffer
1979; McKinnell et al. 1994) environments. Usually these
differences are linked to differences in the roles of the
sexes in reproduction; genetic differences are not thought
to be involved. However, because of maternal effects
females may have a stronger influence than males on the
phenotypic expression of many traits of the offspring.
These maternal effects may be due to the mother’s
nuclear and extranuclear genes and her environmental
factors (Falconer & Mackay 1996; Heath & Blouw 1998).

Sea migrations of salmon are wide ranging and long
lasting (Carlin 1969; Hansen & Quinn 1998). The feeding
migration of Atlantic salmon stocks in the Baltic can take
the fish 500-1500 km away from their home river within
this brackish-water basin (Carlin 1969; Lindroth et al.
1982; Kallio-Nyberg & Ikonen 1992). Atlantic salmon
then usually leave the sea feeding areas after 1-4 years
(Jonsson et al. 1991b). In the Baltic Sea, 4-sea-year-old
salmon are rare. The homing migration to the natal river
or release site is an active and rapid event, but the
migration speed declines when fish approach the home
river (Hansen et al. 1993). Atlantic salmon in the Baltic
Sea, Baltic salmon, are heavily exploited during their
feeding migration (Salminen et al. 1995).
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We compared the marine migratory behaviour of two
pure stocks of Atlantic salmon and their reciprocal hybrid
stocks in a crossing experiment. Our aim was to test
whether the stocks showed genetic differences in spatial
or temporal marine feeding distributions. The spatial
distribution of fish recovered from the sea was assumed to
reflect the spatial sea distribution of the stock. We cal-
culated the temporal distribution of the fish from the
date of capture of the tagged fish. The tag recovery data
of experimental groups were analysed with log-linear
models.

The two pure salmon stocks used, Neva and Iijoki, tend
to migrate for different distances (Kallio-Nyberg & Ikonen
1992). We expected the phenotypic difference in the sea
migration pattern between the groups to be due to gen-
etic factors, because the conditions of the experimental
groups were similar before their release. First, we analysed
the differences in recovery site and recovery time between
the pure and the hybrid stocks. Our null hypothesis was
that the stocks did not differ in their spatial or temporal
sea distribution. If differences did occur, they might have
been a result of either genetic or environmental variance,
or both. When the environmental variation was nullified,
the observed differences must have been caused by gen-
etic factors. We eliminated environmental variation by
treating the fish groups similarly in similar environments
and by releasing them at the same time and in the
same place. We also tested the hypothesis that the two
reciprocal hybrid groups (lijoKigemaes X Neva, oo and
NevVagemates X 11j0Kia0s) Show similar sea migration pat-
terns, that is, that female and male lines have similar
effects on the spatial and temporal marine distributions.

METHODS

Salmon Stocks

We used lijoki and Neva salmon stocks and their
reciprocal hybrids. Experimental groups were released at
the same time and at the same site in the estuary of the
river Kokemdenjoki (Fig. 1). The lijoki stock originated
from the river of the same name, which discharges into
Bothnian Bay (subarea 31) in northern Finland (Fig. 1).
The Neva stock originated from the river Neva, which
drains into the Gulf of Finland (subarea 32) in Russia (Fig.
1). Both stocks have been reared in hatcheries for several
generations, the Iijoki salmon since the 1960s and the
Neva salmon since the 1970s. The average feeding migra-
tion distance of the Iijoki salmon is longer than the sea
migration distance of the Neva salmon when released
into the Bothnian Sea (Kallio-Nyberg & Ikonen 1992).
Transplantation experiments have shown that Neva
salmon tend to remain (95%) in this sea area, only 4 and
1% of them being caught further south, in the Main Basin
(subareas 24-29) and Gulf of Finland, respectively. In
contrast, less than half (49%) of the lijoki salmon remain
in the Bothnian Sea (Kallio-Nyberg & Ikonen 1992). The
majority feed in the Main Basin, in the southern Baltic
Sea, although some remain in the Bothnian Sea to feed
(Salminen et al. 1994; Koljonen & McKinnell 1996).
When Neva salmon were released into their original sea
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Figure 1. Map of the Baltic Sea showing sea areas: Bothnian Bay
(31), Bothnian Sea (30), Gulf of Finland (32) and Baltic Main Basin
(24-29). The estuaries of the Kokemadenjoki, lijoki, Neva and
Kymijoki and the hatchery station at Laukaa are marked.

area, the Gulf of Finland, they fed both in the Gulf of
Finland and in the Baltic Main Basin (Kazakov 1985;
Salminen et al. 1995).

