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Summary

The overall increasing hypoxic conditions within the Eastern Baltic cod reproduction
habitatare induced by anthropogenic eutropliicn and have adverse consequences for
the cod population. A continuaisly high fishing pressure contributes also to the
mechanisms that retaitme stock at low levels ang shifting its size structure towards
small individuals further hampering the reproductive success. Therefore, the overall aim of
my thesis was to improve our understagdiaof environmental drivergausing this
developmentind the dynamics of the Eastern Baltic cod reproduction habitat and to assess
their relevance fora possible application in theustainable stock management. The
advanced process knowledge of the hydrplgiasystem of the Baltic Sea and the female
spawnersize depending differences in egg buoyancy were used to quantify and qualify the
environmental spawning habitat. Additionally, a particle tracking technique to sintidate
passive drift ofegg and larawas used to examine the potential availability and
occupation of nursery habitats in light of the expanding hypoxic zones.

A novel approach to map the reproductive habitat of Eastern Baltic cod, the Buoyancy
Depending Reproductive Layers (BDRL), wakevdoped andused to propose an
alternative stock indicator, the effective Spawning Stoanfass (eSSB). The eSSB
combinedfemale size dependent depths of neutral egg buoyancy with a model of oxygen
depending egg survival to exclude those females from thengal reproductive stock,
which produce eggs not buoyant enough to escape the low oxygen conditions within the
deeper water layers. The eSSB was found to improve the fit of a Rigkerrecruitment
model compared to the model using the conventional BipgwStock Biomass (SSB not
considering anybiotic environmental conditions Therefore, the stock size structure has
strong relevance to fishing efforts, due to the relevance for the stock recruitment and the
proposed eSSB shalibe considered to be apgul supportinghe efforts to givescientific

advice on sustainable catches.

Oxygen depletion waalso negatively impadghg the available size of nursery areas for
juveniles. The proportional usage of adjacent nursery habitats fuvdser heavily
influencel by drift off of eggs and larvattom the spawning grounds. When combined,
these mechanisms were able to partly explain the observed decline of the condition of
juveniles in the nursery areas, besaa high population density in the remainih@bitat

coud increasethe impact of density depending effectsich asfood competition). The

most important spawning groura the current situation of low nursery areas availability
identified by theproportional possible contribution to tlaenountof successfull settled
juveniles, was found to be the Bornholm Basin.

Furthermore, ¥ the application of thaeovel approach dBDRLs the spawning habitat was
shown to be sensitive to eutrophication and that this sensitiviéirasgly depanding on

the size of thdemale spawner using the habitat. A reduction of eutrophication by 30%
significantly improvel the environmental spawning conditions especially for small Eastern
Baltic cod individuals.As predicted,ie BDRL approach was superi
approachthe Reprductive Volume (RV) because it wasre sensitive to environmental
change, able toncorporate stock structure, wast overestimating the spawning habitat in
the eastern spawning areas (Gdabskp and Gotland Basin) and copldvide estimates
of other stressors or derived indicators depending on the female spawner size.
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Summary

Due to the advanced hydrographic process knowledge and a permanently installed
measurement platform for abiotic data in the Arkona Basin, the new methodoloigybe

used to e@sblish a newenvironmental indicator on the spawning habitat conditions each
year. This indicatowasable to produce short term forecasts for the survival of eggs in the
Bornholm Basin spawned by the most abundsige classes of the stock and was
recomnended to be used in future stock assessments to incorporate an environmental
factor in the recruitment estimates.

Overall the results indicadehat the reproduction habitat Eastern Baltic cod isurrently

in a low quality stateand thatrecruitment proesses of the stock are partly stock size
structure dependent.hE proposed approach of individualized BDRkas shown to be
ready and sufficiently developed to besed in future studies on the impact of
ervironmentalchangeon the spawnig habitat of Eastrn Baltic cod(e.g. eutrophication,
ocean acidification, climate changé&urthermore, the BDRL approach shoblelutilized

to inform the yearly stock assessment on egg survival chances ahead of time improving
recruitment estimatesnd sustainable stockamagement



Zusammenfassung

In der Ostsee hat der sich verstarkende Sauerstoffmangel im Reproduktionshabitat des
Dorsches anthropogenen Ursprung und ist einer der wichtigsten Grinde warum die
Population momentan unter einer schlechten Entwickleigt. Zusétzlich sorgt auch ein

zu hoher Fischereidruck fur einen geringen Bestand und verandert die Langenstruktur
zunehmend so, dass sie im Moment von sehr kleinen Individuen dominiert wird. Das Ziel
dieser Arbeit war deshalb unser Verstandnis debdrglen Umweltparameter dieser
Entwicklung und ihrer Dynamic zu verbessern und sie auf eine mogliche Nutzung im
Zusammenhang mit einem nachhaltigen Management des Bestandes zu uberprifen. Zur
Quantifizierung und Abschatzung der abiotischen Qualitat dehalstats wurden die
fortgeschrittenen Kenntnisse des hydrographischen Systems der Ostsee als auch die
vorhandenen Unterschiede in der Schwebfahigkeit der Eier von unterschiedlich grof3en
Weibchen genutzt. Zusatzlich wurde noch eine ModellierungstechniWertmlgung von

passiv driftenden Partikeln eingesetzt, um die GréRe und die relative Nutzung von
Jungfischhabitat auf dem Hintergrund der zunehmenden sauerstoffarmen Zonen zu
untersuchen.

Entwickelt wurde eine neue Methode die das Laichhabitat des Osiseleels mit der

Hilfe von Dichteflachen kartiert, die dem Auftrieb von Dorscheiern entsprectnen (
BuoyancyDependingReproductiveLayer approach, BDR)L Die neu entwickelte BDRL
Methode wurde genutzt, um einen alternativen Bestandsindikator vorzuschidigen
effektive Laicherbestandsbiomas&SEB, effective Spawning Stock Biompad3er eSSB
kombiniert die Relation zwischen Eischwebfahigkeit und Rognergrof3e mit dem
sauerstoffabhangigen Uberleben der Eier, da die Schwebfahigkeit entschiedet ob die Eier
den niedrigen Sauerstoffverhaltnissen in den tiefen Schichten der Becken ausgesetzt sind.
So konnten Weibchen mit sehr geringen Fortpflanzungschancen in den jeweiligen Jahren
aus dem Laicherbestand herausgenommen werden und so der herkdmmliche SSB in den
effektiven SSB umgewandelt werden. Es konnte nachgewiesen werden, dass der eSSB die
Anpassung eines Rekrutierungsmodells des Ritkps gegenuber dem konventionellen

SSB, der keine Umweltparameter einflieBen lasst, verbessert. Die Langenstruktur des
Bestande hat damit starken Einfluss auf den Rekrutierungsprozess und damit auch
Relevanz fur die nachhaltige Befischung des Bestandes und sollte auch in der Findung der
wissenschatftlichen Empfehlung zu nachhaltigen Fangen eine Rolle spielen.

Desweitern wurde inidser Arbeit nachgewiesen, dass die Sauerstoffarmut in der Ostsee
auch die Jungfischhabitate des Ostseedorsches negativ beeinflusst. Die proportionale
Nutzung der an die Laichgebiete angerenzenden Jungfischhabitate wurde zusatzlich stark
davon beeinflusst,dass Individuen wahrend der Ei und Larvenphase mit den
Wasserstromungen verdriftet wurden. Zusammengenommen konnten diese beiden
Mechanismen den starken Rickgang in der Kondition der Jungfische teilweise erklaren, da
das limitierte Habitat und die Ubergartionale Nutzung einzelner Gebiete zu negativen
Effekten fuhren konnten, die durch eine erhohte Dichte von Individuen im Habitat
verursacht werden (z.B. Nahrungskoremz). Auf diesem Hintergrundvurde das
Laichgebiet mit den groRten Erfolgschancen @i dort gelegten Eier sich nach der
Larvenphase erfolgreich als Jungfisch in geeignetem Habitat niederzulassen als das
Bornholm Becken identifiziert.

Durch die Nutzung der neu entwickelten BDiRlethode wurde weiterhin festgestellt,
dass das Laichhabitagrssitiv gegentiber Anderungen des Eutrophierungsgrades der Ostsee

8



Summary

reagiert und das diese Reaktion unterschiedlich stark ausfallt, abhangig von der Grél3e des
Rogners. Eine Reduktion der Eutrophierung um 30% wuirde insbesondere die
Umweltbedingungen zum Laichevon kleinen Rognern signifikant positiv beeinflussen.

Im Vergleich mit dem herkdmmlichen Ansatz zur Einschatzung der Umweltbedingungen
im Laichhabitat des Ostseedorsches, der Berechnung des Reproduktionsvolumens (RV), ist
die Methode der BDRLs als Ubeglen anzusehen: Sie reagiert sensibler gegenuber
Anderungen in den Umweltbedingungen, kann die Demographische Struktur des
Bestandes berucksichtigen, tUberschéatzt nicht die Grol3e des geeigneten Habitats in den
Ostlichen Laichgebieten (Danziger Tief und GotlaBecken) und ist in der Lage
Stressfaktoren oder Umweltindikatoren abzuschatzen, die die Rognergrofe
bericksichtigen.

Durch ein fortgeschrittenes Verstandnis des hydrographischen Systems und der Nutzung
vorhandener und betriebsbereiter Uberwachungstiechaeine dauerhaft installierte
Messplattform fir abiotische Umweltparameter im Arkona Becken, konnte die neue
BDRL-Methode aufRerdem flur die Entwicklung eines neuen Umweltindikators, der die
Bedingungen im Laichhabitat jedes Jahr abschatzt, herangezogimwBieser Indikator

ist in der Lage kurzfristige Voraussagen Uber das Uberleben von Eiern der dominierenden
Langenklassen im Bestand im Bornholm Becken zu treffen und wird in dieser Arbeit
deshalb daftir empfohlen in den routinemafigen Bestandsanalgdgmakltfaktor in den
Rekrutierungsmodellen genutzt zu werden.

Im Ganzen betrachtet zeigen die Resultate dieser Arbeit, dass das Reproduktionshabitat des
Ostseedorsches in  einem Zustand schlechter Qualitdt verweilt und dass
Rekrutierungsprozesse im Bestamach von der Langenstruktur des Bestandes abhangen.
AulRerdem konnte gezeigt werden, dass die vorgeschlagene -BeRiode
bestandsrelevante Prozesse abbildet und weit gentwgckelt ist, um fir kommende
Studien von Umweltentwicklungen, die das Reproduldhabitatbeeinflussenwie z.B.
Eutrophierung, Ozeanversauerung oder Klimawandel, eingesetzt zu werden. Sie sollte
aulRerdem dafur genutzt werden, um die Rekrutierungsabschatzung in der jahrlichen
Bestandsanalyse zu verbessern.






Introduction

Introduction

For all marine species, salinity and oxygen are of paramount importance, governing
physiological processes essential for survival. Teleost fish occupy a large range of habitats
from freshwatersystems to highly saline environments. Sub populations of Atlantic cod
(Gadus morhupcan be found from oceanic waters (S = 35) to the brackish water of the
eastern Baltic Sea (S =6. Reproductive strategies and mechanisms are partly adapted to
theseenvironments, e.g. by differences in osmoregulation and oocytes development (Berg

et al., 2015). The Eastern Baltic cod popul
making it vulnerable to environmental chasgé&dster, 2016 During the last @ years

due to climate change and anthropogenic eutrophication, oxygen minimum zones in marine
systems expanded worldwide (Stramma et al., 2010), with adverse consequences for
marine |ife especially in coastakoergDr an me
expected to further expand in the future (Oschlies et al., 2009). The overall impact of
climate change on fisheries worldwide is controversially debated (Pinnegar et al., 2013),
however, for the Baltic Sea climate scenarios need to be consiftareslistainable

fisheries management, because oxygen depletion has already a negative impact on the
recruitment processes (Lindgren et al., 2010).

For all species, habitat conditions in the Baltic Sea are mainly driven by the salinity
gradient and straidation (Zettler et al., 2014; Ojaveer et al., 2010; Herlemann et al.,
2011), which in turn is depending on the oceanographic mechanisms driven by
atmospheric forcing. The Baltic Sea is unique in regard to how these mechanisms influence
oxygen related prasses, causing the recent increase of hypoxic zones to be accelerated
compared to other coastal environments in the world (Conley et al., 2009, 2011). Hence,
using the Baltic Sea and its resident fish populations as an example, gives us the
opportunity tounderstand the future development in other seas (Reusch et al., 2018) since
we can study already now how oxygen depletion impacts species habitats and develop
viable tools for integrated ecosystem based management.

Baltic Sea hydrographyi stratification and ventilation

The Baltic Sea is one of the largest semclosed water bodies in the world. Its present
state of an intracontinental dilution basin developed approx. 8000 years ago with the
beginning of the current interglacial period. The total aredl6f3D0 km is surrounded by

a 1,745,000 kimdrainage basin with a total mean river runoff of about 15,08Gm
(Bergstrom and Carlsson, 1994). Higher precipitation than evaporation further contributes
to the net input of freshwater into the low salinéace water. The exchange of water with

the North Sea through the KattegaBSkagerrak area in the south west is hindered by
narrow straits (Little Belt, Great Belt and Sound) and shallow sills (Darss and Drogden
Sill) (Fig. 1).
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Figure 1: The western andentral Baltic Sea with the main sbhsins, Arkona Basin (AB),
Bornholm Basin (BB), Gdansk Deep (GD), and Gotland Basin (GB). Contour lines are 40 m (light
gray) and 60 m (dark gray) isobaths.

The surplus of freshwater is therefore concentrated on thesie northeastern end of the
Baltic Sea (Bothnian Sea/Bay and Gulf of Finland) and creates a horizontal salinity
gradient with decreasing values from soutbst to northeast. The density differences
between the large fresh water influx and the highline water inflow from the North Sea
create additionally an extraordinarily stable pycnocline (Stigebrandt,al98fe light
brackish water on the surface intermixes only slowly throtigh generabprocesses of
breaking of internal waves (Reissmann et2009), diffusion (Fennel et al., 1991) and up
and downwelling (Lehmann et al., 2002) with the more saline water underneath. Internal
deepwater exchange between the <dsins of the Baltic Proper (Fig. 1) is strongly
influenced by shallow sills and ahnels, making the dynamics and hydrographic
conditions within the subasins rather complex (Elken and Matthaus, 2008; Fig. 2).

Within the most western stii|msin, the relatively shallow Arkona Basin, we find both
stratified and well mixed conditions ovéime, because high saline water can pass by
advection to the deeper sbhsins further east. In contrast, the central and eastern Basins
of Bornholm, Gdansk and Gotland are permanently stratified (Elken and Matthaus, 2008;
Fig. 1, Fig. 2). During summer seasonal thermocline additionally separates within these
basins the warm surface waters from the intermediate cold winter \iztda (1997;Rak

and Wieczorek, 2012). The permanent halocline below is maintained by the outflow of
surface water to the NortBea (Omstedt, 2004) which creates a counter current of highly
12
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saline water on the sea floor. Hence, a small amount of highly saline water is frequently
mixed into the intermediate water layers replenishing their salinity (Schinke and Matth&aus,
1998; Mohriolz, 2015).

Figure 2: Large scale internal water cycle in the Baltic Sea. Red arrows indicate the path of highly
saline water inflows. Arrows of dark green colors show the main surface currents, while the gray,
light green and beige arrows point to theermixing mechanisms of diffusion and-wgnd down
welling. Takenand slightly adapteftom Elken and Matthaus (2008).

Conditions with long periods of easterly gales combined with wet winters followed by
continuous westerly winds in the Kattegat aregerse the net flux through the Danish
straits and force large amounts of highly saline water into the Baltic Sea (Matthaus and
Franck, 1992; Schinke and Matthaus, 1998). These irregularly but reoccurring events are
called Major Baltic Inflow events (MBI)MBIs are of high importance for the deep water
characteristics of the Baltic Sea because only during these events the advecting water
masses are of sufficient salinity and volume to be intermixed with the bottom water.
Consequently, the otherwise encldseater bodies below the permanent halocline are
being reoxygenated only during MBIs (Burchard, 2009). Taken together, the respective
hydrographical conditions within the sibasins, the bathometry as well as the
hydrographic properties of the inflowing tea determine the distance and vertical depth

on which the inflowing water travels (Lehmann and Hinrichsen, 2000). The basin sequence
is however predetermined (Fig. 2). The inflowing water has to pass a narrow strait north of
the island of Bornholm in ordeo leave the Arkona Basin and flow into the Bornholm
Basin. If the volume of the MBI is relatively large it is forced to form a shallowedens!

at the bottom of thérkona Basin (Stigebrandt, 1987before spilling into the Bornholm
Basin, Gdansk Deepnd Gotland Basin (Kraussd Brugge 1991). How far the inflow
reaches further east than the Bornholm Basin depends on the strength (water volume) of
the particular MBI (Stigebrandt, 1987b). MBIs are observed during the period from August
to April and ae most frequent between October and February (Schinke and Matthaus,
1998). Due to these special characteristics of the Baltic Sea, water residence times within
the deeper parts of the sbhsins can exceed 8 years (Meier, 2005), making it vulnerable
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to antiropogenic influences (HELCOM 2007) and rendering ecosystem management
strategies difficult (Blenckner et al., 2015).

Additional anthropogenic pressures

The Baltic Sea ecosystem is currently under high pressure caused by anthropogenic
impacts. OverfishingMollmann et al., 2008; Carpenter, 2016; Voss et al., 2017), pollution
(Broeg and Lehtonen, 2006), high ship traffic (Kotta et al., 2016), introduction ef non
indigenous species (Ojaveer et al., 2017) and climate change (Zillén et al., 2008) have
ongoing gvere impacts on the ecosystem and organism level. In this regard, same as for
oxygen depletion, the Baltic Sea is compared to other coastal areas far ahead. Adding to
the reasoning why it was recently proposed to be used as model region to study
consequeces and mitigations of futwwgcale coastal perturbation (Reusch et al., 2018).

Poor waste water treatment and the intensified use of agricultural land within the drainage
basin of the Baltic Sea during theeudbés and
the present day (Gustafsson et al.,, 2012). High nutrient input fostered degradation of
organic matter by heterajphic organisms in the imm water (Melzner et al., 2012nd

resulted in high oxygen depletion rates. The strong stratification mexeventilation

through the surface and the frequency of MBIs slowed down drastically during a transition

period from 1976 to 1983. Before 1976 MBIs were observed regularly every 2 to 3 years,
whereas between 1983 and 2015 the only significant MBIs wesereed in 1993 and

2003 (Mohrholz et al. 2015). Hence, hypoxic areas on the sea floor expanded heavily and

could be observed frequently since 1983 in most deep parts of the Baltic Proper (Fig. 3).

