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If ever there was a fish made to endure, it is the Atlantic cod ... But it has
among its predators — man, an openmouthed species greedier than cod.

- Mark Kurlansky






List of Papers

This thesis is based on the following papers, which are referred to in the text
by their Roman numerals.

L

II.

III.

Iv.

Schmidt, N., & Staveley, T. A. B. (2025). Fish communities in Baltic
Sea coastal bays: Using eDNA metabarcoding to assess vertical pro-
file and traditional method comparison. Fisheries & Aquatic Life, 33,
72-90.

Schmidt, N., Hauber, M. M., Hylander, S., Laurila, A., Mittermayer,
F., & Dierking, J. (2025). Egg and larval production of Eastern Baltic
cod in captivity over one spawning season. Manuscript.

Schmidt, N., Garate-Olaizola, M., & Laurila, A. (2024). Acclimatiz-
ing laboratory-reared hatchling cod (Gadus morhua) to salinity con-
ditions in the Baltic Sea. Aquaculture, 579(3—4), 740255.

Schmidt, N., Limburg, K. E., Hiissy, K., & Heimbrand, Y. (2025).
Marking the otoliths of hatchling cod: a method comparison. Manu-
script.

Papers I and III were published open access and can be reprinted with attribu-

tion.






Contents

L. INtrOAUCHION. ...ttt ettt et eee e 11
1.1 BaltiC S@a....iiuiiiiiieieeieeiteeet ettt 11
1.2 Baltic CO..nniniiiiiieieeieeee ettt 13
1.3 RESEOCKING ...ccuviiiieiieiieciecre ettt ettt e sveeereere e be et e staeseneesseessaesraens 16

2. ATMS OF tESIS ..euveeiiiiiiiieieeieeee e et 18

3. MEROAS .. e 19
3.1 Fish community aSSESSIMENt ..........ccceerieerieerieenienieeieeieeieenieesieeneeens 19

3.1.1 eDNA metabarcoding .........ccccvevvveriereereesiienieeieereereeeeesseenenes 19
3.1.2 Gillnet fiShing .....ccceevvieiieiieiieieeeeree e 19
3.2 Cod CUtIVALION ...ttt 20
3.2.1 Induction of SPAWNING ......c.eeevvieiiieeiiieciie e e 22
3.2.2 Sampling and maintenance of fish eggs and larvae.................... 22
3.3 Salinity acclimatization eXperiment ..........ccoceeeevuererieenieneeneeneneennens 23
3.4 Otolith marking eXperiments...........cceeeveerreerreereereereeseesrenreesseenseens 25
3.4.1 LA-ICPMS trialS...coveeeieiieiieee e 25
3.4.2 Otolith marking techniques..........cccuevverveevieerieerieereeeeseeseve e 29
3.4.3 Long-term marking effect trials............cccooeveiiiniienciiiiieieee 30
3.5 Statistical apProaches .........ceceveririieriiieneneeeeeeee e 32
3.5.1 Comparison of fish community sampling methods..................... 32
3.5.2 Hypothesis teStING.......cccververrieiieiieriieseesee e ene e eeeseeesenesenes 32

4. Results and diSCUSSION .....cc.eeevieiieriieniierieesiiesie ettt et eee e 34
4.1 Meeting the neighbours: Fish community assessment at potential
TEIEASE SIEES....euieutiiieiietietiet ettt sttt ettt ettt ettt sttt e esbe e enee it 34
4.2 Baby boom in captivity: Egg and larval production of Baltic cod.....36

4.2.1 Vitamin check-up: Thiamine status in captive cod eggs ............ 39

4.2.2 Keep calm and spawn on: Stress and recovery in broodstock....40

4.3 How to like it less salty: Acclimatizing larvae to the Baltic Sea........ 40
4.4 Tracing origins: Otolith marking as a tool for identifying released

COA JATVAR ..c.cviiiiii et 44

5. Conclusions and future perspectives........ocveeveerveereeneereereeseeseeeneeneenns 47

Popular SCIENCE SUMMALY .......cccuviereiieriieeireenieesreeeieeesreesseeesereessseeesseeenens 50



Populdrvetenskaplig sammanfattning ............ccoeceevienienienieneseeieeieeee

ACKNOWIEAEMENLS......cuviieiieiieiieierie et ettt beeeb e b e esaeneens

Literature



Abbreviations

AF

AG
ANOVA
BITS
BSSC
DO

DPF
eDNA
GA
ICES

LA-ICPMS

micro-XRF
nMDS

OTA
PERMANOVA
PSU

SD

After fertilization

After gastrulation

Analysis of variance

Baltic International Trawl Survey

Baltic Sea Science Centre

Dissolved oxygen

Days post fertilization

Environmental DNA

Gradual acclimatization

International Council for the Exploration of the
Sea

Laser Ablation-Inductively Coupled Plasma
Mass Spectrometry

Micro x-ray fluorescence spectrometry
Non-metric multidimensional scaling
One-time acclimatization

Permutational analysis of variance

Practical Salinity Unit

Subdivision



Declaration

This thesis was written by the author without content generation using gener-
ative artificial intelligence (Al) tools. If Al was used, this use was in agree-
ment with the policy of the Department of Ecology and Genetics, such as for
grammar and style refinement, translation, or coding assistance, with full
guidance, oversight and verification by the author.

All images and figures not explicitly attributed to another source were pro-
duced by the author.



1. Introduction

Maintaining functional and resilient ecosystems is fundamental to sustaining
the balance, productivity, and long-term health of natural environments. Top
predators play a crucial role in these systems by regulating prey populations
and shaping species interactions (Feretti et al., 2010). Through selective pre-
dation on vulnerable or abundant individuals, they help prevent overgrazing,
maintain habitat structure, and support the recovery and persistence of diverse
biological communities (Rosenblatt et al., 2013). These regulatory effects of-
ten extend beyond direct predator-prey relationships, via trophic cascades that
influence species behaviour, population dynamics, and ecosystem functioning
across multiple levels of the food web (Casini et al., 2009).

Top predators also contribute to nutrient cycling and energy flow, i.e.,
through carrion provision, which supports scavenger communities and en-
riches surrounding habitats (Beasley et al., 2012). By limiting the dominance
of mesopredators and herbivores, they can foster biodiversity and enhance
ecosystem stability, helping to maintain self-regulating ecological processes
(Ritchie & Johnson, 2009). Consequently, the decline or loss of top predators
can disrupt these functions, leading to biodiversity loss, altered community
composition, and impaired ecological services (Atwood & Hammill, 2018;
Guidetti, 2006), which ultimately affect us humans as well.

Protecting and restoring predator populations is therefore an important
component of ecosystem management. Ensuring their persistence can rein-
force natural regulatory mechanisms, promote habitat integrity, and
strengthen ecosystem resilience to environmental change and human impacts.
As such, the recovery of top predators represents not only a conservation goal
but also a key strategy for maintaining ecological balance and supporting the
long-term sustainability of natural systems.

1.1 Baltic Sea

The semi-enclosed postglacial Baltic Sea (Figure 1) in northern Europe is one
of the world’s largest brackish water bodies, with a surface area of approxi-
mately 422,000 km* and a volume of 21,000 km®. Formed from a former
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freshwater lake, the present-day Baltic Sea is a relatively young system, about
8,000 years old, and, with an average depth of about 50 m, remains rather shal-
low (Snoeijs-Leijonmalm et al., 2017). The Baltic’s large drainage area, roughly
four times its surface extent (HELCOM, 2023), exerts a strong hydrological in-
fluence, giving the system characteristics similar to an extensive estuary.

Figure 1: Map of the Baltic Sea including the International Council for the Exploration
of the Sea’s subdivisions (ICES SDs), separated by black lines. The Western Baltic
Sea encompasses SDs 22-24, while the Eastern Baltic Sea covers SDs 25-32.

Exchange with the North Sea is restricted by the narrow and shallow Dan-

ish straits, which limit the inflow of saline, oxygen-rich water. As a result,
ventilation of the stratified deep basins occurs only sporadically and with
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decreasing frequency in recent decades (Mohrholz et al., 2015). This irregular
and limited inflow results in a long residence time for water of up to 30 years
(Reissmann et al., 2009). The Baltic Sea is characterized by a pronounced sea
surface salinity gradient, ranging from near freshwater conditions in the Both-
nian Bay in the north to about 7-8 PSU in the central Baltic Proper and 10-20
PSU in the southern regions (HELCOM, 2023). In the deeper basins, a per-
manent halocline between 60 and 80 m and seasonal thermocline at 15-30 m
further vertically structure the water column, separating a colder, more saline
deep layer with a salinity of 10-14 PSU, an intermediate layer during summer
stratification, and a warmer, less saline surface layer (Rolff et al., 2022).

Today, the Baltic Sea is bordered by nine developed and industrialized
countries, with five additional ones within its drainage area, together repre-
senting a population of about 85 million people (Reusch et al., 2018). It is
among the systems with the strongest combination of anthropogenic pressures
worldwide, and has experienced rapid environmental changes over the past
decades, including, warming, eutrophication and the spread of anoxic zones
(Reusch et al., 2018). Population growth, intensified agriculture, wastewater
discharge, and increased nutrient inputs initiated a eutrophication process in
the 1950s, which peaked around 1990 before countermeasures were imple-
mented to reduce nitrogen (N) and phosphorus (P) loads (Reusch et al., 2018).

Although nutrient loadings have since declined substantially (Reusch et al.,
2018), eutrophication remains a persistent problem in the Baltic Sea, as nutri-
ent concentrations in deeper waters and sediments remain elevated due to
long-term accumulation, continuing to affect the system over multiple decades
(Gustafsson et al., 2012; HELCOM, 2023). During summer, toxic algal
blooms develop, and their subsequent decomposition depletes oxygen in bot-
tom waters and releases P from sediments, reinforcing a self-sustaining cycle
of nutrient enrichment and oxygen depletion (Vahtera et al., 2007).

