International Council for

ICES Journal of Marine Science, 2025, Vol. 82, Issue 11, fsaf197
https://doi.org/10.1093/icesjms/fsaf197

Received: 8 February 2025; revised: 14 October 2025; accepted: 15 October 2025
Original Article

ICES
CIEM

the Exploration of the Sea

Conseil International pour

I'Exploration de la Mer

Recruitment mechanisms of Atlantic cod (Gadus morhua)
living in an extreme low-salinity environment

UIf Bergstrom ©'*, Carl André?, Jonsson Per R?, Marten Erlandsson’, Yvette Heimbrand ©1,
Isa Wallin Kihlberg!, Anders Nissling ©2

'Swedish University of Agricultural Sciences, Department of Aquatic Resources, 750 07 Uppsala, Sweden
2University of Gothenburg, Department of Marine Sciences, Tjarnd Marine Laboratory, 452 96 Strémstad, Sweden
3Uppsala University, Department of Ecology and Genetics, Ar Research Station, 621 67 Visby, Sweden

*Corresponding author. Swedish University of Agricultural Sciences, Department of Aquatic Resources, 750 07 Uppsala, Sweden. E-mail: ulf.bergstrom@slu.se

Abstract

A better understanding of recruitment mechanisms in fishes is a high priority for operational management, as it can improve both stock
assessment models and impact assessments, given that early life stages are particularly sensitive to changes in the environment. The
impacts from anthropogenic pressures, including climate change, can be especially severe in extreme environments, where fish are
already living close to their physiological limits. In the brackish Baltic Sea, Atlantic cod (Gadus morhua L.) exhibits unique adaptations
to the low salinity, but suffers from long-term overexploitation and a loss of spawning areas due to climate change and eutrophication.
At the northern edge of its distribution range, in the Aland Sea (ICES subdivision (SD) 29N), a healthy stock component continues
to thrive, despite living in an extreme low-salinity environment. Here, we study recruitment mechanisms of this stock component, to
understand where cod in the area reproduces. Cod collected by commercial gillnet fishers at 220-250 m depth in May-June 2019 had
a mean weight of 2.6 kg and were all in spawning condition. Laboratory experiments showed that fertilisation and egg development
was not successful at a salinity corresponding to the Aland Sea (7.5 psu), but to some extent at 9 and 10 psu. Hydrographical modelling
suggests that, in addition to known spawning areas further south, conditions in the northern Baltic Proper (SD 27, 29S and 32) may
occasionally be suitable for reproduction. Larval drift models show that these areas are highly connected to the Aland Sea and may
be important for recruitment, although larvae can also drift in from known spawning areas in the Gdansk and Gotland Basins (SD 26
and 28). To fully understand the recruitment mechanisms, further studies on the migratory behaviour, genetic population structure, and

occurrence of eggs and larvae are needed.
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Introduction

Understanding the processes that drive fish recruitment is
critical for sustainable marine management, particularly for
identifying and protecting spawning and nursery habitats, de-
lineating population structures and conducting reliable stock
assessments. While recruitment mechanisms are reasonably
well understood for some stocks (Kjesbu et al. 2023, Ma et al.
2024), there are still considerable gaps in knowledge, even for
many ecologically and economically important species. This
is largely due to the biological complexity of early life stages,
their high natural mortality, the influence of variable environ-
mental conditions, and the inherent difficulties in collecting
field data on early life stages (Houde 2008, 2016). Among hu-
man pressures, habitat alteration and loss are having major ef-
fects on fish recruitment, whereas the effects of climate change
are expected to increase over time (Pankhurst and Munday
2011, Macura et al. 2019, Alix et al. 2020). While research
on climate change impacts has mainly focused on the effects
of warming and acidification, the effects of shifts in salinity on
marine species is an overlooked area (Rijnsdorp et al. 2009,
Rothig et al. 2023, Agarwal et al. 2024). For fishes already
living close to their physiological salinity limits, even minor
changes in salinity may have strong effects on their reproduc-
tive success, and ultimately on population sizes and ranges
(Westin and Nissling 1991). Understanding recruitment mech-

anisms of fish populations in these marginal environments
may thus provide broadly applicable lessons on how fishes
may be affected by environmental changes.

One such extreme environment, where many marine species
live close to their physiological limits, is the Baltic Sea. Here,
local adaptation and genetic differentiation is widespread, and
this large semi-enclosed, brackish sea therefore offers a test
case of how marine species may adapt to the impacts of cli-
mate change (Reusch et al. 2018, Johannesson et al. 2020). A
key species of the Baltic ecosystem is the Atlantic cod (Gadus
morhua L.), which is divided into two stocks, a Western and
an Eastern. The larger Eastern Baltic stock was very abun-
dant in the major part of the Baltic in the 1970s and 1980s
(ICES subdivisions (SD) 25-30 and 32; Fig. 1), whereafter the
stock has declined dramatically. The stock size is now at a his-
torical low, exhibiting a stunted individual growth rate and a
severe lack of large fish, and no targeted fishing is currently
allowed (Mion et al. 2021, Bryhn et al. 2022, ICES 2025). At
the same time, a contraction in the geographical distribution
of the stock towards the southern Baltic Proper has been ob-
served, partly driven by a loss of spawning areas due to climate
change and eutrophication (Hinrichsen et al. 2016, Orio et al.
2019).