As a consequence, Speci e smdniddnd sidep watens inithe ns  a n ¢
Baltic Sea were heavily impacted (Carstensen et al., 2014). Thus, coastal eutrophication

and the resulting hypoxic areas are currently considered to be among the most severe
threats to the Baltic Sea ecosystem (Andersen et2@l7; Reusch et al.,, 2018). The

HELCOM action plan addresses this issue and most coastal states agreed to significantly
reduce the yearly net input of nutrients (mainly nitrogen (N) and phosphorus (P)) and set

the goal to bring the Baltic Sea to a statéd fAno't affected by eutro
(HELCOM, 2007). These efforts were able to reverse the trend of increasing nutrient

inputs and a significant decline was observed over a period ofals gBustafsson et al.,
2012).However, the Baltic Sea actigplan targets were not able to be met and the yearly
additional input currently reached a plateau of approx. 12% N and 50% P above the target
(Reusch et al., 2018). Due to, the long retention time of nutrients in the Baltic Proper a new
equilibrium is ony to be expected by approx. 2070 (Gustafsson et al., 2012). Therefore,

the reduction will most likely be not sufficient to significantly reduce the overall
eutrophication state of the system and eutrophication induced pressures and hypoxic areas
arestiland wi | | be i mminent threats for speciesbod
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Oceanographic modeling and model frameworks

The physical andiogeochemical processes that govern the most important abiotic drivers
in the Baltic Sea, stratification and oxygen content, are well understood and can be
described by physical and biogeochemical models. However, while physical
oceanographic mechanismancbe simulated in sufficient detail in numerical mechanistic
models, simulating biogeochemical mechanisms is still challenging (Conley et al., 2002).
Hence, there are profound uncertainties within the existing biogeochemical models due to
the complexity ad interaction of mechanisms and unknown initial conditions such as
nutrient content in river run off, sediment fluxes and turnover rates of relevant substances
in the sediment (Lehmann et al., 2014). Recent advances in coupled physical
biogeochemical mode incorporating models that were developed for sediment nutrient
fluxes, yield good results (Radtke et al., 2018). These models are however regionally very
limited and show weaknesses within parts of the parameterization that lead to wrong
estimations irextreme conditions (Radtke et al., 2018). A model framework for the entire
Baltic Sea incorporating all known mechanisms determining the oxygen characteristics,
which could provide a quasinoptic and observationally validated view on the entire
model domain does not yet exist. To investigate on the biological impacts of oxygen
depletion, map species habitats and develop environmental indicators for ecosystem
management a high resolution data base and a frameworkxfdorative modelling
exercises is need.

Within my PhD thesis, | therefore used the established mechanistic numerical ocean model
BSIOM (Baltic Sea IcgOcean Model; Lehmann, 1995; Lehmann & Hinrichsen, 2000;
15
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Lehmann et al.,, 2002) instead of the defective biogeochemical models. It employs
atmaospheric forcing to model in hindcast all oceanographic processes below the sea
surface, which govern temperature, salinity and current velocity in the system. Oxygen
conditions were simulated by a simplified oxygen-sutdel, which reflects the overall
primary production development in the Baltic Sea (Lehmann et al., 2014). It further applies
subbasin depending oxygen depletion rates that were modulated by functions driven by
current oxygen content and temperature. This model frame work captures thenmied
variations and dynamics of the system sufficiently to be used in detailed analyses of
ecological and environmental interactions (e.g. Lehmann et al., 2014; Hinrichsen et al.,
2011, 2012). Biogeochemical processes are however mostly neglectedonié)guedcess
studies and budget calculations are not possible. Nevertheless, in my thesis, | used BSIOM
as a high resolution data base for studies of habitat characteristics anetespptioal
developments. Furthermore, | realized a particle trackingodetivhich was based on the
detailed velocity fields obtained by the model. Lagrangian drift routes were compiled by
calculating the advection of marked water particles. With this technique it is possible to
assess complex drift patterns and ldegn drift-off dynamics of passively drifting life
stages like fish eggs and larvae (Hinrichsen et al., 2003).

Hence, the used BSIOM model framework was able to deliver the data basis for the
analyses conducted in my thesis. Although highly resolved in situ measusermand
detailed plankton recordings would be ideal to perform ecological studies on drift patterns
of early life stages and environmental impact studies, the current data situation requires the
support by ocean model frameworks (e.g. Tedesco et al.,; B&duchet et al.,, 2014;
Fulton, 2010). This holds especially true, when general drift patterns or abiotic conditions
and detailed dynamics of the system of ecological relevance are to be studieesiund in
measurements are not sufficient in resolutiod #or time extension (von Dewitz et al.,
2018). Here, BSIOM is a satisfactory source of high resolution 3D data for salinity,
temperature and oxygen for the entire Baltic Sea, which does not divagate in the
biogeochemical processes that are not yet pesgildimulate at this scale.

Eastern Baltic cod

In my thesis, | focused on Eastern Baltic c&&h@dus Morhua since it is one of the
ecologically and economically most importalgmersal (angelagig species in the Baltic

Sea. The species is of marine origin and shares the highest trophic level in the system with
seals and predatory sea birds. Out of more than 40 fish species cod, herring and sprat are
the most abundant fish populations in the Bei@a. Many studies on the ecosystem level

are focusing on these three species to investigate mechanisms regarding fisheries biology
(e.g. Casini et al., 2011), ecology (e.g. Harvey et al., 2003) and economy (e.g. Nieminen et
al., 2012).

Eastern Baltic codsidistributed throughout the Baltic Sea Proper (Fig. 1) and also shares
its habitat with the distinct western population in the Arkona Basin area (Bagge et al.,
1994; Berg et al., 2015). The population is however concentrated in the southwest of the
Baltic Proper with the Bornholm Basin as distribution centre (Bartolino et al., 2017).
Foraging is done over widely spread areas from the deeper basins up to shallow coasts
throughout the year intensifying outside the spawning season during winter and spring

16
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(Bagge et al.,, 1994). The diguveniles and adultsncludes pelagic and benthic
invertebrates, most importanti@arduria entemorand Mysis speg. and fish, mostly
clupeids (Bagge et al., 1994; Huwer et al., 2014). Spawning habitats are restricted to the
deeper basins (Bagge et.all994) which usually provide sufficiently higlalinities for the
pelagic eggs to be neutral buoyant in the water coluwman (Westernhagen, 1970;
Wieland, 1995 After 3 to 4 weeks (~110 degréays) of development the larvae hatch

and stay largely inactive in the water colun@®rdnkjeer and Wieland, 1991ntil they

switch to active feeding when the mouth opens ~3 days post hatch, while the yolk sac is
depleted at ~5 days post hatch (FBkteson, 2005). During this perical migraton to the

upper water layers takes place where the larvae feed visually on zoopla@kukjger

and Wieland 1997, Huwer et al., 2Q1intil they reach the metamorphic phase in which
they settle onto the sea floor in shallower regions (Hussy et al., C881i et al., 2016).

In these nursery areas, benthic prey is the main diet of the juvémhen the individuals
reachbody lengthf over 20 cm they start to include also fisto ther diet (Huwer et al.,

2014; their figure 2). Due to a high fishimgortality for individuals larger than 35 cm,
length at 50% probability of maturing has been decreasing in both sexes during the last 3
decades by about 20% to approx. 20 cm (Vainikka et al., 2009; ICES, 2016). During one
spawning cycle females release-1& batches of eggs resulting in a size depending
potential fecundity between 400,000 (first time spawner) and over 8 million eggs (Vallin
and Nissling, 2000). During spring the individuals develop ripening gonads and migrate to
the deep basins to spawn betm March and Septembekdster et al., 2016 Males
mature earlier and stay fertile during most of the spawning period (Tomkiewicz and
Kdster, 1999), whereas females spawn their batches only over a few weeks (~ 50 days),
before a resting stage is entelggesbu, 1989 The spawning activity varies temporally
among individual females (Bleil and ©&tst, 1998; Bleil et al., 2009).h€ peak spawning
activity of the entire stock was observed to have changed during the last few demades
April to June in thel970s andl980s (MacKenzie et al., 1996) to the end of July in the
1990s (Wieland et al., 2000; Bleil et al., 2009) and again to a more evenly spread
utilization from May to August in the 2000s (Baranova et al., 2011)

Impact of abiotic drivers on early life stages of Eastern Baltic cod

During ontogeny abiotic drivers impact the survival of eggs, larvae and juveniles,
determining the recruitment success of the population at large. For a successful
fertilization, adequate abiotic conditions are essentiaalikity of at least 11 is needed in

order for the spermatozoa to be activated and thereby being enabled to penetrate the eggs
chorion (Nissling and Westin, 1997). Subsequently, the fertilized eggs need to achieve
neutral buoyancy in the water column teow the lethal bottom contact (Wieland et al.,
1995). At this stage the water density, determined mainly by salinity content at the
spawning location, has to match the eggs density. Eastern Baltic cod eggs are adapted to
the brackish Baltic Sea and thared achieve neutral buoyancy at lower salinities than their
Atlantic counterparts (Grauman, 1973). However, egg buoyancy is dependent on female
size (Vallin and Nissling, 2000) since female size determines the egg diameter, which in
turn correlates with egdensity (Petereit et al., 2014). This causes a large range of egg
buoyancies to be observed in the field (Hinrichsen et al., 2@&).to these factsny
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thesis considers for the first time femalee in the efforts to map and classitye
spawning haiat of Eastern Baltic cod. Due to the oxygen stratification of the water
column the depth of neutral buoyancy determines the oxygen content experienced by the
eggs (Hinrichsen et al., 2016). Cod eggs need at least 2 ml/l oxygen in order to have a
chanced develop ad hatch (Wieland et al., 1994)ottever, at this minimum the chances

of survival are already heavily reduced. Based on experimental studies Kdster et al. (2005)
developed a model which | used in my thesis to relate survival chances to a@eytgn
content.

With first feeding and the associated vertical migration oxygen plays a crucial role in order
to sustain an activepwardsswimming behaviour from the depthstbé egg stages of >50

m (Rohlf, 1999), because most suitable prey is locatedeipths of the euphotic zone
between 10-30 m (Huwer et al.,, 2011). During the larval phase, cod is in need of a
constant supply of mesmooplankton organisms, i.e. mainly copepodid stages of the
calanoid copepodsicartia spp. andPseudocallanusspp. (Vos et al., 2003). The
abundances of these species are mainly driven by abiotic conditions and the availability of
food, suitable primary producers, which is as well heavily depending on abiotic drivers
(Hinrichsen et al., 2002).

After metamorphosis to juvédes cod need to settle in shallower regions where the prey is
abundant (Hussy et al., 2003); and oxygen conditions at the sea floor are sufficient to
sustain their metabolic rate (Chabot and Dutil, 1999) as well as a vital benthic community
(Hinrichsen etal., 2003). The larval transport to a suitable habitat and the successful
settlement is driven by wind and other drivers of ocean currents. Once settled, they serve
as prey for many species large enough to hunt them, including larger cod (Uzars and
Plikshs, 2000). The availability of suitable areas, needed to sustain a high abundance of
juveniles, is therefore one bottleneck for juvenile survival and the extent of these areas is
determined by the salinity and oxygen conditions (Kdster et al., 2009; @asini2012).

Environmental factors for quantifying cod reproduction habitat

Over the last 20 years, factors representing abiotic forcing and other environmental
considerations were increasingly included into research of reproduction success
(Méllmann etal., 2011) which led to the current view that an integrated ecosystem
approach is needed for fish stock management (Mdllmann et al, 2013). One of the first
attempts to relate the environmental conditions to reproduction success was the
introduction of theReproductive Volume concept (RV) by Plikshs et al. (1993) (see Fig. 4
for illustration). It focuses on the environmental spawning conditions for Eastern Baltic
cod and incorporates the tolerance levels for oxygen and temperats2 (ayl, T
>1.5°C)available at that time. Further it incorporates the minimum salinity of 11 needed to
sustain neutral egg buoyancy introduced by Grauman et al. (1973). Due to strong inverse
correlation between salinity and oxygen content in the Baltic Sea (Fig 4) largen Rés
Bornholm Basin could be linked to a successful reproduction (MacKenzie et al., 2000).

18



Introduction

surface

—{F  salinity
—®— oxygen concentration

-30

depth (m)

-50 -

=704

bottom 4
0

20
salinity (psu)

oxygen concentration (ml/l)

Figure 4: Schematic view of the hydrographical conditions in the Bornholm Basin. Shown are
typical vertical profiles of salinity and oxygen content. Horizotiteds represent the boundaries of

the Reproductive Volume (S > 11, O2 > 2 ml/l) after the definition from MacKenzie et al. (2000).
The area where cod eggs are distributed represents the average salinity of neutral egg buoyancy (S
=14.5 + 1.2) according tdissling et al. (1994). Taken from Vallin and Nissling (2000).

Following these first efforts, variations of the RV were also suggested as useful
environmental factors in regard to cod reproduction, i.e. the depth of the 11 isohaline and a
one point measer of the thickness of the RV in the middle of the Bornholm Basin (all
reviewed in Kdster et al., 2016). However, putting a minimal salinity of 11 at the centre of
the efforts proved to be premature. Further research showed, that (1) egg buoyancy in the
field has a large variation (Hinrichsen et al., 2016), (2) egg buoyancy is female size
dependent (Vallin and Nissling, 2000) and (3) the minimum salinity needed to sustain egg
buoyancy is most probablitigher than 11 (Nissling and Vallinl991, 1996, 1997).
Furthermore, the correlation between oxygen content and egg survival is not a sharp cut off
from 100% survival to 0% below 2 ml/IQbut follows a sigmoid curve (Koster et al.,
2005) and the subasins show strongly heterogenic vertical oxygen distributiovaking

a large RV not necessarily an indication for good reproduction conditions in all depths.
Kdster et al. (2001) attempted to incorporate the vertical depth distribution of cod eggs
from ichtyoplankton sampling into egg survival estimates. Howewee the connection to
female size dependinggg buoyancies was not made and therefore the dependency of
recruitment from stock structure (Cardinale and Arrhenius, 2000) neasable to be
incorporated which | attempt for the first time in this thesis. Addally, the conditions

found in theBornholm Basin and those in other sodisins further east are not necessarily
interchangeable. Research by Maris Plikshs et al. (2015) showed that for the species
eastern border of distribution other concepts needetaldwveloped A concept, which
includes quantitative and qualitative environmental conditions for the spawning grounds of
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Eastern Baltic cod, gorporates the current understanding of the hydrographic system
considers size depending processes and is teaoy used in Bnagemenbf the stock, is

still missing. Hence, in my thesis, | aim to close this gap by developing such a concept,
testing it against existing concepts and applying it to current research questions regarding
the environmental impact on tE@stern Baltic cod reproductive habitat.

Thesis outline

The aim of my thesis was to improve our understanding of the impact and the dynamics of
environmental drivers on the reproductive habitat of Eastern Baltic cod by using the
existing process knowledgd the hydrographic systeand by developing a new concept

how the quantity and quality of the available spawning habitat can be assessed. | therefore
developed, validated and applied a precise framework to calculate environmental
indicators and evaluatatle spawning habitat size and quality for Eastern Baltic cod by the
approach of Buoyancy Depending Reproductive Layers (BDRL). The BDRLs are able to
incorporate female size depending processes and the current knowledge base. One central
aspect of my thesiwas to test this concept for its relevance in the recruitment process.
Furthermore, drift patterns within the spawning grounds are important to resolve larvae
distributions and juvenile settlements, which need to be considered when the abundance of
recruts is related to the reproduction success. Hence, | used the BSIOM to evaluate long
term drift patterns and thereby assessed connectivity patterns between spawning and
nursery grounds as well as the relative occupation of the limited habitat. | theer furth
applied the BDRL concept to investigate female size dependent whether and how the
spawning habitat is impacted by eutrophication and compared the -Biziodology

with the classical RV approach. My ultimate aim was, to use the BDRL concept to provide
an indicator for an integrated assessment, which considers the environmental spawning
habitat characteristics. Therefore the possibility to use the procedure to inform the yearly
stock assessment about environmental conditions by the means of a shorréeast for

early warning indicator was assessed.

Four mainworking hypothesegequivalent with H-hypothesesyvere investigated:

(1) The BDRL approach cabe used as a basis for an alternative environmental
recruitment ialicator, which is performingobetter than the current use of the
Spawning Stock Biomass (SSB)

(2) Drift patternsinfluence the use of the limited available nursery grounds for juvenile
cod and the settlinguccess of individualdepend on the spawning site

(3) The Eastern Baltic cod spawnird@bitatis impacted by eutrophication drthe
BDRL approach performb et t er t han t he fAcl assical oo
environmental impacts and dynamics of the spawning habitat

(4) The BDRL approachcan be combined with existing infrastructure, i.e.eth
measurement platform in the Arkona Basin equipped with salinity sensors, to
perform short term forecasts of the environmental spawning conditions for Eastern
Baltic cod andhe resulting indicator is suitabte inform advisory institutions of
fisheriesmanagement
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Introduction

| have structured my thesis into 4 chapters. All chapters have the form of a manuscript
including an Introduction, Materials and Methods, Results and Discussion part.

Chapter 1, e n tOxygdn elepletifin in coastal seas and the effective spgwstbck

biomass of an exploited fish speddes has been published in tF
Society Open Scienceo in 2016 and investig
was used here to establish a novel concept, the effective Spawning StoEs8eSSB),

which then was tested within a recruitment model against a model without any
environmental considerations.

Chapter2, entitd4edpddbpat d9gnamics of cod nurser
been published i n thcee ajnoougrrnaaplh yof i mMP r200glr7e sasn
hypothesis (2). It studies the long term dynamics of the habitat occupation within the
available nursery grounds and the relative importance of thebasgibs as origin of
successful settled juveniles by the meahdrift modelling.

Chapter3,ent it l ed AHindcasting the sensitivity
(Gadus morhupa s pawning habitato, i nvestigates on
reviewed by my ceauthors before it will & submittedd o t he jouraal | iPLc
compares the BDRL approach with the common RV approach by using both concepts to
investigate on the impact of eutrophication and other relevant research questions regarding

the spawning habitat of Eastern Baltic cod.

Chapter 4, entitled AUs e of existing hydrogr e
environment al spawni ng condieden publishedfiothe Ea st
jour nal MPL:NnS 2ONB and investigates on hypo
tested weatdr the BDRL approach can be used to develop a-ghont prediction / early

warning indicator for the spawning habitat quality to inform the yearly stock assessment.
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Abstract

Environmental conditions may have previously underappreciated effects on the
reproductive processes of commercially exploited fish populations, for example Eastern
Baltic cod that is living at the physiological limits of their distribution. In thetiBéea,

salinity affects neutral egg buoyancy, which is positively correlated with egg survival, as
only water layers away from the oxygen consumptiominated sea bottom contain
sufficient oxygen. Egg buoyancy is positively correlated to female spaageésize. From
observations in the Baltic Sea a fidddsed relationship between egg diameter and
buoyancy (floating depth) could be established. Hence, based on the age structure of the
spawning stock, we quantify the number of effective spawners, whiehahle to
reproduce under ambient hydrographic conditions. For the time period20393 our

results revealed large variations in the horizontal extent of spawning habitat (1000 to
20000 krd) and oxygerdependent egg survival (10 to 80%). The nasahcept of an
effective spawning stock biomass takes into account offspring that survive depending on
the spawning stock age/size structure, if reproductive success is related to egg buoyancy
and the extent of hypoxic areas. Effective spawning stock bomedkected the role of
environmental conditions for Baltic cod recruitment better than the spawning stock
biomass alone, highlighting the importance of including environmental information in
ecosystem based management approaches.
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Chapter 1

Introduction

Largescale expansion of oxygen minimum zones (OMZ) in marine systems and large
lakes was observed worldwide over the past decades and it is a challenging task to predict
future impacts on fish stocks and their ecosystems [1, 2]. Oxygen reduction could lead to
widespead mortality [2] or avoidance of affected areas [3, 4, 5]. Thus, OMZ may have
detrimental effects on the reproductive processes of -sg8ning, commercially
exploited fish populations. OMZs will have major ecological and economic implications in
the fuure [6] and are expected to further increase as an aspect of global climate change, in
particular in Northern latitudes including the Baltic Sea [2, 7, 8].
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Figure 1: Map of the Baltic Sea with standard station grid in the Bornholm Basin (45 stations).