Over the past century, the extent of oxygen-free “dead-zones” in the Born-
holm and Gotland Basins has increased more than tenfold, from around 5,000
km? to 60,000 km?* (Carstensen et al., 2014), making the Baltic Sea one of the
most severely hypoxia-affected marine areas worldwide (Breitburg et al.,
2018). Continued eutrophication and rising water temperatures, particularly
near the bottom, lead to further intensifying oxygen deficiency by reducing
oxygen solubility (Carstensen et al., 2014).

1.2 Baltic cod

In the Baltic Sea, Baltic cod Gadus morhua (L.), Baltic herring Clupea ha-
rengus membras (L.) and European sprat Sprattus sprattus (L.) are key
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species, from an ecological and (formerly) economic point of view. Histori-
cally forming the backbone of commercial fisheries, cod is currently subject
to strong fishing restrictions, while herring and sprat continue to dominate
landings (HELCOM, 2023). Together, these species play a central role in reg-
ulating top-down predator-prey interactions within the ecosystem (Casini et
al., 2009; Rudstam et al., 1994).

Historic landing records indicate that, despite fluctuations, cod spawning
stock biomass in the Baltic Sea remained relatively stable from mid-1920 to
the mid-1970s (Eero et al., 2008). Increasing anthropogenic nutrient loads and
primary production initially had a positive effect on cod recruitment from the
1940s to the 1980s (Eero et al., 2011), leading up to a spawning stock biomass
peak in the early 1980s under reduced fishing pressure and exceptionally fa-
vourable hydrographic conditions (MacKenzie et al., 2011). However, a sharp
decline in stock productivity followed, caused by a combination of overfish-
ing, climate variability, and deteriorating oxygen conditions in its spawning
grounds (Alheit et al., 2005; Casini et al., 2009; Eero et al., 2011; Mdllmann
et al., 2009). The subsequent collapse of Baltic cod stocks triggered cascading
effects throughout the food web, resulting in a major regime shift since the
late 1980s from a cod-dominated to a clupeid-dominated system (Koster et al.,
2005). These changes in the fish community partly reinforced themselves, as
its prey species, sprat and herring, preyed on cod eggs and competed with cod
larvae for zooplankton (Casini et al., 2009; Kdster et al., 2005). With the ex-
pansion of the sprat population, its growing predation pressure on zooplankton
further reduced grazing on phytoplankton and thus intensified eutrophication
(Casini et al., 2008; Casini et al., 2011; Gdrdmark et al., 2015).

To support fisheries management, the International Council for the Explo-
ration of the Sea (ICES) divides the Baltic Sea into subdivisions (SDs). Ge-
netic evidence distinguished two Baltic cod stocks: the Western Baltic stock
occupying SDs 22-24, and the Eastern Baltic stock distributed across SDs 25-
32, with mechanical mixing (the overlapping presence, but without genetic
hybridization) of both stocks in the Arkona Sea, in SD 24 (Bagge et al., 1994).
Today, both stocks are severely depleted, prompting ICES to advise zero catch
for the coming years (ICES, 2025a, b). The Eastern Baltic cod stock has ex-
perienced a particularly long-term decline in both stock biomass and distribu-
tion range over the past decades (Eero et al., 2023; ICES, 2025b), which re-
sulted in a commercial fishing closure since 2019.

In the salinity gradient of the Baltic Sea, both fully marine and freshwater
species live at their physiological and ecological tolerance limits, which leads
to sensitivity towards sudden environmental changes. Eastern Baltic cod has
genetically adapted to low salinities to maintain effective osmoregulation and
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egg buoyancy (Berg et al., 2015), yet it inhabits an environment that is close
to its physiological limits for salinity and oxygen conditions required for suc-
cessful reproduction (Hinrichsen et al., 2011; Mackenzie et al., 2007).

While Eastern Baltic cod once spawned in three areas, namely the Gotland,
Gdansk, and Bornholm Basin, severe oxygen depletion has restricted success-
ful spawning today to the Bornholm Basin (Bagge et al., 1994; Koster et al.,
2017), where the necessary conditions for successful fertilization and healthy
egg development, specifically a salinity of > 11 PSU (Westin & Nissling,
1991) and oxygen concentrations of > 2 mL/L (Wieland et al., 1994), are still
present.

Today, Eastern Baltic cod continues to suffer from a drastic decline in over-
all condition, along with reduced body size, growth, length at maturity, and
increased natural mortality (Casini et al., 2016; Eero et al., 2005; Koster et al.,
2017; Neuenfeldt et al., 2020; Svedidng & Hornborg, 2017; Svedéng et al.,
2022). Multiple environmental and biological drivers have been identified as
contributing to this development. One of the main reasons for the poor condi-
tion of Eastern Baltic cod is likely starvation, caused by a spatial mismatch of
cod and its main prey, sprat, which has shifted its distribution north-eastward
since the early 1990s, while cod moved southward (Casini et al., 2011). The
situation has been worsened by the loss of benthic prey availability following
the degradation of deep-water habitats (Conley et al., 2009; Neuenfeldt et al.,
2020). In the 2000s, the rapid increase of the Baltic seal population added
additional pressure, as seals preyed on cod and transmitted parasitic nema-
todes, such as the cod worm Pseudoterranova decipiens (Krabbe, 1878) and
liver worm Contracaecum osculatum (Rudolphi, 1802), thereby contributing
to elevated natural mortality (Horbowy et al., 2016; Mehrdana et al., 2014;
Nadolna & Podolska, 2014). The above-mentioned changes would also be
consistent with known symptoms of thiamine (vitamin B1) deficiency, which
has persisted in the stock for at least two decades (Engelhardt et al., 2020).

Additionally, poor parental condition in Atlantic cod has been linked to
diminished reproductive performance, including reduced egg production and
egg size, lower fertilization and hatching rates, and decreased survival of
young larvae (Hinrichsen et al., 2016; Rajbek et al., 2014), further impeding
stock recovery.

A recent study indicates that Eastern Baltic cod exhibits genomic signatures
consistent with fisheries-induced evolution, particularly in genes associated
with growth and reproduction (Han et al., 2025). These findings align with the
pronounced decline in size and reduced energy reserves observed in the stock,
indicating evolutionary responses to long-term size-selective overexploita-
tion. This evidence supports the conclusion that intensive fishing has driven
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rapid phenotypic and genetic changes, contributing to the stock's deteriorating
condition and reduced resilience in the Baltic Sea ecosystem.

1.3 Restocking

Measures aimed at the recovery of cod stocks include strategies such as re-
ducing bycatches, managing predator populations, preserving recruitment
habitats, implementing seasonal fishing restrictions, and undertaking restock-
ing initiatives (Bryhn et al., 2022). Today, many of these measures are imple-
mented in the Eastern Baltic Sea, including a spawning closure, closure of
targeted commercial and recreational fishery, and mandatory use of more se-
lective fishing gear to reduce unavoidable cod bycatch in flatfish fisheries (Eu-
ropean Commission, 2025), to counteract the demise of the local cod stock.
Restocking, however, is currently not implemented.

The practice of hatching and releasing young fish to boost wild cod popu-
lations dates back to the mid-1880s, with one of the most extensive programs
conducted in Flgdevigen, Norway, releasing over seven billion 3-5 days old
cod larvae between the late 19th century and 1971 (Chan et al., 2003; Smith,
2002). While these efforts have not impacted the spawning stocks signifi-
cantly, hatch and release efforts have been successfully implemented for other
species. To name a few examples: red seabream Pagrus major (Temminck &
Schlegel, 1843) and Japanese flounder Paralichthys olivaceus (Temminck &
Schlegel, 1846) production along the coast of Japan increased notably due to
hatchery releases (Kitada & Kishino, 2006), and Steelhead trout Oncorhyn-
chus mykiss (Walbaum, 1792) populations showed signs of increasing abun-
dance after restocking in the Hamma Hamma River, Washington (Berejikian
et al., 2008).

With declining fish stocks worldwide and advancing aquaculture technol-
ogies, the popularity of stock enhancements through hatchery-release pro-
grams increases in many regions. A previous project focused on enhancing
cod stocks through releases of yolk-sac larvae in the Eastern Baltic Sea has
been conducted in Denmark from 2005 to 2007, following a theoretical eval-
uation of different developmental stages for restocking (eggs, yolk-sac larvae
and three-month old juveniles), which identified the yolk-sac as the most eco-
nomically and practically feasible option (Stettrup et al., 2008). Despite prom-
ising experimental results, these large-scale restocking efforts were discontin-
ued when natural recruitment temporarily improved in the Bornholm Basin
and not resumed due to persisting poor environmental conditions and chal-
lenges such as hypoxia, parasitic infections, and limited prey availability.
Nonetheless, since 2020, the ReCod project has resumed experimental yolk-
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sac cod larvae releases with a refined approach to develop the methodology
further and find out whether released larvae can survive and establish them-
selves in selected areas along the Swedish coast.

Along the entire restocking cycle, from assessments of release sites prior
and post releases, to producing and acclimating eggs and larvae to Baltic Sea
conditions, and finally evaluating release success, this thesis targets critical
steps to optimize the methodology. In this way, restocking could become a
complementary tool, ready to be applied if the ongoing efforts like habitat
restoration and strict fisheries management succeed in improving the environ-
mental conditions of the Eastern Baltic Sea sufficiently to support stock re-
covery.
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2. Aims of thesis

In this thesis, | wanted to address a number of challenges associated with re-
stocking yolk-sac cod larvae in the Eastern Baltic Sea to ultimately find out
whether such an endeavour has the potential to successfully restore the local
population. In four papers, I investigated critical aspects of the restocking pro-
cess, with their specific aims as follows:

Paper I: To identify suitable release sites where predation on early life stages
of cod and competition for habitat or food with other species are low, as well
as to monitor the local fish community following releases, I tested environ-
mental DNA (eDNA) metabarcoding within different depth profiles alongside
gillnet fishing as methods to study the fish community in selected Baltic bays.

