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ABSTRACT: The brackish water of the Baltic Sea, with decreasing salinity from the west to the east and
from the south to the north, is a borderline area for cod Gadus morhua. The major stock, the eastern
Baltic cod, has decreased substantially during the last decade. A discussion concerning the possibility
of immigration of cod and the potential of stock interactions has evolved. The present study was con-
ducted in order to elucidate if differences in salinity requirements for successful spawning exist
between the eastern Baltic cod and the western Belt Sea cod, and if adaptation to ambient salinity is
possible. Activation of the spermatozoa occurred at =11 to 12 psu (practical salinity units) for Baltic cod
and at 215 to 16 psu for Belt Sea cod. Neutral egg buoyancy was obtained at 14.5 £ 1.2 psu and at 20 to
22 psu respectively. Transfer of fish from marine to brackish water conditions showed that these char-
acteristics remained essentially the same; activation of spermatozoa occurred at 214 to 15 psu and
neutral egg buoyancy at 19 to 21 psu. The results suggest that these characteristics are specific to pop-
ulations. Regarding hydrographic conditions in the spawning areas of cod in the Baltic, the results sug-
gest that stock interactions may be possible in the western Baltic spawning areas where salinity
requirements for both stocks are fulfilled, but not in the eastern spawning areas as low salinity prevents
successful spawning of Belt Sea cod. Salinity and oxygen conditions in the Baltic vary with highly irreg-
ular saline water inflows. Periods of stagnation without inflows may, due to decreasing salinity, e.q.
<15 psu during the last stagnation period, act as an ecological barrier separating the stocks.
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INTRODUCTION

Atlantic cod Gadus morhua is distributed in relation
to shelf topography, current systems and temperature
regime in coastal and continental shelf areas in the
northern Atlantic Sea (Brander 1994) and is generally
regarded as a number of populations or stocks accord-
ing to distribution and habits. Stocks have been differ-
entiated by meristic and morphometric characteristics,
analysis of genetic variation in haemoglobin type, var-
ious tissue enzymes, and mitochondrial and nuclear
DNA. Evidence for stock discrimination exists for dif-
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ferent regions, e.g. in Norwegilan waters the Arcto-
Norwegian cod differs from the Norwegian coastal cod
(Dahle 1991, Dahle & Jorstad 1993, Fyhn et al. 1994)
both spawning in the same area off Lofoten, Norway.
However, Mork et al. (1985) concluded, using alloen-
zyme frequency analysis, that there is little genetic
variation throughout most of its range, although a rela-
tively large genetic distance was recorded between
Baltic and Atlantic cod stocks. In the brackish water of
the Baltic Sea, cod is at the border of its distribution
and 1s generally divided into 2 stocks, the eastern
Baltic cod stock, present east of the island Bornholm,
Denmark [ICES subdivisions (SDs) 25 to 32], and the
western Belt Sea cod stock, present in the Arkona
Basin and the Belt Seas (ICES SDs 22 to 24). The longi-
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Fig. 1. ICES statistical subdivisions (SDs) in the Baltic Sea, the

longitude 14° 30" E (line between SD 24 and SD 25), and spawn-

ing areas (shaded areas) of Baltic and Belt Sea cod Gadus
morhua (after Bagge & Thurow 1993)

tude 14° 30" E is generally regarded as the border line
(Bagge & Steffensen 1989, Bagge et al. 1994) (Fig. 1).
The discrimination is based on meristic and morpho-
metric characteristics as well as on haemoglobin types
and various alloenzymes (see Bagge & Steffensen
1989, Bagge et al. 1994).

Saline water flows from the North Sea into the Baltic
through The Sound and the Danish Belts under certain
meteorological conditions (Fonselius 1962, 1988, Franck
et al. 1987, Matthaus 1993). Consequently, salinity in
the Baltic decreases from the west to the east and from
the south to the north, ranging between 8 and 3 psu in
the surface layer and between 18 and 10 psu in the
deep basins below the halocline. Salinity is a major
factor influencing the spawning success of Baltic cod
(Grauman 1973, 1974, Westin & Nissling 1991, Nissling
et al. 1994). The eastern Baltic cod is adapted to
spawning at the salinities that prevail in the eastern
Baltic deep basins. Activation of the spermatozoa, and
thus fertilization, occurs at 211 to 12 psu (Westin &
Nissling 1991) and neutral egg buoyancy is achieved at
12 to 18 psu (Nissling et al. 1994). The western Baltic
cod spawn in areas with salinities ranging from about

15 psu to fully marine conditions in the transition area
between the Baltic and the Kattegat (The Sound and
the Danish Belts) (spawning areas shown in Fig. 1).