A typical example for a senpielagic fish stock in coastal habitats suffering from oxygen

reduction is the Eastern Baltic co@ddus morhuppopulation. This stock is historically

the third largest Atlantic cod stock [9] with a leteyrm mean spawning stodkomass

between 1966 and 2012 of about 240.000 tons [10]. The Eastern Baltic cod stock spawns

in the major deep basins (Bornholm Basin, Gdansk Deep and Gotland Basin), which are

characterized by a permanent haline stratification [11, 12]. The principédhamism

causing replenishment of oxygen in these deep Baltic Sea basins is the ephemeral nature of

ABaltic inflowsodo [ 13] of high saline oxyger

the effect of human induced eutrophication and clinmadeiced lessfrequent inflow

events, the oxygen conditions in recent decades became less favorable and drgasxic

have expanded [14]. A corresponding environmentally dependent low recruitment success
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combined with high fishing pressure resulted in a reduction adpghe/ning stock biomass
of Eastern Baltic cod from almost 650.000 to 87.000 tons from 1983 to 1992.
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Figure 2: Baltic cod spawning stock, its age compaosition and mean agel 1ZBBE. The symbol
to the left indicates mean age and standard deviation loeéntestigated time period.

Many marine fish species including cod in the Baltic Sea are living at the physiological
limits of their distribution, due to the strong gradient from fully marine salinities in the
Western Baltic to brackish water salinitias the NorthEast. For example, salinity is
correlated with neutral egg buoyancy [15]. Neutral buoyancy for Baltic cod eggs is found
at salinities which typically occur from below the halaelito the bottom water [188].

The interaction between edgioyancy (i.e. floating depth) and oxygen concentration is
important for the survival of eggs of different species in the Baltic Sea [16, 19].
Specifically, due to the hydrography of the Baltic Sea, the development of more buoyant
eggs occurs in more fawasle oxygen conditions. Egg buoyancy is positively correlated to
egg diameter, which in turn is influenced by spawner characteristics. Kjesbu and
colleagues [20, 21] showed a highly significant positive correlation between egg diameter
and female size foAtlantic cod. For Baltic cod several experimental studies confirmed
that large, older females on average produced larger eggs with neutral buoyancy at lower
salinity (water density) compared to smaller eggs spawned by smaller, younger females
[22, 16]. Although egg size also varies within a batch, and between batches produced
throughout the spawning season, larger more buoyant eggs spawned by larger (older)
females [23] are hence expected to have on averggerlegg survival probability.

The here preserdeapproach follows the need to inform Integrated Assessments and
Ecosystenrbased Management [24]. Within this context analyses on the state and
development of the various Baltic ecosystems have been conduct@®][Zbhe ICES
Working Group on Integrated s&essments of the Baltic (WGIAB) has successfully
performed integrated trend and status assessments which have been used for developing a
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Chapter 1

set of ecosystem indicators that can support the assessment of the stock status of individual
species [29]. Individuaindicators were evaluated for showing support for or against the
assessment moddeérived stock status and trends.

Table 1: Mean egg density (averaged over all spawning batches) for female spawners of different

age [23].
Age class

Egg density

8

N Wb 01O N

101000+1.11
1010.710.85
1010.950.84
1011.25-0.82
1011.610.81
1012.06-0.42

1012.71+ 0.40

Here, we provide the first comprehensive, fiblised evidence for the link between cod

egg size and floating depth. We then quantify and visualizesttwkstructure effect on

spawning area extension, the ambient oxygen concentration experienced by eggs as well as
egg mortality for contrasting environmental conditions (i.e. qpdfkiw vs. stagnation). In

a third step, we calculate time series of oxygelated cod egg survival probability for the

entire spawning periods from 1993 to 2010. Finally, we develop and test the concept of
effective spawning stock biomass (eSSB) as an indicator of recruitment potential, which is
integrating biomass, stogtructure and environmental conditions, with the Eastern Baltic

cod stock as an example.

Materials and Methods

Field validation

In order to confirm a laboratonyerived correlation between egg size and floating depth
(i.e. water density) for variableydrographic conditions in the field, vertically resolved

sampling was conducted
distribution of cod eggs was investigated with a towed multiple openio®ging net at
selected stations withrige numbers of cod eggs as derived from Bongo net samples (Fig.

1). The gear in use was a HYDROBIOS MAKpe Multi net (Hydrobios, Holtenau,

dur i

ng

7

RV

i Al

kor o

Germany) with a net mouth opening of 0.5 equipped with net sets with 335 pm mesh

size. At each station, depthofiles covering the whole water column from the surface
down to near bottom were sampled in 5 m intervals. Samples were preserved in 4%
buffered formaldehyde/seawater solution immediately after collection, and cod egg
diameters (in 0.025 mm size classesye subsequently measured for at least 100 eggs per
sample. Weighted mean egg diameters per sample were then calculated and assigned to
mean ambient water densities/egg buoyancies as derived from hydrographic measurements
with a CTDprobe (conductivity, @mperature, depth) taken at each of the sampling
stations. As a next step, from a total of 150 multi net samples, average egg diameters were

correlated to water density (measured in classes of 0.5%kg m
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Quantification of the spawning environment and sggtality

To calculate the spatial extent of the spawning environment, hydrographic data
(temperature, salinity, oxygen concentration) were compiled from 54 cruises in the
Bornholm Basin between 1993 and 2010. The surveyed area displayed by the sightion gr
in Fig. 1 covers the area enclosed by the 60 m isobaths, which represents the historical
peak egg and larval abundance area of Baltic cod in the Bornholm Basin [30]. The cruises
consisted of a total of 45 standard stations, with a horizontal resodft®mno 10 nautical

miles. In only a few years, not at all stations hydrographic measurements were available,
mainly due to bad weather conditions. However, a sufficient horizontal coverage of
hydrographic properties for further analyses could be achiévedll years. Based on
hydrographic parameters measured at the standard station grid, for each cruise we
calculated the -8limensional extension of the spawning volume. As obtained from field
observations as well as from laboratory experiments for EaB@tic cod, a minimum
salinity level of 11 psu is required for neutral egg buoyancy, whereas eggs at lower
salinities sink to the bottom and die. At the same time, a minimum oxygen level of'2 ml |
and temperatures above 1.5°C are required for eggs ¢topesuccessfully [1218, 31].

We displayed the horizontal distributions of the spawning conditions for different levels of
egg buoyancy, which is associated with female spawner size. The distributions were
estimated with an objective analysis [32]. Thisthod is designed for data sets containing
relatively low numbers of observations and is able to interpolate across stations where no
data could be assigned. It is based on a standard statistical approach, thM&kogs
theorem, which gives an expressidor the linear leastquare error estimate of the
variables. The method creates horizontal fields representing the spawning conditions by
interpolating the associated observed environmental parameters onto a regular grid (see
Appendix 1, equation 1). Thenethod can make use of statistics with respect to
measurement errors and snsdhle noise inferred from the observed data. Thus, at single
locations an estimate can be given that depends linearly on the total number of
measurements, i.e. a weighted suinalb observations. Based on repeated observations at
individual stations, it was obtained that the error due to measurement errors and small scale
noise amounts to 15% of the total variance of the abundance fields and that these errors are
normally distrbuted. As most of the surveys were designed to produce-syrasitic
horizontal fields of the Baltic cod spawning conditions, a unit array configuration with a
horizontal resolution of 5 km was chosen and superimposed on the standard station grid.
Hereby, each of the grid points is representative of #malyzedproperties around it.
However, only areas were considered where the expected root mean square of the
interpolation was < 50% of the standard deviations of the observed property fields.
Generally, he objective analysis method provides a smoothed version of the original
measurements, with a tendency to underestimate the observed values. This is due to the
specific assumptions made regarding our treatment of measurement noise arstamall
signals wresolved by the messrale observation array. The error estimates depend mainly
on the statistics of the field, the noise level, and on the locations of the observations, but
not on the measurements themselves.
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Chapter 1

Oxygendependent survival probability mapsese constructed for those density levels
where cod eggs in the Baltic Sea are typically neutrally buoyant.

Horizontal maps and time series data on the cod spawning habitat characteristics were
assembled for different buoyancy levels (1009, 1011, 1013 %g corresponding to ca.

11, 13.5 and 16 psu at a temperature of around 5°C). These levels were chosen to represent
the buoyancies of eggs of different female age categories: old (largeagmimedium

size) and young (small) cod, and were based orethdts described in [23].

Calculation of effective Spawning Stock Biomass (eSSB)

We used the information on variable egg mortality depending on spageeand
hydrographic conditions, to derive anewtisme r i es of O6effectived sp
(eSPB). This new timeseries can be seen as a derivative of stock reproductive potential
and mirrors the effect of variable adestribution in the spawning stock in combination
with variable hydrographic conditions on recruitment; it is tested and usedtotla s
recruitment model. We tested which staekruitment function yielded the best fit for the
traditional SSB estimates and the full tiseries 196&2012. The Ricketype model fitted

the data best, being, however, only slightly better than the Bevddthror the smoothed
hockey stick model. Cod cannibalism [33] as well as food competition [34Fatgesta
densitydependent model. Therefore, we concentrated on the Ricker model. Because in our
analysis we were not able to account for all factors contributing to variations on the female
size/legg buoyancy structure (see above), we calculated simplifiedueyaricy levels
(averages over all spawning batches) for each femalelage based on experimental
studies [23], using data for peak spawning time (Table 1).

For the timeseries 19512012 we then calculated oxygdependent egg mortality for each
year andeach female spawner agkass in May. Ambient oxygen contents were derived
from the ICES hydrographic database and were inserted into asueggal function [35]
based on experimental data (Equation 2 in the Appendix2).

Hydrographic conditions in the gth range of floating cod eggs are mainly influenced by
irregular inflow events of North Sea water. Inflowing waters replenish the oxygen content
below the permanent halocline and hence are positive for cod egg survival. Due to fast
oxygen consumption caed by breakdown of organic material, good, po#ow

conditions usually last for only one year, i.e. the following year faces bad oxygen
conditions again. Taking these hydrographic features into account, we divided the historic
timeser i es i nusdgboboadddd wvceornsdi t i on years (and t
survival). Mean age of the historic age distribution of the stock from-206& (Fig. 2)

was 3.0 £0.3) years, showing variations between 2.6 and 3.5 years. Therefore we used egg
survivalatag8 as distinctive feature, with egg s
and egg survival <50% classifying a 6badbaéd
with 44 years being classified as O6ébadé ar
classf i ed as 6goodd year s.

For each of the two sets of years, we calculated measpsgfic egg survival (Table 2).

To calculate the eSSB tirseries, we used relative egg survival as weighting factor for
potential recruitment contribution. The factor woukl#$€ 1 at 100% egg survival. All age
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classes showed lower potential egg survival and received weighting factors between 0.861
(ageclass 8+ under good conditions) and 0.017 {@gss 2 under bad conditions). For
more detail see Appendix3.

Results

Cod eggmean diameter showed a strong negative correlatio®.@6) with the mean

water density at which eggs were present in the field (Fig. 4), suggesting that egg diameter
is directly associated with neutral buoyancy. This confirmed that labordéoiyed reslts

are also applicable in the field, even under highly variable hydrographic conditions.

The horizontal maps showing the Baltic cod spawning habitat extension and corresponding
oxygenrelated cod egg survival revealed (i) strong differences in suitalblat related to

the different buoyancy levels, and (ii) strong temporal fluctuations related to environmental
variability (Fig. 5) between a major Baltic Inflow situation in April 2003 and a stagnation
period in May 1997. Specifically, after the majoaltc Inflow in 2003 the areas related to

the selected buoyancy levels (1009, 1011, 1013 Rgamrresponding to ca. 11, 13.5 and

16 psu at a temperature of around 5°C) were widely extended over the whole Baltic cod
spawning ground in the Bornholm Basifhi7872, 16302, 8594 Kmon the respective
buoyancy level) with overall almost optimal favorable spawning conditions in terms of cod
egg survival probabilities (means: 0.94, 0.83, 0.87). During the stagnation period the maps
suggest a significant decreasetlé¢ extent of suitable spawning habitat (17187, 15617,
3826 kn) at the different egg buoyancy levels associated with on average much lower egg
survival probabilities (0.73, 0.52, 0.09). Average habitat extension and egg survival
probabilities for the dferent egg buoyancy levels are summarized in Table 3.

Hydrographic situation 1951-2010
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Figure 4: Mean egg diameter versus mean density of ambient seawater. Error bars represent
standard deviation of mean values.

Table 2: Mean egg survival for different female age classes under godib (years) and bad
environmental condibtns (1=44 years) out of the time series 198Q010.

Survival ~ Survival

Age-class (bad) (good)
8 47.3 86.1

7 35.9 76.3

6 30.1 73.2

5 23.2 71

4 15.6 73

3 8.4 76

2 1.7 60.7
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Figure 5: Hor i zont al maps of cax andy Bakic codoxygeneetated eggn ml
survival () for different water densitgbuoyancy) levels (1009, 1011, 1013 k&’ after a major
Baltic inflow event in April 2003 and during a stagnation period in May 1997.

Table 3: Monthly mean vertical habitat suitabilities and geprelated egg survival probabilities
of eastern Baltic cod in the Bornholm Basin (1023L10).

Month Neutral egg buoyancy Area size Survival probability n
kg m?] km?]

April 1009 174691299 0.85+0.10 18
May 1009 17253+1249 0.74+0.13 18
July 1009 17313:1517 0.63+0.16 18
April 1011 144721807 0.53+0.21 18
May 1011 131313217 0.42+0.21 18
July 1011 117794652 0.32+0.22 17
April 1013 6321+5039 0.61+0.31 10
May 1013 4368t5324 0.49t0.24 10
July 1013 8886+3219 0.43t0.15 4
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Figure 6: Time seriesof spawning area extensions in km2 (I) and corresponding Baltic cod
oxygenrelated egg survival (Il) for different wart density (buoyancy) levels: (A) 1009, (B) 1011,
(C) 1013 kg .

Fig. 6 illustrates the time series of the suitable spawning habitanhsion and the oxygen
related cod egg survival probability in spring from 1993 to 2010 for different egg
buoyancy levels. For eggs spawned by old, large females the habitat extent was relatively
constant ranging from 15000 to 20000%awer the entireiine series. In contrast, for eggs

of medium aged females, the available habitat was more variable with maximum values of
18000 kn during the beginning of the 1990s and mean levels of about 120D8uking

the late 2000s. Habitat suitability for this fdmage category strongly decreased between
1999 and 2002. Finally, habitats for eggs of young spawning females (1013) kgeme

to a larger extent only available after the Major Baltic Inflows in 1993 and 1994 (10000
15000 kn), with minor or no suitale habitat availability over the remaining time series.
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The oxygerrelated cod egg survival probabilityme series yielded a higher degree of
interr-annual variability compared to the corresponding habitat suitabilities. Within the
suitable spawning area survival probability of eggs produced by the oldest females varied
between 0.5 and 1.0, while for the eggshe midage and young females survival was
highly variable (0.7 0.7). Highest values occurred during periods following Major Baltic
Inflows (1993, 1994 and 2003). Only these inflow events allowed the youngest cod to
successfully contribute to reproation. During these periods the magnitude of their egg
survival probability is similar to that observed for the ragkd spawners.

Seasonal differences in the cod spawning environment (Fig. 7) indicated a substantial
decrease of oxygerelated egg survivgbrobability from April to July in all female age
categories. This was due to oxygen depletion during the spawning season. In contrast, such
a seasonal decrease in spawning habitat extension was only found -fagedidnd young
spawning cod, while the haét for large spawning fish remains almost constant
throughout the spawning season. The calculated increase in habitat extension for the young
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spawning females at the end of the spawning period is insignificant (n=4; Fig. 7) and is
mainly due to inflowingvarm and oxygesmich water masses during summer months in the
early 2000s.

The resulting stockecruitment curve when using eSSB is steeper at low stock sizes and

shows a more pronounced density dependence at high stock sizes (Fig. 8). The Ricker
model ughg eSSB results in a better fit (r?2=0.39) as compared to the standard-Ricker

model (r=0.28) when inspecting the linearized model. All parameters are highly

significant.
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Figure 8: Stock recruitment functions for traditional SSB estima@saphd eSSB,aking into
account agspecific egg survival under variable hydrographic conditibhs (

Discussion

The novel concept of the effective spawning stock biomass (eSSB) indicator introduced
here, and its improved performance relative to traditional SSB as indicator of recruitment,
underscored that indices including environmental information can improvegiualo
forecasts and will thus benefit resource management decisions. These benefits may be
particularly pronounced in the environmentally challenging conditions of hypoxic area
ecosystem (e.g. Baltic and Black Seas), but also mirror the recent broadessidisc
regarding benefits of ecosystem based vs. single species approaches in fisheries
management [36].

The results of our study highlighted the presence of spatiporal dynamics in the
Eastern Baltic cod spawning habitat extension as well as spawailnitgt quality in terms
of environmentally driven egg survival. These findings underscore the potential role of
environmental conditions for the recruitment success of this stock. Similar conclusions
were already obtained previously by [37] based orsthgle station derived reproduction
volume concept as a simple indicators describing an overall integrated measure of spatially
varying process information [35]. However, importantly, in contrast to this previous
approach, we are now able to disentangéeititeractions between spawning stoelated
reproductive effort and hydrographic parameters in causing variable recruitment. This
35



approach is fAcustom madeo for the Baltic.
which is comparable in physical segghand ecosystem structure. Here, as in the Baltic
Sea, the water column is strongly stratified as salinity increases with depth and the deep
water is hypoxic/suboxic/anoxic. Fish eggs are siemeisepelagically distributed [5] as in

the Baltic Sea. In cdrast the present concept is not applicable to management of fish
stocks in the large OMZs of the Atlantic and Pacific oceans, because the physical setting
and ecosystem structure of these OMZs differ from that of the Baltic Sea. Here, salinity
decreases ith depth and, hence, semiesepelagic spawning behavior is not evident, and

the vertical distribution of eggs is completely different with no stestdie vertical
distributions of semi/mespelagic eggs in these regions {38].