The Eastern Baltic cod is reproductively isolated and
genetically differentiated from populations in fully marine
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Figure 1. Map of the Baltic Sea, with the connection to the Atlantic through narrow straits in southwest. The ICES subdivisions included in the study are
indicated with numbers, where the Aland Sea is found in SD 29N (encircled), while SD 30 corresponds to the Bothnian Sea, SD 28 to the Gotland Basin,
SD 26 to the Gdansk Basin, and SD 25 to the Bornholm Basin. The salinity at the seafloor, representing mean values for 1999-2018, is shown across the

Baltic Sea.

environments (Larsen et al. 2012, Berg et al. 2015), and here
pushes the limits of salinity adaptation of the species. The
adaptation to the low-salinity conditions of the Baltic Sea in-
volves more buoyant eggs, with buoyancy increasing with ma-
ternal size, and sperms with a higher ability to swim in low
salinity (Nissling and Westin 1997, Berg et al. 2015). Fertil-
isation and egg development may be successful in salinities
down to 10-11 psu for large individuals (Westin and Nissling
1991, Vallin and Nissling 2000). Reproduction of Eastern
Baltic cod is therefore considered to be restricted to the deep
basins of the southern and eastern Baltic Proper, i.e. the Born-
holm Basin (SD 25), the Gdansk Deep (SD 26) and the Got-
land Basin (SD 28) (Bagge 1994). The last decades, however,
a loss of spawning areas has occurred. Decreasing salinities
interact with an elevated oxygen consumption, caused by ex-
cessive primary production in combination with higher tem-
peratures, to decrease the availability of suitable spawning
habitats especially in the eastern parts of the Baltic Proper
(Hinrichsen et al. 2011, 2016, Koster et al. 2017, Bryhn et al.
2022).

Further north, in the Aland Sea (SD 29N) and Bothnian Sea
(SD 30), cod has been fished continuously despite the consid-
erable geographical distance from the known spawning areas
(300-600 km). Documented periods of higher catches in these
areas occurred in e.g. 1550-1610 (MacKenzie et al. 2007),
in the 1940s-1950s and in the 1980s (Segerstrile 1969, Eero
2008). Here, the bottom salinity is only 7-7.5 psu, raising the

question of how cod is recruited to the area. Cod has been re-
ported to spawn also in these northern areas, but this spawn-
ing has been considered not to result in successful reproduc-
tion due to the low salinity (Hessle 1923, Modin 1987). Stud-
ies investigating the recruitment mechanisms for this northern
stock component are, however, lacking.

Following the decline of the Eastern Baltic cod stock from
the peak abundances in the 1980s, intense studies on the re-
production mechanisms and the effects on recruitment and
stock development were initiated (e.g. Plikshs et al. 1993,
Wieland et al. 1994, MacKenzie et al. 1996, 2000, Hinrichsen
et al. 2003, Koster et al. 2005). Experimental studies of fertil-
isation, egg development and egg buoyancy at different salini-
ties have been confined to cod from SD 25 and 28 (e.g. Westin
and Nissling 1991, Nissling et al. 1994, Vallin and Nissling
2000). Modelling of egg and larval drift patterns from the ma-
jor spawning areas has been conducted to understand survival
and dispersal in nursery areas in SD 25-26 and 28 (Hinrichsen
et al. 2009, 2016, 2017), but these studies have not included
potential drift to the northern parts of the distribution of cod,
i.e. the Aland Sea and Bothnian Sea (SD 29-30). Aiming to in-
crease the understanding of cod recruitment in this extraordi-
narily low-salinity environment, we approached the described
knowledge gaps through:

(i) Performing laboratory experiments on Aland Sea cod
to study spermatozoa motility, fertilisation success and
egg development at different salinities, as well as to
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estimate egg specific gravity, to assess if cod from this
stock component is capable of reproducing in lower
salinities than previously reported for Eastern Baltic
cod more generally

(i) Compiling long-term commercial landings statistics
for the Aland Sea and Bothnian Sea compared to the
recruitment of the Eastern Baltic cod stock, to investi-
gate potential covariation in development

(iii) Spatiotemporal analysis of hydrographic conditions,
focusing on salinity, temperature and oxygen, to map
potential spawning areas of the Eastern Baltic cod, in-
cluding the Aland Sea stock component

(iv) Spatial modelling of larval drift from the known
spawning areas in the southern and eastern Baltic Sea,
as well as from potential reproduction areas in the
northern Baltic Sea, to assess opportunities for larval
transport to the Aland Sea and the Bothnian Sea.

Material and methods

The study area

The Baltic Sea (Fig. 1) is characterised by brackish water con-
ditions with salinities decreasing from the shallow entrance
at the Sound, the Danish Belts and the Arkona Basin (ICES
SD 22-24) towards the deeper eastern and northern basins.
Accordingly, salinity in the surface layer decreases from ~8-
9 psu in SD 24 to merely ~3 psu in the north (SD 31). In
the deep areas of SD 25-28 salinities range between 10-20
psu below the permanent halocline at 50-70 m depth. Ex-
change between the surface and bottom water is restricted
and renewal of the bottom water occurs mainly following
sporadic major inflows of saline water from the North Sea.
Stagnant conditions in the bottom water accompanied by de-
creasing salinity and oxygen conditions may last for years
(Mohrholz et al. 2015). During the last two decades severe
oxygen conditions have prevailed, with a historically high dis-
tribution of hypoxic and anoxic areas covering most deep ar-
eas in SD 25-28 (Kouts et al. 2021). The irregular major in-
flow events to a large extent determine salinity and oxygen
conditions, and thus the reproductive success of cod spawn-
ing in the Bornholm Basin, the Gdansk Deep and the Gotland
Basin (MacKenzie et al. 2000, Plikshs 2015, Wikstrom et al.
2016).

The major distribution area of cod in the northern Baltic
Sea, i.e. the Aland Sea (SD 29N) and the Bothnian Sea (SD
30; Fig. 1), is separated from the Baltic Proper by sills with
channels at ca 60 m depth (Jakobsson et al. 2019), which
partly prevent inflows of saline bottom water. As a result, only
a weak halocline occurs in the main basin of the Aland Sea,
with a salinity of 5-6 psu in the surface water and 7-7.5 psu
at the bottom. In the southern Bothnian Sea, bottom salinities
drop to below 6 psu. Strong mixing across the halocline in the
Aland Sea makes it oxygenated all the way down to the deep-
est parts, at more than 200 m depth (Westerlund et al. 2022,
Muchowski et al. 2023). In the southern part of the Aland Sea
there is a smaller sub-basin, the Lagskir Deep, where bottom
salinities are higher, 8-9 psu, due to a stronger halocline and
inflow of bottom water from the Baltic Proper (Westerlund et
al. 2022).