According to tagging experiments cod from the west-
ern stock may undertake migration eastwards, some-
times as far as to the southern Gotland Basin (SD 28),
whereas westward migration by individuals from the
eastern stock is limited (Aro 1989, Bagge & Steffensen
1989). Individuals from the western stock may in addi-
tion be transported eastwards during periods of inflows
of saline water into the Baltic as eggs, larvae or pelagic
juveniles (see Westerberg 1994). Such transport might
in some years be substantial as indicated by bimodal
length distribution of 1-group cod in the area around
the island Bornholm (SDs 24 and 25) in some years
(A.-C. Larsson & P.-O. Rudolphi, Institute of Marine
Research, Lysekil, Sweden, unpubl.).

Adaptation to environmental conditions occurs as
phenotypic plasticity and through genetic selection. In
phenotypic plasticity individuals within a population
adapt to environmental variability by changes in
behaviour and physiology without genotypic changes
as they may be altered within a generation. Genetic
selection, on the other hand, occurs as a result of some
individuals being more successful than others in
adapting to changed environmental conditions, result-
ing in a higher proportion of their offspring in the pop-
ulation. This evolutionary process may imply changes
in genotypic frequencies as it occurs over generations.
Genetic differences between groups of individuals in a
population will evolve if the genetic flow is restricted.
The flow of genes necessary for preventing differenti-
ation depends on the strength of the forces causing the
differentiation (Chakraborty & Leimar 1987).

Cod and a number of other marine fish species have
colonized the Baltic Sea following the last glacial
period. The selection pressure for adapting to the
brackish environment in the Baltic has probably been
strong with salinity acting as an evolutionary force.
Individuals or species not able to adapt to brackish
conditions for spawning did not colonize the Baltic
while those with higher phenotypic plasticity, able to
successfully cope with low salinity at spawning, pro-
duced offspring entering a virgin area.

In previous investigations (Westin & Nissling 1991,
Nissling et al. 1994) we studied neutral egg buoyancy
and spermatozoa mobility of the eastern Baltic cod at
different salinities with implications for opportunities
for fertilization and egg development, l.e. spawning
success, in relation to saline water inflows into the
Baltic. The aim of the present study was to study dif-
ferences in salinity requirements for successful spawn-
ing between Belt Sea and Baltic cod, using the same
methodology as in previous investigations, and to
study the potential for adaptation of these characteris-
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tics to ambient salinity. A reciprocal transplant study
was used to elucidate phenotypic plasticity. Cod of
marine origin were transferred to brackish conditions
and Baltic cod (brackish origin) were transferred to
marine conditions prior to spawning.

The investigation was conducted in light of the sce-
nario put forward by Elmgren et al. (1989): the dra-
matic decline in the stock size of eastern Baltic cod
from the mid 1980s (Hansson & Rudstam 1990, Bagge
et al. 1994) might release a feeding niche and thus per-
haps westward immigration to the eastern parts and,
possibly, interaction with the eastern stock. This would
potentially cause a 'genetic degeneration’ of the east-
ern Baltic cod adapted to the brackish water condition
by selection. Our primary interest was to evaluate if
individuals from the western stock are able to spawn
successfully in the less saline water of the eastern
Baltic deep basins, the Bornholm, Gdansk and Gotland
basins, and thereby interbreed with the eastern cod.

MATERIAL AND METHODS

The investigation includes cod from ICES SDs 23, 24,
25 and 28 in the Baltic as well as cod from the Gull-
maren fjord, Sweden (58° N, 11° E) in the Skagerrak. In
the Baltic, fish were caught with gill nets or by trawling
and in the Gullmaren fjord, fyke nets were used. Mea-
surements were carried out during 1991 to 1995 either
directly, on spawning fish caught during surveys with
RV 'Argos’, or on fish caught prior to spawning and
kept in tanks until start of spawning. Fish were trans-
ported either to the Arlaboratory, Gotland, Sweden, in
the middle of the Baltic, where the fish were kept in in-
door tanks provided with running water of about 7 psu,
or to the Institute of Marine Research, Lysekil, Sweden,
where fish were maintained at 30 to 34 psu.