By considering the dia link between Baltic cod female age, egg buoyancy and egg
survival, our results revealed large changes in the horizontal extent of the suitable female
agedependent spawning habitat and the oxydependent egg survival probability
between a period follwing a Baltic inflow event and a stagnation situation. Stagnation
periods in the Baltic have long been recognized as potential threat to cod recruitment [42,
43]. Here, we extended these findings by showing that the more buoyant eggs of large
females retan a relatively large suitable habitat and survival probability even during a
stagnation period, whereas eggs of medium and small females faced strongly reduced
habitat and survival probability. The difference of the combined effect of habitat suitability
and potential egg survival was aboufdld between eggs of large and small females after

an inflow event, but much larger during stagnation (-fa3é).

Including these considerations in the novel indicator eSSB improved the explained
variability in recruitment to 39 %, relative to 28% explained by SSB, i.e., performance of
Atraditional © SSB wa ¢ Thisrsrassed thecbiolbgical nelevanee t h a n
of the added parameters and the potential usefulness for fisheries management. At the same
time, even after including the spawrage effect, remaining variability (61% relative to

72% unexplained by traditional SSB) in ste@cruitment was still large.

This was probably due to a number of other processes which have been implicated in cod
recruitment success, including varying egg predation by sprat and herring [44, 45],
maturity [46] and fertilization success [47, 48]. Moreover, during the larval stage, survival
may be critically affected by reduced suitable prey abundance [49] and by variahle lar
drift [50, 51]. Furthermore, as obtained from [23], the inverse relationship between egg
diameter and neutral buoyancy levels lacks a considerable amount of explained variability
(r* = 0.49). This implies that other factors potentially contribute tdatians in egg
buoyancy. Improved egg buoyancy values could be obtained if the ratio of chorion
volume/egg volume of individual eggs is explicitly known [38, 39], i.e. the water content

in the yolk (hydrolyzation of the proteins) could vary and influenegg buoyancy.
However, compared to the experimentalrived relationship between egg diameter and
buoyancy, the fiekbased relationship revealed a much higher level of explained
variability. Furthermore, individual females produce eggs of differenmeliers (i.e.
buoyancies) within the spawning batch of cod [23, 24], with in general a higher survival
potential of the early batches compared to the later ones. Incorporating an average decrease
in egg size with batch number and the expected decreaseyarimy would lower egg
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survival estimates over the spawning season even further, but the magnitude of this effect
is difficult to quantify. For this reason we calculated simplified egg buoyancy levels
(averages over all spawning batches) for each femadeclags based on experimental
studies [23]. A comprehensive fielthsed validation is presently still missing, as detailed
information on the above mentioned factors are lacking and only limited data sets have
been analysed so far [52, 53].

Our results dectly indicate the importance of aglss specific reproductive effort in
relation to environmentalipased egg survival. Because of strong inéed intraannual
variations of the central Baltic environment, the Eastern Baltic cod stock is a perfect
example for a direct link between female size (age), egg survival potential and recruitment.
Any processes that further change the size/age structure of a stock towards smaller size,
such as fisheries induced evolution towards for example earlier matuityp$$ would
exacerbate the reduction of eSSB relative to the total population.

Furthermore, the results emphasize the importance of astageured and sex specific
abundance index for the Baltic cod stock, similar to ideas suggested for the evadfiation
Good Environmental Status within the European Marine Strategy Framework Directive
[56-58]. Under the current exploitation regime of eastern Baltic cod, the fish population

structure is highly biased t owaerndasl es nfailslheor
rare, but might form (if present) an ecological insurance against increasing hypoxic area
extensions. This supports the idea of the
call for the additional aitnocrldéu s[i @] oifn et. ge

assessment and man agement.

Specifically, we propose to use the percentage of old, large females in the stock to be used
as a measure of stock resilience to unfavorable environmental conditions. Our results also
indicate areffect of stock structure on economic performance of the stock. The same stock
biomass comprised of smaller individuals will produce less and more variable recruitment
as compared to a stock made up of larger fish. This unfavorablstragéure has to be

paid for in terms of lower sustainable harvest, and a risk premium, quantifying the costs of
increased cod biomass variability [61, 62].

The key assumptions underlying this paper are that large, older females on average
produce larger, more buoyant eggsnpared to smaller less buoyant eggs spawned by
smaller, younger females [23], and that there is a strong negative correlation of egg
diameter with neutral egg buoyancy. In addition, there are reasonable indications that the
feeding conditions for adult E@sn Baltic cod might have changed during the most recent
decade [63, 64]. Future work repeating laboratory experiments to assess potential changes
in femaleage dependent egg production and in the egg size relationship and to validate our
findings underhe present feeding regime would be useful. Other planned future activities
include the analysis of femadpe dependent egg size/buoyancy relationships in
combination with hydrographic data and spatial cod egg distributions to provide
information on the aailability, accessibility and vulnerability of the different adult female

cod age (size) categories in relation to fishing activities during spawning periods. For
longer time periods a lack of data exists to entirely resolve the environmental conditions
for the major spawning season. To overcome this problem, future applications of our
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method will benefit from a new hydrodynamic model version for the Baltic Sea, which will
be able to successfully simulate both, oxygen consumption and oxygen replenishment of
pelagic as well as benthic zones [65].

Spatial planning based on high quality habitat information of the key species in focus is
required (e.g. [66]). Here the temporal dynamics of the ecosystem components influencing
the life cycle of key species must lbaptured in the assessment of habitat suitability and
extension and must be taken into consideration when applied in relation to management.
Furthermore, longto mediumterm fluctuations of habitats caused e.g. by climate change
needs a regularly updateassessment of habitat characteristics to ensure that they reflect
the ecosystem under management. Baltic cod egg buoyancy level structured spawning
habitat extension and quality could be quantitatively considered @ssantial fish habitat

(EFH) defin@l asthose waters and substrates necessary to fish for spawning, breeding,
feeding, or growth to maturitgccording to the US Magnus@tevens Act [67].

Because hypoxic area extension in the Baltic Sea is expected to increase, expected habitat
losses (e.gsize of spawning grounds) of ecologically and economically important fish
species should in future be considered for management decisions regulating fishing
pressure as well as harvest rates. Results obtained from IPCC future modeling scenarios
show incrasing oxygen concentrations in the large OMZs of the Atlantic and Pacific
oceans, but predicted a decrease in higher latitudes inclticknBaltic Sea [8], as the
predicted increase in temperature leads to a general decrease in the siybédity of sa

water [68,52].

Advanced and effective ecological indicators (e.g. basie integrated egg survival
probability instead of the single statitmased reproduction volume of Baltic cod) should
have in focus the requirements of EU Marine Strategy Frame®wodctive indicators,

and will contribute to commercial fish stocks within safe biological limits as well as
exhibiting a population age and size distribution that is indicative of a healthy stock. As
fishery stock assessment and projection tools imprewtdn the last years, it has become
easier to incorporate environmental and ecological data into population dynamic models
[69] and stock management frameworks.
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Appendices

Appendix 1:The horizontal interpolation technique uses a spatial isotropic Gaussian
covariance function of measurements:

M L,0A@DBig§ Yo (1)
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with R being the autocorrelation scale parameter @arnbe variance and the distance
between data point&® was determined from the fit of this covariance function to the raw
covarianes of the field observations.

Appendix 2:The results are based on a modeled egg survival function obtained from
experimental data [28], not on direct field observations:

y, = (O(Oé 11 (1 )) e))'l' @

where ¥ is the oxygerdependent survival probability before hatch and x is the oxygen
content in ml'l'. Ambient oxygen contents were obtained from our hydrographic database.
The function (r2 = 0.94) describes a sigmoid curve with almost total mortality at'2 ml |
oxygen content, ~50% mortality at 4 mt,land <10% mortality at 7 mi*l Generally,
oxygendependent survival at egg buoyancy levels was calculated with respect to the above
mentioned threshold levels in temperature, salinity and oxygen concentration

Appendix 3:Age-specific weighting factors for eSSB calculation were applied as follows:

8
SSB = § g.w,x

s=1

st

8
eSSB= §5. gw.X
s=1 (3)

wherexs;are the stock numbers at agim yeart ws is weight at age,gsmaturity at age and

5 is the agespecific survival factor (agsepecific recruitment weighting factor, see Table

2). Data on stock numbers, weight in the stock, and maturity were taken from [8]. In order
to assess the usefulness and validity of this new nmeagithen calculated the amount of
variability in recruitment explained by
usefulness and validity of this new measure.

We tested whether the use of the neadynpiled eSSB timseries would improve the fit
of a traditional Rickertype stockrecruitment model, using data from the most recent
accepted stock assessment in 2013 [8].

Nonetheless, we first tested which staekruitment function yielded the best fit for the
traditional SSB estimates. The Rickgpe nodel fitted the data best, however, being only
slightly better than the Bevertdtiolt or the smoothed hockey stick model. Therefore, we
concentrated on the Ricker model and tested whether the use of thecoewplifed eSSB
time-series would improve the fit

log(R)- log(SB,) = log(/,) -SSR (3a)
VS.
log(R)- log(eS®,) = log(/,) -/,eSSH (3b)
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Highlights:

- Model output indicates high connectivity between the eastern Baltic cod nursery
grounds.

- Variability of spatial juvenile cod habitatasbeen declining over the last decades.

- Condition of juveniles suggestiensitydependence due to hypoxielated decrease in
suitable habitat.

- Baltic cod recruitment indicator: habitat availability for juvenile settlement as a factor
for recruitment.
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Abstract

In this study thedrift of eastern Baltic cod larvae and juveniles spawned within the
historical eastern Baltic cod spawning grounds was investigated by detailed drift model
simulations for the years 1971 to 2010, to examine the spatiporal dynamics of
environmental stability in the nursery areas of juvenile cod settlement. The results of the
long-term model scenario runs, where juvenile cod were treated as simulated passively
drifting particles, enabled us to find strong indications for ltargn variations of
settlenent and potentially the reproduction success of the historically important eastern
Baltic cod nursery grounds. Only low proportions of juveniles hatched in the Arkona Basin
and in the Gotland Basin were able to settle in their respective spawning g@aesh
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currents were either unfavorable for the juveniles to reach suitable habitats or transported
the juveniles to nursery grounds of neighboring subdivisions. Juveniles which hatched in
the Bornholm Basin were most widely dispersed and showed the higéksment
probability, while the second highest settlement probability and horizontal dispersal was
observed for juveniles originating from the Gdansk Deep. In a-tlerg perspective,
wind-driven transport of larvae/juveniles positively affected thetleseent success
predominately in the Bornholm Basin and in the Bay of Gdansk. The Bornholm Basin has
the potential to contribute on average 54 % and the Bay of Gdansk 11% to the production
of juveniles in the Baltic Sea. Furthermore, transport of juvesilesiving to the age of
settlement with origin in the Bornholm Basin contributed on average 13 and 11% to the
total settlement in the Arkona Basin and in the Gdansk Deep, respectively. Treetiese

of the simulated occupiegivenile cod habitat in thBornholm Basin and in the Gdansk
Deep showed a simil ar &Keenditiomfactogof demersald a s
group cod, which may confirm the importance of oxygependent habitat availability

and its effect on density dependence as a proe&ssant for recruitment success.

Introduction

Many marine species use different habitats for adult feeding, spawning, larval
development, larval and juvenile feeding, and juvenile settlement. Their life histories
require connections between these spat@ibaggregated locations to close the life cycle
(Hay et al., 2001). A key process influencing recruitment success in fish populations is the
spatietemporal variability in egg and larval transport from spawning grounds tdkuita
nursery areas (e.g. Wear et al.,1996; He&t and Gallego 1998; Hinrichsest al.,2002;
Hinrichsen et al., 2009).

The processes potentially determining dispersal and retention of fish early life stages
include the timing and location of spawning, habitat availability, staggewe¢élopment,
temperaturalependent development time, individual buoyancy, diurnal and ontogenetic
vertical migration, temperatwreand fooddependent growth, starvation mortality,
predation mortality and settlement success. Of further importance are gihyai@ables

such as e.g. temperature, oxygen concentration, ocean currents and turbulence (e.g.
Gallego et al., 2007; Miller et al., 2007), as well as the interaction of those variables with
the above mentioned biotic factors.

The spawning stock of easteBaltic cod has decreased significantly during the past
decades, due to the combined effect of climate driven processes (e.g. increase of
temperature and decrease in oxygen content) and anthropogenic factors (e.g. high fishing
pressure, eutrophication; Eeet al., 2015). High fishing pressure has resulted in a
decreasing spawning stock, while unfavourable abiotic environmental conditions have had
a negative impact on the survival and development of the early life stages (Hinrichsen et
al., 2002; Koster atl., 2005 and 2016; Eero et al., 2015). Successful spawning of eastern
Baltic cod is supposed to be limited to water with suitable conditions in terms of salinity
(>11 psu), oxygen (>2 ml/l), and temperature (>2 °C) (e.g. Wieland et al., 1994). These
factors depend on wind driven saltwater
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Figure 1: ICES subdivisions in the Baltic Sea and Baltic cod spawning aredsBBb Sea, ABi
Arkona Basin, BB Bornholm Basin, GO Gdansk Deep, GB Gotland Basin.

inflows (Hinrichsen et al., 2002), riveunoff and eutrophication (Lehmann et al., 2014).
Successful recruitment is also dependent on the abundance of zooplankton and their spatial
and temporal overlap with larval cod, and thus indirectly on the consumption of
zooplankton by planktivorous fish spesjesuch as sprat and herring, as well as on
predation of cod eggs by sprat and herring (Hinrichsen et al., 2002; Koster et al., 2005;
Casini et al., 2006). Processes impacting the developmental success of the juvenile stage,
both in the demersal and esplyi in the pelagic phase are not well understood (Bagge et
al., 1994). However, without finding a suitable settling habitat in an appropriate time
frame, which will allow cod to feed on larger, benthic organisms, juveniles might face
starvation and posdip death duing their first winter (HUssyet al., 1997). Sufficient
availability of benthic prey items is found in regions with relatively high oxygen
concentration at the bottom (Casini et al., 2016). As shown by Hinrichsen et al. (2009), the
spatial andemporal variability in oxygen concentration in bottom layers might determine
the settling probability of the juveniles, the oxygemated consumption rate and might
concurrently affect their condition by temporal variability of the benthic food supply fo

the demersal stage (Hinrichsen et al., 2011, Maczassek, 2006).

The occurrence of distinct spawning grounds of eastern Baltic cod and strong variations of
the circulation patterns suggests the usage of a hydrodynamic model and Lagrangian
particle trackingo study the potential existence of sslfstaining eastern Baltic cod stock
components. Driftmodelling studies have been used for eastern Baltic cod earlier to
investigate the dispersal dynamics of early life stages (Voss et al., 1999; Hinrichsen et al.
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2003), the impact on the survival of larvae (Hinrichsen et al., 2001), and the influence of
copepod species composition on the growth and survival of larvae (Hinrichsen et al.,
2002). Previous driftmodeling studies have also shown that there is considerable
connectivity between areas through dispersal of early life stages (Hinrichsen et al., 2009).
A spatially and temporally highlyesolved biophysical model of Baltic Sea was also
utilized to describe mortéles and survival success of western Baltic cod eggs and yolk
sac larvae (Hinrichsen et al., 2012; Hussy et al., 2012). Mortality of western Baltic cod
eggs (ICES subdivisions 224) was mainly caused by sedimentation (bottom contact)
and/or lethal tempatures, while oxygen content had virtually no impact on egg survival in
the western cod spawning environment owing to the generally high oxygen saturation
levels (Petereit et al., 2014). Hence, angdeling effort on this specific topic seems
presently noteasonable for western Baltic cod eggs.

One of the major challenges for hydrodynamicdelingof the eastern Baltic Sea has been
the simulation of deep water dissolved oxygen distribution with its seasonal and quasi
permanent extended areas of oxygenicikicy. Such a model was successfully
constructed by Lehmann et al. (2014). The results of this study, for the first time, allowed
the consideration of oxygen content as the major contributor to egg mortality for the
eastern Baltic cod stock. However, Hahsen et al. (2009) have already used a
biophysicalmodeling approach toanalyzethe suitability of eastern Baltic cod juvenile
settlement. To obtain a proxy for the settlement habitat quality and hence an-oxygen
related potential mortality source of &&® Baltic juvenile cod, monthly mean oxygen
profiles for ICES subdivisions provided by the ICES oceanographic data base were used,
because spatially and temporally highésolved hydrodynamic modbhsed oxygen
distributions (Lehmann et al., 2014) wextethat time not available.

The objectives of this study are to examine environmentelted drift and oxygen
related settling probability of eastern Baltic larval and juvenile cod based on new
knowledge of spatially and temporally highly resolved atygonditions and to estimate

the potential for population connectivity between different spawning grounds of eastern
Baltic cod by larval drift. Furthermore, oxygelependent habitat suitability for juvenile
settlement is compared with habitat utilizatiaf successfully settled juvenile cod
represented as drifting particles. Finally we compare spatially resolved patterns of these
simulated settled juveniles with observed distributions from surveys. To evaluate for
applicability of the biophysical model,expresent a sensitivity analysis by examining the
implications of parameter variation on juvenile settlement probability.
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Materials and Methods

Hydrodynamic modeling The basis of the Lagrangian particle tracking is the
hydrodynamic Kiel Baltic Sea leBcean Model (BSIOM, Lehmann & Hinrichsen, 2000;
Lehmann etal., 2002). At present the horizontal resolution of the coupledcseacean
model is 2.5 km, and in the t&al 60 levels are specified, which means the upper 100 m

is resolved into levels of 3 m thickness. The model domain comprises the Baltic Sea,
Kattegat and Skagerrak. The oxygen conditions in the entire Baltic Sea are described by an
oxygen consumption sumodel coupled to BSIOM (Lehmann et al., 2014). A detailed
description of the evolution of oxygenated, hypoxic and anoxic areas is particularly
required when studying oxygeelated processes such as habitat utilization of spawning
fish, survival rates ofheir eggs, as well as settlement probability of juveniles. tieng

model runs have provided results on oxygen which are in good agreement with
hydrographic measurement, i.e. monthly mean ICES data (Fig. SM1) and monthly mean
data on the eastern Baltod reproduction volume (Lehmann et al., 2014; their figure 6).
For the latter a correlation of r=D1 was obtained. At the western boundary, a simplified
North Sea basin is connected to the model domain to represent characteristic North Sea
water massesniterms of characteristic temperature and salinity profiles resulting from
different forcing conditions. The model is forced by low frequency sea level variations in
the North Sea/Skagerrak calculated from the BSI (Baltic Sea Index, Lehmann et al., 2002;
Novotny et al., 2006). The coupled sea-d@@an model is forced by realistic atmospheric
conditions taken from the Swedish Meteorological and Hydrological Institute (SMHI
Norrkoping, Sweden) meteorological database (Lars Meuller, pers. comm.) which covers
the whole Baltic drainage basin on a regular grid of 1 x 1° with a temporal increment of 3
hours. The database consists of synoptic measurements that vieeauty interpolated

on the regular grid with a twdimensional optimum interpolation scheme. sTHatabase,
which for modelingpurposes was further interpolated onto the model grid, includes surface
pressure, precipitation, cloudiness, air temperature and water vapour mixing ratio at 2 m
height and geostrophic wind. Wind speed and direction at 1@ighthwere calculated

from geostrophic winds with respect to different degrees of roughness on the open sea and
off the coast (Bumke et al., 1998). BSIOM forcing functions, such as wind stress, radiation
and heat fluxes were calculated according to RudatphLehmann (2006). Additionally,

river runoff was prescribed from a monthly mean runoff data set (Kronsell and Andersson,
2012). The numerical model BSIOM has been run for the period-29XQ. This time
series was used for the subsequent analysis ehjlevcod habitat suitability and early life
stage survival in the Baltic Sea.