Crossing Experiment

We studied the inherited nature of marine migration by
establishing groups of fish that differed from each other
only genetically. The same hatchery-reared parental fish,
20 of each sex, from the Neva and lijoki stocks were used
to create reciprocal hybrid and pure groups in 1991. We
stripped 2 cm?® of eggs from each female and used half
(1 cm?®) to establish a pure group and half a hybrid group.
The eggs of each female were fertilized by one male
selected at random from the mating group. Spawners
were taken from broodstocks kept at the Laukaa hatchery
of the Finnish Game and Fisheries Research Institute,
where the crossing experiment was conducted and the
fish were reared (Fig. 1). After the mating, the eggs of each
group were pooled. The four groups were reared separ-
ately under standard hatchery conditions (from 1991 to
1994). The fish were reared in plastic (first year) and
concrete (second year) tanks under ambient water tem-
perature and natural light conditions. They were fed
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Table 1. Tag recoveries of lijoki and Neva stocks and their hybrids (Ne;emaiesXlimales @Nd litematesXN€maies) in the

Baltic Sea in 1994-1997

Annual recoveries, number of returned tags
1994 1995 1996 1997
Stock Total MB BS (0] Total MB BS (@) Total Total
lijoki 12 8 96 0 104 8 76 3 87 1
Neva 17 1 57 0 58 2 85 2 89 0
Negxli, 18 1 54 3 58 4 76 0 80 2
liexNe,, 13 1 80 3 84 5 67 1 73 1

Total: all recoveries per year in the Baltic Sea. Recoveries from the Main Basin (MB) and Bothnian Sea (BS) are
shown separately. Recoveries from the Gulf of Finland and Bothnian Bay are pooled (O). Year 1995 from January
to December was the second sea year for the salmon. We tagged 2000 smolts per stock.

during daylight hours with commercial pelleted fish food
dispersed by automatic feeders that adjusted the amount
of food as the fish grew and the water temperature
changed. The rearing conditions were kept similar for the
experimental groups. We tagged 2000 smolts from each
of the four groups. The groups were released into the
estuary of the Kokemdenjoki in May 1994 (water tem-
perature 10.2°C; Fig. 1). We recorded the total smolt
length (mm) of each fish during tagging and used this
initial length as smolt length in analyses.

Two months before release, the 2-year-old presmolts
were individually marked with external Carlin tags under
MS 222 anaesthesia (Carlin 1969). The tag was attached
by a double-steel wire through the dorsal musculature.
The Carlin tag is a plastic tab (18 x4 x 0.5 mm) and
weighs 0.15 g (a tagged fish weighs about 120 g). Carlin
tagging has been classified as an animal experiment
without pain by the committee of animal experimen-
tation of the Game and Fisheries Research Institute and
also by the Provincial State Office based on the Act of
Animal Protection. The licence for this study was given by
the Game and Fisheries Research Institute. The tagging
was conducted in cold water (1.0°C) in early spring, when
the infection risk is low and the fish have time to recover
from the handling before they are released. Mortality
during tagging is very low, under 0.001% (M. Naarminen,
tagging chief, personal communication).

External Carlin tags have been used in migration
studies to compare groups released at the same time or in
the same place (Jonsson et al. 1990; Hansen & Jonsson
1991). There is some evidence that the use of Carlin tags
on salmon smolts has adverse effects on survival in the
sea (Isaksson & Bergman 1978; Hansen 1988), but this
depends on the size of the tagged fish and the hand-
ling and physiological condition of the fish (Isaksson &
Bergman 1978; Soivio & Virtanen 1985). Tagging has had
no effect on the mortality of larger (over 24 cm) sea trout,
Salmo trutta (Berg & Berg 1987). In our experiment, the
smolts were relatively large (mean 23 cm). Carlin tagging
was the only method available to provide information on
individually tagged fish, which the fishermen could
detect and collect from offshore and coastal catches.
Adipose fin clipping could only have been used to distin-
guish reared fish from wild fish as a group in the total

catch, not to get information on individual growth or
migration. Tagging can be expected to have an equal
effect on the fish groups studied.