Paper II: The focus of this paper was to explore variation in egg production,
as well as egg and larval characteristics of cod in captivity over the spawning
period at population level. In addition, I investigated potential links between
these patterns and adult fish size.

Paper III: In cultivation, salinity is kept higher to enable egg fertilization, but
in the wild, where salinity is lower, larvae must be able to avoid sinking to
lethal oxygen conditions and reach suitable feeding conditions. In this paper,
I therefore aimed to find out whether yolk-sac cod larvae reared in captivity
can be acclimatized to the Baltic Sea by reaching neutral buoyancy at Baltic
Sea salinity prior to releases.

Paper IV: Here, I studied a range of established otolith marking techniques
and their effects on yolk-sac cod larvae performance to identify a method suit-
able for later recognition of released larvae and, ultimately, evaluation of the
restocking success.
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3. Methods

In this section, I introduce the overall research design and main methodological
considerations guiding this work. Comprehensive descriptions of study-specific
procedures are provided in the Methods sections of the individual papers.

3.1 Fish community assessment

Data in Paper I was collected between May and July 2022 in two bays of the
Baltic Sea: Kappelshamnsviken on the island of Gotland, which is open to the
sea to the north, and Tvéren, located on the eastern Swedish mainland coast,
which is more of an enclosed system. Vertical profiles for temperature and
salinity were measured prior to sampling, to evaluate whether the water was
stratified.

3.1.1 eDNA metabarcoding

Five litres of seawater were collected from a boat at 11 sites in Kappel-
shamnsviken, and at 12 sites in Tvéren. In absence of a thermocline, one water
sample was taken at 10 m at the sampling site, while in the presence of a ther-
mocline, an additional sample was taken between 35-55 m, depending on the
water depth. All water samples were filtered directly on site. The filters with
biomaterial were preserved with a modified Longmire’s solution and sealed.
Afterwards, the filters were sent to Nature Metrics (UK) for further laboratory
and sequence analysis.

3.1.2 Gillnet fishing

Nets of the type “Great Lakes” were used, which are modified “coastal nets”
made out of nine different mesh sizes ranging from 10-60 mm, with mesh
panel sizes of 6.25 and 8§ mm added, resulting in nets of 55 m length and 1.8
m depth. Nets were deployed at 22 locations in Kappelshamnsviken and 25
locations in Tvéren. Deep net sampling sites were overlapping with eDNA
sampling sites, which enabled vertical eDNA comparison, as well as cross-
method comparison. The nets were set in the evening and taken up the next
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morning. Fish from each net were kept separate, identified to species level
where possible, and measured for length and weight.

3.2 Cod cultivation

Atlantic cod kept at the field station Ar on Gotland were caught by the crew
on board RV SVEA during Baltic International Trawl Survey (BITS) cruises
by trawling in ICES SDs 25, 26 and 28, corresponding to the Eastern Baltic
cod stock. Fishing for broodstock fish in Paper I1I was carried out in February
2021, and for broodstock fish in Papers II and IV in February and November
2021, February 2022, and March 2023. On board, cod appearing to be in good
condition after sorting and measuring were kept in 0.3 m® containers with flow-
through seawater until arrival at the field station (Figure 2).

Upon arrival, the fish were first placed in flow-through quarantine tanks
until they were tagged for individual identification, weighted and measured a
few weeks later. From then on, they were kept in 15 m® tanks with recirculat-
ing seawater (7 PSU, 12 °C, DO: 12 mg/L, pH: 7.5) and a natural light cycle.

Fish were fed daily, alternating with frozen herring and sprat caught during
the BITS cruises, or commercially available northern prawn Pandalus bore-
alis (Kreyer, 1838), thawed prior to feeding. Until summer 2022, fish were
fed ad libitum, which was then switched for ca. 0.5% body weight per day. As
feeding was variable and generally lower during spawning, the diet was
changed to solely P. borealis every other day during the spawning season.
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Figure 2: A: trawling, B: Neele Schmidt placing cod in container for transport (photo:
Henrik Pérn), C: cod in container on board RV SVEA, D: transport of fish from har-
bour to field station Ar, Sweden.
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3.2.1 Induction of spawning

Before estimated start of spawning, i.e., spawning of wild cod in the Eastern
Baltic Sea from April to August (ICES, 2019), the salinity in the broodstock
tanks was gradually increased by adding synthetic sea salt until 17 PSU was
reached. At this salinity, successful fertilization of eggs can occur and eggs
are positively buoyant (Westin & Nissling, 1991), which places them at the
water surface of the tanks, allowing for more accessible collection.

Eggs and larvae used in Papers II and IV stemmed from spontaneous
spawning of the broodstock.

In contrast, in Paper 111, the photoperiod was manipulated to induce earlier
spawning and consequently allow for available eggs to conduct the experiment
before the start of the field season. Starting in September 2021 with 12 h of
light exposure, the annual light cycle was shortened to nine months total, re-
sulting in the longest day with 18 h light exposure occurring already in March
2022. At this time, the cod started spawning.

3.2.2 Sampling and maintenance of fish eggs and larvae

Floating egg collectors were placed in the broodstock tanks shortly before es-
timated start of spawning and were emptied out and cleaned daily until spawn-
ing ceased. Collected eggs from the tanks were placed in separate beakers
filled with seawater matching the tank conditions and let rest for approxi-
mately 10 minutes, when negatively buoyant eggs have separated from posi-
tively buoyant eggs and accumulated at the beaker bottom. As part of Paper
11, the volume of positively buoyant eggs per tank was noted. A subsample of
collected eggs per tank was analysed under a stereo microscope and photo-
graphed to assess the batch quality, including viability and deformities, as well
as development stages of the eggs in Papers II, and III. In the first of these,
additionally the diameter of the eggs was measured from the photographs, and
a2 mL egg sample was frozen for later thiamine content analysis as a poten-
tially important indicator for egg quality, providing what is, to the best of my
knowledge, the first data on total thiamine concentration in cod eggs.

Experimental eggs in Papers II and III were placed in 400 mL beakers
filled with water (17 PSU, 7 °C, DO: 12 mg/L) prepared from filtered seawater
and added synthetic salt. Daily maintenance included exchanging two-thirds
of the water, siphoning dead eggs and larvae from the beaker bottom and not-
ing their respective numbers, as well as measuring temperature, salinity and
oxygen content.
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Larvae used in Paper IV were reared from eggs placed in 80 L incubators
with filtered recirculating seawater (17 PSU, 7 °C, DO: 12 mg/L, pH: 8.0) and
a natural light cycle after collection.

By the end of the experiments, subsamples of larvae were observed under
a stereo microscope and photographed for length measurements and deformity
assessments.

3.3 Salinity acclimatization experiment

In Paper I11, ten treatments were tested (Table 1), in which the salinity during
incubation of cod eggs and larvae at different developmental stages (Figure 3,
4) was reduced from 17 to 7 PSU. A control group (C) stayed in 17 PSU water
throughout the experiment. Treatments included both sudden, i.e., one-time,
and gradual salinity decreases, reached through one single water change or
water changes in steps over several days. For one-time acclimatization treat-
ments (OTA) the salinity change occurred within 24 h after fertilization (AF),
or around hatching at 8-, 10-, 12-, 14-, or 16-days post fertilization (DPF),
whereas gradual acclimatization (GA) started either within 24 h AF, after gas-
trulation (AG) at 3 DPF, close to hatching at 8 DPF, or after observed first
hatching (H).

Table 1: Treatments used for the salinity acclimatization experiment, organized ac-
cording to treatment intensity. Adapted from paper II1.

One-time acclimatization (OTA) Gradual acclimatization (GA)

AF: 17 PSU — 7 PSU after fertilization 1AF: 1 PSU/day after fertilization
DO08: 17 PSU — 7 PSU 8 DPF 1AG: 1 PSU/day after gastrulation
D10: 17 PSU -7 PSU 10 DPF 2D8: 2 PSU/day after 8 DPF

D12: 17 PSU -7 PSU 12 DPF 2H: 2 PSU/day after hatching

D14: 17 PSU - 7 PSU 14 DPF
D16: 17 PSU -7 PSU 16 DPF
C: control 17 PSU

Daily survival and hatching, as well as neutral buoyancy and body length
of larvae at 16 DPF were assessed. For buoyancy measurements, larvae were
sedated with benzocaine to prevent them from actively changing their position
through swimming, and placed into a density gradient column with nine den-
sity floats of known specific gravity.
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Figure 3: Developmental stages of Baltic cod eggs; cleavage (A: 1-cell stage, B: 2-
cell stage, C: 4-cell stage, D: 8-cell stage, E: 16-cell stage, F: 32-cell stage, G: 64-
128-cell stage), blastula period (H: sphere stage), gastrulation (I: post germ ring stage,
10% epiboly, J: 50% epiboly, K: 75 % epiboly, L: 100 % epiboly, somite stage), seg-
mentation period (M: embryo 8 days post fertilization (DPF)).
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Figure 4: Larvae of Baltic cod just after hatching, at 12 days post fertilization (DPF)
(A), and at the end of the yolk-sac stage, at 21 DPF (B).