Estimation of available Baltic cod juvenile habit&imulated threelimensional oxygen
saturation fields were extracted from the hydrodynamic model output in order to generate
database for the calculation of the available eastern juvenile Baltic cod settlement area. For
spatial analyses of habitat occupancy percentages of occurrence of suitable habitat (oxygen
saturation levels > 60%) on the near bottom layer were calculatedath grid box.
Additionally, for each of the larval release dates (years -P®2AD, Julian days 9261) we

have calculated the area sizes in the #editom layer in the Arkon8asin, the Bornholm

Basin, theGdansk Deep and the Gotland Basin (ICES S8, 26 and 28 respectively)

(Fig. 1) in which oxygen saturation levels > 60% were present.
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Particle tracking model and estimation of occupied Baltic cod juvenile haSiaulated
threedimensional temperature, salinity, oxygen and velocity fieldevestracted (at 3

hour intervals) from the hydrodynamic model in order to develop a database for particle
tracking. This data set offers the possibility to derive Lagrangian drift routes from Eulerian
flow fields by cal cul at i ntgr pdrtibles. Thedthreec t i o n
dimensional trajectories of the simulated drifters were computed using a 4th order Runge
Kutta scheme (Hinrichsen et al., 1997), where larval and juvenile cod were treated as
simulatel passively drifting particles.

Hinrichsen et al. (2016)

drift at levels of

Release position of drifters neutral bouyancy

(fertilized eggs)
SDs 24,25,26,28
required environmental conditions:
$>11PSU;T>1.5°C; 0, >2ml/l

End positions of drifters
(larvae entering first feeding stage)

Exclusion of drifters
Sources of mortality:
sedimentation ;
T<1.5°C; 0, < 2ml/I

present study

drift at specific

Habitat check depth levels
required habitat conditions: Release position of drifters
bottom layer 02 > 60% sat. (larvae entering first feeding stage)

Duration check

drift at specific total drift duration > 90 days
depth levels
Exclusion of drifters
End position of drifters Mortality of juveniles
(successful settled juveniles) (suitable habitat not available)

Figure 2: Schenatic flow of Baltic cod early life stage drifiodeling(this study and Hinrichsen et
al., 2016).

Larvae at the developmental first feeding stage were released into the simulated flow fields
and tracked through the model domain until settling is requirkd.drifting particles are
released within the historically important Baltic cod spawning grounds (Fig. 1) as first
feeding larvae obtained from the letegym spatial distribution (1972010) of survivors up

to the first feeding yolk sac larval stage. Tihigial horizontal distribution patterns of this

life stage is taken from results obtained from a drift study on eastern Baltic cod eggs
performed by Hinrichsen et al., 2016 (their Fig. 9 and Fig. 2, this manuscript), i.e., the
amount of drifters releasad based on the spatial distribution of survivors in the cod egg
study. Hence this is an improvement compared tontoeleling approach utilized by
Hinrichsen et al. (2009). Drifting particles were released at depths between 25 and 50 m on
a reqgularly spasd grid (2.5 x 2.5 km). The majority of feeding larvae occur after their
initial ontogenetic vertical migration in this depth range with weak diel vertical migration
behaviour (Gregnkjeer et al., 1997).

Based on hydrodynamimodelingambient temperature, Isaty and oxygen values were

recorded along the whole trajectories. Once a drifting particle reached the settlement age of
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about 60 to 90 days (H¢gssy et al ., 2003) ,
mentioned time range is a simplified approasldatailed knowledge of juvenile behaviour

(active horizontal and/or vertical movements) during their search for suitable settlement
habitats is not available. Typically, adult cod require a minimum of ~40% oxygen
saturation (Chabot and Dutil, 1999), bpeesific information about oxygen preference or
tolerance of eastern Baltic cod juveniles at the stage of settlement is not available. In this
study, the environmental threshold level for juvenile settlement was based on recent,
preliminary investigationsnfinimum of 60% oxygen saturation at settlement; Neuenfeldt,

per s. comm. ) . The dhabitat checko was perf.
duration, the drifting particles were stopped every time step to check if the required
minimum oxygen saturatiolevel (> 60%) was reached under the assumption that juveniles
settle to the bottom when they encounter suitable habitat. Once the required habitat was
found, the location of settlement and the corresponding environmental conditions were
recorded. In caserifting particles were not able to find sufficient oxygen saturation at the
bottom within the upper age limit for settlement of 90 days, the individual particles were

not counted as settled juveniles.

Spawning time and spawning ared$e focus ofthisstdy i s on t he eastern
general reproduction potential for the whole spawning season. This stock is known to
spawn from February to November, with the main spawning season iri Aardust with
considerable inteannual variability in peak spawing (Wieland et al., 2000; Bleil et al.,
2009). In order to consider seasonal variability in relation to spatial and temporal variations
in larval transport, drifting particles were inserted into mmedeledflow fields at 10day
intervals. However, to awider any recently observed extension of the main spawning
season to later months, the larval reledseées coveredhe period I April to 20"
September, encompassing the historical as well as the present main spawning period of
Eastern Baltic cod (Wieland et al., 2000). The locations of the spawning grounds of the
eastern Baltic cod stock (Bornholm Basin, Gdansk Deep, Gotland Basin) werdrtaken
Bagge et al. (1994), while a potential spawning ground of the eastern Baltic cod stock in
the Arkona Basin was selected based on already existing information provided by Nissling
and Westin (1997).

Field caught juvenilesin order to test the accunamf modeipredicted nursery areas,
vertical distribution patterns of drifter destinations were compared with observed
distributions of juvenile cod. Information on spatial distribution patterns of eastern Baltic
cod juveniles has been collected regulanythe framework of the BITS trawl surveys
since 1991. Length frequencies as well as size and weight information of individual fish,
with the associated catch position and depth information from these surveys was
downl oaded from | CESO d aveysm b dBAEGRAS) o f tr
(http://www.ices.dk/marinelata/datgportals/Pages/DATRAS.aspx). Compared to the drift
study analyses, the tinseries of these surveys is limited to the years 1991 and onward.
Only data of cod < 16 cm from the first quarter of the year weesl, which corresponds

to 1-group demersal juvenile fish. All depth records were binned to 5 m depth intervals.
From the length distributions, the number of juveniles caught by depth interval was divided
by the total number of juveniles caught during shevey. Since sampling stations are not
uniformly distributed between depths, this frequency was scaled to the number of stations
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occurring in each depth stratum in relation to the total number of stations in the survey.
Depth distributions were calculatéal the Arkona Basin, the Bornholm Basin, the Gdansk
Deep and the Gotland Basseparately. Since habitat availability and quality has been
suggested as one of the factors affecting
Casini et al., 2016)he impact of nursery habitat size on condition was evaluated for each

SD separately in the present study. For ea:
was calculated aK = 100 - weight (g) - length (cii) This index is an indicator of the
somatt condition of de me rKsenditior factoreoh juvende codo d . F

was calculated to obtain an indication of reduced growth due to density dependent
processes as the result of a decrease in the availability of juvenile habitat. In tatal, ann
mean values oK (£ 1 sg were calculated for 892, 1930, 1087 and 798 juveniles sampled
during trawl surveys in the Arkona Basin, the Bornholm Basin, the Gdansk Deep and the
Gotland Basin in the*iquarter of the years from 1991 to 2010. Data of Fuliésindex

were smoothed using Loess smoothing with a span (degree of smoothing) of 0.2 and
second degree polynomials and represented as means with 95% confidence interval bands
(R Development Core Team, 2009).

Comparison of drifter end positions with s$g distribution of juvenile cod:See
Supplementary Material.

Sensitivity analyses on the biophysical mo&ele Supplementary Material

Results

Spatially disaggregated patterns of available juvenile cod habftgt: 3 shows the mean
spatial frequency dtribution of available juvenile cod habit@ixygen saturation levet

60% at the bottojnfor 19722010. The bottom oxygen conditions frequently were found to

be above the 60% oxygen threshold level in the shallow and slope areas of all ICES
subdivisionsas well as in the deep water areas of the Arkona Basin, while in the deep
water areas (below 60 m depth) of the Bornholm Basin, the Gdansk Deep and the Gotland
Basin oxygen saturation was almost constantly below 60%.

Time series of total areal extent ofdlable habitat for the different ICES subdivisions are
displayed in Fig. 4. Generally, the highest available habitat occurred in the Bornholm
Basin (SD25). On average, the total habitat extent was lower in the Arkona Basin, the
Gdansk Deep and the GotlaBdsin (SDs 24, 26 and 28, respectively). For almost the
entire time series the
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Figure 3: Frequency of available juvenile cod habitat (oxygen saturation level >60%) for the
period 19712010.

whole bottom area in the Arkona Basin was suitablgueenile cod settlement (~30000
km?). On average, available habitat in the Bornholm Basin is higher (~4508Q) km
whereas in the Gdansk Deep falls in between (~3700%). Kitne habitat sizes in the
Bornholm Basin and in the Gdansk Deep were highly variafitea weak declining trend
starting at the end of the 1980s. For the whole time series available habitat in the Gotland
Basin is on a high almost constant level (~4200F)kmssessment of the lortgrm
development of juvenile eastern Baltic cod habitza¢ $or different ICES subdivisions is
summarized in Table 1.

Spatially disaggregated patterns of occupied juvenile hablta& longterm development

of occupied juvenile cod habitat (Fig. 5) mirrors that of the available juvenile cod habitat.
However, fa all ICES subdivisions the areas where the juvenile drifters finally settled
were 10 to 20% smaller in size compared to the available habitat. However, therlong
development of the area of occupied juvenile habitat in the Bornholm Basin and in the
Gdansk Deep reveals two fold higher annual decreases compared to the available habitat
(Table 1), while the longerm trend of the occupied habitat in the Gotland Basin slightly
increased.

56



Chapter 2

45

501 l Major Baltic Inflows ll l - SD2B

40

35

30 R

available habitat [1000 km2]

25+

20

1970 1975 1980 1985 1990 1995 2000 2005 2010
year

Figure 4: Annually averaged available juvenile cod habitat [1086] kn the Arkona Basin (ICES

SD 24), Bornholm Basin (ICES SD 25), Gdansk Deep (ICES SD 26), and Gotland Basin (ICES SD

28).

Table 1: Mean annual change [Kivof juvenile cod settlement areas in ICES subdivisions.

SD24 SD25 SD26 SD28
Change of availablkabitat -40 -90 -40 -12
Change of occupied habitat -12 -200 -100 70
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Figure 5: Annually averaged occupied juvenile cod habitat [100€] kmthe Arkona Basin (ICES

SD 24), Bornholm Basin (ICES SD 25), Gdansk Deep (ICES SD 26), and Gotland Basin (ICES SD

28).
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Figure 6: Annually averaged number of virtual drifters representing successfully settled Baltic cod
juveniles (survivors) released in the Arkona Basin (ICES SD 24), Bornholm Basin (ICES SD 25),
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Figure 7: Annually averaged number of virtual drifters representing successfully settled Baltic cod
juveniles (survivors) in the Arkona Basin (ICES SD 24), Bornholm Basin (ICES SD 25), Gdansk
Deep (ICES SD 26), and Gotland Basin (ICES SD 28).

Surviving (successfully settled) drifting particles released as first feeding larvae in the
different hatching areas are shown in Fig. 6. Most settled particles have their origin in the
Bornholm Basin (ICES SD 25). Compared to the Bornholm Basin, contributjparotles

with origin in the Arkona Basin (ICES SD 24) and in the Gotland Basin (ICES SD 28) is
only of minor importance, while a large number of particles originally released in the
Gdansk Deep (ICES SD 26) successfully settled. The number of survivecegsfully
settled) particles per ICES subdivisions is represented by Fig. 7. Generally, the spatial
patterns showed that the number of settled particles in the Arkona Basin is relatively low.
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Much higher settlement was obtained for the Bornholm Basinf@nthe Gdansk Deep.
However, for the Bornholm Basin the model calculated higher settlement during the first
half compared to the second half of the time series. Generally, low settlement was
observed in the Gotland Basin, with the exception for somes yeahe 1990s and 2000s.

The number of settled particles was found to be highly variable in all ICES subdivisions.
The increase of settlement in the Arkona Basin and in the Gotland Basin was mainly due to
advective larval/juvenile contribution from thejackent hatching grounds (Bornholm Basin

and Gdansk Deep).

Geographic patterns of juvenile settlement probabiligr the drifting particles initially
released as first feeding larvae within the different spawning grounds, the distribution of
the final drfter locations revealed strong variability (Fig. 8). While for juveniles with
origin in the Arkona Basin, the Bornholm Basin and the Gdansk Deep (SD 24, 25 and 26
respectively) settlement is widely dispersed, settlement of Gotland Basin (SD 28) hatched
juveniles was limited to their original hatching area. Generally, only a low number of
particles which hatched in the Arkona Basin and in the Gotland Basin were able to settle.
Hatching in the Gotland Basin was limited to the southern part (Hinrichsen 2056,

their figure 9) and compared to settlement of particles released in the Bornholm Basin and
in the Gdansk Deep, the number of particles which encountered optimal oxygen conditions
was relatively low. Particles released in the Bornholm Basin werewndsty distributed

and showed the highest settlement success, while second highest settlement success and
horizontal extension was obtained for particles originating in the Gdansk Deep. Generally,
the highest number of particles settled in shallow wabterén the slope areas of the
different ICES subdivisions. Due to frequent oxygen deficiency at the bottom of these deep
basins, especially in the Gotland Basin, settlement waf brders of magnitude lower

than in the well oxygenated shallow or slopeaare

Connectivity patterns of larval and juvenile cda quantify the connectivity patterns of

settled particles, we calculated their retention within as well as their advective transport
between ICES subdivisions (Table 2). In a ldagn perspectivesurvival was observed to

be dominated by settlement of particles in the Bornholm Basin and Gdansk Deep, i.e. the
Bornholm Basin contributed on average more than 54 % and the Gdansk Deep around 11%
to the overall distribution of particles. Furthermore, $ggort of particles with origin in the
spawning ground in the Bornholm Basin contributed on average 13 and 11% to the Arkona
Basin and Gdansk Deep, respectively.
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Figure 8: Horizontal distribution of virtual drifters (1972010) representing successfully settled
Baltic cod juveniles (logl@ransformed) hatched in different ICES subdivisions in the central and
eastern Baltic Sea a) Arkona Basin (ICES SD 24), b) Bornholm B&#S SD 25), c) in Gdansk
Deep (ICES SD 26), and d) Gotland Basin (ICES SD 28).

Temporal patterns of settlement areas and observed condition of juvmiksnajor part

of particles in the Arkona Basin settled at depths in well oxygenated water lagpeestae
halocline (0- 40m; Fig. 9a). In the eastern ICES subdivisions settlement mainly took place
at 40 to 70 m, i.e. the particles in the Bornholm Basin and in the Gdansk Deep
predominantly settled at the edges of the basins, where the haloclineehitsttom (Fig.

9b, c; see also Fig 8b, c). Although the patrticles in the Gotland Basin settled in the same
depth range (Fig. 9d) as in the Gdansk Deep and in the Bornholm Basin, the experienced
oxygen saturation levels are totally different. In the GaotlBasin the halocline is situated
deeper (83 110m), hence the settled particles here were exposed to less saline, but well
oxygenated mixed layer water masses. Overall, the depth ranges of thederifted
settling points with observed occurrencesastern Baltic cod juveniles caught during the
BITS survey are similar. However, compared to the drifienived distribution,peak
abundances of juveniles aswmewhat more restricted, with lower abundances in the
shallow and deepest areas (Fig. 9 a,b,dJiyhest abundances of juvenile cod were found

at depths from 35 50 m in all areas, which is somewhat deeper than the eilifteved

depth distribution for the Arkona Basin (Fig. 9a) and shallower for the Gdansk Deep (Fig.
9 ¢) and Gotland Basin (Fi®@ d). A comparison of drifter end positions, representing
potential juvenile settlement areas with the spatial distribution of catch data for juvenile
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cod (age 0) from regularly conducted standard bottom trawl surveys (BITS) in the area are
presented in $plementary Material.

Table 2: Overall means and standard deviations of dispersal/retention patterns (percentages) of
virtual drifters representing settled eastern Baltic juveniles. Bold numbers represent retention
patterns within ICES subdivisions. Weaskeans ICES SDs further west than ICES SD 24, north
means further north than SD 28.

Drifter location at settled juvenile stage

Spawning aree¢ West SD 24 SD 25 SD 26 SD 27 SD 28 North

SD 24 0.1+0.1 0.1+0.1 0.3+0.1 0.1+0.1 0.0+0.0 0.0+0.0 0.0+0.0

SD 25 1.7+1.7 12.9+7.1 54.6+12.1 10.8:9.4 0.2+0.3 0.5+1.8 0.0+0.2

SD 26 0.0+0.0 0.0+0.2 1.5+2.1 10.8+4.9 0.1+0.5 3.8+3.7 0.8+1.6

SD 28 0.0+0.0 0.0+0.0 0.2+0.2 0.1+0.2 0.6+0.5 0.7+0.5 0.2+0.2
24
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Figure 9: Observed depth distribution of settled eastern Baltic cod juveniles < 16 cm in the first
guarter of the year (grey) and depth distribution of final destinations of virtual drifters representing
successfully settled cod juveniles (black) in the ArkonaBASIES SD 24), Bornholm Basin

(ICES SD 25), in Gdansk Deep (ICES SD 26), and Gotland Basin (ICES SD 28).
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and Gotland Basin (ICES SD 28). Plot shows mean values with 95% confidence interval band.

Somatic condit i on K coedkienractor slcbwed distinEt ladsgeafin 6 s
patterns. While condition remained essentially constant over the years examined in the
Arkona Basin, condition exhibited a strong negative trend in the Bornholm Basin and the
Gdansk Deep, with a less pronoadmegative trend in the Gotland Basin as well (Fig. 10).
The timeseries (19982010) of occupiedjuvenile cod habitat (Fig. 5) are strongly
correlat ed wconditioh factor (Figi 10) for thdihsthe Bornholm Basir (r

0.44, p < 0.05) and thedansk Deep (+ 0.65, p < 0.05). A similar analysis revealed that

t he F Klcdnditiorbfactor is less correlated with the available juvenile cod habitat.
Only for the Gdansk Deep a significant relationship was obtained (r = 0.38, p < 0.05).

Discussiam and Conclusion

In the present study, the drift of particles representing eastern Baltic cod larvae spawned
within the historically important eastern Baltic cod spawning grounds was investigated by
detailed drift model simulations for the years 1971 ta@®0Ne have analysed where the
particles changed from pelagic to demersal habitat, i.e. where the juvenile cod were able to
successfully settle, thereby identifying the easteBaltic cod nursery grounds.
Furthermore, the lonterm drift simulations enalde us to calculate the lorAgrm
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variability in habitat occupancy, mortalities and survival of the different eastern Baltic cod
nursery grounds.