The Aland Sea and the Bothnian Sea have been regarded as
feeding areas for cod (Otterlind 1984, Aro 1989), with adults
undertaking southward migrations to the spawning areas in

the Baltic Proper (Aro 1989, 2002, Mion et al. 2022). Despite
this, frequent spawning in the Aland Sea and Bothnian Sea
deep areas has been observed, with periodically dense spawn-
ing aggregations (Modin 1987). In the Aland Sea, a small-scale
commercial gillnet fishery involving some 20 boats from Swe-
den and Finland was active, with low (compared to catches in
the main fishing areas in SD 25 and 26) but sustained catches
up to the emergency closure of fisheries on Eastern Baltic cod
in 2019. This fishery took place in the deep trench between
the northern Baltic Proper and the Bothnian Sea, at around
100-260 m depth. Similarly, the cod fishery that occurred pre-
viously in the Bothnian Sea was concentrated to the deeper
areas and their slopes (Hessle 1923, Modin 1987, Fig. 1).

Covariation of fisheries landings and recruitment

The regularly performed Baltic International Trawl Survey,
coordinated by the ICES and the basis for stock assessment
of cod in the Baltic Sea, does not cover the northern Baltic
Sea, as cod in the area has been of minor commercial impor-
tance the last decades (Eero et al. 2019). Hence, to provide
an indication of long-term stock size fluctuations in the Aland
Sea and the Bothnian Sea, we compiled data of Swedish land-
ings for the period 1914-2020. Landings representing SD 28,
SD 29 and northern SD 27, and SD 30 (Fig. 1) were com-
piled from Hentati-Sundberg (2017) and ICES catch statis-
tics (https://ices.dk/data/dataset-collections/Pages/Fish-catch-
and-stock-assessment.aspx). To investigate potential covaria-
tion in stock development, we collated data on recruitment
(age-0 cod) for the entire Eastern Baltic cod stock (SD 25-32)
in 1946-2019, based on an analytical stock assessment for re-
cent years (ICES 2022) and a reconstruction of the historical
development (Eero et al. 2007).

Salinity effects on fertilisation and egg development

Cod for experimental work on egg and spermatozoan perfor-
mance and fertilisation at different salinities were caught by a
commercial fisher using trammel nets (140-160 mm stretched
mesh size, soak time 20-24 h) at 220-250 m depth at ca
60.2°N, 19.1°E, in the Aland Sea (Fig. 1) on May 27-29 and
June 9-11 2019. Fish in spawning condition were killed, fe-
males stripped for eggs, and semen sampled using a dry Pas-
teur pipette. After the collection of eggs and sperm, fish were
measured for total length and weight, and gonad status was
estimated according to the 8-stage scale used in international
fish surveys in the Baltic Sea (Tomkiewicz et al. 2002). A to-
tal of 89 individuals were sampled, but only individuals with
healthy germ cells were used in the fertilisation experiments
(see details below). Thus, for females, only individuals with
freshly ovulated oocytes were selected, where the resulting
eggs past fertilization showed regular cell cleavage (McEvoy
and McEvoy 1992, Vallin and Nissling 1998), while for males
only individuals with spermatozoa exhibiting normal swim-
ming behaviour in 15 psu were included (Nissling and Westin
1997). The fish was not genetically analysed to check if they
belonged to the Eastern Baltic cod stock, but available tagging
and larval dispersal modelling studies indicate that the chance
of catching Western Baltic cod in the area should be minimal
(Hinrichsen et al. 2017, Mion et al. 2022). All samples were
collected in compliance with the EU Directive 2010/63/EU
and national legislation, under permits C 139/13 and 5.8.18-
10169/2019, issued to the Swedish University of Agricultural
Sciences by the Ethical Committee on Animal Experiments.
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Spermatozoa motility was assessed under a microscope at
250x magnification at a salinity of 15.0, 10.0, 9.0 and 7.5 psu
at 7°C in a climate room. These salinities correspond roughly
to the deep waters of the Bornholm Basin, the Gotland Basin,
SD 29S and SD 29N (the Aland Sea) according to the data
from Copernicus Marine Service used for hydrographic anal-
ysis (see below). For each salinity tested, a droplet of semen
was diluted in ca 1 ml water, prepared from Baltic Sea wa-
ter (6.5-7.0 psu) and synthetic sea salt. The time from mixing
to observation was approximately 5 s and the initial motil-
ity of spermatozoa was assessed as swimming, vibrating (i.e.
without progressive movement) or immobile. In total 18 males
were investigated. Salinity was determined using a WTW Mul-
tiLine 3410 meter with a conductivity cell (TetraCon), with a
resolution 0.1 psu and accuracy + 0.5% of reading.

Fertilisation success was assessed by mixing eggs and semen
in water of 15.0, 10.0, 9.0 and 7.5 psu. 27 different males
and 11 females were used in the experiment, resulting in a
total of 27 series, each including all four different salinities,
with eggs from one female and semen from one male. For
each salinity tested, two droplets of semen (ca 0.1 ml) were
mixed with 100 ml water at ca 7°C in a climate room and a
spoonful (ca 5 ml) of eggs was then added immediately. Af-
ter completing the series, the eggs were incubated for ca 2 h
in 300 ml water, rinsed in water of the same salinity and in-
cubated further at ca 7°C in a refrigerator until egg develop-
ment reached stage 1A (Thompson and Riley 1981), i.e. with
4-64 cells. A sub-sample of 150-200 eggs in each incubation
was examined and the proportion of fertilised eggs assessed.
Only clear/transparent eggs were considered, with eggs dis-
playing cell cleavages considered fertilised as opposed to acti-
vated cells (eggs with merely one germinal cell; Howell et al.,
1991) and eggs without cells.