Recovery Time and Site

The recovery data were based on tagged fish caught by
fishermen (Table 1), who returned the tags with informa-
tion on the date of capture, and the catch site and size of
the fish. The recovery sites were classified into two cat-
egories according to the ICES subdivisions of the Baltic
Sea (Anonymous 1996), that is, the Baltic Main Basin
(MB; subareas 24-29) and the Bothnian Sea (BS; subarea
30; Fig. 1). Two subareas, the Gulf of Finland (32) and
Bothnian Bay (31), were excluded because of the small
number of recoveries from them. The majority (over 80%)
of recoveries were made in the Bothnian Sea and in the
second (1995) and third (1996) sea years. Our analyses
were based on fish of those year classes only. These
fish could have been on either the feeding or homing
migration. The total number of salmon recovered
in the four groups was 763, that is, 218 Iijoki fish, 177
Neva fish, 183 Nevag.ae X lijoki,.. hybrids and 185
lijoKifemale X Neva, .. hybrids, including all recoveries in
the sea and river and recoveries without information on
catch time and site (see Table 1). The recapture rate was
ca. 10%.

As salmon are known to return to their release site
when they mature (e.g. McKinnell et al. 1994), we could
use their return to estimate the age at maturity. The sea
age at sexual maturity for each of the four groups was
determined separately only for those adult salmon that
had returned to the release square at the mouth of the
river Kokemadenjoki in 1995 and 1996. There were 381
such fish, which accounted for half (49.9%) of all
returned tags.

Recapture and Fishery

Baltic salmon are caught mainly in the open sea, only
3% of the total catch being taken in rivers (Karlsson &
Karlstrom 1994). Salmon are heavily exploited in both
the Main Basin and the Gulf of Bothnia (Anonymous
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Table 2. Mean smolt length at tagging and growth as increment of length in the sea

Increment of length (cm)f
Smolt length
Stock N (cm)* N Second sea year N Third sea year
lijoki 218 22.7+1.89 45 37.2+8.59 48 75.5£7.17
Neva 177 22.6+1.67 31 34.3£11.76 45 78.1£6.73
Neexlip, 183 22.9+1.74 31 37.4+8.61 40 76.8+7.32
lizxNe,, 185 22.5%1.34 45 36.5+5.97 46 75.5+£7.64

*Mean smolt length+SD of captured fish measured at tagging.
tMean length at capture minus smolt length at tagging+SD.

1996). In the Main Basin of the Baltic Sea, the majority of
tag recoveries were made offshore by commercial drift-
net and long-line fisheries. In the Bothnian Sea, salmon
were caught by both offshore and coastal fisheries. The
scarcity of data (N=30, see Table 4 in the Results) from the
Main Basin was due not to the low fishing effort but to
the lack of interest by fishermen in returning tags. Of the
total number of tag recoveries (N=763), 8.6% were
returned without information on the recovery site or
time. The tagging experiment did not therefore convey a
full picture of the migration routes and the contribution
of the different feeding areas. We can nevertheless com-
pare fish groups with equal catchability, that is, with
similar age-specific length and the same release time and
place. There may be variation in the tag return rate
between different sea areas, but this is not important in a
comparative study such as ours, in which all the groups
compared use the same feeding areas, in this study the
Main Basin and the Bothnian Sea (Table 1).

Smolt size is reported to affect the marine feeding
migration pattern of salmon (Salminen et al. 1994; Kallio-
Nyberg et al. 1999). Both the initial smolt size of the fish
and their growth have an effect on catchability and
fishing mortality (Salminen et al. 1995). We did not
include smolt length in our analysis, because we could
not find any differences in smolt sizes between the stocks;
all groups had the same smolt length (23 cm, N=763;
F3 ;50=2.28, P=0.078; Table 2). In addition, no differences
were found in growth rates (length at capture minus
smolt length at tagging) between the pure and hybrid
stocks in either year (second year: F3 1,5=0.85, P=0.468;
third year: F; ;,5=0.95, P=0.415; Table 2). We therefore
assume that the groups had a similar fishing mortality
in relation to the time they spent in the sea and the
gear used.