The initial distinct horizontal distribution patterns of the particles (Hinrichsen et al., 2016)
as well as vadtions in circulation patterns facilitate mixing within different parts of the
population of eastern Baltic cod (Fig. 8). Settled particles with origin in the Arkona Basin,
the Bornholm Basin and the Gdansk Deep (ICES subdivisions 24, 25 and 26 respectivel
are widely dispersed, especially high numbers of particles released in the Bornholm Basin
were transported to nursery areas in other areas. Hussy et al. (2016) addressed the
suitability of the environmental conditions for eastern Baltic cod eggs akesgollarvae

in the Arkona Basin for retaining eastern Baltic cod recruits in the western Baltic Sea
management unit. As cod abundance in the Arkona Basin has increased substantially since
2006, stock mixing of eastern and western Baltic has been attriboitéhe impact of
eastern adult cod immigration (Eero et al., 2014; Hissy et al., 2016). The present study has
shown that also particles representing eastern Baltic cod juveniles settled to a relatively
large extent in the western Baltic cod managemesd,aand may significantly contribute

to western Baltic cod recruitment. Thus, it is likely that not only immigration but also
larval and juvenile transport could contribute to recruitment in the western Baltic Sea. It is
also evident that the stock compabhen the Gotland Basin only to a minor degree
contributed particles to nursery grounds in other areas.

Directional horizontal and vertical swimming behaviour, for example, has the potential to
affect cod larval drift patterns, which could result in dispévariability (Fiksen et al.,
2007). Cod larvae and juveniles are able to actively change their vertical position in the
water column which might significantly alter their drift routes, especially in direen
systems exhibiting a strong vertical cunreshear. However, as obtained from a previous
study (Hinrichsen et al., 2001) and a sensitivity analysis in this study (see Supplementary
Material), vertical migrations seem to have only modest effects on larval and juvenile drift
patterns of Eastern Batcod. This is because larval codvsrtically mainly distributed in

the nondirectly wind-driven low ocean current velocity regime at middepth (25 to 50m),
which exhibits only low differences in their end positions due to a weak vertical current
velocity shear. Thus, although the drifting larvae are distributed within a wide depth range,
the end positions of the particles are presumably almost independent of the initial depth at
release. Observations on the vertical distribution of larval cod for masntreears,
indicate that large vertical movements of larvae do not occur (Grgnkjeer et al., 1997). In
contrast, Baltic larval sprat is directly exposed to winiyen circulation patterns, hence
their final destinations as juveniles are likely more afféctey vertical migration
(Hinrichsen et al., 2005).

Also horizontal swimming behaviour has the potential to affect the final distribution of cod
larvae (Werner et al. 1993, Fiksen et al. 2007). In practice though, the potential for this
kind of behaviour tachange the spatial patterns observed at the scale of observation of our
study is probably low. Sustained net displacements of cod larvae have been estimated to be
around 0.61.2 cm & (Lough and Bolz 1989, Stanley et al. 2012), corresponding te 500
1000m day" and 3060 km during the course of the modelled larval phase. This would not
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affect the observed largscale patterns found of this study. Horizontal swimming has
therefore been assumed to be of less importance compared to the horizontal flow.

Suitable habitat for juvenile cod settlement can be found in both shallower waters as well
as in the deeper part of the central Baltic Sea. While high frequencies of hypoxia were
found in the deep basin areas of the Bornholm Basin for the time perioe203@1the
Gdansk Deep and the Gotland Basin, anoxia was mainly limited to the eastern and western
Gotland Basin (Lehmann et al., 2014; Hinrichsen et al., 2016). However, the areas of
available and occupied habitat increased significantly only in the deepeal gart of the
Bornholm Basin during inflow and pestflow situations (1976, 1993, 1994, 2003), when
high-saline and welbxygenated water masses from the North Sea and western Baltic
enlarged the habitats. The area providing favorable settling comlitar juvenile cod,
determined as size of the area with bottom oxygen saturation > 60% as well as the area
where juveniles successfully settled, declined significantly over the last 40 years in the
major nursery grounds (Bornholm Basin and Gdansk Deep) 970 to 2010. Transport

to these suitable nursery areas and away from areas with high adult cod abundance may be
an important process governing juvenile growth and survival (Kdster et al., 2016). Bensity
dependent processes operating after the ongaverile settlement may be of substantially
greater importance if the spatial extent of the habitat for Baltic cod juveniles decreases as a
result of deteriorating oxygen concentrations (Hinrichsen et al., 2011). Such trends will
probably continue, becausgeneral improvements in the environmental conditions
necessary for successful cod spawning and a growing juvenile habitat area is not to be
expected in the Z9century (BACC Author Team, 2006).

A comparison of particle settlement depths with observedhdeistribution of juvenile

cod caught during the BITS surveys in the first quarter of the year generally confirms the
accuracy of the model 6s predictions. Gener al
field caught juvenile distributions and the put of drift model simulations might be
difficult. A comparison of juvenile drifter end positions with catch data showed a high
degree of concurrence. However, in the shallow coastal areas of the Bornholm Basin large
fractions of simulated particles wereuhd, but without corresponding juvenile occurrence.
One reason is that simulated particle end positions represent a relative, general pattern of
particles released in the spawning areas of the eastern Baltic cod compared to juvenile
catches. The latter erbased on actual abundance data and thus indirectly on stock
structure (e.g. spawning stock biomass, timing of spawning, fecundity, larval mortality).
Secondly, juvenile catches in the ICES subdivisions 24 to 28 might also include advective
mixing of juveniles originating from different Baltic cod stocks. E.g. high larval and
juveniles transport of western Baltic cod into the Arkona and Bornholm Basin (~10%) is
described in Huwer et al, (2016), which might affect the total juvenile population in these
area. Additionally, habitat choice and habitgiecific mortality rates may have affected

the spatial distribution of the juveniles (up to 16 cm length) caught in the BITS survey
compared to the settlement estimates from our simulations. For example, dédferian
mortality rates due to cannibalism from larger cod (Uzars and Plikshs, 2000, Késter et al.,
2016), and active habitat choice to either avoid predators or to find optimal foraging
conditions may have significant effects on the distribution of thenjies after settlement
(Nielsen et al. 2013, Casini et al. 2016). For example, the sampling methodology for
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juvenile cod is not free of other sources of uncertainty. For example, the sampled fish data
may be biased due to a sielectivity of the samplop gear, or that avoidance is a function

of size and condition. Furthermore, true zeatches of juveniles close to land (see Fig.
SM2) could be an indication of a directional migration towards deeper areas for larvae
settled in coastal areas.

From sensitiity analysis it also became evident that the mean horizontal distribution of
field caught juveniles fits relatively well to the model output when initial release fields
based on egg and ye#iac larval mortality were used to run the drift model. In cehtia
homogenously distributed release fields like in a previous study (Hinrichsen et al., 2009)
were used, a missing mortality acting during the egg andsaxkarval phase results in an
overestimation of the simulated mean particle distribution inGdansk Deep and the
Gotland Basin.

Besides the refinement of the horizontal resolution of the hydrodynamic model (~2.5 km),
similar to the study performed Byinrichsen et al. (2009), th@odelling exercise utilized

the same extension of spawning areasl anitial vertical distribution of larvae.
Furthermore, the drift model was run for almost the same release events, but for a more
extended time period (1972010). In contrast to the previous study the larvae were not
seeded homogeneously on regular gridstead spatial variability in egg and yslc

larval survival was taken into account, i.e. differences in seeding densities within and
between areas (Hinrichsen et al., 2016). The motivation to change to these egg and yolk
sac larval mortality dependemitial release fields is based on the agreement between the
mean spatial distribution of yofac larval survivors baekadked to their spawning
locations(Hinrichsen et al., 2016; their Fig. 8) and an observed mean cod egg stage la
distribution in theBornholm Basin (Hinrichsen et al,, 2007).

To obtain a proxy for the settlement habitat quality related to oxygen conditions for eastern
Baltic juvenile cod, Hinrichsen et al. (2009) used monthly mean oxygen profiles for ICES
subdivisions provided by theCES oceanographic data base. In contrast, for this study,
spatially and temporally highlgesolved hydrodynamic modbhsed oxygen distributions
(Lehmann et al., 2014) were available, providing much more precise estimates of-oxygen
related mortality. In t@ current exercise also some minor changes to the previous study
regarding settlement rules have been included. Knowledge on the minimum oxygen
saturation levels required by cod juveniles for settlement is however less certain (
Chabot and Dutil, 1999Neuenfeldt, pers. communication). Any uncertainty of the
oxygensaturation requirement for settlement could also have an impact on the drift
patterns and hence on the end positions of particles. However, the results of a sensitivity
analysis on this topicevealed only slightly different settlement patterns, when the model
parameter value (minimum required oxygen saturation for settlement) were modified.
Similar to Hinrichsen et al. (2009), it remains unclear how pelagic juveniles will behave
when encounténg low oxygen at the bottom while intending to settle. Will the juveniles
simply continue to stay pelagic or will they move upslope to find more favourable
environmental conditions in terms of sufficient oxygen saturation?

Evidence exists that growth skttled juvenile Baltic cod may be affected by density
dependent processes such as competition for food (HUssy et al., 2003) and cannibalism
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(Uzars and Plikshs, K@dndition factéri oejuvenilecadt(Flg. on Fu l
10) showed similar decling trends over the past 18 years in the eastern part of the Baltic
Sea as for habitat occupancy (Fig. 5). Correlations between these time series revealed a
strong relationship both in the Bornholm Basin and in the Gdansk Deep. This indicates that
the decease in juvenile cod condition might be the result of the observed habitat reduction
due to deteriorating oxygen conditions, and may confirm the importance of density
dependence as a recruitmeelated process. A decrease in habitat availability would
compress juveniles into smaller nursery areas, since the abundance of juveniles has
increased slightly during the same time (ICES, 2016). Both, the general weak correlation
of available habitat as well as the relatively high correlation of occupied habjiataile

dri fter wi Kbondtitnegactér intlidatesnti@tssettlement success might not be
irrespective of ocean circulation. Hence, juvenile fish habitat information could provide
independent insight into the variability of ealifg stage dpamics and potential
recruitment success and could also support the utility of hydrodynamic models for fishery
management (Hinrichsen et al., 2011). A recent study of spatiporal dynamics of
condition in eastern Baltic cod found similar patterns asdharesented in the present
study not only for juveniles, but for all length classes of eastern Baltic cod (Casini et al.,
2016). These changes were attributed to dewlgipendent food limitation as a result of
hypoxiarelated decrease in suitable habitaereby supporting our hypothesis of a causal
link between available habitat and condition. An increase in juvenile Baltic cod settlement
probability as well as an increase of the Fultd®ndition factor could be expected only
after an improvement ihabitat suitability based on oxygen concentration, such as after the
major Baltic inflows in 1993 and 2003. Such patterns were indeed observed in the
Bornholm Basin, but not in the other nursery areas.

Studies from the 1990s and 2000s identified the kayrolling factors for eastern Baltic

cod recruitment to be major Baltic inflows of saline oxygeh water from the North Sea

in combination with oxygen consumption (MacKenzie et al., 1996; Kdster et al., 2005), as
well as prey availability for first feding larvae (Hinrichsen et al., 2002; Mdllmann et al.,
2005). Habitat availability for successful juvenile settlement as obtained from this study
could be included in statistical analyses to i) identify their importance compared to other
potential larval rortalities (e.g. food availability, predation) or ii) as it has been suggested
as a potential second order regulating factor for recruitment (Koster et al. 2016). Hence,
spatially and temporally resolved information on settlement area size as obtaindgtidrom
present study could be a good candidate to be involved in future recruitment studies for an
improved understanding of regulating processes.
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Supplementary Material

Comparison between in situ oxygen measurements and BSIOM model oxygeim fitlals
oxygen measements for the Bornholm Basin area were downloaded from the ICES
Oceanographic data base (available at http://ocean.ices.dk/HydChem, ICES, 2009). All
data for the modelled period between 1971 and 2010 were compiled and aggregated with
measurements treated outliers when outside of 3 time mean error distance. Aggregation
was performed into monthly mean 1m resolved profiles of the entire Bornholm Basin.
These profiles were further aggregated into 3 vertical depth layerd bfQL77 and 77

110m, respectely, resulting into 3 monthly time series of oceanographic distinct layers.
They can be understood as the upper mixed layer of low salinity, the deep basin layer that
is cut off from direct influences of the atmosphere and the highly variable layer in the
middle containing the permanent halocline. Oxygen data from the BSIOM model data used
in the present study was aggregated in the same way and correlated with the direct oxygen
measurements from the ICES collective data base (see Table SM1 and Figure SM1).
Within the relevant depth layers for this study above 77m where the larval drift was
modelled, high positive correlations were obtained. The model seams to almost perfectly
mimic the atmosphere mixed layer dynamics (e R.829). Here mainly the

tempeature changes alter the oxygen solubility in the Baltic Sea water and wind driven
mixing effects make the upper 40m quite homogenous. Within the depth layer containing
the permanent halocline characteristics from bottom waters, with hypoxic and frorp the to
layer with fully oxygenated conditions, become mixed. Here small changes in
hydrographic conditions translate into possibly significant changes of the oxygen
conditions. Due to the not ideal horizontal coverage of tHstinmeasurements, their
variouserror sources and additionally the smoothing nature of the oceanographic model,
the obtained fit of two oxygen time series of adj.=®.523 has to be considered as
reasonable statistical approach. In conclusion are the modelled fields of oxygen cendition
in this study a confident approximation of actual conditions.

Table SM1: Coefficients and parameters of correlations between in situ oxygen measurements
taken from the ICES Oceanographic data base and simulated oxygen data from the oceanographic
model (BSIOM) used in the present study. Correlations were performed within 3 different vertical
depth layers in the Bornholm Basin area @fl 41277 and 77110m, respectively.

layer intercept slope adj. R df p

01 41 -0.235 1.032 0.829 486 <.001
417 77 -2.598 1.218 0.523 483 <.001
771 110 0.24 0.408 0.324 458 <.001
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Figure SM1: Monthly time series of oxygen content in the depth layer between 0 and 41m in the
Bornholm Basin. Top panel shows time series derived from in situ oxygen measurements taken
from the ICES Oceanographic data base and bottom panel shows equal aggregexipyenf

fields produced by the BSIOM oceanographic model.

Comparison of drifter end positions with spatial distribution of juvenile ¢odrder to
validate the results from the drift modeling exercise, we produced maps of drifter end
positions, represemtg a longterm mean data set of potential juvenile settlement areas
(Fig. SM2). We compared them with the spatial distribution of catch data for juvenile cod
(Fig. SM3) obtained from regularly conducted standard bottom trawl surveys in the area
(see main dcument). The catch data are the same as used for the calculation of the
F u | t Kcon@ligon factor. The horizontal maps were constructed by simply counting the
number of field caught juveniles and particle drift endpoints obtained from hydrodynamic
modelsimulations in rectangles of approximately 50 x 50 km size for the time period from
1991:2010. To allow direct comparisons, the numbers found in the rectangles were
normalized by dividing them with respect to the maximum number of field caught
juveniles @ juvenile drift endpoints found in the whole area (ICES subdivisions 24 to 28).

The comparison of drifter end positions with catch data showed a high degree of
concurrence. In the Gdansk Deep and in the Gotland Basin the simulated particles as well
as fidd caught juveniles were mainly found at the shallower edges of the basins and never
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in the generally anoxic or hypoxic deep water areas. In the shallow coastal areas of the
Bornholm Basin large fractions of simulated particles were found, but no cordasgon
juvenile occurrence. Additionally, similar to a previous study performed by Hinrichsen et
al. (2009) we produced a map of drifter end positions, representing potential juvenile
settlement areas based on feeding larvae release fields without utilipdtimortality
during the egg and yolkac larval stage (Fig. SM4). It is remarkable that the mean
horizontal distribution of field caught juveniles fits relatively well to the model output
when in the initial release fields egg and ys#ic larval mortaly was included in the drift
model runs (Fig. SM4). In contrast, if homogenously distributed release fields like in a
previous study (Hinrichsen et al., 2009) without utilization of egg and-sadk larval
mortality were used (Fig. SM2), higher normalizabundances of the simulated mean
particle distribution in the Gdansk Deep and the Gotland Basin were obtained. A spatial
overlap coefficient as developed by Horn (1966) revealed high agreement between
observations and simulations (0.78), if only the numtiegrid boxes was taken into
account, where juveniles were caught and simulated particles settled. Despite of inclusion
of spatially resolved abundance data of juvenile cod and only homogenously distributed
initial release fields of simulated first feedinlarvae, the spatial overlap coefficient
resulted in an unexpected high value (0.39). However, inclusion of abiotic mortality
processes (Hinrichsen et al., 2016) improved the spatial overlap coefficient by 10% and
could be seen as an improvement compaecethe results obtained from the modelling
approach performed by Hinrichsen et al. (2009).
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Figure SM2: Horizontal distribution of virtual drifters (1992010) representing successfully
settled Baltic cod juveniles hatched in different ICES subdivisiotise central and eastern Baltic
Sea: Arkona Basin (ICES SD 24), Bornholm Basin (ICES SD 25), Gdansk Deep (ICES SD 26),
and Gotland Basin (ICES SD 28). The initial release distribution pattern is based on differences in
environmentatelated mortality sarces, thus giving rise to an unequal amount of drifters per
hatching area (Hinrichsen et al., 2016). White boxes represent true zeros and not a lack of data.
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Figure SM3: Horizontal distribution of Baltic cod juveniles (192010) caught in different ICES
subdivisions in the central and eastern Baltic Sea: Arkona Basin (ICES SD 24), Bornholm Basin
(ICES SD 25), Gdansk Deep (ICES SD 26), and Gotland Basin (ICES SD 28 dxies
represent true zeros and not a lack of data.
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Figure SM4: Horizontal distribution of virtual drifters (1992010) representing successfully
settled Baltic cod juveniles hatched in different ICES subdivisions in the central and 8adtiern

Sea: Arkona Basin (ICES SD 24), Bornholm Basin (ICES SD 25), Gdansk Deep (ICES SD 26),
and Gotland Basin (ICES SD 28)he initial release distribution pattern is based on an equal
amount of drifters per hatching ar&@hite boxes represent true asrand not a lack of data.

Sensitivity analyses on the biophysical modelmeasure for the quality of our model
results is to examine how the uncertainty in the description of parameter fields translates
into deviations of juvenile settlement probabilitgmpared with reference values obtained

by our standard model runs. For this purpose, we have analyzed how the vertical larval
distribution pattern and modifications of the required oxygen saturation levels for
successful settlement could potentially attexir final destinations and transport to suitable
habitat.