In series where fertilisation was successful at < 15 psu, fer-
tilised eggs were incubated further up to hatching. Fifty 1-day-
old eggs from each treatment were incubated in 500 ml water
of the same salinity, prepared as described above, and treated
with antibiotics (Ampicillin 0.1 g/l, Streptomycin 0.05 g/l and
Nystatin 2500 IU/l). In treatments where less than 50 fer-
tilised eggs were found, all developing eggs were used. The
incubations were kept at ca 7°C in a refrigerator. Two thirds
of the water was changed every second day. When hatching
was completed (all eggs either were hatched or dead), the vi-
able hatch was assessed as the percentage of larvae with nor-
mal swimming functions as opposed to larvae unable to swim
or displaying an erratic swimming behaviour (Nissling et al.
1998). In total, four series were incubated up to hatching (20—
21 days), with incubation at 15 psu as control.

Egg specific gravity

Egg specific gravity was determined using a density gradient
column (Coombs 1981, Nissling and Westin 1997) at ca 7°C
using 15-30 eggs in stage IA (Thompson and Riley 1981) in
each trial. The eggs were inserted in the column and, after a
settling time of ca 60 min, the vertical positions were recorded
and compared with the positions of five density floats (Spartel,
UK; Martin Instruments Co, UK) of known specific gravity;
the correlation coefficient of the density floats was > 0.99 in
all measurements. Egg diameter, assessed as the diameter set
by the chorion, was measured by cross diagonal measurement
at stage IA under a stereo microscope at 50x magnification
using an ocular micrometer scale, with 20-30 eggs in each

Bergstrom et al.

determination. In total, 17 determinations of egg batches from
different females were used.

Hydrographic analysis for mapping of potential
spawning areas

The potential spawning areas in the Baltic Sea theoretically
available for cod, referred to as the reproduction volume (Plik-
shs et al. 1993), was estimated by spatiotemporal analysis of
oceanographic data from Copernicus Marine Service on oxy-
gen (https://doi.org/10.48670/moi-00012), salinity and tem-
perature (https://doi.org/10.48670/moi-00013), mainly based
on the oceanographic circulation model Nemo-Nordic (see be-
low for further description). A set of potential salinity thresh-
old levels (>11.0, 10.5 and 9.0 psu) was combined with an
oxygen concentration threshold of >2 ml/l, and a temperature
threshold of > 1.5°C (Hinrichsen et al. 2016). The 11 psu level
refers to the level commonly used to define the lower limit for
successful spawning of Eastern Baltic cod (Plikshs et al. 1993,
MacKenzie et al. 2000, Hinrichsen et al. 2016). The 10.5 psu
level was set based on the lowest salinity for observed neutral
egg buoyancy (10.4 psu; Grauman 1963), and measurements
of egg specific gravity of newly fertilised eggs (corresponding
to 10.5 psu; Vallin and Nissling 2000), while the 9 psu level
was based on the minimum salinity for fertilisation and egg
survival in the present study. Note that the > 9 psu level is
expressed as reproduction volume although egg development
is supposed to occur at the bottom (due to negative buoy-
ancy). Thus, this estimate is not fully comparable with the ones
for > 11 or > 10.5 psu, where eggs develop in the water col-
umn. All data represented the period April-September, which
includes the major part of the extended spawning season of
Eastern Baltic cod (Hinrichsen et al. 2017).

Larval drift modelling

Passive dispersal of Baltic cod occurs mainly during the larval
stage, while egg dispersal is much more limited due to their
deeper position in the water column (Hinrichsen et al. 2016,
2017). To study potential larval dispersal to the Aland Sea
from known spawning areas, as well as from identified areas
with suitable habitat for successful reproduction in SD 29-32
(this study), we used data from a connectivity database for the
Baltic Sea region (Jonsson et al. 2020). The connectivity data
has been generated using a Lagrangian biophysical particle-
tracking model with flow fields generated from a 3D ocean
circulation model (TRACMASS; Vries and D66s 2001). The
database consists of matrices describing the dispersal proba-
bility due to passive dispersal of eggs and planktonic larvae for
six years (1995, 1996, 1998, 2000, 2001, 2002) covering the
variation in the North Atlantic Oscillation Index, which has
been shown to correlate well with the variation in hydrogra-
phy and circulation in the North Sea-Baltic Sea region (Hin-
ninen et al. 2000).

Dispersal simulations are based on the oceanographic cir-
culation model Nemo-Nordic (Hordoir et al. 2019) and is
a regional Baltic/North Sea configuration of the NEMO
ocean model, with a horizontal resolution of 2 nautical
miles (3.7 km), and a vertical resolution ranging from 3 m
at the surface and 22 m in the deepest parts. The model
is forced with tidal surface variations on the three open
boundaries and with atmospheric forcing based on wind and
precipitation (see Hordoir et al. 2019, for details and val-
idation). The Lagrangian particle-tracking model calculates
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Figure 2. Swedish commercial landings of cod in the eastern and northern Baltic Sea, in SD 28 (county of Gotland), northern parts of SD 27 and 29
(counties of Stockholm and Uppsala) and SD 30 (counties of Géavleborg and Vasternorrland) are displayed for 1914-2020, using data from
Hentati-Sundberg (2017) and ICES catch statistics (https://ices.dk/data/dataset-collections/Pages/Fish-catch-and-stock-assessment.aspx). Estimated
recruitment (age 0) of the Eastern Baltic cod stock as a whole is inserted for comparison (ICES 2022).

dispersal trajectories using interpolated velocity fields from
the Nemo-Nordic model, updated every third hour, and the
trajectories calculated with a 15-minute time step.