Measurements were performed on fish in their nat-
ural environment, i.e. on spawning fish caught during
cruises with RV 'Argos’, on fish caught in brackish con-
ditions off Gotland (SD 28) and kept at 7 psu and on
fish of marine origin caught in the Gullmaren fjord
(salinity of surface layer 18 to 30 psu and >34 psu in
deep water below the halocline) and maintained at 30
to 34 psu. Measurements were also performed on fish
transferred from marine to brackish water conditions
and vice versa designed as a reciprocal transplant
experiment. Cod from the Gullmaren fjord and from
The Sound (SD 23), i.e. inhabiting areas with salinity
ranging from 18 to >34 psu, were transferred to the Ar
laboratory, Gotland (brackish conditions), 3 to 4 mo
before spawning, and cod of brackish origin, caught in
the eastern Baltic (SDs 25 and 28), were transferred to
marine conditions at the Institute of Marine Research,
Lysekil, 3 to 6 mo before spawning.

Spermatozoa activity. Spermatozoa activity at differ-
ent salinities was studied during 5 min of observation
at approximately 7°C under a microscope at 250x mag-
nification using a nominal scale: swimming, vibrating
or immobile. For each determination, semen was sam-
pled directly from the male using a dry Pasteur pipette
as described in Westin & Nissling (1991). For each
salinity tested, 1 droplet of semen was diluted in
approximately 5 ml of water, prepared from synthetic
seasalt (hw Marinemix, Wiegandt, Germany) and de-
ionized water, and observation was made immedi-
ately. For each male, measurements were carried out,
starting with a high salinity followed by subsequently
lower salinities until spermatozoa mobility ceased, i.e.
the salinity at which fertilization is not possible (see
Westin & Nissling 1991); this was followed by a mea-
surement at a higher salinity to ensure that the semen
still was of good quality.

Fertilization. Fertilization success at different salini-
ties was studied by mixing eggs and semen artificially
at ~7°C, using eggs obtained by stripping and semen
collected with a dry Pasteur pipette. Water of different
salinities was prepared either by addition of synthetic
seasalt (hw Marinemix) to or by dilution with deionized
water of filtered (0.2 nm) seawater (7 or 30 to 34 psu).
In each set of experiments, eggs from 1 female and
semen from 1 male were mixed at 6 or 7 salinities (at
10, 11, 12, 13, 20 and 30 psu for Baltic cod; at 14, 15, 16,
17,18, 20 and 30 psu for Gullmaren cod; and at 11, 12,
13, 14, 15 and 16 psu for Baltic cod raised in marine
conditions). One droplet of fresh semen was mixed
with ~100 ml water of each salinity and a spoonful
(~1000 eggs) of eggs was added immediately. About
2 h after fertilization the eggs were rinsed in water
(respective salinity) and incubated further in 300 ml
water (respective salinity) at 7°C. A subsample of eggs
(=200 eggs) was collected 6 to 8 h after fertilization and
the number of fertilized eggs counted. Eggs with
4 cells or more were considered fertilized as opposed
to activated eggs, i.e. eggs with 1 germinal cell but
without cell cleavages (see Howell et al. 1991), and
eggs without cells.

Egg buoyancy and egg size. Eggs for buoyancy mea-
surements were obtained by stripping. Determinations
were performed on unfertilized eggs or on eggs in the
blastula stage (1 d old) after fertilization at 17 psu (cod
from the Baltic) or at 30 psu (cod from the Gullmaren
fjord) at 7°C. As evident from earlier investigations
(Nissling & Westin 1991) no differences in egg specific
gravity occur between unfertilized and 1 d old eggs,
and differences in egqg specific gravity due to different
salinities at fertilization are of minor importance [dif-
ferences in salinity of neutral buoyancy <0.5 psu when
eggs from the same batch were fertilized at both
17 and at 30 psu (L. Vallin, Department of Systems
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Ecology, Stockholm University, Sweden, pers. comm.,
authors’ obs.)]. Determinations of egg specific gravity
were carried out at 7°C using a density gradient col-
umn, according to Coombs (1981). The positions of the
eggs were compared with the positions of 6 density
floats of known specific gravity. For each egg batch
10 to 15 eggs were used. The linearity between specific
gravity of the density floats and their positions was
high (r > 0.99) at all determinations.

Egg size was measured under a stereomicroscope at
50x magnification using a micrometer scale. For each
egg batch, 15 eggs in the blastula stage were used.

Osmolality measurements. Osmolality in seminal
plasma and ovarian fluid was measured by freezing
point depression using an osmometer. Ovarian fluid
was obtained by letting fluid from a batch of eggs run
off from a net and semen by sampling directly from

Sperm mobility (minutes)

Salinity

Sperm mobility (minutes)

1415 16 17 18 20 21 25 30 38

Salinity (psu)

the male using a Pasteur pipette. The samples were
kept cool until centrifuged and analysed. Each sam-
ple was analysed in replicate and results calculated
into psu by comparing determinations with a stan-
dard of 300 mOsmol 1! (salinity 9.8 psu) prepared
from NaCl.