Statistical Methods

The recovery data were presented in multiway
contingency tables and analysed by log-linear methods
(McCullagh & Nelder 1989; Everitt 1992) using the
CATMOD procedure of the SAS statistical package
(SAS Institute 1989). Log-linear methods are designed
for categorical data such as the numbers of recovered
tags in our study. The method aims to explain the
effects of single variables or their combinations
(interactions) on the recoveries. We included three effect

variables (stock, recovery site and recovery time) in our
three-dimensional log-linear models. The stock variable
was either pure stocks and hybrids or maternal and
paternal lines.

The models were analysed in a hierarchical way by first
introducing single variables into the model, and then
adding interactions one by one until all possible interac-
tions were covered. At each step, the fit of the model was
checked by a likelihood ratio (G?) test. When a model did
not differ significantly from the data (P>0.05), we
checked whether a model with more interactions gave a
statistically better fit to the data. In likelihood ratio tests,
this can be done by calculating the difference in G
values. The differences have approximately the same
distribution as a y? distribution with the degrees of
freedom of the test equal to the difference in degrees
of freedom of the models that are compared. When the
P value of the difference was above 0.05 (i.e. the more
complex model did not fit significantly better than the
simpler one), we accepted the simpler model. We contin-
ued the testing until the new terms no longer improved
the fit of the accepted model.

RESULTS
Effect of Stock on Marine Distribution

The majority of salmon (85%) of all groups were caught
in the Bothnian Sea (subarea 30) in their second and third
sea years in 1995 and 1996 (Table 1, Fig. 1). The lijoki
stock was caught more frequently outside the Bothnian
Sea than was the Neva stock. In 1995 and 1996, 8.5% of
the Ilijoki salmon, but only 2.1% of the Neva salmon and
3.8% of the hybrids (Nevagmae X lijokipae 3.7% and
lijoKifemale X Neva, .. 3.9%), on average, were caught in
the Baltic Main Basin in both sea years, excluding the few
recoveries from the Gulf of Finland or Bothnian Bay
(Table 1). The duration of sea migration differed between
the parental stocks, the Iijoki salmon being caught some-
what earlier (55% in the second sea year) than the Neva
salmon (40% in the second sea year). Of the hybrid
salmon (pooled stocks), 47% were caught in the second
sea year (Table 1).

We analysed the interrelationships between stock,
recovery site and recovery time by log-linear models. The
simplest log-linear model with P>0.05 included two inter-
actions: with stock (S) and recovery site (P), and with



Table 3. Effect of stock on spatial and temporal marine distribution

Model df G? P

S,P,T 7 20.61 0.004
T,SP 5 12.33 0.030
P,ST 5 12.76 0.025
S,PT 6 18.97 0.004
SP,ST 3 4.48 0.214f
SP,PT 4 10.69 0.030
ST,PT 4 11.12 0.024
SP,ST,PT 2 1.86 0.394f

Log-linear models and test of independence between classified
variables: stock (S): Neva, lijoki, hybrids (pooled); recovery site (P):
Bothnian Sea, Main Basin; recovery time (T): 8-19 months, 20-31
months in sea. Model: variables are expected to be independent
when separated by a comma and to interact when there is no
comma. G?=likelihood ratio, test value. P values indicate discrep-
ancy between model and data. f shows models with best fit
(P>0.05).

stock and recovery time (T) (Table 3). The model with
three interactions was not significantly better than this
model (G% s — G3p srpr=2.62, df=1; the critical value of
the y? distribution with df=1 and at the risk level 0.05 is
3.84). This shows a statistically significant difference in
the spatial and temporal sea distribution of these three
groups. As pointed out above, the Iijoki salmon were
caught earlier than the Neva salmon (second versus
third sea year) and the majority of the salmon caught
further away from the release site, in the Main Basin,
belonged to the Iijoki stock. The spatial and temporal sea
distributions of the pooled hybrid group were intermedi-
ate between those of the parental stocks. The analyses
also showed that there was no interaction between recov-
ery site and recovery time. Thus the spatial distribution
of the groups was independent of the duration of sea
migration.