To include most of the variability in cod larval dispersal
traits in the model simulations we released particles (simulat-
ing eggs and larvae) once every month between May and Au-
gust, for two fixed drifting depths at 55 and 20 m, and with
a pelagic larval duration time of 60 and 90 days. The map-
ping of dispersal from spawning areas is based on the mean
of all these combinations of traits. From each model grid cell
at each time and depth 196 particles were released, and in to-
tal 23 million particles were included in the drift modelling.

Larval dispersal was simulated from three known spawning
areas of the Eastern Baltic cod stock (Bagge 1994), the Born-
holm Basin, the Gdansk Deep and the Gotland Basin. Addi-
tionally, dispersal from the deep areas in SD 29N and western
SD 32 was included. From the particle simulations we mapped
the spatial probability density of dispersal from each spawn-
ing area (probability to reach a specific model grid cell), in-
dicating the probability of larvae to end up and settle in the
Aland Sea and Bothnian Sea, respectively. Larvae ending up
in areas deeper than 100 m were excluded from the probabil-
ity calculations, assuming that no settlement occurred at these
depths (Grenkjer and Wieland 1997, Jonsson et al. 2016).

Results

Covariation of fisheries landings and recruitment

Landings of cod in the northern Baltic Sea, in SD 28 (county
of Gotland), northern parts of SD 27 and 29 (counties of
Stockholm and Uppsala) and SD 30 (counties of Gavleborg
and Visternorrland)) have varied considerably over time, with
peaks in catches in the 1940s-1950s and in the 1980s-1990s
(Fig. 2). Very similar patterns in catches can also be seen in
the county of Gotland (SD 28), a major cod fishing area. The
high catches in these areas in the 1980s correspond to the peak
in recruitment of the stock as a whole (with the main com-
ponents found in SD 25-26) a few years earlier (ICES 2022).

Apart from that, agreement between the recruitment and land-
ings curves is poor, where for example the higher overall re-
cruitment around 2005-20135 is not mirrored in any increase
in local landings in SD 27-30.

Sampled fish

The 89 fish sampled in the Aland Sea in May-June 2019 were
all in spawning condition (stages Ca-Cb according to the sex-
ual maturity stage grading agreed on by ICES). The mean
length of the fish was 58 ¢cm (range 31-106 cm) and the mean
total weight 2.6 kg (range 0.25-14.2 kg).

Salinity effects on fertilisation and egg development

Spermatozoa activity decreased with decreasing salinity
(Fig. 3A). With reference to 15 psu, the majority of sperma-
tozoa were motile, showing forward progression in all males
tested. At 10 psu, swimming spermatozoa were noted in 11%
(two out of 18) of the males, whereas spermatozoa from most
males were merely vibrating (61%; without forward progres-
sion) or immobile (28%). In the two lowest salinities, 9 and
7.5 psu, vibrating spermatozoa were noted in 28 and 11% of
the males, respectively, while the rest of the samples had im-
mobile spermatozoa.

Fertilisation success rate also decreased with decreasing
salinity. At 15 psu fertilised eggs occurred in all series, whereas
fertilised eggs were noted in 26, 26 and 11% of the series in
10, 9 and 7.5 psu, respectively. At 15 psu on average 86 + 11
(mean =+ sd) % of the eggs were fertilised. At 10, 9 and 7.5
psu the corresponding numbers were 3 £ 6%, 3 + 9% and
0.4 £+ 1%, respectively (Fig. 3B).

In series with fertilised eggs at salinities < 15 psu, egg devel-
opment ceased during the early blastula stage in three incuba-
tions at 9 and 10 psu and in one at 7.5 psu (but continued at
15 psu). Egg development up to hatching was assessed in the
four remaining series. 58 + 9% (mean =+ sd), 43 + 15% and
27 + 5% of incubated eggs resulted in viable larvae at 15, 10
and 9 psu, respectively, while no viable larvae were registered
at 7.5 psu (n = 2; Fig. 3C). Thus, fertilised eggs developed
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Figure 3. Results of experimental fertilisation of cod from the Aland Sea (SD 29N) at different salinities, showing the level of (A) initial spermatozoa
activity (18 series, all with different males), (B) fertilised eggs (27 series with one female and one male) and (C) viable hatch (four series with one female
and one male for 9-15 psu, and two series at 7.5 psu). Colours in (B) and (C) denote different pairs of males and females.

successfully and resulted in viable larvae at salinities > 9 psu,
although at rates decreasing with salinity.

Egg specific gravity

Egg specific gravity, expressed as salinity of neutral buoy-
ancy (Table 1), of cod in the Aland Sea averaged 15.4 + 2.1
(mean =+ sd) psu, and did not differ from cod in the Gotland
Basin (SD 28; df = 20, t = 1.49, p = 0.15) determined using
the same methodology (Nissling and Westin 1997).

Hydrographic analysis for mapping of potential
spawning areas

Suitable habitat, as characterized by salinity, oxygen concen-
trations and temperature, for successful fertilisation and egg
survival decreased with the distance from the Danish Straits
in the southwestern Baltic Sea towards the inner parts of this
inland sea. At the 11 psu threshold, the highest habitat suit-
ability for the Eastern Baltic cod stock occurred in the Born-
holm Basin (SD 235), followed by the Gdansk Deep (SD 26)
and, with considerably lower suitability, the Gotland Basin
(SD 28) (Fig. 4A). Habitat suitability varied considerably over
time in the Gdansk Deep, with favourable conditions occur-
ring in 2003-2010 and in 2014-2017 following major inflow
events (Fig. 5A). In the Gotland Basin substantial volumes of
water suitable for reproduction occurred only in 2003-2007
and 2014-2017. No or very small reproduction volumes oc-
curred in > 50% of the months during the period 1999-2018
(Fig. 5A). In SD 29S and the western part of SD 32, i.e. in the
deep areas just south of the sill separating the Baltic Proper
from the Aland Sea, no or very small volumes with suitable
habitat occurred (Fig. 5A).