RESULTS
Spermatozoa activity and fertilization

Duration of spermatozoa mobility at different salini-
ties for Baltic and for Gullmaren cod is shown in Fig. 2.
For Baltic cod kept in ambient brackish conditions
(Fig. 2a) the spermatozoa were activated at 11 to
12 psu. At 11 psu most males displayed vibrating
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Fig. 2. Gadus morhua. Duration of sperm mobility of Baltic and Gullmaren cod at different salinities during 5 mun of observation

(V indicates vibrating, non swimming spermatozoa). (a) Baltic cod kept at 7 psu (n = 8}, (b) Gullmaren cod kept at 30 to 34 psu

(n = 11), (c) Baltic cod kept at 30 to 34 psu (n = 8), and (d) Gullmaren cod kept at 7 psu (n = 10). Standard deviation given on top
of bars
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spermatozoa. Swimming spermatozoa occur-
red for all males from 12 psu with increased
mobility with increasing salinity up to 15 psu
and high mobility at higher salinities. The sper-
matozoa of marine cod from the Gullmaren
fjord, kept in marine conditions, were activated
at 15 to 16 psu (Fig. 2b). Most males displayed
vibrating spermatozoa at 15 psu with mobility
increasing with salinity up to 21 psu and high
mobility at higher salinities.

The percentage of fertilized eggs at different
salinities is shown in Fig. 3. For Baltic cod in
brackish conditions (Fig. 3a) successful fertil-
1zation occurred at salinities of 11 to 12 psu and
higher, whereas fertilization occurred at 215 to
16 psu for Gullmaren cod kept in marine condi-
tions (Fig. 3b). Fertilization ranged from 0 to
98 % for Baltic cod at 11 psu and between 0 and
7 % for Gullmaren cod at 15 psu, corresponding
to the salinity of onset of spermatozoa activity
for the 2 stocks.

In Fig. 2¢, d, sperm mobility at different
salinities is shown for cod transferred from a
brackish to a marine environment (Fig 2¢) and
from marine to brackish water conditions
(Fig. 2d) respectively. Compared to when kept
in their natural environment, salinity of sper-
matozoa activation and spermatozoa mobility
remained essentially the same. The spermato-
zoa of Baltic cod remained active down to
12 psu and the spermatozoa of Gullmaren cod
to 15 psu. However, spermatozoa mobility was
somewhat affected at low salinities. When
Baltic cod were transferred to marine condi-
tions, immobile or merely vibrating sperma-
tozoa were recorded at 11 psu and only some
males displayed swimming spermatozoa at
12 psu. When cod from the Gullmaren fjord
were transferred to brackish water conditions, sper-
matozoa activity increased somewhat at low salinities.
Vibrating spermatozoa were noted at 14 psu and all
males displayed swimming spermatozoa at 15 psu.
This effect of ambient salinity was confirmed in a fer-
tilization experiment in which 2 Baltic cod females,
kept at 30 to 34 psu, were fertilized with spermatozoa
from Baltic cod males kept at 7 and 30 to 34 psu
respectively (Fig. 4). Fertilization was, at least at low
salinities, higher for males kept in brackish water con-
ditions than when males maintained in marine condi-
tions were used, 1.e. fertilization success at low salini-
ties was somewhat affected by ambient salinity of the
male.

From the above it is evident that fertilization success
1s highly influenced by spermatozoa mobility and that
fertilization success is affected by ambient salinity. Dif-
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Fig. 3. Gadus morhua. Percentage of fertilized eggs of Baltic and Gull-
maren cod after fertilization at different salinities. (a) Baltic cod kept

at 7 psu (n = 5), (b) Gullmaren cod kept at 30 to 34 psu (n = 4)

ferences in spermatozoa mobility at different salinities
exist between Baltic cod and cod of marine origin
(Gullmaren cod), and transfer of fish showed that salin-
ity of spermatozoa activation remained the same, only
to a small extent affected by ambient salinity (Fig 2).
In Fig. 5 the percentage of fertilized eggs at different
salinities is shown for the fertilization experiment in
which 3 Baltic cod males, raised and maintained in
marine conditions (30 to 34 psu), were used. Although
raised in marine conditions they were potent to fertil-
ize eggs at 12 psu, i.e. activation of the spermatozoa
occurred at the same salinity as when caught in brack-
ish conditions and transferred to marine conditions
(Fig. 2c¢). This shows that salinity of spermatozoa acti-
vation is a stable characteristic, specific for respective
stock, and not affected by ambient salinity during
development.
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Fig. 4. Gadus morhua. Percentage of fertilized eggs of Baltic

cod after fertilization at different salinities with males kept

at brackish and marine conditions respectively (2 identical
setups with different males and females)