Effect of Sexes on Spatial Marine Distribution

The spatial marine distributions of the two reciprocal
hybrid stocks were similar and intermediate between the
distributions of the parental stocks. Within the Bothnian
Sea and Main Basin, during the period 8-31 months in
the sea, 9% of the lijoki, 4% of the hybrid and 2% of
the Neva salmon were caught in the Main Basin (Table 4,
Fig. 1).

There was an interaction both between maternal line
(F) and recovery site (P), and between paternal line (M)
and recovery site (Table 4). Thus, there were no differ-
ences between males and females in their influence on
the spatial distributions of the hybrids. The model with
three interactions was not significantly better than this
two-interaction model (G np — Gavrrmr=2.43, df=1,
x3.0s=3.84). There was, however, a significant difference
between the two-interaction model and the nested mod-
els with one interaction (e.g. G3(wp — Gipap=4.22, df=1,
1%.0s=3.84). Both female and male parents had, therefore,
a statistically significant influence on the catch site of the
hybrids (Table 4).
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Table 4. Effects of maternal and paternal lines on spatial marine
distribution in the Main Basin and Bothnian Sea

Recovery site
Bothnian Sea Main Basin
Male Male Male Male
lijoki Neva lijoki Neva
Female lijoki 172 147 16 6
Female Neva 130 142 5 3
Model df G? P
F,M,P 4 11.24 0.024
P,FM 3 8.29 0.040
M,FP 3 6.71 0.081
F,MP 3 7.02 0.071
FM,FP 2 3.76 0.152
FM,MP 2 4.07 0.130
FP,MP 2 2.49 0.288f
FM,FP,MP 1 0.06 0.801f

Log-linear models and test of independence between classified
variables: female (maternal) line (F; Neva stock, lijoki stock), male
(paternal) line (M; Neva, lijoki), recovery site (P; two classes: Main
Basin and Bothnian Sea). Model: variables are expected to be
independent when separated by a comma and to interact when
there is no comma. G2=likelihood ratio, test value. P values indicate
discrepancy between model and data. f shows models with best fit
(P>0.05). The number of recoveries is shown in relation to recovery
site, male line and female line.

Effects of Sexes on Temporal Sea Distribution

The duration of migration in years was very similar
in hybrid offspring and their mother stocks. Of the
two groups with Iijoki salmon as female parents
(IijOkifemalc X IiiOkimalc and IijOkifcmalc X Nevamalc)l 55
and 53%, respectively, were caught in the second sea
year. Correspondingly, about 40% of the two groups with
Neva salmon as female parents (Nevag.nae X Neva, e
and Nevag. .. X lijoki,,..) were caught in the second sea
year (Table 5, Fig. 2).

The model with an interaction between female line (F)
and recovery time (T) showed a reasonable fit with the
data (Table 5), whereas the model with an interaction
between male line (M) and recovery time was not com-
patible with the data (Table 5). The first model, with an
interaction between female line and time, was signifi-
cantly better than the model with independent factors
(G mr — GRepr=11.94, df=1, 3 5s=3.84). Adding the inter-
action of female line and male line did not improve
the model significantly (Gf pr — Giyrr=2.95, df=1,
%3.0s=3.84). The model with three interactions was also in
good agreement with the data, but the addition of inter-
actions other than that between the female line and
time (FT) did not improve the model significantly
(GRurr — Gourrmr=3.12, df=2, %30s=5.99). The maternal
line alone was thus sufficient to explain the duration of
sea migration. This interaction (FT) was due to differences
in recovery time between both reciprocal hybrid groups
and between pure groups. In the second sea year, the
hybrids from the lijoki maternal line were more common
than those from the Neva maternal line. More hybrids

male
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Table 5. Effects of maternal and paternal lines on temporal marine
distribution