Using 10.5 psu as a threshold for reproduction, i.e. a level
where only the most buoyant eggs may survive, revealed that
suitable hydrological conditions occur periodically in most of
the deeper parts of SD 295, extending to SD 27 in the west and
to SD 32 in the east (Fig. 4B). At this salinity level, conditions
allowing for egg survival occurred in < 20% of the months
during the period in these three northern SDs together, even
though the volumes were small (on average S km?) (Fig. SB).
In the Gdansk Deep and the Gotland Basin, hydrological con-
ditions suitable for spawning occurred in all years, but with
a high variability in volumes; similar to the situation for 11
psu, the most favourable conditions occurred in 2003-2010
and in 2014-2017 in the Gdansk Deep, and in 2003-2007
and 2015-2017 in the Gotland Basin (Fig. 4B and 5B).

According to our results (Fig. 3), eggs may to some extent
be fertilised and develop successfully up to hatching at > 9
psu. Spawning at 9-10 psu would however imply that eggs are
negatively buoyant, i.e. will sink to the bottom. Using a salin-
ity threshold of 9 psu, in SD 27, 29 and 32, on average 100
km? of suitable habitat (including oxic conditions down to the
bottom, potentially allowing egg survival on the sediment sur-
face) occurred every year during the period 1999-2018 (Fig.
5C). Thus, large areas in the northern Baltic Proper may func-
tion as a suitable habitat for reproduction, with the exception
of the deepest parts due to oxygen deficiency (Fig. 4C). How-
ever, no suitable area for reproduction occurred in the Aland
Sea or the Bothnian Sea at the 9 psu level, although the areas
are well-oxygenated down to the deepest areas.

Larval drift modelling

The outcome from the larval drift model revealed that the
probability for drifters to have end points in the Aland Sea and
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Table 1. Salinity of neutral egg buoyancy at 7°C, and egg size of cod from SD 29N (present study), SD 28 (Nissling and Westin 1997) and SD 25 (Per

Solemdal, Institute of Marine Research, Bergen, Norway, personal communication. Data received 1990; published in Nissling and Westin 1991, 1997)

Aland Sea (SD

Gotland Basin

29N) (SD 28) Bornholm Basin (SD 25)
Neutral buoyancy
(psu)
mean =+ sd 154 +£2.1 145+1.2 143 +1.9
range 11.6-19.6 11.8-18.3 10.1-17.2
n 17 44 14
Egg diameter (mm)
mean =+ sd 1.57 £0.10 1.66 £ 0.07 1.64 £0.08
range 1.47-1.81 1.49-1.79 1.47-1.76
n 12 29 14

Figure 4A-C. Habitat suitability for egg survival at a salinity threshold leve

B

210.5 psu

Prop. of months
1.00
l 0.75
0.50

0.25

. 0.00

| of A) > 11, B) > 10.5 and C) > 9 psu, showing the proportion of months

during the spawning seasons (April-September) of 1999-2018 when salinity, oxygen and temperature conditions exceed threshold levels. For the 9 psu
level, where the eggs may sink to the bottom, only areas with oxygenated bottom water (>2 ml/l) were included in the calculations.

Bothnian Sea area (SD 29N-30) is close to zero when originat-
ing from the Bornholm Basin (SD 25; Fig. 6A), i.e. the main
spawning area of the Eastern Baltic cod. The majority of these
drifters remain in SD 25 and 26. From the Gdansk Deep (SD
26; Fig. 6B) drifters dispersed mostly in SD 26 and 28, but also

to SD 27 and SD 29S. However, a minor part, 0.11% (mean
of the two dispersal depths and larval duration periods) of the
drifters ended in the Aland Sea (SD 29N). Dispersal of drifters
from the Gotland Basin (SD 28; Fig. 6C) yielded end points in
mainly SD 26 and 28 but also in SD 27 and SD 29S. Only a
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Figure 5. Volume of water suitable for reproduction of cod in 1999-2018
for three different potential salinity thresholds (A) > 11 psu, (B) > 10.5
psu and (C) > 9 psu. The reproduction volumes were estimated from
hydrographical modelling data, as volumes of water with an oxygen
concentration > 2 ml/l and temperature > 1.5°C in April-September. For 9
psu, only areas that were oxygenated down to the bottom were included
in the calculations. The curves show volumes for SD 25 (Bornholm
Deep), SD 26 (Gdansk Deep), SD 28 (Gotland Basin), and SD 27, 29 and
32 (the potential spawning area in the northern Baltic Sea).

small fraction, 0.0056%, ended in the Alar}d Sea. The high-
est probability of drifters to disperse to the Aland Sea and the
Bothnian Sea occurred from dispersal in the nearby deep areas
in SD 29S-western SD 32 (Fig. 6D). Here most drifters stayed
within the area (SD 27, SD 29S and SD 32), but 2.2% had end
points in the Aland Sea and the Bothnian Sea.

Discussion

In the deep, well-oxygenated Aland Sea, large cod are still
abundant, and display spawning activity during summer.
However, the fertilisation experiments indicate that spawn-
ing in the area is not successful due to the low salinity. The
local stock component in the Aland Sea may instead be up-
held by northward larval transport from the Baltic Proper, as
shown by the larval drift models, or by active migration of ju-
veniles and adults. The high covariation in catches and stock
development between the Aland Sea, as well as the Bothnian
Sea further north, and the stock component in SD 28 suggests
that cod recruitment in these areas is governed by the same
mechanisms. The tight connection between the areas is also
supported by that peaks in landings in the northern areas co-
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incide with periods of high egg abundance in SD 28 (Karaseva
2018). The combined results of the fertilisation experiments,
analyses of hydrographical time series data and larval disper-
sal models suggest that likely source areas for cod in the Aland
Sea are the known spawning areas in the Gdansk and Gotland
Basins, while also the deep areas just south of the Aland Sea
in the northern Baltic Proper (SD 27, 29S and 32) may occa-
sionally provide suitable habitat for cod reproduction.