Egg specific gravity and egg size

Salinity of neutral buoyancy of 53 egg batches of Baltic
cod and 13 batches of cod from the Gullmaren fjord, kept
at 7 and 30 to 34 psu respectively, is shown in Fig. 6.
Salinity of neutral egg buoyancy was obtained at 14.5 +
1.2 psuand at21.4 = 1.3 psu respectively, i.e. egg specific
gravity of the stocks differed (Table 1). Transfer of cod of
marine origin from the Gullmaren fjord to brackish con-
ditions revealed only a minor change in salinity of neu-
tral buoyancy (Table 1). Salinity of neutral egg buoyancy
of Baltic cod on the other hand, increased when Baltic
cod were transferred to marine conditions (from on av-
erage 14.5 £ 1.2 to on average 18.7 £ 0.9 psu; p < 0.001,
t=9.49, df = 56), although still significantly lower than for
Gullmaren cod (on average 21.4 +1.3; p < 0.001, t=4.41,
df = 16). Egg size, known to affect egg buoyancy (Kjesbu
et al. 1992, Nissling et al. 1994, Thorsen et al. 1996),

Fig. 5. Gadus morhua. Percentage of fertilized eggs after fer-

tilization at different salinities using 3 Baltic cod males raised

in marine conditions (30 to 34 psu) from the egg stage to
maturity

differed significantly between the 2 populations (on
average 1.66 + 0.07 for Baltic cod and 1.44 + 0.06 mm for
cod from the Gullmaren fjord; p < 0.001, t = 12.05,
df =43). After transfer of Gullmaren cod to brackish con-
ditions, egg size increased slightly, although not sig-
nificantly (p = 0.229, t=1.23, df = 24), whereas there was
a significant decrease in egg size for Baltic cod when fish
were transferred to marine conditions (p < 0.001, t=4.44,

204

Baitic cod
3 Gulimaren cod

NN

N
R

N

AN

=

Number of egg batches
S
AN

AR R

_

34 7

1 , 7

o4 Y Z 7
&« o 0T w o o~ ® >® o =
- T T T T T T 7 oo
- o ) < no o ~ © N
z P ks il puld st - - o o~

Salinity (psu)

Fig. 6. Gadus morhua. Salinity of neutral egg buoyancy of 53

batches from different Baltic cod females kept at 7 psu (from
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of egg specific gravity
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Table 1. Gadus morhua. Salinity of neutral egg buoyancy and of spermatozoa activation together with measurements of egg size
and salinity of ovarian fluid and seminal plasma for Baltic and Gullmaren cod, kept at 7 and at 30 to 34 psu, respectively. Mean
values + standard deviation

“Nissling et al. (1994); "Westin & Nissling (1991)

Baltic cod 7 psu

Neutral egg buoyancy (psu) 145+ 1.2 (n=53) 18709 (n=11)
Egg size (mm) 1.66 £ 0.07 (n = 34)° 1.56 £ 0.07 (n=11)
Salinity of ovarian fluid {psu} 9.0+03(n=10)" 13.2+1.0 (n=3)
Activation of spermatozoa (psu} 211t0 12 (n=16) >12t0 13 (n=8)
Salinity of seminal plasma (psu) 10904 (n=9)° 11603 (n=9)

Gullmaren cod 33 psu

Neutral egg buoyancy (psu) 214 +13(n=13) 202+13{(n=11)
Egg size {(mm) 1.44 £+ 0.06 (n = 195) 148 £0.08 (n=11)
Salinity of ovarian fluid (psu) 13.3£09(n=7) 10.1 209 (n=28)
Activation of spermatozoa (psu) 215t0 16 (n=11) >14to 15 (n = 10)
Salinity of seminal plasma (psu) 126 £+ 06 {(n=7) 11.1+£0.5(n=8)

Baltic cod 33 psu

Gullmaren cod 7 psu

df = 43). However, differences between the 2 stocks
remained, i.e. on average 1.66 mm compared to 1.48 mm
(p <0.001, t=7.71, df = 43) at brackish conditions and
1.56 mm compared to 1.44 mm in marine conditions (p <
0.001, ¢t = 4.22, df = 24) respectively. Thus, salinity of
neutral buoyancy differed between Baltic cod and cod
from the Gullmaren fjord and was only somewhat
affected by transfer from a marine to a brackish en-
vironment.