Impact of the vertical distribution patterns on travelled distances of successfully settled
juveniles One example of the potential impact of vertical larval migration schemes of
eastern Baltic @d on the spatial distribution of their end positions after a certain time of
drift is published in Hinrichsen et al. (2001). Besides this previous study we also analyzed
the variability of the end positions if the feeding larvae were initially releasdiffertent

depths. For this purpose we have only calculated the mean distances between the end
positions of successfully settled juveniles released as feeding larvae drifters at the same
geographical positions but different depths (26485/5m). The distaces between the
different end positions were calculated relative to the end positions of those drifters
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initially released at the uppermost release depth level (26.25m). As obtained from Fig.
SM5 the distances between these juvenile end positions argeoaga relatively low,
hence the impact of the vertical distribution and hence also any vertical migration of larvae
on their transport could be expected low.
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Figure SM5: Mean distances of Baltic cod juvenile settlement locations (initially releaskd at t
same positions but different release depth) relative to initial release depth (26.25m).

Impact of oxygen saturation levels on Baltic cod juvenile settlerSgecific information

about oxygen preference or tolerance of eastern Baltic cod juveniles atate of
settlement is not available. In this study, the environmental threshold level for juvenile
settlement was based on recent, preliminary investigations (minimum of 60% oxygen
saturation required at settlement; Neuenfeldt, pers. comm.). In ordexaimine the
implication of the uncertainty of oxygen saturation levels on settlement probability, the
parameter value was altered B%0% (Fig. SM6). As expected these changes in oxygen
saturation are related negatively to the number of successfullgdsgitienile drifters: a

10% decrease leads on average to an increase of 3.6% and a 10% increase on average to a
decrease of 7.7% of settled juvenile drifters.
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cod juveniles in the Bornholm Basin (ICES SD 25) for different required oxygen saturation levels
(50, 60, 70%).
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Abstract

Owing to the large nutriesrich freshwater influx from its intensely farmed drainage basin,
the semienclosed water body of the Baltic Sea is highly eutrophicated and consequently
hypoxic areas have expandedfb@® in the past century. The spawning success of Eastern
Baltic cod Gadus morhua depends heavily on sufficiently oxygenated water duést
reproduction via pelagic eggs. In this study, we propose a new measure of qualifying the
spawning habitat, the approach Bfioyancy Depending Reproductive Layers (BDRL).

This concept provides individualized abiotic conditions for spawned eggs by the
relationship between female spawner size and the depth of neutral egg buoyancy. We use
this novel approach to (1) quantify the sensitivity of the habitat to eutrophication (2)
reconstruct ocean acidification levels and (3) quantify a seasonal changespawheing
conditions; all in comparison with the standard approach, the Reproductive Volume (RV).
To model the driving abiotic conditions, we used a mechanistic ocean model (BSIOM)
with a coupled simplified oxygen suhodel, which enabled us to investigdte past
development of the habitat under 3 different eutrophication scenarios between 1998 and
2015.

Both approaches showed a significant negative impact of eutrophication on the spawning
habitat of cod.The level of eutrophication could therefore haveeaere impact on cod
reproduction success. The BDRL showed that it is especially crucial to eggs spawned by
small females, which are neutrally buoyant on the deep end of the vertical distrithtgon.
RV-approach underestimated the impact in the Bornt®ésin and Arkona Basin, and
overestimated the available spawning habitat in the Gdansk Deep and GotlandlBasin
BDRL , however, identified no seasonal effects, but the inclusion of -deptived pH

levels showed that cod eggs in the field are exposdugher ocean acidification levels

(pH low as 7.4) than used in laboratory tolerance studies. We argue that the BDRL
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approach is to be favoured compared to the RV because it is more sensitive, able to
incorporate stock structure, does not overestimatespa@vning habitat in the eastern
spawning areas and can provide estimates of other stressors or derived indicators female
Sspawner size dependent.

Introduction

Oxygen minimum zoneare expanding in many parts of the world (Stramma et al., 2010).
Theyheadiy i mpact community compositions of ec
and/or diminishing the quality of the habitat. Driven by the rise of ocean surface
temperatures and the consequent&reased stratificationoxygen minimum zones have

been bilding up in the open ocean over long courses of the last century and are expected
to severely increase until the end of this century (Oschlies et al., 2008). Oxygen depletion
in coastal areas is often accelerated by other mechanisms, e.g. a changenis ¢erg.
upwelling), which can change ecosystem characteristics very rapidly (Keller et al., 2001).
Coastal ecosystems are most affected by anthropogenically induced eutrophication, which
increases primary production and in turn oxygen depletion. Irtiaddcoastal areas are

often characterized by higher biodiversity, species abundance and production than offshore
habitats, increasing the number of species and biomass affected by deoxygenation. The
Baltic Sea is highly sensitive to and affected by adtdérs causing oxygen depletion zones
eutrophication, stratification and global warming (Carstensen et al., 2014).

A strong salinity stratification is a main feature of the Baltic Sea that prevents physical
mixing of oxygen towards deeper waters even imtari (Zillén et al., 2008). Re
oxygenation in the deeper sbhsins mainly occurs through periodical advection of more
saline and welbxygenated water masses from the North Sea, the Major Baltic Inflow
events (MBI; Elken and Matthaus, 2008). Between t8B0% and the 1980s increasing
discharges of sewagand wastevater caused a strong increase of nutrient loads within

the BalticSea (Andersson et al., 2019 nce t hen the Baltic Sea
by eutrophicationo ( HBuere&sMyere ih€ebdnp .primdnh e C
production rates in the past decades, which in turn increased the heterotrophic consumption
of available oxygen below the halocline. The resultingdl@ increase in hypoxic areas in

the Baltic Sea is a textbook example feutrophication driven expansion of oxygen
minimum zones (Carstensen et al., 2014). This process is recently exacerbated by ocean
warming in the Baltic Sea, reducing the oxygen solubility and further enhancing
stratification along the coasts (Hinrichsenakt 2011; Lehmann et al., 2011). Since the
1990s the yearly overall nutrient input was slowly declining (Reusch et al.,, 2018;
HELCOM, 2017), but even under a successful nutrient reduction scenario the hypoxic
areas in the Baltic Sea are unlikely to sigaintly decline (Meier et al., 2011), because
system characteristics of the Baltic Sea are causing a retention time of nutrients of up to 50
years (Gustafsson et al.,, 2012b). Therefore until the continued input of nutrients is not
reduced much further artlen stabilized on low levels for decades, eutrophication induced
stressors are likely to stay important for the Baltic Sea ecosystem.

The Eastern Baltic cod stocksadus morhua is one of the most important commercially
exploited fish stocks in the BatltiSea and is as its role as the top predator in the system of
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high ecological importance. Of the few marine fish populations in the central Baltic Sea it
is one of the most impacted by the decrease of oxygen availability caused by
eutrophication (e.g. Himchsen et al.,, 2016). This is because paradoxically, cod females
rely on the deeper stlimsins of the Baltic Sea although these are exactly the critical areas
where stratification and deepater oxygen depletion play outhe pelagic eggs of Eastern
Baltic cod need a certain water density, depending mainly on salinity, to become neutrally
buoyant and avoid thereby the lethal bottom contact (Wieland, 1995). The required
salinities are, however, only achieved relatively deep (>50m) in the central Baltic Sea,
where oxygen conditions are often unfavorable for egg development (e.g. Hinrichsen et al.,
2016). In order to characterize the available habitat for reproduction, the reproductive
volume (RV) approach is an established concept to quantify the availablrisgdabitat

for Eastern Baltic cod. To do so, the water bodies with abiotic conditions above the known
physiological tolerance limits for oxygen and temperature and a minimum salinity in order
for the eggs to achieve neutral buoyancy are mapped (S >B12@l/l, T > 1.5°C). This
approach has been widely applied (e.g. Plikshs et al., 1993, 2015; MacKenzie et al., 2000;
Margonski et al., 2010, Meier et al., 2012). Within the spawning grounds of Eastern Baltic
cod in the deep subasins of Bornholm, Gdaksand Gotland, environmental spawning
conditions were thereby unsurprisingly identified to be negatively impacted by the
deoxygenation process in the recent decades.

Yet this approach has limitations, in particular because egg buoyancy varies markedly
between individual fish Nissling & Westin, 1991 and is positively correlated to egg
diameter, while the diameter of eggs in turn is strongly dependent on size and age of the
female spawning the eggs (Valling & Nissling 2000). Given that the size and qfalibyl

eggs and hence, their buoyancy, critically depend upon female size the spawned eggs of
small females have to develop possibly further down in the water column than the eggs
spawned by larger females. The strong stratification of the Baltic Sebasits, also in

terms of oxygen, could then result in a severe difference in reproductive chances for
different sized fish. Here the RV approach is not able to differentiate and gives also no
information of the relative quality of the habitat, but givesyale volume of the water

body which is meeting the minimal requirements (see also Vallin and Nissling, 2000, their
Figure 2). Therefore to incorporate the mechanisms relevant for egg buoyancy, we here
apply a novel individualized approach, taking intocastt the estimated vertical extent of
neutral buoyancy in the water column of eggs spawned by individualized fish along with
the projected habitat conditions on that water layer, the approach of Buoyancy Dependent
Reproductive Layers (BDRL). Our intentiomas to approximate the impact of the size
depending mechanisms and also to compare the individualized approach with older
assessments that only consider the reproductive volume and therefore use only one overall
minimum salinity requirement, given that teze of spawners decreased dramatically in
recent years.

With the BDRL approach not only the spawner size specific oxygen dependent survival
chances of the spawned eggs (Koster et al., 2005) can be assessed but also other possible
stressor associated with hypoxic conditions within the spawning grounds. The RV
approach would here only yield parameters that are integrated over a large heterogenic
water body. First feeding larvae of Eastern Baltic, for example, have to perform a vertical
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migration from the layers of neutral buoyancy up to the euphoticzone in @rdeed

visually on zooplankton preyGfenkjeeret al., 1997 Grgnkjeerand Wieland 1997, Huwer

et al., 2011). This migration has to be performed by active swimming because pre
metamorphic larvae do not possess a swim bladder yet. The active swimming behavior
larval vertical migration activity (¥ma) iS oxygen dependent (Rohlf, 1999). Because
newly hatched larvae do remain approximately at depths they hatch until the migration
(Huwer et al., 2011), Xyma can be assessed by the BDRL approach individuatptider
possible stressor that can be assessed is the prevailing level of pH during egg development.
Caused by heterotrophic degradation of organic material and the associated increase of the
metabolic waste product GOthe prevailing pH in hypoxic areas the Baltic Sea can

reach values far below expected future levels for the open ocean giMidzeer et al.,

2012. This study holds the chance of an detailed assessment of the ranges of oxygen and
pH being already experienced by Eastern Baltic cod é#elgtages and could be used as
reference point for future studies on physical tolerance levels.

In order to assess the cod habitat available to reproduction with both approaches we used a
high resolution hydrodynamic model for the entire Baltic Sea @B&I to hindcast
monthly property fields of salinity, temperature and oxygen. The mechanistic ocean model
uses realistic atmospheric forcing that is based on observations available only in the
hindcast mode. Hindcast models possess besides the advantageeafealistic forcing

the ability to be altered in only one parameter, which is ideal for habitat sensitivity studies.
We calculated subasin specific time series of the reproductive volume, as well as the
abiotic conditions on individualized levels oéutral egg buoyancy. Three model runs
were performed for the time interval 1998 to 2015 simulating 3 different eutrophication
scenarios: a linear 30% increase, the real world time course with constant eutrophication
levels, and a linear decrease of 30%tHis way, not only the recent development of the
spawning habitat of Eastern Baltic cod could be assessed and compared between BDRL
and RV approach, but also the sensitivity of the system towards shifts in eutrophication
could be investigated.

Our objectve was to (i) examine the sensitiviiy of cod reproductive habitat to
eutrophication (ii) further establish the novel BDRL approach that considers female size
and hence, egg buoyancy for examining the reproductive habitat and success (iii) compare
the estalished reproductive volume approach with the BDRL approach and (iv) use this
approach to approximate experienced acidification levels by eggs and larvae.

Materials and Methods
Oceanographic modeling

To simulate eutrophication scenarios in hindcast and to provide a synoptic data source for
the hydrographic conditions within the distribution area of Eastern Baltic cod, an
established ocean model framework was usddhe Kiel Baltic Sea IceOcean Model
(BSIOM; Lehmann, 1995 ehmann & Hinrichsen, 2000; Lehmann et, &002) Its
horizontal resolution was 2.5 km and consisted in the vertical of 60 .[eMeés model
domain included the Baltic Sea, Kattegat and Skagerrak. It was complemented by an

85



oxygen cosumption submodel producing oxygen property fields for the entire Baltic Sea

at the same resolution (Lehmann et al., 2014). It uses idealized primary production levels
represented as a factor in the oxygen tracer to calculate depletion rates on thee3D mod
grid points. In order to force the hydrographical model a realistic atmospheric forcing was
chosen with th&ERA-Interim reanalysis fields (Dee et,@2011) These are available at a
temporal resolution of 6 hours and were downloaded on a regular igbt™x 0.5°
Forcing data were interpolated and included surface air pressure, precipitation, cloudiness,
and air and dew point temperatures at 2m heigtiind speed and direction at 10 m height
were calculated from geostrophic winds with respect t@wdifit degrees of roughness on

the open sea and off the coast (Bumke et1898) BSIOM forcing functions, such as

wind stress, radiation and heat fluxes were calculated accaamiRgdolph and Lehmann
(2006). Additionally, river runoff was prescribeddm a monthly mean runoff data set
(Kronsell & Andersson2012).

Following a preexperimental stabilization period of 25 years the model setup was run
under three different eutrophication scenarios for the period 1998 to 2015. The runs
i ncluded a-Gcénar® Jalowirgutle sreal world time course with constant
eutrophication level§Andersen et gl.2017 HELCOM, 2017) and two experimental runs
simulating a decrease and increase of eutrophication by 30%, respectively. Developments
in the eutrophicatin level were realized by means of the primary production factor in the
oxygen submodel. For the stabilization period it was additively increased from 0.5 to 1 by
a factor of 0.018 per yearfollowing the idealized development of the total Baltic Sea
primary production for this time period: An increase fr8h85 x 16t C yr* in 1970
(Keiser et al., 1981) t62 x 16 t C yr* in 2000 (Wasmundt al, 2007). Subsequently,
beginning from the 1 of January 1998 until the end of 2015, the factor was first kept
constant at 1 -dcenario ant was fhénensthe twg folwirsyauns set to
continuously increase and decrease by 0.018 per year to the final levels of 1.333 and 0.667
in 2015, respectively. Thereby we (i) extended the increase of primary production during
stabilization to a final total production of about8QC t C yr' in 2015 (increase of 30%)

and (ii) simulated also the inverted scenario, in which the primary productitneates

again after acclimatization on the inverted rate to abowt #& t C yr* in 2015 (decrease

of 30%). The changing rates were explicitly chosen to simulate a realistic development in
the eutrophication level within the mechanisand oxygen swmodel. Daily values of the
parameters salinity, temperature and oxygen were compiled and temporally interpolated to
a monthly resolution for further analyses.

Habitat modeling

To characterize the habitat quality for cod reproduction, time series in maegdlution

of abiotic and derived parameters on neutral egg buoyancy levels (BDRL approach), as
well as the reproductive volume (RV) were compiled. To factor in the bathymetric
structure of the Baltic Sea calculations were donel&gin specific, for Wich horizontal
constrains were chosen that represent adapted ICES Subdivisions (Figure 1) Modeling was
performed with R (R Development Core Team, 2011) and Fortran (GFortran, 2011) on the
compiled data of the hydrographical model runs.
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Figure 1: Map ofthe Baltic Proper with the horizontal borders of adapted ICES rectangles used as
subbasin representations. AB= Arkona Basin; BB=Bornholm Basin; GD=Gdansk Deep;
GB=Gotland Basin. Inlet shows the split of the area by the original ICES subdivisions.

The BDRLapproach was to investigate the characteristics of the reproductive habitat by
the means of the conditions found on several specific layers of water density. The layers
represent mean neutral egg buoyancies of eggs spawned by females of 7 staggered size
classes, and are based on the findings of Vallin and Nissling (2000), who incorporated own
measurements with all data and literature available to them to build a model which is using
female size to predict egg buoyancy. The here reported female sizecsigeneratures

and salinities of neutral egg buoyancy were converted Mitlero and Kremling (1976)

into mean water density levels. The results are shown in Table 1 and were used in the
following to assess the available horizontal expansiearad theprevailing abiotic

conditions at the layer of water density where eggs can achieve neutral buoyancy. The
assessed conditions included the mean oxygen content, as well as the oxygen derived
parameters pH, egg survival probabilitys(Y) and larval verticaiigration activity

(Yivma).
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Table 1: Mean water density levels of neutral egg buoyancy for eggs spawned by different
size/length classes of female spawners of Eastern Baltic Cod derived from results from Vallin and
Nissling (2000). Shown is also the appimate age of the size class and the approximated salinity
associated with the water density level within the common temperature range of the Baltic Sea.

length class Approximate age |Water density Approximate
[cm] [years] [kg/m® - 11] salinity range
21-37 2 12.71 15.471 16.1
38-49 3 12.06 14.91 15.6
50-60 4 11.61 14.371 15.0
61-69 5 11.25 13.81 14.6
70-76 6 10.91 13.471 14.2
77-83 7 10.71 13.171 13.9
>84 8+ 10.21 12.571 13.2

In order to transport the BDRL concept to the hydrographical modghut it was
complemented at full resolution by using the appropriate calculations with the following
parameters: water density, oxygen saturation, vertical larval migration activityma)Y
and oxygen depending egg survivalg(yJ. R routines within thepackages marelac
(Soetaert et al., 2012) and oce (Kelley, 2011) were used for calculating water density and
oxygen saturation, respectively. The equation far,Ys derived from experimental data
and was taken from Kdoster et al. (2005):
) pnmp Q8 N

(1)
wherew is the oxygen depending survival before hatch (%)t oxygen content
in ml I, The function describes a sigmoid curve with a <4 % survival chance at oxygen
levels below 2 ml'f, a 50% chance of survival atrdl I"* and more than 90% chances at
oxygen levels above 6.7 mt.|

Y.wa Wwas calculated with a formula adapted after experimental data from Rohlf
(1999).The equation gives percentage values of vertical swimming activity of first feeding
larvae dependingn the available oxygen content:

w C U C® wXowTEI p WP
(2)
where w is the vertical swimming activity (%) anwthe oxygen saturation. The
function describes a polynomial curve of second degree with no vertical swimming activity

till 13% of oxygen saturation, about 50% activity at ~44% oxygen saturation and 75%
activity at 85% oxygen saturation.

To complement the model responses with ocean acidification levels, linear relationships
between the oxygen concentration and pH withirsita measurements were applied to
oxygen concentrations given by the model output. The ICES Oceanographic data base was
chosen as data source (ICES, 2009) to produce the relationships. All available data of the
last 40 years for oxygen and pH within sodsin specific depths, representing conditions
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below and within the permanent halocline, was downloaded and compiled in a monthly
resolution. Here again the adapted ICES subdivisions were used as horizotiiakisub
specifications (Figure 1). The identifiel strongly linear relationships between the
prevailing oxygen conditions and the corresponding pH (Table S5) were then applied to
the oxygen data output from the ocean model in a depth dependent manner, resulting in a
full pH data set for the depths relewdor Eastern Baltic cod reproduction.