Recovery time
2 years 3 years
Male Male Male Male
lijoki Neva lijoki Neva
Female lijoki 104 81 84 72
Female Neva 55 58 80 87
Model df G? P
FM,T 4 15.10 0.004
T,FIM 3 12.15 0.006
M,FT 3 3.16 0.368f
FMT 3 14.69 0.002
FM,FT 2 0.21 0.901f
FM,MT 2 11.74 0.002
FT,MT 2 2.74 0.253
FM,FT,MT 1 0.04 0.842

Log-linear models and test of independence between classified
variables: female line (F; Neva, lijoki), male line (M; Neva, lijoki) and
recovery time (T, sea year 2=8-19 months, sea year 3=20-31
months in sea). Recoveries within the Main Basin and Bothnian Sea
are included. Model: variables are expected to be independent
when separated by a comma and to interact when there is no
comma. G?=likelihood ratio, test value. P values indicate discrep-
ancy between model and data. f shows models with best fit
(P>0.05). The number of recoveries is shown in relation to recovery
time, male line and female line.
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Figure 2. Temporal marine distribution of lijoki (lixli), Neva
(NexNe) and hybrid stocks (liemaleXN€mae aNd NegemaieXlimae) Of
Atlantic salmon within the Baltic Sea. M: Percentage of catch in
second sea year; []: percentage of catch in third sea year. The
number of recoveries is shown in Table 5.

from the Neva maternal line were caught in the third sea
year than were those from the lijoki maternal line. No
such effect was found in offspring of the paternal line.
The age at sexual maturity as estimated from the fish
that had returned to the release square at the mouth of
the Kokemadenjoki was lower for the Iijoki salmon than
for the Neva salmon. The returning hybrids resembled
their mothers more than they did their fathers in a similar
way as when analysed from the sea age of the total catch.
At the release square, the second sea year or the one sea
winter salmon accounted for 57% (N=124) of the lijoki
group, 51% (N=85) of the hybrids IijoKifemales X

Neva, sy 46% (N=89) of the hybrids Nevag.aes X
lijoKi, e and 39% (N=83) of the Neva group. The age at
maturity, as calculated from fish returning in the release
square after one or two sea winters, was 1.42 years for
lijoki salmon, 1.49 years for the maternal Iijoki hybrid
group, 1.61 years for Neva salmon and 1.53 years for the
maternal Neva hybrid group. Thus the age of salmon
caught in the sea and the age at sexual maturity were
correlated and both were largely determined by the
characters of the female parents.

DISCUSSION
Marine Distribution of Pure Stocks

Our results showed that the sea migration pattern of
salmon is a stock-specific and quantitatively inherited
trait. All three (Neva, Iijoki, hybrid stock) groups differed
significantly from each other in their sea migration pat-
tern. The null hypothesis that there is no difference in sea
migration patterns between the pure stocks was thus
rejected. The feeding migration distance of the pure Neva
stock was shorter than that of the other pure stock, lijoki,
as documented by Kallio-Nyberg & Ikonen (1992). The
phenotypic differences in the spatial marine distribution
could be expected to have a genetic basis, because growth
conditions were similar for both stocks and also because
smolt size as well as growth rates were similar for all
groups. These findings agree with Hansen et al.’s (1993)
observations that the sea migration pattern of Atlantic
salmon may be partly genetically determined. In addition
to genetic factors, smolt size and the abundance of food
are expected to affect the feeding migration pattern
(Salminen et al. 1994; Kallio-Nyberg et al. 1999).

The Iijoki stock was more frequently caught in its
second sea year than was the Neva stock. Moreover, the
frequency of 1-year-old returners, and thus probably
mature fish, was higher for Iijoki than for Neva salmon.
The heritable variance in age at maturity was documented
in Atlantic salmon by Gjerde (1984). Here the Iijoki
salmon tended to undergo a longer feeding migration
within a shorter time frame (2 years) than did the Neva
salmon (3 years). The spatial distribution of sea migration
was thus independent of the duration of the migration. It
is therefore unlikely that stock-specific differences in
spatial sea distribution were due to differences in the
parental sea age or age at sexual maturity of the stocks;
the stock-specific differences in the duration of the sea
migration were, however, very probably stock-specific
genetic traits. This suggests that spatial and temporal
distribution are under separate genetic control.