Osmolality of seminal plasma and ovarian fluid

Salinity of seminal plasma differed significantly be-
tween Baltic cod and cod from the Gullmaren fjord when
fish were kept in their respective natural environments,
10.9 £ 0.4 and 12.6 = 0.6 psu respectively (Table 1; p <
0.001, t = 7.25, df = 14). After transfer, osmolality de-
creased significantly (p < 0.001, t=5.20, df = 13) when
Gullmaren cod was kept at brackish conditions and in-
creased (p < 0.001, t=5.02, df = 16) when Baltic cod was
kept in marine conditions. When kept at the same salin-
ity there was no significant difference in salinity of sem-
inal plasma between the stocks at 7 psu (p = 0.230, =
1.15, df = 15), but at 30 to 34 psu measurements revealed
a significant difference (p = 0.001, t = 4.17, df = 14). A
similar pattern is evident concerning salinity of ovarian
fluid (Table 1). Osmolality differed significantly (p <
0.001, t=13.3, df = 14) between Baltic cod kept at 7 psu
and cod from Gullmaren kept at 30 to 34 psu and in-
creased for transferred Baltic cod (p < 0.001, t=12.41, df
= 10} and decreased for transferred Gullmaren cod (p <
0.001, t=6.76, df = 13). No difference in ovarian osmo-
lality of the 2 stocks existed when both were maintained
at 30 to 34 psu (p = 0.802, t=0.26, df = 8) but a small dif-
ference remained when keptat 7 psu (0.05>p>0.01, t=

3.68, df = 15). Thus, the present investigation shows that
osmolality of both seminal plasma and ovarian fluid
change according to ambient salinity.

Spermatozoa mobility and egg buoyancy of cod
in different areas

In Fig. 7 salinity of spermatozoa activation is shown
for cod caught in different areas and, correspondingly,
Fig. 8 shows salinity of neutral egg buoyancy. Cod
caught off Gotland (SD 28) and in the Bornholm Basin
(SD 25) displayed equal salinity requirements for sper-
matozoa activation (=11 to 12 psu) and the same egg
specific gravity (neutral egg buoyancy achieved at
14.5 + 1.2 and at 14.3 = 1.6 psu respectively). Similarly,
cod caught in The Sound (SD 23) displayed the same
salinity requirements as cod caught in the Gullmaren
fjord: activation of the spermatozoa at =15 to 16 psu
and neutral egg buoyancy at 21.2 £ 1.2 and 20.8 =
0.7 psu respectively when kept in marine conditions
and at 214 to 15 psuand at 20.2 + 1.3 and 19.9 + 3.6 psu
respectively after transference to 7 psu. No individuals
showing characteristics of Gullmaren cod were found
east of the island Bornholm (SDs 25 and 28) and no
individuals with characteristics of Baltic cod were
found in the Gullmaren fjord or in The Sound (SD 23).
Individuals caught in the Arkona basin (SD 24), on the
other hand, displayed characteristics of either cod
caught east of the island Bornholm or cod caught in
The Sound or in the Gullmaren fjord. Salinity of sper-
matozoa activation occurred at =14 to 15 psu for 21
males and at 211 to 12 psu for 4 males. Measurements
of egg specific gravity (4 females), revealed neutral
egg buoyancy at 13.7 = 1.3 psu, i.e. resembling cod
caught east of the island Bornholm.
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for successful fertilization. No fertilization

Activation of spermatozoa (psu)

occurred at salinities with immobile sper-
matozoa. Actively swimming or vibrating
spermatozoa were necessary. This implies
that fertilization success depends on salin-
ity, i.e. in the brackish water of the Baltic
Sea fertilization success varies in accor-
dance with hydrographic conditions.

The mechanism of achieving buoyancy
includes reduction of density by the accu-
mulation of less dense components. For
cod eggs, low specific gravity is mainly
obtained by a high water content acquired
during the final maturation in the ovary
(Craik & Harvey 1984, 1987). Adaptation
of pelagic eggs to maintain neutral buoy-
ancy in less saline water includes an
increase in size (Strodtmann 1918, Mielck
& Kiinne 1935, Kandler 1944, Kjesbu et al.