Fertilisation experiments

Full activation of spermatozoa and fertilisation in cod from
the Aland Sea required a salinity of > 11 psu in the majority
of the trials, which is in accordance with previous investiga-
tions of cod in SD 28 by Westin and Nissling (1991). How-
ever, some swimming or vibrating spermatozoa were noted at
10 psu, and in a few cases at 9 psu and even at 7.5 psu. This
pattern was mirrored by the degree of fertilisation of eggs.
Evidently, fertilisation and egg development is possible down
to 9 psu in some individuals at least under experimental con-
ditions, which involve dense concentration of spermatozoa,
with the possibility that ovarian fluid may promote the sper-
matozoa activation and fertilization process (Litvak and Trip-
pel 1998). Hyperosmotic condition is considered a prerequi-
site for spermatozoa motility and thus fertilization, i.e. a mini-
mum salinity of > 10-11 psu is required (Nissling and Westin
1997, Alavi et al. 2021). Osmolality in seminal plasma varies
to some extent with ambient salinity conditions: 12.6 + 0.6
psu in cod at marine environment vs 10.9 & 0.4 (range 10.3-
11.2) psu in brackish conditions. This affects opportunities for
fertilisation as shown in a transplant experiment (Nissling and
Westin 1997). As salinity in the Aland Sea (around 7.5 psu in
deep areas, and up to 9 psu in the Lagskar Deep in the south-
ern part) is substantially lower than in SD 28 (10-13 psu),
osmolality in seminal plasma may also be somewhat lower
and hence potentially allow successful fertilisation at a lower
salinity; see discussion in Westin and Nissling (1991). Thus,
the results are in agreement with earlier experimental studies
of cod at low salinities (Westin and Nissling 1991, Nissling
& Westin 1997). However, it cannot be ruled out that fertil-
isation and egg development resulting in viable larvae may
still occur at salinities found in the Aland Sea. The number of
individuals tested experimentally was quite low, and there is
still a chance that some genotypes do display adaptation to
these low salinities. To further explore whether some repro-
duction can occur, experiments on more individuals and from
other parts of the Aland Sea may be desirable, and ultimately,
field sampling for occurrence of eggs and newly hatched
larvae.

The salinity of neutral egg buoyancy was in agreement with
corresponding measurements of cod eggs in SD 25 and 28
(Nissling & Westin 1997), suggesting that the lowest salinity
for neutral egg buoyancy is ca 10.5 psu (Vallin and Nissling
2000). This likely means that for successful reproduction at
9-10 psu, successful fertilisation is not enough. The eggs also
need to be able to survive and develop on the sediment sur-
face as they will sink to the bottom in these salinities. This
issue was pointed out already by Hessle (1923), but we have
not been able to find any reports of viable cod eggs found
in bottom sampling (see e.g. Hessle 1923, Hinrichsen et al.
2016). Accordingly, benthic cod egg survival has been consid-
ered to be zero (Hinrichsen et al. 2016 and references therein).
An interesting parallel is the Baltic flounder (Platichtys solem-
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Figure 6. Estimated dispersal probabilities for cod larvae hatched in the known spawning areas in (A) the Bornholm Deep (SD 25), (B) the Gdansk Deep
(SD 26), (C) the Gotland Basin (SD 28), and the potential spawning area in (D) the northern Baltic Sea (SD 27, 29 and 32). The dispersal maps are based
on biophysical modelling of particles released from the spawning areas shown as dashed black polygons. Dark grey areas are deeper than 100 m for
which there are no connectivity estimates from the model applied. These deep areas are assumed to have no successful settlement of larvae.

dali), an endemic species for the Baltic Sea recently described
by Momigliano et al. (2018). While its close relative, the Eu-
ropean flounder (Platichtys flesus), is a pelagic spawner with
environmental requirements for successful reproduction sim-

ilar to those of cod (Ustups et al. 2013), the Baltic flounder
has developed a demersal spawning strategy as an adapta-
tion to the low-salinity conditions of the Baltic Sea (Solem-
dal 1973, Nissling et al. 2017). Additional experiments are
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required to assess whether a similar adaptation for cod may
have occurred, enabling survival of non-buoyant cod eggs at
the bottom in salinities below 10 psu, corresponding to salin-
ities with favourable oxygen conditions in the northern Baltic
Proper (SD 27-29 and 32). While no eggs with neutral buoy-
ancy at < 10.4 psu have been found in field sampling (Hessle
1923, Grauman 1963, Lindblom 1973), it may still be worth
considering the potential for eggs from some individuals hav-
ing neutral buoyancy at the slightly lower salinities prevailing
in the area. Large females usually display neutral buoyancy
at low salinities, and individuals over 10 kg are still relatively
common in the Aland Sea, likely because of good oxygen con-
ditions and food availability (Heimbrand et al. 2023, Heim-
brand and Limburg 2025).

Potential spawning areas

The hydrographic analyses for the period 1999-2018 showed
that conditions suitable for reproduction of Eastern Baltic cod
are common in the Bornholm and Gdansk Basins, while only
occasionally in the Gotland Basin. Additionally, small wa-
ter volumes with potentially suitable conditions occur also in
the northern Baltic Proper (SD27, 29 and 32) according to
the model results. The estimates are highly dependent on the
threshold limit for reproduction applied, with 12 years out of
20 at > 10.5 psu and four years at > 11 psu (Fig. 5). However,
this only applies to the most buoyant eggs. If reproduction in
these areas is successful today is unknown, but occurrence of
cod eggs in the late 1910s-early 1920s (Hessle 1923) and in
the late 1960s-early 1970s (Lindblom 1973, Grauman 1974)
in SD 27, 29 and northern part of 28 indicate that reproduc-
tion may have taken place also in the northern Baltic Proper in
the past. No egg surveys or monitoring has to our knowledge
been performed in these areas during the last decades.