Since the lengths of the smolts in all four groups were
the same, variation in smolt size could not have caused
the observed variation in spatial sea distribution; smolt
size was therefore excluded from the analyses. Other
experimental releases of salmon smolts into Bothnian Bay
have, however, shown that smolt size does have an effect
on the spatial sea distribution of offspring. Salmon
released into Bothnian Bay as smaller smolts migrate
further south than those released as larger smolts
(Salminen et al. 1994; Kallio-Nyberg et al. 1999).



Marine Distribution of Hybrid Stocks

The hybrid groups had similar spatial distributions in
the sea, and their behaviour was intermediate (3.8% in
the Main Basin) between that of the two parental stocks
(2.1 and 8.5% in the Main Basin, Table 1), implying that
the inherited traits of female and male parents regulate
the spatial sea migration behaviour equally. The inter-
mediate expression of the spatial marine distribution
indicates that the level of migratory activity can be
inherited. Inheritance of spatial sea distribution has not
previously been demonstrated in Atlantic salmon,
although the population-specific migration patterns
observed in Pacific salmon have been considered partly
genetically determined (Brannon 1984; Pascual & Quinn
1994). The inheritance of both migration distance and
direction have been studied extensively in passerine birds
(Berthold & Pulido 1994; Helbig et al. 1994). Crossing
experiments have shown that hybrid blackcaps, Sylvia
atricapilla, whose parent populations migrate for different
distances, had an intermediate level of migratory activity
(Berthold 1991). The conclusion was that migrant black-
caps were equipped with inherited population-specific
programmes that determined the duration of migration
(Berthold 1991). It is possible that the sea migration
of Atlantic salmon is regulated by a multilocus system
similar to that proposed for migratory blackcaps.

Our analyses, which were based on the spatial distri-
bution of recoveries from only two areas, did not reveal
stock-specific differences in migration direction; they did,
however, show a clear difference in migration distance.
The frequency data enable us, in principle, to detect
differences in spatial distribution between groups with
the same migration distance but a different migration
direction. However, the data would have to be subdivided
into smaller classes than the limited number of recoveries
allowed. We observed differences in spatial distribution
by using only two classes for each recovery place. The
determination of classes was subjective and was based on
the idea that the fish have a choice between the food
resources of two basins, the Bothnian Sea and the Main
Basin.

In temporal marine distribution, the effect of the
maternal line was stronger than that of the paternal line.
Both hybrid stocks were caught at the same age as their
maternal stock. The difference between the parental
stocks in the duration of the sea migration obviously had
a direct genetic basis, but the strong effect of the female
line on the hybrids indicates that temporal marine distri-
bution is largely subject to maternal effects. In fish,
maternal effects can be transmitted through the eggs
(Gjerde & Refstie 1984) either as nutritional prenatal and
postnatal influences or as extranuclear organelles. In
Atlantic salmon, the body weight of fingerlings and
adults is thought to be influenced by maternal effects
(Gjerde & Refstie 1984). The maternal effects do not
necessarily have a direct influence on behavioural traits.
Behavioural changes may rather be a secondary conse-
quence of changes in other traits influenced by maternal
effects (Heath & Blouw 1998). The strong effect of the
maternal line on the duration of marine migration in
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adult fish suggests that maternal effects may have a
genetic component as well.

The hybrid groups attained maturity at the same year of
age as their maternal line, suggesting that maternal
effects are more important than direct genetic factors for
the age at which offspring mature. Maternal effects have
been thought to account, among other things, for the
large variation in age at maturity in Atlantic salmon and
rainbow trout, Oncorhynchus mykiss (Gjerde 1986). Here,
the age at maturity was almost invariably linked to the
maternal line when the stocks were reared in similar
environments. The conclusion is that the age at maturity
is controlled by products of the mother’s nuclear and
extranuclear genes and the maternal environment. The
age at maturity controlled the temporal distribution of
the fish in the sea and in the catches.
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