Fig. 7 Gadus morhua. Salinity of spermatozoa activation for cod caught in
different areas (figures within parentheses represent measurements on fish

transferred to brackish water conditions)

DISCUSSION

With the exception of genetic characteristics most
marks or characteristics that have been used in attempts
to discriminate between fish stocks can be highly influ-
enced by environmental conditions (Pella & Milner
1987). The present study differs from most
methods used by studying the functioning of

1992) and water content (Thorsen et al.
1996). Egg specific gravity varies with egg
size and is related to both female size and
batch number during the spawning sea-
son (cod being a multiple batch spawner)
[Kjesbu et al. 1992 (Norwegian coastal cod); Vallin &
Nissling unpubl. (Baltic cod}], i.e. vary somewhat with-
in a stock. However, differences in egg specific gravity
among cod stocks exist. Arcto-Norwegian cod display
neutral egg buoyancy at 29.5 to 33 psu (Solemdal &
Sundby 1981, Kjesbu et al. 1992), Belt Sea cod and cod

fish in the environment, 1.e. salinity require-
ments for successful spawning. The idea
was originally brought up by Solemdal who
compared flounder Pleuronectes flesus
from the Baltic with flounder from Norwe-
gian waters (Solemdal 1967, 1970), but it has
up to now not been used in the context of
stock discrimination and potential stock in-
terbreeding.

At isoosmotic conditions in the testis,
spermatozoa are immobile. In marine tele-
osts, spermatozoa are activated at hyperos-
motic conditions after discharge into the
water (Morisawa & Suzuki 1980, Stoss
1983) The present investigation shows
that differences in salinity requirements
for spermatozoa activation among cod

S W]

=)

Neutral egg buoyancy (psu)

stocks exist and that fertilization success at
different salinities is determined by the

spermatozoa activity. Baltic cod males
were potent to fertilize eggs at 11 to 12 psu
and higher as opposed to males from the
Gullmaren cod requiring 215 to 16 psu

Fig. 8. Gadus morhua. Salinity of neutral egg buoyancy for cod caught in

different areas (figures within parentheses represent measurements on fish

transferred to brackish water conditions). Data from the Bornholm Basin

obtained from P. Solemdal, Institute of Marine Research, Bergen, Norway
(pers. comm.)
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from the Gullmaren fjord obtain neutral egg buoyancy
at 19.6 to 23.6 psu (present study) and Baltic cod at
14.5 + 1.2 psu (Nissling et al. 1994). Opportunities for
achieving neutral egg buoyancy depend on water den-
sity, primarily salinity, implicating that opportunities
for successful egg development vary according to
hydrographic conditions.

Osmotic conditions in the testis suppress spermato-
zoa mobility and osmotic conditions in the ovary deter-
mine egg specific gravity (Stoss 1983, Craik & Harvey
1984, Thorsen et al. 1993). This indicates that changes
in osmolality of seminal plasma and ovarian fluid in
accordance with ambient salinity (Kandler & Tan 1965,
Solemdal 1967, present study) might cause a change in
salinity of spermatozoa activation and salinity of neu-
tral egg buoyancy as a result of phenotypic plasticity.
The present study shows that, despite changed osmo-
lality in fish transferred from a low to a high salinity or
vice versa, only minor changes occurred in salinity of
spermatozoa activation and salinity of neutral egg
buoyancy. Similar to the results obtained in the present
study, transfer of flounder from brackish to marine con-
ditions showed only minor changes in egg specific
gravity (Solemdal 1971, 1973). The change in egg spe-
cific gravity was the same after 4 to 5 mo as it was after
3 wk and did not change over the course of 2 yr, i.e. the
adaptation occurred immediately in accordance with
changes in ovarian osmolality (Solemdal 1971). Fur-
ther, salinity of spermatozoa activation changed from
>15-16 psu to 214-15 psu when fish from marine areas
were transferred to brackish conditions. This is consis-
tent with salinity of spermatozoa activation for 21 indi-
viduals in brackish conditions in the Arkona Basin
(SD 24) (Fig. 7) suggesting that this minor change in
salinity of spermatozoa activation can be referred to as
the phenotypic plasticity of the western stock. The ulti-
mate evidence for evaluating phenotypic plasticity
potentially resulting in different tolerance as adults is
to study individuals that have been raised in different
conditions. The fact that Baltic cod males, raised in
fully marine conditions from the embryo stage, were
able to fertilize eggs at 12 psu (present study) strongly
suggests that salinity of spermatozoa activation is a
fixed stock specific characteristic. The difference in
salinity of spermatozoa activation between Baltic and
Belt Sea cod (present study) can thus not be referred to
as phenotypic plasticity. Further evidence of differ-
ences in salinity requirements for successful spawning
between populations exists. Flounder occur in the
Baltic as 2 stocks, one spawning in the deep basins
with pelagic eggs and the other in shallow areas with
demersal eggs (Strodtmann 1918, Mielck & Kiinne
1935). Despite inhabiting the same area, i.e. at 6 to 8
psu, both salinity of spermatozoa activation and salin-
ity of neutral egg buoyancy differ between the stocks