Water volumes suitable for cod reproduction, based
on > 11 psu, have been reported by for example Hinrich-
sen et al. (2016) and Sveding et al. (2022). The present study
represents an update mainly by applying salinity thresholds
of > 10.5 (lowest salinity for neutral egg buoyancy) and > 9
psu (with the additional condition of oxygenated water at the
sea floor), as suggested by the fertilisation experiments. In all
areas, opportunities for egg survival vary greatly over time de-
pending on salinity and oxygen conditions in the deep basins,
mainly as a result of the magnitude and frequency of irreg-
ular saline water inflows (Koster et al. 2017, Sveding et al.
2022). Even areas in the southern Aland Sea may occasion-
ally have salinities > 9 psu and oxygen >2 ml/l (Westerlund et
al. 2022). Periods following inflows result in favourable con-
ditions with higher egg survival and increased larval produc-
tion, i.e. with higher opportunities for larval drift to the Aland
Sea and Bothnian Sea. Otterlind (1984) studied historical re-
ports of Swedish landings from the Aland Sea and northern
Baltic Proper, and concluded that the cod stock component
in these areas has varied greatly at least since the 1450s and
onwards. Currently, periods with favourable conditions occur
in the Gdansk Deep and occasionally in the Gotland Basin, in
addition to the more stable conditions in the Bornholm Deep,
and potentially for shorter periods in SD 27,29 and 32.

The ongoing and projected decrease in salinity and oxy-
gen conditions in deep basins as a result of climate change
(Groger et al. 2019, Saraiva et al. 2019) suggests that condi-
tions for cod reproduction in the eastern and northern Baltic
Proper are deteriorating, and may have negative effects on cod
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in the Aland Sea and Bothnian Sea. Such a decline, presumably
caused by the same mechanisms, has already been shown for
the European flounder in SD 29 and 32 (Momigliano et al.
2019), a species with habitat requirements for spawning that
are very similar to those of cod. In fact, a contraction in the dis-
tribution of the Eastern Baltic cod towards the southern areas
of the Baltic Sea, as a consequence of a loss of spawning habi-
tats, can already be seen (e.g. Orio et al. 2019). Importantly,
the deterioration of spawning areas due to climate change
may, however, be counteracted by eutrophication abatement
measures that are projected to improve oxygen conditions
in the eastern and northern Baltic Proper (Meier et al.
2021).

Connectivity mechanisms

The Aland Sea may be connected to the main stock compo-
nent of the Eastern Baltic cod through larval dispersal and
active migration by juveniles and adults. The larval drift mod-
els showed that there is a high level of connectivity through
passive dispersal from the nearby potential spawning areas
in northern Baltic Proper (SD 27, 29 and 32) to the Aland
Sea, and a lower but still considerable connectivity from the
Gdansk Deep and the Gotland Basin (SD 26 and 28), showing
that these areas may contribute to the recruitment of cod to
SD 29N and 30. For the main spawning area of Eastern Baltic
cod, the Bornholm Basin (SD 25), the model results show very
low levels of connectivity, which in accordance with previous
modelling (Hinrichsen et al. 2017) indicates that this area is
not an important source area for larvae settling in the Aland
Sea, unless connectivity is dependent on active migration by
juveniles or adults.

Results from tagging experiments show substantial south-
ward spawning migrations from the Aland Sea and Bothnian
Sea to the major spawning areas in the central Baltic Sea, in-
cluding the Gotland, Gdansk and Bornholm Basins (Otterlind
1984, Aro 1989, Mion et al. 2022), indicating connectivity
through active migration between the areas. Otterlind (1984)
reports that a large proportion of the tagged young fish mi-
grated to spawning areas in the south. However, spawning in
the deeper areas in the Aland Sea and Bothnian Sea has also
been reported (Hessle 1923, Modin 1987), and is supported
by the fish in spawning condition found in this study. Whether
these individuals represent a sink, not contributing to recruit-
ment, or if they may change spawning areas between seasons
is not known. Knowledge about homing behaviour of cod in
the Baltic Sea is limited, but tagging experiments have shown
that cod may shift between the major spawning areas (Bagge
1983, Otterlind 1984). To increase our knowledge of the mi-
gratory behaviour of cod in the area, tagging of fish with data
storage tags (Hussy et al. 2020) and otolith microchemistry
utilizing a suite of trace elements may be applied (Heimbrand
et al. 2020). In fact, recent otolith chemistry analysis of cod
in the Aland Sea has revealed intriguing trace element pat-
terns that may enhance understanding of differences in mi-
gration strategies and recruitment in this region. Some Aland
Sea cod exhibit markedly elevated boron concentrations in
otoliths compared to cod from the same and other areas of the
Baltic Sea (Heimbrand and Limburg 2025), suggesting that
these cod might not originate from the established southern
Baltic spawning areas. Further otolith chemical analysis using
higher resolution techniques could provide more precise infor-
mation about the larval stages to assess provenance in detail.
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To summarise, our study suggests that recruitment of cod
to the Aland Sea is a result of larval drift and potentially ac-
tive migration of juvenile and adult fish from spawning areas
in SD 26 and 28, but also possibly the deep areas of the north-
ern Baltic Proper (SD 27, 29 and 32). Local adaptation may
enable reproduction in these northern areas, as indicated by
the partly successful fertilisation and egg development down
to 9-10 psu. To fully understand the recruitment mechanisms,
further studies on the migratory behaviour (through tagging
and otolith chemistry), genetic population structure, and oc-
currence of eggs and larvae are needed. While the role of the
Aland Sea cod for the Eastern Baltic cod stock as a whole re-
mains unknown, maintaining this unique stock component of
large cod is still important for the local ecosystem from a con-
servation perspective.
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