3.4 Otolith marking experiments
3.4.1 LA-ICPMS trials

To test whether larvae originating from the field station could be “naturally”
distinguished from wild cod based on otolith microchemistry, otoliths from
both adult and larval cod were analysed, with a focus on barium (Ba), which
is a trace element previously used to separate cod populations (Heidemann et
al., 2012). The synthetic salt used at the field station contained increased val-
ues of Ba (1 g/kg), resulting in higher Ba in water at the field station than
found in the Baltic Sea (Table 2).

The otoliths of larvae 14 DPF from the field station were extracted by hand
and mounted on glass slides with epoxy as preparation for Laser Ablation-
Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) to measure
their elemental composition. However, the otoliths were difficult to locate on
the glass slides, as they were buried under a thick layer of epoxy and looked
similar to tiny air bubbles, despite careful application of the epoxy. Eventu-
ally, an otolith (n = 1) was identified and by vertical drilling with the laser, it
was possible to dwell for 20 seconds with a 40-micron diameter spot to get to
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the otolith. After an additional drill for 30 seconds, 4 replicate measurements
with a spot size of 10 micron were taken (Table 3).

Two otoliths each from two adult cod kept at the field station were meas-
ured with a 25-micron spot size and showed some anomalous concentrations
and between-individual differences (Table 3). Generally, they revealed high
levels of magnesium (Mg), P and Ba compared to otoliths of wild Baltic cod
(Heidemann et al., 2012).

Peaks in the Ba:Ca ratios measured in both the adult (0.22) and the larval
(156.9) otoliths from the field station were notably higher than from wild Bal-
tic cod (Bornholm SD 25: ~0.05, Aland Sea: ~0.07) (Heimbrand et al., 2025).
Although Ba tends to be elevated in the inner part of wild Baltic cod otoliths,
corresponding to early life stages (Limburg et al., 2011), these results are ra-
ther uncertain, as only a single larval otolith was analysed and the value ap-
peared unusually high. Combined with the substantial analytical challenges of
applying LA-ICPMS to larval otoliths, this method was therefore not further
pursued for reliably marking larvae prior to release.
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Table 2: Water chemistry of larval incubation line at the field station and the Baltic
Sea around Gotland from July 2023. Shown are mean values and standard deviation.

N=3.

Incubator

Baltic Sea

Bulk elements [mg/L]
Chloride

0878.00 + 288.28

4611.00 +7.26

Sodium 5628.67 + 266.20 2526.00 £ 9.42
Magnesium 691.67 £43.11 304.90 £1.63
Sulfur 499.13 £41.16 209.50 +£2.34
Calcium 246.93 +13.81 119.03 £0.95
Potassium 206.47 £15.52 95.70 £0.51
Bromine 40.93 £4.11 13.40 £0.11
Strontium 1.72 £0.21 2.24 £0.02
Boron 1.12+£0.14 1.28 £0.00
Fluoride 0.67 + 0.14 0.40+0.10
Trace elements [pug/L]

Lithium 50.64 = 0.36 53.18+0.19
Silicon 314.40 +£13.26 321.33 £23.78
Iodine 05.83+3.92 22.07 £1.01
Barium 15930 £1.22 21.92+£0.45
Molybdenum 3.54 +0.40 2.74£0.10
Nickel 4.05+0.31 0.93+1.32
Manganese 0.00 + 0.00 0.00 + 0.00
Arsenic 0.00 £+ 0.00 0.00 = 0.00
Beryllium 0.00 + 0.00 0.00 + 0.00
Chromium 0.00 = 0.00 0.00 £ 0.00
Cobalt 0.00 + 0.00 0.00 + 0.00
Iron 7.27 £ 0.65 0.26 +£0.36
Copper 5.90 +1.49 10.03+11.73
Selenium 0.00 + 0.00 0.00 = 0.00
Silver 0.00 £ 0.00 0.00 = 0.00
Vanadium 0.00 = 0.00 0.00 £ 0.00
Zinc 13.84 +£0.60 5.27+7.46
Tin 0.00 £ 0.00 0.00 + 0.00
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3.4.2 Otolith marking techniques

Ultimately, in Paper IV, five treatments to mark the otoliths were tested on
cod larvae 13 DPF; immersion in 1g/L strontium chloride or two different
concentrations of alizarine complexone (30 mg/L or 50 mg/L), as well as sin-
gle and repeated thermal marking. For the latter, the water temperature was
increased from 7 to 9 °C for 24 h and then returned to 7 °C again; a procedure
repeated every 24 h for the repeated thermal treatment group. An additional
control group did not undergo marking treatment. At 21 DPF, when the yolk-
sac is largely observed but the point of no return has not been reached yet
(Figure 4), the experiment was ended. Besides detectability of the mark, the
effects of the different treatments on survival, length, and deformities of larvae
were tested.

Strontium (Sr) marks were analysed with micro x-ray fluorescence spec-
trometry (micro-XRF), using whole larvae. This method is non-destructive
and uses a finely focused x-ray beam to determine the composition and spatial
distribution of elements in the whole larvae.

Alizarin complexone marks required prior otolith extraction under a stereo-
microscope equipped with a polarizing filter for better otolith detection (Fig-
ure 5). They were then mounted on glass slides with just a needle tip of epoxy
and viewed with a microscope equipped with a LED UV light module with an
excitation filter for a wavelength of 330—400 nm and photographed. Pictures
were later analysed with ImagelJ, for which they were converted into 8-bit
grayscale, before the otolith and background area were compared to determine
mark intensity.

Otoliths from the thermal treatments were extracted and analysed directly
under a light microscope with transmitted brightfield illumination. Due to
their size of about 29 um diameter, no polishing was done.
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Figure 5: Yolk-sac cod larvae under polarizing filter with circled otoliths in the cra-
nium appearing in light pink. From paper IV.

3.4.3 Long-term marking effect trials

To investigate long-term effects of alizarin marking of yolk-sac Baltic cod, as
well as long-term detectability of the mark, an experiment was set up in coop-
eration with the Baltic Sea Science Center (BSSC) at Skansen. While rearing
of cod larvae beyond the yolk-sac stage was not possible at the field station
Ar, the BSSC features facilities for food production, including rotifers and
copepods, tanks and aquaria for differently sized cod, and personnel experi-
enced in raising marine animals. The aim was to grow alizarin-marked yolk-
sac larvae to adult fish, with sampling of 5 individuals from each tested treat-
ment and replicate at 6-, 12-, 18-, and 24-months post marking.

For each trial, larvae or eggs originated from a single egg collection on the
same day from the same fish tank at the field station. For a first trial, larvae
were incubated at 14 DPF in 2 L beakers filled with water containing alizarin
complexone in concentrations of 50 or 100 mg/L for 1 or 2 days, or without
alizarin, yielding to five different treatments (Table 4). Five beakers were set
up in total, each with an air stone for aeration and water mixing; three with
sea-water (17 PSU, 7 °C, DO: 12 mg/L) without alizarine, and one beaker per
concentration. Temperature, salinity, and oxygen were monitored daily. Ap-
proximately 2400 larvae were placed in each beaker containing alizarin, and
1200 larvae as control in one alizarin-free beaker. After 24 h, half of the larvae
from each alizarin concentration were transferred with pipettes to separate
beakers containing alizarin-free water.
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Table 4: Treatments for long-term trial on alizarin marking of cod larvae.

Alizarine complexone immersion

50 mg/L for 1 day 100 mg/L for 1 day
50 mg/L for 2 days 100 mg/L for 2 days
Control

Another 24 h later, at 16 DPF, larvae were packed into 5 L oxygenated plastic
bags (300 larvae per bag, one-third sea-water (17 PSU, 7 °C)), transported to
the BSSC in cooled Styrofoam containers, and transferred after a 3 h acclima-
tization in their bags to 30 L aquaria (17 PSU, 10 °C) connected to a temper-
ature-controlled flow-through system. Water quality (temperature, salinity,
oxygen, nitrate) was monitored daily, one-third of water was exchanged, dead
individuals removed, and larvae were fed with a mix of rotifers, copepods and
newly hatched brine shrimp twice a day.

The first batch of larvae brought to the facility died within 48 h, irrespective
of treatment. While the cause remains unclear and water parameters were in-
conspicuous, transport-related stress or a batch-effect may have contributed to
mortality. In a second batch, most larvae survived the first days at the facility,
but stereo microscope inspection at 22 DPF, 5 days after arrival, revealed
empty guts despite fully consumed yolk sacs. The next day, all larvae of this
trial died after water temperatures rose up to 13 °C due to technical limitations
of the water-cooling system.

Another trial was conducted with newly fertilized eggs (0 DPF), which
were expected to be less sensitive to mechanical stress and transportation com-
pared to yolk-sac larvae, due to their protective chorion and lower metabolic
rate. The set-up was reduced to two treatments (50 mg/L for 1 day, 100 mg/L
for 1 day), for which larvae were planned to be marked at the BSSC 14 DPF.
Eggs for each treatment group were kept in one 30 L aquarium and one 30 L
kreisel for enhanced water mixing. An improved filtration system was used,
including a sand filter, UV-light, biofilter for nitrification and denitrification
and a protein skimmer, providing a constant water flow. All outlets were cov-
ered with filters (fine-mesh nylon stocking) and the set-up was connected to
its own water-cooling system to improve temperature control.

The first batch suffered ammonia levels of > 5 mg/L, likely due to excessive
bag time. After reducing egg density and time in bags (from 17 to 10 h before
arrival), ammonia was eliminated. However, eggs escaped through insuffi-
ciently fine filters, which were consequently improved (finer-meshed nylon
stockings) for the next batch.

In the final trial, one aquarium and kreisel were connected to a large aquar-
ium (15 PSU), in which, among others, adult cod are kept, with a cooling unit
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circulating water between the systems, which eliminated detectable ammonia
in daily measurements. With additional aeration to prevent clogging, eggs de-
veloped successfully and the first larvae hatched in aquarium and kreisel
around 10 DPF, as expected. Nonetheless, larvae disappeared over time from
the system, revealing their ability to fit through the filters if approached in just
the right angle.