Lastly all compiled data was vertically interpolated in relation to water density to be able
to select all data values on the specific layers of water density (Table 1). With that sub
basinspecific time series of nrmbhly means could be compiled that characterize the cod
spawning habitat female sizlependent by the means of the horizontal expansion as well
as the oxygen dependent quality of the water density layer where spawned eggs achieve
neutral buoyancy.

The findngs of the BDRL approach were compared with results obtained from the
classical RV approach. The RV is defined according to MacKenzie et al. (2000) as the
volume of water bodies within the stasins with S>11, &2ml/l and T>1.5°C. For each
horizontal gid point of the model data the vertical extension of the RV was calculated
which then could be scaled up into sadsinspecific monthly time series.

Statistical analyses

All data sets were analyzed with generalized linear models (GLM) using the SAS
university edition software. Significance was taken at p<0.05 for all tests. Post hoc test
techniques were chosen depending on the data balance as Tukey (after Tukey, 1953) for
data sets representing balanced designs or Scheffé (Scheffé, 1959) for unbalsigesd de

The resulting models resembled ANCOMype tests that used time as covariate and
various combinations of the factors dodsin, eutrophication scenario and female size as
main, controlling, or interacting effects depending on the data set and/ovéstigative
guestion. For the analysis only data within the spawning season was considered-(March
August). The impact of eutrophication was tested by choosing the eutrophication scenarios
as main factor while controlling for stiiasin and female sizejhereas the subasin effect

was tested by using stiasin as main effect while controlling for the eutrophication
scenario and female size. A possible seasonal component within the effects was assessed
by introducing a new grouping factor of spawning dirwith March to May (early
spawning time) and June to August (late spawning time) as factor levels. These were
orientated on the historical spawning times and the shift of peak spawning activity
(Wieland et al., 2000; Baranova et al., 2011; Koster e2@l.6). This factor was then used

as main effect variable in the statistical model replacing the covariate time.

Separate GLMs were fitted to the data sets produced by the BPpRioach to
characterize the cod spawning conditions by the conditions fourgpecific layers of
water density. The response parameters were (i) horizontal expansion, (ii) depth, (iii)
oxygen, (iii) Vsurs (V) Yuvma and (v) pH of/on the layers of water density. For comparison
analogue analyses were made with the (vi) RV datarsethich the factors of the models
were used in the identical way, minus the factor of female size. The parameters of
horizontal expansion and depth of the layer of water density were not influenced by the
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BSIOM oxygen submodel and were hence analyzed dioliy one eutrophication scenario.

They exhibited significant correlations and were therefore firstly tested with a
MANCOVA-type approach for overall significance before they could be analyzed in more
depth by univariate tests. The response parameter oxsggdnthe oxygen derived
parameter characterizing the quality of the spawning habitat were tested separately in
univariate tests for the impact by shésin, eutrophication scenario and female size as well

as the interactions of stiasin and eutrophicatioscenario and the-&ay interaction of
subbasin, eutrophication scenario and females size. Within the eastern basins some female
size classes were for significance tests excluded, when there were less than 10 data points
available.

Results

The BDRL approach is using female spawner size depending neutral egg buoyancies to
assess the spawning habitat of Eastern Baltic cod. The size of the habitat is herein defined
as the horizontal expansion of the water density layers of neutral egg buoyancy. We
calcdated and compared these horizontal expansions between the Baltic Sessissb

and identified the Bornholm Basin (BB) followed by the Arkona Basin (AB) as the most
substantial spawning habitat within the period 1998 to 2015 (Figure 2). These two basins
combined represented up to 33fold larger horizontal expansions of suitable water density
layers than the eastern sbésins Gdansk Deep (GD) and Gotland Basin (GB). Here, eggs
spawned by females <60 cm were extremely seldom able to be buoyant in the water
column and larger females only found suitable salinities shortly after the two MBIs in 2003
and 2014/201%Figure 2, Figure 6).

The horizontal expansion of suitable water density layers averaged over all basins was
found to significantly increase with feneaspawner siz@-igure 2).The available habitat
increased by about 22% per size class from a mean of 116fkthe smallest size class

to 3731 km for the largest size class. Evidently, this effect is a direct consequence of
larger and more buoyant eggpawned by larger females, which will float in less saline
water layers higher in the water column compared to those from small females. Taken
together this increases the size of the suitable part of the stratifigzhsino The vertical

depth of watelayers displaying neutral egg buoyancy were therefore distributed within
and below the subasins position of the permanent halocl{fégure 2).We identified
marked effects of spawner size and-balsin. The strongest decrease in depth of neutral
egg bugancy with size class was found in the BB (2.6 m per size class), while there was
only a weak difference among the length classes in their capability to produce eggs that
float higher in other subasins. Additionally we found within the GB the reversed
behavior for eggs of the largest spawner size class (>84 cm) caused by special
circumstances. The exceptional Major Baltic Inflow (MBI) event in 2003 provided
substantial amounts of saline water masses to the GB and produced suitable water density
layers forthe largest spawner size class for several years. However, because it lasted until
2014 for another MBI, water in the GB became less saline so that the suitable water
density layer gradually sank to depths irrelevant for cod reproduction.
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Figure 2: Horizontal area expansion (top panel) and mean depth (bottom panel) of water density
layers of neutral egg buoyancy of Eastern Baltic cod within the spawning seasons 1998 to 2015.
Data is organized into 2 levels of groups: $asins (AB: Arkona Basin, BB: Boholm Basin,

GD: Gdansk Deep, GB: Gotland Basin) and size classes of female spawners. Significant
differences are depicted for sbhsins in capital letters and for size classes of female spawners in
small letters.

Oxygen conditions within the water densliyers of neutral egg buoyancy were found to
be negatively correlated with degfhable 2).Best oxygen conditions for developing eggs
were found therefore for the AB where suitable water layers were found between 28 and
48 m deep and rarely showed lesvbElow 5 ml/l Q. The BB showed a wider range of
oxygen conditions between hypoxic levels and above 7 mlAddnd in the depth of

suitable water layers between 54 and 96 m. The eastetvasuis GD and GB showed

poor and rapidly deteriorating oxygeoralitions following the two MBIs in 2003 and
2014/2015Figure 3, Figure 6). Within the BB and GB we found a significant effect of
female spawner size on the oxygen conditions experienced by eggs that differed among
subbasins (Figure 3, Table SAVithin the BB the spawner size had a positive effect on
oxygen levels (+0.32 ml/l £per size class) while in the GB eggs of the largest spawner
size group would experience lower oxygen conditions than all smaller classes. This is,
however, caused by the excepiad period following the strong MBI in 2003 and cannot

be seen as a general trend, also because there were only very few data points available to
compare this result to the smaller spawner size classes.
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Table 2:Coefficients and statistics of the depemcie of the oxygen content [ml/l] in layers of
water density on their depth [m] in the water column. Shown ardasip and eutrophication
scenariespecific regression results (AB= Arkona Basin, BB= Bornholm Basin, GD= Gdansk Deep
and GB = Gotland Basin).

Eutrophication adj. R st. Df.

Basin scenario Yo slope Rsqr. sgr. error F Resid. p

AB 30% increase 13.18 -0.145 0.20 0.20 1.078 163.3 638  <.0001
constant 1299 -0.137 0.20 0.20 0.993 1649 635 <.0001

30% decrease | 12.32 -0.119 0.18 0.18 0.929 146.2 638 <.0001

BB 30% increase 16.14 -0.162 0.52 0.52 1.154 799.5 740 <.0001
constant 16.11 -0.156 0.49 0.49 1.161 717.7 742 <.0001
30% decrease 1579 -0.147 0.47 0.47 1.152 664.2 740 <.0001

GD 30% increase 584 -0.021 001 0.01 1337 0.62 68 0.43
constant 8.27 -0.041 0.05 0.03 1.066 3.05 60 0.085
30% decrease 494 0.0001 0.00 -0.01 0.836 0.00 68 0.99

GB 30% increase 8.18 -0.036 0.71 0.71 1.197 296.2 122 <.0001
constant 8.72 -0.038 0.79 0.79 1.021 451.0 118 <.0001
30% decrease 9.27 -0.039 0.84 0.84 0.898 629.4 122 <.0001

With the BDRL-approach we are able to assess the impact of past eutrophication scenarios
on the available oxygen content on the water density levels, which then translates to direct
survival chances of spawned eggsu{y, experienced acidification levels (pH) and the
vertical swimming activity of hatched larvae to migrate upwards to feeding depiha Xy
(Figure 3, Figure 4). A simulated 30% eutrophication decrease or increase cladinged
parameterssignificantly within all subbasins, with the exception of\yia In the GB

(Table 3).The impact of eutrophication was however found to beladin dependent,
resulting in a significant interaction effect of shasin and eutrophication scenario. The
largest impact was founfibr the GD resulting in a mean difference between the tested
scenarios with respect to oxygen conditions of 1.28 ml/l, which translates into differences
in acidification of pH 0.1, increased egg survival chances by 25.1% and larval migration
activity by 18%. The impact oéutrophication on conditions in BB and GB were found to

be at about half of the strength as found for the GD. Although statistically significant
(Table S4) the impact of eutrophication on abiotic conditions was only small in the AB
(deltas: ©O2 = 0.3 ml/l; pH = 0.02;s4v= 3 %; Yvma= 0.5 %).
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Chapter 3

Table 3: Statistical analysis of the impact of sbésin and eutrophication scenario on the oxygen
content and oxygen derived parameters (pkh, Wivma) On water density layers of neutral egg
buoyancy. Results for effects within specific sasins are indicate by t he col umn
includeddo (all =All Basins included, AB=Ar kona
GB=Gotland Basin).

Response | Basins | Effect parameter | Controlled F-Value | DF p value
parameter | included parameter mo | Error
del
All Subbasin Eutrophication
scenario, female
size class and time
) 812,91 |3 4696 | <.0001
pH 5866.40 | 3 4696 | <.0001
Y surv 661.83 | 3 4696 | <.0001
Y Lvma 458.80 |3 4696 | <.0001
Interaction Sub Eutrophication
basin * scenario, sulpasin,
Eutrophication female size class
scenario and time
0O, 2.90 6 4696 | 0.008
pH 2.38 6 4696 | 0.027
Ysurv 6.52 6 4696 | <.0001
YLvma 8.90 6 4696 | <.0001
3-way interaction | Eutrophication
Subbasin*Eutroph.| scenariosubrbasin,
Scenario and size | female size class
class and time
0O, 6.27 65 | 4637 | <.0001
pH 4.54 65 | 4637 | <.0001
Y surv 8.12 65 | 4637 | <.0001
Y ivma 11.23 65 4637 | <.0001
Eutrophication female size class
scenario and time
0O, AB 12.22 2 1907 | <.0001
BB 39.62 2 2218 | <.0001
GD 23.99 2 193 | <.0001
GB 3.59 2 359 | 0.0287
pH AB 12.18 2 1907 | <.0001
BB 27.03 2 2218 | <.0001
GD 18.64 2 193 | <.0001
GB 3.28 2 359 | 0.0389
Y surv AB 16.57 2 1907 | <.0001
BB 30.84 2 2218 | <.0001
GD 28.20 2 193 | <.0001
GB 3.99 2 359 | 0.0193
Y Lvma AB 16.14 2 1907 | <.0001
BB 28.39 2 2218 | <.0001
GD 31.02 2 193 | <.0001
GB 2.99 2 359 | 0.0515

The impact of eutrophication on cod spawning habitat quality was found to be different not
only among subasinsbut also among spawner size classes, i.e. certain females sizes
reacted more strongly to increase or decrease of past eutrophication depending on basin,
hence resulting in a statisticaM@y interactionTable 3).Within the BB and GB oxygen
conditions fo eggs of smaller females were significantly stronger negatively impacted than
those for larger females (Table S1; S5). Note that these impact differences were found for
pooled data of the eutrophication scenarios of all spawning seasons between 1998 and

2015. Within this period the eutrophication scenarios diverged only gradually from one
95



another from the same starting point. The reactions to the scenarios in the pooled data
among the spawner size classes in oxygen conditions for eggs were therefort foand
small (from 0.19 ml/l in the BB to 0.42 ml/l in the GB

To compare these findings to the fclassical
subbasins and eutrophication scenariBgure 5).The BB RV was largest, (199.47 Rm
followed by GB (2..25 knf), AB (53.37 kni) and the GD (42.71 kin(all means different

from one another). Only the decreasing eutrophication scenario enlarged RV averaged
across basingTable 4).In a basin specific analysis we identified the RV to be impacted by
eutrophi@tion only in the GB and BB, whereas the results for the AB and GD were not
significant. The eutrophication scenarios had a significant dffetile 4) on the RV in the

GB, with decreasing eutrophication producing a significantly larger RV. The BB was
impacted within stagnation periods characterized by low salinity and oxygen content in the
system. During these periods RV calculations for the GB and GD were tending to O,
whereas the RV in the BB was found to be around 158, Ko test the impact of
eutrophication on the RV of the BB selectively for these periods, we empirically tested a
threshold in the statistical test, where only data falling below this threshold were included
in the analysis and found the critical level to be 208. ktvhen the RMvithin the BB falls

below this threshold, the impact became significant (Figur&/aen all data was included

the RV within the BB was not impacted. This shows that from the perspective of the RV
approach the BB is only significantly impacted by eutrogiiin during stagnation
periods, while the impact is shifted to the GB during situations of regular MBIs. When
these findings are compared to the BDRL approach, the RV approach shows only a
negative impact of eutrophication within one <dsin at a timewhile the BDRL
approach identified all subasins to be impacted.

By the means of the RV calculations for the last two years of the modeled period (2014
and 2015) the largest potential for an expanding spawning habitat was identified for the
GB. An exceptinally large MBI in December 2014 resulted into an increase of RV for the
constant eutrophication scenario from very low levels to 268 Krhe potential was
further amplified under the scenario of a decrease of eutrophication by 30% to very large
733 kn? RV within 2015. Although the MBI was also triggering larger RVs in all other
subbasins, the eutrophication scenarios did here not significantly differ. We were not able
to identify this behavior with the BDRL approach. Here no exceptional impact by the
inflow specifically on the GB environment was found. The increase of salinity in the GB
caused by this event was not sufficient to sustain neutral egg buoyancy for the large
majority of size classes, but satisfied the salinity requirement for the RV ofll PS
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SN ZoN SN
Basin AB BB BB < 205km3 GD
Figure 5: Reproductive volume (RV) of Eastern Baltic cod within the spawning seasons 1998 to
2015. Data is organized into 2 levels of groups:-lsakins (AB: Arkona Basin, BB: Bornholm
Basin, GD: Gdansk Deep, GB: Gotland Basin) and eutrophication scenarios (3(8asdc
constant, 30% decrease). Significant differences are depicted fdrasiis in capital letters and
for eutrophication scenarios in small letters. Additionally outside of the basins comparison, the

result for a reduced data set of the Bornholm Biss@own where only monthly means < 205°km
were included.
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A direct comparison between the RV and the BDRL approach is difficult, since the RV is a
combined measure of habitat size and quality, while the BDRLS yield separate measures of
habitat size anduglity for 7 different spawner size classes. We therefore used a mean
horizontal expansion of all 7 size classes and compared it with the RV in their timely
development relative to an overall mean of each parameter in the constant eutrophication
scenariaFigure 6).The RV approach clearly suggested that the GD and GB provide
regularly suitable spawning habitats in a substantial size, whereas the BDRL approach
identified here only small windows of several months as suitable for the eggs spawned by
most spawer size classes to find neutral buoyancy within the water column. For the AB
and BB on the other hand both approaches showed comparable timely coverage and
relative size variations in spawning habitat between 1998 and 2015. Compared to the
overall mean othe parameters, however, the BDRL rates the size of the available habitat
here consistently higher.
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Table 4 Statistical analysis of the impact of sblsin and eutrophication scenario on the
Reproductive Volume of Eastern Baltic cod. Results for effegthin specific subbasins are
indicated by t he col umn Obasins includedd (al
BB=Bornholm Basin, GD=Gdansk Deep, GB=Gotland Basin). For all tests time was used as
covariate. For the subasin effect it was additiongllcontrolled for eutrophication scenario.

Basins | Effect parametel Controlled F-Value DF p value
included parameter error
All Subbasin - Eutrophication| 580.11 3 1283 | <.0001
scenario
- time
All Interaction sub| - subbasin 4.77 6 1283 | <.0001
basin x| inati
Eutrophication Scilrjlgﬂghlcanon
scenario i
- time
Eutrophication | time
scenario
AB 0.03 2 320 0.969
BB 0.61 2 320 0.546
GD 0.67 2 320 0.514
GB 9.69 2 320 <.0001

Regardless which approach is used, one possible applicati@iitdt quality mapping for
Eastern Baltic cod is to check whether the observed change in peak spawning activity is
influencing the encountered abiotic conditions during spawning activities. Therefore we
assessed the seasonal development of the abiotiitioos in the spawning habitat and the
sensibility of this seasonal component to changes in eutrophication. A significant negative
development of conditions during the spawning time between the time windows March
May (early) and June August (late) aveaged over all subasins was detected by both
approaches. The overall mean oxygen conditions on egg buoyancy levels decreased by 1.0
ml/l and the RV decreased by 7.2 km subbasin specific test however showed that the
RV had a seasonal component onighm the GB, while assessed by the BDRLs, oxygen
and all dependent quality parameters on egg buoyancy levels changed significantly within
the spawning season in all other sasins (Table S3). The eutrophication level impacted
this seasonal developmerdtrsignificantly.

As another improvement the BDRL approach allows us to include the acidification levels
that are experienced by cod eggs during development. For this purpose we used decadal
subbasin specific correlations betweenrsitu measurements pH and oxygen (Table S6)

and applied these to the oxygen conditions found on the water density layers of neutral egg
buoyancy(Figure 3).The approach identified major differences among all-tsagins.

Within the AB pH values around 8 and a variance oL&ldod units were found on the egg
buoyancy levels of all female spawner size classes, whereas within the BB a wide range of
low pH values from 7.3 to 7.9 were observed with significant higher values experienced by
eggs spawned by larger female spawnel® impact by eutrophication was found to be
significant within all basins, but resulted only in minor changes of pH of about 0.1 units.
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Figure 6: Temporal development of the Reproductive Volume (RV) and the mean horizontal
expansion of water density less of neutral egg buoyancy within the main Baltic Sealmdins

from 1998 to 2015 (AB: Arkona Basin, BB: Bornholm Basin, GD: Gdansk Deep, GB: Gotland
Basin). Shown are relative sizes to an overall mean of each parameter (0 = overall mean, 1 =
overall mea x 2 etc.). The horizontal expansion equals the mean expansion of the water density
layers corresponding to the neutral egg buoyancies of 7 female spawner size classes

Discussion

Model issueg Eutrophication relevance

The assessments made in this studrevbased on data for abiotic drivers that were
produced by a highly resolved hydrodynamic ocean model. The eutrophication state of the
system was modulated by the means of an integrated oxygemaxldd. It simulated
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