[activation of spermatozoa at 10 to 11 psu and ~5.5 psu,
and neutral egg buoyancy at 14 to 16 psu and 20 to
21 psu respectively (Solemdal 1967, 1970, Nissling &
Westin unpubl.)]. The above results suggest that adap-
tation to ambient salinity is limited and that these char-
acteristics are specific for the respective populations;
characteristics that probably have evolved under long-
term selection with salinity as an evolutionary force.
Baltic cod must be regarded as unique in that they are
adapted to the brackish environment and thus cannot
be replaced by immigration of fish from the western
stock in a short-term perspective.

Being specific for respective stock these characteris-
tics might be used for discrimination of stocks on an
individual basis. Using this, occurrence of individuals
from different stocks in different areas can be evalu-
ated as suggested in Figs. 7 & 8. Although the number
of individuals studied is low, the present study sug-
gests that individuals of both stocks occur in the Ar-
kona Basin (SD 24), whereas no individuals resembling
Baltic cod were found in The Sound (SD 23) or in the
Gullmaren fjord. Accordingly, no individuals resem-
bling Belt Sea cod were found east of the Bornholm
island (SDs 25 and 28). The border between the stocks
is generally regarded as the longitude 14° 30' E (Bagge
et al. 1994) (Fig. 1). However, in cod stock discrimina-
tions in the Baltic, the area west of Bornholm is some-
times considered a transition area between Belt Sea
and Baltic cod with intermediate mean values concern-
ing alloenzyme analysis and morphometric character-
istics for samples in this area (see Bagge & Steffensen
1989, Bagge et al. 1994). The present study indicates
that cod of both the eastern and the western stock
occur in the Arkona Basin (SD 24). Intermediate mean
figures concerning the above mentioned characteris-
tics can thus be expected in samples from this area
since individuals from both stocks seem to be present.

The results suggest that interaction between the
stocks is possible, since individuals of both kinds occur
in the Arkona Basin (SD 24) and salinity requirements
for both Baltic and Belt Sea cod are fulfilled (salinity in
the bottom water ranging from 15 to 22 psu). However,
there is a discrepancy In the time of spawning,
although some overlap exists. Spawning of Belt Sea
cod occurs in January-April (peak in February-
March), whereas spawning of Baltic cod takes place
between March and September, with peak spawning
occurring from May to August (Bagge et al. 1994,
Klenz 1994). Further, an observation of spawning cod
occurring in the Arkona Basin in mid August 1995
{authors' obs.) indicates, with respect to time of spawn-
ing, that spawning of eastern Baltic cod may occur in
this area. Due to differences in spawning time, time of
sampling is probably of great importance in evaluating
distribution of spawning areas.
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Concerning possibilities for successful spawning in
the deep Baltic basins, the results suggest that the low
salinity water {10 to 13 psu) in the Gdansk and Gotland
Basins prevents individuals from the western stock
from spawning successfully. In the Bornholm Basin
(SD 25), on the other hand, with salinities in the bottom
water generally ranging from 13 to 18 psu, interactions
may occur, since Belt Sea cod males require 14 to
15 psu salinity for activation of the spermatozoa. How-
ever, Belt Sea cod females (salinity of neutral buoyancy
at ~19 to 21 psu) probably do not spawn successfully in
the Bornholm Basin. Immediately following a saline
water inflow, however, high salinities occasionally
occur in the Bornholm Basin, e.g. 20 to 21 psu follow-
ing an inflow in 1951 (Fonselius 1962) and ~20 psu
after the inflow in 1993 (Matthaus et al. 1994, Matthdus
& Lass 1995), suggesting that also Belt Sea cod females
occasionally may spawn successfully in this area.

Environmental conditions in the deep basins vary
greatly depending on the frequency of inflows. Long
periods of stagnation occur (periods lasting for several
years, e.g. 16 yr between the major inflows in
1976-77 and in 1993) with decreasing salinity and
oxygen deficiency in the bottom water (Fonselius
1962, 1988, Frank et al. 1987, Matthaus 1993). During
the last stagnation period salinities of <15 psu and
oxygen concentrations of <1 ml1-! in the bottom water
occurred from the mid 1980s to the early 1990s
(Franck & Matthaus 1992). Such periods may prevent
spawning of Belt Sea cod in the deep basins and act
as an ecological barrier, inhibiting interactions and
separating the stocks.
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