Given the ongoing identification of further improvement needs, this part of
the otolith labelling experiment was discontinued.

3.5 Statistical approaches

For statistical analysis, I used RStudio with R version 4.2.2.

3.5.1 Comparison of fish community sampling methods

In Paper I, non-metric multidimensional scaling (nMDS) based on a Jaccard
dissimilarity matrix from presence-absence data was used to investigate dif-
ferences in fish communities detected in different bays and with different sam-
pling methods. Presence-absence data was chosen due to eDNA metabarcod-
ing reads not directly translating into species abundance. The influence of se-
lected environmental parameters on the fish communities was assessed with
permutational analysis of variance (PERMANOVA).

The average number of taxa detected per unit effort was calculated accord-
ing to bay and sampling method, and compared using a Mann-Whitney Rank
Sum Test, as data proved to be non-normally distributed.

Taxa accumulation curves were created on the basis of randomized
resampling of sites with 1000 permutations.

For diversity comparison between bays using different sampling methods,
taxa richness, Shannon-Wiener index, Pielou’s Evenness, and Simpson’s
dominance index were calculated. Biodiversity indices were calculated using
the total numbers of sequence reads or individuals per taxon within each bay.

3.5.2 Hypothesis testing

In Papers III and IV, one-way analysis of variance (ANOVA) was used to test
for significant differences in egg and larval parameters between treatments in
case of normal data distribution, whereas nonparametric Kruskal-Wallis tests
were performed in case of non-normality. Dunn-Bonferroni post-hoc tests were
chosen to compare groups in pairs and identify significant differences.
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To compare strontium count rates between strontium-marked and un-
marked fish larvae, a Welch Two Sample t-test was used, whereas a one-way
ANOVA followed by a Tukey's HSD was conducted to test for differences
between alizarin-marked groups and unmarked larvae in Paper IV.

To assess differences in egg and larval parameters between tanks in Paper
I1, linear mixed-effects models were applied, testing both linear and quadratic
trends over the spawning season, as well as tank*time interactions. Beaker
was included in this analysis as a random effect. ANOVA was then used to
analyse whether tank, time, egg or larval parameter and their interaction have
an overall effect. To investigate relationships between egg and larval parame-
ters, linear regression models were conducted.

To analyse the effect of salinity reduction treatments in Paper I1I, otolith
marking treatments in Paper IV, and timepoint in the spawning season along
with tank on survival of fish eggs and larvae in Paper II, mixed effects Cox
proportional hazards models were chosen. Those models were fitted with the
package survival and included beaker as a random effect to account for several
larvae being placed in the same beaker.
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4. Results and discussion

This chapter summarises the key findings from the included papers and dis-
cusses them in relation to the overarching research aims and relevant litera-
ture, highlighting how each study contributes to understanding the different
stages of the restocking cycle.

4.1 Meeting the neighbours: Fish community assessment
at potential release sites

Iinvestigated differences in fish communities found by eDNA metabarcoding
in different water depths, as well as by traditional gillnet sampling, in two
stratified bays of the Baltic Sea, which are presented in Paper 1.

Vertical water profiles of the bays Kappelshamnsviken and Tvéren re-
vealed a thermocline between approximately 12 and 30 m, separating a layer
with higher temperatures at the water surface from a layer with lower temper-
atures the sea bottom. These findings were anticipated as the sampling was
conducted in summer months, i.e., between May and July. Salinity on the
other hand was rather constant throughout the water column in Tvéren, rang-
ing from 6.4 to 6.9 PSU, and showed a modest increase below 60 m in Kap-
pelshamnsviken, from 6.7-7.1 to 9.7 PSU. Accordingly, the results showed a
significant association of fish community composition with temperature, but
not with salinity.

Generally, the fish communities observed were typical of those commonly
found in the Baltic Sea. In Kappelshamnsviken, 25 fish taxa were identified
by eDNA metabarcoding, with herring, three-spined stickleback Gasterosteus
aculeatus (L.), and cod being the most abundant in sequence reads, while 18
fish taxa were found in Tvéren, where three-spined stickleback, herring, and
sprat dominated the sequence reads (Figure 6).

Only half of the through eDNA detected fish taxa (15 out of 30) were pre-
sent both above and below the thermocline, with exclusivity in both shallow
and deep samples. Even within the same geographic location, differences be-
tween depths reached up to 11 taxa, revealing pronounced vertical structuring
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in community composition, highlighting the need to take stratification into
account when using eDNA.

a Kappelshamnsviken b Tvéren
taxa total: 29 taxa total: 25
DNA total: .
eDNAshallow  3511) " eDNA shallow  DNA ot

24 (7) 15 (2) )

13 15 12 12
11
net eDNA deep net eDNA deep
17 (4) " 16 (1) 20 (7) 15(2)

Figure 6. Venn diagrams displaying numbers of total (= present in the respective bay),
shared, and unique (in brackets) taxa found by different methods in Kappel-
shamnsviken (a) and Tvéren (b) bays. From Paper I.

Species known to prey on early life stages of cod, particularly sprat and
herring (K6ster & Mollmann, 2000), as well as the potential predator stickle-
back, which is known to consume eggs and larvae of other predatory fish in
the Baltic Sea, such as Northern pike Esox Lucius (L.) and European perch
Perca fluviatilis (L.) (Bystrom et al., 2015; Nilsson, 2006), were detected by
both eDNA metabarcoding and net fishing. These species are also relevant as
potential competitors with cod larvae when co-occurring in time and space, as
they share similar food resources during early life stages (Lehtiniemi et al.,
2007; Mollmann et al., 2004; Voss et al., 2003).

However, eDNA metabarcoding captured more fish taxa per sample com-
pared to gillnet sampling (7.9 and 6.6 compared to 5.3 and 5.9 in Kappel-
shamnsviken and Tvéren, respectively), and exhibited similar or higher diver-
sity, evenness, and lower dominance compared to net sampling, suggesting a
more balanced representation of fish communities. Both eDNA metabarcod-
ing and net sampling provided complementary views of fish community com-
position. While most taxa were detected by both methods, several were unique
to one or the other, with eDNA occasionally identifying rare taxa that occurred
in single samples at low read count. Likewise, other studies have shown that
eDNA is particularly effective in detecting rare or non-native species (e.g.,
Jerde et al., 2011; Thomsen et al., 2012), which can easily be missed by tradi-
tional fishing methods.

The exclusive presence of certain taxa based on the respective method used
is in line with previous studies (Gillet et al., 2018; Golpour et al., 2022) and
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highlights the importance of incorporating eDNA metabarcoding alongside
traditional survey methods in the Baltic Sea to achieve the most accurate rep-
resentation of fish communities. As a non-invasive tool, eEDNA metabarcoding
presents a distinct advantage in monitoring fish communities without addi-
tional harm to the population and can reduce the necessity for extensive net-
ting or hauls when combined with traditional methods. In combination, these
tools offer a valuable approach for assessing the fish community at potential
release sites and the success of cod larvae establishment post-release.

When considering site suitability for larval cod releases based solely on
fish community composition at the time of sampling, the two bays differ in
potential predation pressure. Gillnet data revealed higher abundance of three-
spined sticklebacks in Tvéren compared to Kappelshamnsviken, a pattern also
reflected in higher number of sequence reads, although sequence reads do not
directly indicate abundance. Detection of sprat and herring was similar be-
tween sites. Given that these species can prey on cod larvae, this suggests rel-
atively higher predation risk in Tvéren, identifying Kappelshamnsviken as the
more promising site for restocking efforts.

4.2 Baby boom in captivity: Egg and larval production
of Baltic cod

The temporal spawning pattern of captive cod at the field station observed in
Paper II, specifically an onset in April, peak spawning in June, and cessation
in August, are closely in line with the natural spawning period of Eastern Bal-
tic cod in the wild (ICES, 2019). Notably, smaller fish started spawning later
and exhibited an earlier and more concentrated peak compared to larger fish,
suggesting a higher synchronization.

Aside from an overall trend towards smaller egg size as the spawning sea-
son progressed (from an average of 1.62 to 1.55 mm), consistent with previous
findings by Vallin & Nissling (2000), and small fish showing increasing sur-
vival and hatching over time (from 44 to 84% and 37 to 79%, respectively),
likely due to their recent transfer from the wild and consequently short accli-
matization time to the field station, no clear seasonal patterns were observed
across traits (Figure 7). Rather than timepoint in the spawning season, other
factors varying among females may have affected offspring traits, such as ge-
netics, stress levels, or mate choice (Trippel et al., 2005).

While it was expected that fish size would be positively associated with
egg and larval characteristics related to reproductive success, such as larger
egg size, higher egg thiamine concentration, less deformities, higher daily sur-
vival and hatching success, the results of this study contradicted this
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expectation and instead revealed a high degree of complexity. As such, 8% of
the collected eggs were non-viable and another 14% showed deformities, ir-
respective of fish size. Further, the largest larvae, with an average body length
of' 4.25 mm, were produced by large fish, but small fish produced larger larvae
than medium-sized fish, with 4.20 and 4.09 mm average body length, respec-
tively. Surprisingly, smaller fish produced larger eggs, with average egg di-
ameter of 1.61 mm, compared to 1.55 and 1.56 mm in medium and large-sized
fish, respectively, contrasting the many studies reporting a positive relation-
ship between fish size and egg size in cod (e.g., Kjesbu, 1989; Nissling &
Vallin, 1996; Vallin & Nissling, 2000). With an average length of 28 cm, close
to the size at 50% maturity (Svedéng et al., 2024), the small fish in this study
were likely first-time spawners. Beyond their typically smaller egg size com-
pared to larger repeat-spawners, first-time spawners are known to exhibit re-
duced survival and hatching success, and these latter patterns align with the
findings of this study (Solemdal et al., 1995; Trippel, 1998).

With the reduced size of cod in the Baltic Sea (Casini et al., 2016; Svedédng
et al., 2024), it is worth considering whether these fish may compensate by
producing fewer but larger eggs. Larger eggs remain neutrally buoyant at
lower salinities, allowing development in more favourable oxygen conditions
(Vallin & Nissling, 2000). In addition, larger offspring have been shown to
perform better under suboptimal or highly variable conditions (Elgar, 1990;
Parker & Begon, 1986; Reznick, 1991; Roff, 1992). Given the increasing en-
vironmental stress in the Baltic Sea, including rising temperatures and expand-
ing hypoxic zones (Casini et al., 2016; Dutheil et al., 2022; Reusch et al.,
2019), this potential strategy may contribute to mitigating high mortality dur-
ing early life stages and should be investigated further.
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Figure 7: Reproductive output characteristics for cod from Tank 1 (Large cod), Tank
2 (Medium cod), and Tank 3 (Small cod); a) egg diameter 0 days post fertilization (0
DPF), b) larval standard length 14 DPF, c) percentage of dead eggs, d) egg deformities
of living eggs 0 DPF, e) survival of original 100 eggs 14 DPF, f) hatching of original
100 eggs 14 DPF. Shown are Generalized Additive Models (GAMs) for each tank,
with coloured lines representing the estimated smooth trend and semi-transparent
bands representing the 95% confidence interval. Blue = Tank 1 (Large cod), green =
Tank 2 (Medium cod), orange = Tank 3 (Small cod). Blue line indicates stress event
in Tank 1. From Paper II.
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The only consistent relationship found between offspring characteristics
was a positive correlation between egg size and larval length. While this ob-
served pattern is in line with previous findings by Nissling et al. (1998), it was
contrastingly not reflected in a correlation between egg size and survival. As
patterns in traits observed in this study showed high complexity and variability
on the population level, other factors may have a stronger influence on traits
like egg and larval survival, making it harder to detect consistent patterns, as
found in earlier studies based on individual females instead of pooled data.

Based on these combined results, breeding for restocking efforts should fo-
cus on broodstock quality and management over seasonal timing, as differ-
ences among parental fish appeared to have a stronger influence on offspring
traits than when in the season spawning occurred. This highlights the im-
portance of minimizing stress, ensuring suitable mating conditions, and main-
taining genetically diverse broodstock to support the production of high-qual-
ity eggs and larvae. Nevertheless, seasonal timing remains important to con-
sider for releases of larvae, as feed availability during early life stages, specif-
ically plankton availability, is closely linked to seasonal cycles. With egg size
being the only identified consistent predictor of offspring phenotype, the pos-
itive relationship between egg diameter and larval length suggests that it may
serve as a practical criterion for selecting batches for rearing or release,
whereas spawning date and parental size are not reliable indicators of egg and
larval performance.

4.2.1 Vitamin check-up: Thiamine status in captive cod eggs

Small cod showed highest average thiamine concentrations of 1.22 nmol/g
compared to 1.05 and 1.14 nmol/g in medium and large fish, respectively,
which is in line with the observation of smaller individuals from the Baltic
proper having higher thiamine concentrations in their gonads compared to
larger individuals from the North Sea (Hauber et al., 2025).

The absence of relationships between thiamine concentration of cod eggs
and hatching or survival indicates that those characteristics are not affected by
thiamine content during the early development. In salmonids, severe thiamine
deficiency during the yolk-sac stage leads to neurological and behavioural ab-
normalities, as well as increased mortality (Bengtsson et al., 1999; Harder et
al., 2018). Despite differences in ontogeny, especially during early life stages,
potential symptoms of thiamine deficiency would likely show in cod during
the yolk-sac stage, when external feeding is restricted, indicating no thiamine
deficiency in cod eggs from the facility.

However, it is unclear whether these observations translate into cod in their
natural environment, i.e., the Baltic Sea. Thiamine deficiency is caused largely
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by different dietary aspects (Harder et al., 2018). At the facility, cod were fed
spart and herring from the Baltic Sea, according to their main natural diet
(Bagge et al., 1994; Kulatska et al., 2019), which was supplemented with com-
mercial northern prawn. While they don’t feed on the latter in the wild, the
Baltic isopod Saduria entomon (L.) is part of their natural diet (Bagge et al., 1994),
which may be of similar dietary composition and thiamine content, as both crus-
taceans utilise similar trophic levels (Hylander et al., 2024). Hence, the compara-
ble diet items could indicate sufficient thiamine status for wild cod in the Baltic
Sea, contrary to previous suggestions (Engelhardt et al., 2020).

Notably, the fish at the field station showed faster growth than the wild
stock, which could be linked to the high abundance of feed. Should that be the
case, it could be argued that even lower food abundance may not lead to thia-
mine deficiency in Baltic cod, as Hauber et al. (2025) found no differences in
thiamine status between cod from the Baltic Proper and the Aland Sea, where
cod grow to large size and show high condition factors.

Overall, these findings indicate that thiamine deficiency may not be one of
the pressing factors prohibiting the reestablishment of cod in the Baltic Sea.

4.2.2 Keep calm and spawn on: Stress and recovery in
broodstock

Technical problems with the RAS led me to additionally look into the effect
of environmental stress on spawning of captive cod. Fish in one of the exper-
imental tanks experienced a stress event with temperatures increasing from 7
to 15 °C and a subsequent temporary move to a flow-through tank with lower
salinity, i.e., 7 PSU compared to 17 PSU in the usual tank, which was compa-
rable to a moderate heat wave and strong freshwater inflow. Surprisingly, suc-
cessful spawning continued once the fish were back in previous conditions,
despite reduced volume and eggs being observed only every second day. Only
few changes in the measured egg and larval traits were observed after the
stress event, suggesting a rapid recovery and the ability to successfully with-
stand perturbations during the spawning period.

4.3 How to like it less salty: Acclimatizing larvae to the
Baltic Sea

A central part of my research is optimizing the hatchery conditions for larvae
production and survival in the Eastern Baltic Sea. During spawning, cod at the
field station were held at a salinity of approximately 17 PSU, which provides
suitable conditions for egg fertilization (required > 11 PSU; Westin &
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Nissling, 1991) and ensures positive egg buoyancy, allowing for easy collec-
tion from the water surface in the tanks. However, as the larvae will be re-
leased into the Baltic Sea, where salinity is around 7 PSU, they need to be
acclimatized to these conditions in order to avoid sinking to the seafloor,
which would reduce their survival chance. In Paper II1, I tested the effects of
several salinity reduction treatments during different stages in early develop-
ment of cod on egg and larval parameters, including daily mortality and hatch-
ing, neutral buoyancy and larval length.

As expected, survival of eggs and larvae in all treatments decreased over
time, with an average of 62% survival at the end of the experiment, at 16 DPF,
in the control group (Figure 8). Around hatching, which started around 10
DPF, an increase in mortality was observed in all treatments, which is in line
with previous studies (Iversen & Danielssen, 1984; Laurence & Rogers,
1976). Notably, treatments with a reduction of ambient salinity around that
point or thereafter showed similar survival curves, while decreasing salinity
already in the egg stage significantly increased mortality, irrespective of re-
duction intensity, i.e., one-time or gradual reduction from 17 to 7 PSU. Re-
ducing ambient salinity within 24 h after fertilization further decreased hatch-
ing success to 62 (GA-1AF) and 29% (OTA-AF) of surviving eggs at 16 DPF
compared to 97% in the control group. In Baltic cod, egg salinity tolerance is
known to be particularly low shortly after fertilization but to increase after
gastrulation (von Westernhagen, 1970), as the vitelline membrane becomes
more permeable and allows water exchange with the environment (Alderice,
1971; Mangor-Jensen, 1987; Riis-Vestergaard, 1984), explaining the ob-
served patterns.
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Figure 8: Survival of Baltic cod eggs and larvae over time. Shown are mean values of
different treatments: C = Control; GA = Gradual acclimatization (1PSU/day starting
1 day after fertilization [1AF], 1 day after gastrulation [1AG] 2 PSU/day at 8 days
post fertilization [2D8], or at first hatching [2H]); OTA = One-time acclimatization
(within 1 day after fertilization [AF], or at 8-16 days post fertilization: [D08, D10,
D12, D14, D16]). The last data point for OTA-D16 represents 60 minutes post treat-
ment 16 DPF. Adapted from Paper II1.

The low survival of cod eggs and larvae in the Baltic Sea is primarily linked
to sinking to the seafloor and subsequent exposure to low oxygen conditions
(Hiissy et al., 2016; Petereit et al., 2014), which makes it essential to release
yolk-sac larvae capable of maintaining their position in the water column.
However, the swim bladder, fins, and muscles, as body structures that influ-
ence the larval position in the water column, are only fully functional at around
10 DPH (Hunt von Herbing et al., 1996; Nissling & Vallin, 1996), which is
after the tested release scenario. Consequently, yolk-sac larvae produced for
hatch and release efforts need to be neutrally buoyant at salinity conditions
similar to those prevalent in the Eastern Baltic Sea, i.e., around 7 PSU.

Although most treatments lowered the salinity required for neutral buoy-
ancy (Figure 9), none reached values as low as 7 PSU. Salinity decreases early
on in the egg stage or prior to hatching caused the strongest reduction in the
salinity required for neutral buoyancy compared to the control (average of
18 PSU), with GA starting one day AF leading to lowest values; an average
of 12 and a minimum of 10 PSU. Generally, the results indicated that
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acclimatization to new environmental conditions takes time. No notable dif-
ference in neutral buoyancy of cod larvae was observed 1 h after exposure to
lower salinity, while 2 and 6 days after reducing salinity, neutral buoyancy
was reached at salinities decreased by an average of 3 and 6 PSU, respectively.

Differences between spawning females likely caused the observed high
variations in salinity of neutral buoyancy of individual larvae within the same
group, such as the range of 15 to 25 PSU in the control group. Egg density
varies between batches from different females, as well between batches of the
same female (Nissling & Westin, 1991). For this study, eggs were used, which
were collected from the water surface of a tank containing several females in
different stages of spawning.
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Figure 9: Salinity of neutral buoyancy of Baltic cod larvae 16 DPF in different treat-
ments: C = Control; GA = Gradual acclimatization (1 PSU/day starting 1 day after
fertilization [1AF], 1 day after gastrulation [1AG] 2 PSU/day at 8 days post fertiliza-
tion [2D8], or at first hatching [2H]); OTA = One-time acclimatization (within 1 day
after fertilization [AF], or at 8-16 days post fertilization: [D0S, D10, D12, D14, D16]).
The box represents the interquartile range with median, upper and lower whiskers
represent scores outside the middle 50%, dots represent the 5th/95th percentile.
Adapted from Paper I11.

With an average total length of 4.4 mm, larvae from the control group were
significantly smaller than larvae from all treatment groups, which ranged
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between 4.7 and 4.9 mm on average. A regression of larva body length against
salinity of neutral buoyancy indicated a negative relationship, supporting an
effect of size on neutral buoyancy. Although previous studies found no effect
of incubation salinity on larval length but reported differences in body height
(Nissling & Vallin, 1996), such morphological differences may reflect varia-
tions in dilute fluid content, which in turn influence larval buoyancy in pelagic
fish (Shelbourne, 1956). High within-group variation was likely due to age
differences of individuals 16 DPF, which ranged from 2 to 6 days, as > 50%
of surviving larvae have hatched 13 DPF, and the majority, i.e., > 80%, have
hatched at approximately 14 DPF in the control group.

Ultimately, a sudden reduction of ambient salinity at first hatching proved
to be the most promising approach to produce cod larvae for hatch and release
efforts, as no negative effects on survival or hatching success were apparent,
but salinity of neutral buoyancy was significantly lowered, potentially leading
to larvae being better acclimatized to current environmental conditions in the
Eastern Baltic Sea.

4.4 Tracing origins: Otolith marking as a tool for
identifying released cod larvae

To be able to recognize the stocked cod from wild ones and effectively eval-
uate the success of restocking efforts, the larvae need to be labelled prior to
release. Due to the size of the released larvae (4-5 mm), external tags are not
an option and an internal labelling solution is required. Otolith labelling is a
well-established method, for which I tested several alternative techniques in
larval cod in Paper 1V.

Incubation in strontium-enriched seawater, a method used successfully for
glass eel Anguilla Anguilla (L.) stocking in the Baltic Sea (Wickstrom &
Sjoberg, 2014), created clear marks in the otoliths of all treated larvae, which
were detectable via micro-XRF visually (Figure 10), as well as in Sr signals.
Neither survival nor development were negatively impacted by this labelling
approach, which supports the suitability of this highly effective, simple, cost-
efficient, and environmentally safe (Panfili & Troadec, 2002) method for vul-
nerable early life stages of cod. Notably, no otolith extraction or sectioning
was required for mark detection 1 week after the treatment, whereas traditional
otolith preparation is likely required for mark detection in otoliths of fish
months or years after releases, as the majority of x-ray signals are detected
from the top 0-344 um of the otolith surface (Lill et al., 2020). Nevertheless,
micro-XRF enabled multiple samples to be processed simultaneously, making
it both time and cost-efficient.
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Figure 10: High resolution micro-XRF images of 2 larvae from the strontium (a) treat-
ment showing calcium (Ca) to visualize the otoliths (b) and strontium (Sr) to visualize
the applied label (c). For comparison, 2 larvae from the control group (d) are shown
with Ca (e) and Sr (f) signals. Adapted from images taken by Falk Reinhardt. From
Paper IV.

While alizarin marks were clearly visible under fluorescence in all larvae
from those treatments, exposure to a concentration of 50 mg/L was associated
with a trend towards reduced survival (54% by the end of the experiment,
compared to 62% in unmarked larvae) and an increased incidence of severe
deformities, particularly pericardial and yolk-sac edema, which affected ap-
proximately a quarter of larvae in this treatment. This is in line with previous
findings on reduced survival and growth of Baltic cod larvae marked with 50
mg/L alizarin (Meyer et al., 2012), whereas survival in marine conspecifics
appears to be not impacted by such treatment (Blom et al., 1994; Svésand,
1995), indicating greater sensitivity of Baltic cod larvae. Importantly, reduc-
ing the alizarin concentration to 30 mg/L mitigated adverse effects while
maintained marking effectiveness, offering a safer option for restocking by
limiting negative impacts on larval development and survival.

On the other hand, short-term temperature changes, which can create dis-
tinct patterns in the otoliths by altering the increment periodicity, width, and
optical density (Munk et al., 1993; Volk et al., 1994), did not result in detect-
able marks in larval Baltic cod otoliths, irrespective of single or repeated treat-
ment. Although a moderate temperature change of only 2 °C was applied, re-
peated temperature shifts significantly reduced survival by the end of the ex-
periment to 51%, consistent with earlier findings that early-stages of Eastern
Baltic cod are highly sensitive to temperature variation (Dahlke et al., 2016).
Since light microscopy was not able to reveal daily rings in 22 to 39 um small
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otoliths, making more specialized methods with higher resolution at the na-
noscale needed, which increases the technical demand and resource require-
ments for this labelling approach. Further, Eastern Baltic cod otoliths often
show irregular growth patterns, such as contrasting ring formations or even
complete absence of zonation (Heimbrand et al., 2020), which makes thermal
marking unsuitable for mass-marking applications in this stock.

Overall, both strontium as well as alizarin immersion in low concentration
were identified as suitable labelling methods for later identification of released
yolk-sac cod larvae into the Eastern Baltic Sea. While both methods created
detectable marks without negatively impacting survival or development,
strontium proved to be a more robust and scalable approach.

46



5. Conclusions and future perspectives

Collectively, the findings of this thesis provide empirical and practical insights
essential for developing environmentally informed restocking strategies, spe-
cifically for Eastern Baltic cod.

The complementary strengths of traditional gillnet-based surveys and the
use of eDNA metabarcoding showed that combining both methods results in
a more comprehensive picture of local fish communities than either approach
alone. While eDNA offers a valuable, non-invasive tool to assess potential
predation pressure and competition at candidate release sites and later evaluate
establishment success without imposing additional fishing pressure on an al-
ready depleted stock, it cannot fully replace physical sampling. In addition to
fish surveys, plankton, as well as benthic surveys carried out throughout the
release season are required to assess the availability of suitable larval and post-
settlement prey (Hiissy et al., 1997) and to better characterise local food-web
structure, ensuring that selected sites provide appropriate feeding conditions
for released larvae. Likewise, environmental factors, including temperature,
salinity, oxygen, and hydrodynamics, should be part of release site assess-
ments to ensure favourable conditions for larval survival, growth, and reten-
tion in suitable nursery habitats.

Despite these advances in non-invasive fish community monitoring, phys-
ical samples of cod remain essential to detect otolith marks, meaning that
some level of specimen access will be required. To reliably distinguish re-
leased individuals from wild conspecifics and confirm their survival and es-
tablishment, internal otolith marking is necessary, as yolk-sac larvae are too
small for external tags. Notably, genetic approaches are advancing and may
complement or eventually replace the need for otolith marking in some con-
text. In this thesis, both strontium and low-dose alizarin immersion produced
clear, detectable marks suitable for early life stages, with strontium proving
particularly robust and scalable for mass-marking applications. Close collab-
oration with ongoing scientific stock assessment programs will therefore be
essential, ensuring that marked otoliths are detected and otolith samples can
be provided.

Following reproduction of captive cod populations revealed that spawning
closely followed the natural seasonal pattern, demonstrating that broodstock
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were able to reproduce in synchrony with environmental cues, particularly
photoperiod. Substantial variation in spawning timing and offspring traits
among broodstock groups was observed, with fluctuations over the season but
without clear, consistent patterns. Given the complexity observed, exploring
factors beyond parental size, such as genetics, diet, and mate choice, will be
valuable to better understand and optimise the production of offspring with
traits that enhance survival and establishment in the wild.

Additionally, the acclimatization experiment highlighted the importance of
ensuring that produced larvae are physiologically capable to survive in the
current environmental condition in the Baltic Sea. While sudden salinity ac-
climatization around hatching improved buoyancy, the salinity required for
neutral buoyancy remained above values typical of the Eastern Baltic Sea.
Growing larvae beyond the yolk-sac stage may therefore be worth exploring,
as older larvae or even juveniles may not only be less sensitive to handling
and transport, but also be able to actively regulate their vertical position to
avoid hypoxic layers. At the same time, extended time in captivity may alter
behaviour, as seen in other species where hatchery-reared juveniles showed
reduced predator avoidance or impaired foraging (Jackson & Brown, 2011).
Stocking larger fish can further result in the gradual replacement of wild indi-
viduals by hatchery fish (Amoroso et al., 2017; Camp et al., 2017; Rogers et
al., 2010), highlighting potential trade-offs that require careful evaluation in
the future development of hatch-and-release protocols.

In summary, these results demonstrate that successful restocking requires
an integrated understanding of reproduction biology, larval physiology, and
the environmental context at release sites. This thesis provides key methodo-
logical components for a restocking approach, including tools for site assess-
ment, larval production and acclimatization, and post-release identification.

Nevertheless, it is important to keep in mind that the improvement of envi-
ronmental conditions is a prerequisite for successful restocking and long-term
recovery of Eastern Baltic cod. Stock enhancement can be a valuable comple-
mentary tool to accelerate stock rebuilding, but cannot alone restore the pop-
ulation, as efforts implemented in isolation have consistently shown little or
no additive effect (Hiihn et al., 2014; Lorenzen, 2005; Radinger et al., 2023).
A healthy ecosystem capable of supporting feeding, growth, and reproduction
therefore remains the primary requirement. Spawning and nursery areas must
provide suitable oxygen levels, salinity, and habitat structure to ensure that
released larvae can survive and recruit. Sufficient prey availability and stable
food-web dynamics, including limited predation pressure on early life stages
and reduced competition, are critical. Ecosystem-based approaches have been
shown to outperform stocking in fish enhancement in other systems (Radinger
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et al., 2023), indicating that restoration of ecological processes and habitats is
likely to have stronger long-term effects on cod recovery than species-focused
measures alone. Moreover, even with targeted fisheries closed, incidental
catches and sub-optimal gear selectivity may hinder recovery. Thus, restock-
ing remains important, but can effectively only occur as part of a broader eco-
system-based management framework, including habitat protection, gear reg-
ulations, and prey-stock management.
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Popular science summary

This thesis explores how a hatch and release approach could be optimized to
support the recovery of Eastern Baltic cod, a once abundant species that has
declined to a critically low level. Cod in the Baltic Sea have faced decades of
overfishing, poor management, reduced food availability, and the loss of suit-
able spawning areas due to oxygen-poor deep waters. Although commercial
fishing has been banned for several years, the stock shows no signs of recov-
ery. This research therefore investigates whether releasing newly hatched cod
larvae into the wild could help rebuild the population, and how to do this in
the most effective and sustainable way.

Before releasing larvae into the wild, it is necessary to understand who they
will encounter. Predators like sprat and herring feed on young cod, and other
fish might compete with them for food. To identify suitable release sites, I
surveyed the fish community in two coastal bays using traditional gillnet fish-
ing alongside analysing water samples for environmental DNA, traces of
DNA that fish leave in the water through their scales, mucus, or waste. Both
methods detected predators and other species of interest, while overall reveal-
ing different fish communities, showing that combining tools gives a more
complete picture of the fish community at potential release locations.

To produce many larvae for releases, with characteristics that give them
good chances to survive in the wild, an investigation of reproduction in captive
cod from different size groups was carried out throughout the spawning sea-
son. Fish were captured in the Eastern Baltic Sea and kept in tanks at a field
station in a controlled environment, similar to the wild. However, the water
was salted up to allow the eggs to fertilize and develop healthy. Eggs were
collected from the tanks and weekly analysed for their size, thiamin (vitamin
B1) content, deformities, as well as survival, hatching and length of resulting
larvae, all characteristics linked to reproductive success. Generally, the spawn-
ing period in captivity followed the natural one closely. Substantial variations
in mentioned egg and larval characteristics were observed between the groups
and also across the season, but without clear, consistent patterns. This highlights
how complex reproduction can be, even under controlled conditions.

To be able to survive in the Baltic Sea, the larvae need to stay away from
the deeper bottom water, where oxygen is not present anymore. Newly
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hatched larvae however cannot yet actively swim and change their vertical
position in the water, so they rely on neutral buoyancy, meaning being in the
salinity in which they are naturally balanced and stay at roughly the same
depth. Therefore, an experiment was conducted to discover ways to adjust
produced eggs and larvae to salinity conditions of the Baltic Sea prior to re-
leases. Lowering salinity in the water in the egg stage increased mortality, but
lowering it around hatching allowed larvae to remain neutrally buoyant at sa-
linity levels closer to the Baltic Sea, improving their survival chances after
release.

To evaluate whether released larvae survived and contribute to the stock,
they must be marked so they can be recognized later. Since larvae are only
around 4 mm small and therefore far too small for external tags, different
marking methods that label their otoliths, an internal calcium carbonate struc-
ture in their skull, were tested, along with their effect on survival and devel-
opment of larvae. Immersing larvae in water enriched with strontium, as well
as low-dose alizarin complexone, created clear and detectable marks. Stron-
tium in particular offered a reliable and scalable solution for mass-marking.

Overall, this thesis provides key methodological components for a future
restocking approach, from choosing release sites, producing and preparing lar-
vae, to identifying them after release.

While releasing larvae alone cannot rebuild the stock, these methods lay
the groundwork for supporting recovery once environmental conditions im-
prove. Ultimately, restoring healthy deep-water oxygen levels and food avail-
ability remains essential for a self-sustaining cod population in the Eastern
Baltic Sea.

51



Popularvetenskaplig sammanfattning

Denna avhandling undersoker hur ett utsittningsprogram kan optimeras for att
stodja aterhdmtningen av Ostersjotorsken, en art som tidigare var mycket van-
lig men som nu har minskat till en kritiskt 1dg nivé. Torskbestinden i Ostersjon
har under artionden péverkats av Overfiske, bristféllig férvaltning, minskad
fodotillgang och forlusten av lampliga lekomréaden till f6ljd av syre-fattiga
djupvatten. Trots att det kommersiella fisket har varit forbjudet i flera &r finns
det inga tecken pé aterhdmtning. Denna forskning undersoker darfor om utsétt-
ning av nykldckta torsklarver i det fria kan bidra till att bygga upp bestandet
igen och hur detta kan goras pa ett s& effektivt och héllbart sitt som mojligt.

Innan larver slépps ut i havet &r det nodvéndigt att forstd vilka organismer
de kommer att mdta. Rovfiskar sdsom skarpsill och sill dter ung torsk, och
andra fiskar kan konkurrera om samma foda. For att identifiera ldmpliga ut-
sittningsplatser undersokte jag fiskfaunan i tva kustvikar med hjélp av tradit-
ionellt nitfiske samt analys av vattenprover for miljo-DNA ("eDNA”), gene-
tiska spar som fiskar ldmnar efter sig i vattnet genom fjall, slem eller av{foring.
Béda metoderna identifierade rovdjur och andra relevanta arter, men de visade
ocksa upp skillnader i den identifierade artkompositionen. Detta visar att en
kombination av metoder ger en mer heltickande bild av fiskfaunan, vilket ska
beaktas vid identifiering av potentiellt lampliga utsattningslokaler.

For att kunna producera ménga larver for utsittningar, med egenskaper som
ger dem goda chanser att 6verleva i det fria, genomfordes en studie av repro-
duktion hos torsk i fangenskap i olika storleksgrupper under hela leksésongen.
Fiskarna fangades i dstra Ostersjon och hélls i tankar vid en filtstation i en
kontrollerad miljé med hdgre salthalt for att mojliggdra normal befruktning
och utveckling av dggen. Agg samlades in frin tankarna och analyserades
varje vecka med avseende pa storlek, tiamin (vitamin B1) -halt, deformiteter
samt Overlevnad, klackning, och lingd hos de resulterande larverna. Alla
dessa egenskaper tros vara starkt kopplade till torskens reproduktiva fram-
gang. Generellt foljde lektiden 1 fangenskap den naturliga leken vil. Bety-
dande variationer i nimnda &gg- och larvegenskaper observerades bade mel-
lan grupperna och over sdsongen, men utan tydliga och konsekventa monster.
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Detta belyser hur komplex reproduktionen kan vara, 4ven under kontrollerade
forhéllanden.

For att dverleva i Ostersjon maste larverna halla sig borta fran det djupare
bottenvattnet, dir syret numera ar uttomt. Nyklackta larver kan dock dnnu inte
aktivt simma for att dndra sin vertikala position i vattnet, utan &r beroende av
sin flytforméga - att befinna sig i den salthalt dér de &r naturligt balanserade
och stannar pd ungefiar samma djup. Darfor genomfordes ett experiment for
att undersoka hur producerade figg och larver kan anpassas till Ostersjons salt-
halt infor utséttning. Att sédnka salthalten under dggstadiet 6kade dodligheten,
men en sankning kring kldckningen gjorde det mojligt for larver att forbli ne-
utralt flytande vid salthalter som ligger nirmare Ostersjons, vilket skulle
kunna forbéttra deras dverlevnadschanser efter utsittning,.

For att kunna utvirdera om utsatta larver Gverlever och bidrar till bestandet
maste de mérkas sé att de kan kénnas igen senare. Eftersom larver endast ar
omkring 4 mm ldnga och dérmed alldeles for smé for externa mérken, testades
olika metoder for att méarka deras otoliter, en intern kalciumkarbonatstruktur 1
kraniet, samt hur dessa metoder paverkade larvernas 6verlevnad och utveckl-
ing. Att exponera larver for vatten berikat med strontium, liksom laga doser
av alizarin-komplexon, skapade tydliga och detekterbara mirken. Strontium
erbjod en sérskilt tillforlitlig och skalbar 16sning for massmérkning.

Sammanfattningsvis tillhandahaller denna avhandling centrala metodolo-
giska byggstenar for ett framtida utsittningsprogram, fran val av utsittnings-
platser till produktion och forberedelse av larver, till identifiering av dem efter
utséttning.

Aven om utsittning av larver i sig inte kan ateruppbygga bestandet ligger
dessa metoder grunden for att kunna stodja dterhdmtningen nar miljoforhal-
landena forbéttras. I slutdndan &r aterstéllandet av goda syreforhallanden i
djupvattnet och en tillricklig fodotillgdng avgorande for att ett sjalvforsor-
jande torskbestind i Ostra Ostersjon ska kunna 4teretableras.
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