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Summary

Summary

Some of the best studied fish species with the longest monitored stock time series worldwide
occur in the North Atlantic. Over the decades numerous publications added knowledge to our
understanding of ecology and behaviour of these fish species and stocks. However, there are
also gaps in knowledge, obvious uncertainties in ecological interactions and potential biases.
These are rarely profoundly questioned unless environmental changes or inconsistent stock

assessment results challenge our established points of view.

In the Baltic Sea, Atlantic cod (Gadus morhua L.) has been intensively surveyed and
investigated for decades. Yet, our understanding of this marine species living in a semi-
enclosed, brackish environment is still incomplete. For example, despite numerous otolith
exchanges to improve the age reading and large scientific efforts to understand the ecology of
Baltic cod, the analytical stock assessment of the Eastern Baltic cod (EBC) stock was
suspended in 2014; obviously age data were uncertain and the aut- and synecological
knowledge was incomplete to explain the changes occurring in this stock in distress. For
instance, spreading hypoxic areas in the central Baltic basins forced EBC to contract in the
southern Baltic Sea but behaviour and movements of cod in response to the consequences are

poorly understood.

This dissertation aims at providing a more thorough understanding of cod ecology in the
southern Baltic Sea, with a particular focus on patterns in movements of wild, free-ranging
cod and validation of ring patterns in otoliths. Tagging performance, data storage tags
recording depth and ambient temperature and otoliths of recaptured cod were analysed.
Tagged cod had been released in the southern Baltic Sea within the scope of the international

mark-recapture project TABACOD (“Tagging Baltic cod”).

In chapter 1 (“Short-term tagging mortality of Baltic cod (Gadus morhua)’) the post-release
short-term mortality of cod after tagging with T-bar tags and tetracycline was assessed. The
mortality associated with catching and on-board handling was estimated to be 16% with no
significant influence of the tagging process itself. While no effect of tagging month was
observed, mortality rate was decreasing with increasing fish length. The low mortality rate
confirmed the appropriateness of the tagging technique and potentially explained the lack of

smaller recaptures.



Summary

In chapter 2 (“Validation approaches of a geolocation framework to reconstruct movements
of demersal fish equipped with data storage tags in a stratified environment*) a geolocation
framework was adapted to reconstruct the movements of cod in the southern Baltic Sea
tagged with temperature-depth data storage tags (DSTs). The adapted geolocation framework
was tested with five validation experiments including 1) simulated tracks, ii) stationary,
nearshore moored DSTs, iii) temperature data from an offshore measuring station, iv) a
temperature-depth probe attached to an otter board of a commercial vessel, and v) DSTs
mounted on the CTD and otter boards of a survey vessel. The difference between true and
modelled positions was on average between 2 and 19 km and generally better when there was
a pronounced stratification of the water column and simulated individuals regularly conducted

vertical movements.

In chapter 3 (“Movement of cod (Gadus morhua L.) in the southern Baltic Sea: evidence
from data storage tags™) the adapted and validated geolocation model was applied to the
temperature-depth DSTs from 28 recaptured Baltic cod assigned to the EBC or Western Baltic
cod (WBC) stock by genetics or otolith shape analysis to reconstruct daily positions. The
temperature and depth profiles were supplemented with information on salinity and oxygen
estimates from the regional ocean model also used for geolocation. Individual movements
could be classified into three behavioural types: 1) coastal, shallow-water WBC, 2) resident
EBC, and 3) migratory EBC. Unlike WBC, EBC generally occupied deeper waters, were
exposed to higher salinities and regularly spent short period in hypoxic waters. While resident
EBC stayed within the Bornholm Basin year-round, migratory EBC moved between spawning
grounds in the Bornholm Basin during summer and coastal feeding grounds during autumn
and spring. This study highlights the importance of coastal shallow-water feeding grounds,
especially in autumn and spring which are underrepresented in the current bottom trawl
survey. In addition, the temperature-depth profiles of all EBC revealed daily vertical
movements in the water column which were triggered by twilight and partly followed the
lunar cycle. Regular defaecation below the thermocline of small pelagics ingested during
nightly feeding excursions above the thermocline may exacerbate hypoxia in the stagnant

water bodies of the deeper basins.

In chapter 4 (“Validation of otolith zone formation and otolith growth of adult wild cod
(Gadus morhua L.) in the southern Baltic Sea through mark-recapture and tetracycline

marking*) the chemically time-stamped otoliths of 258 T-bar tagged cod assigned to the WBC
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Summary

or EBC stock were analysed. WBC in the southern Baltic Sea confirmed the recent age
validation result from the Belt Sea that the translucent zone is formed during summer when
cod are stressed by adverse temperatures and reduced feeding. The translucent zone of EBC
was also laid down during summer, but under very different conditions, i.e. during spawning
coinciding with hypoxic conditions and food limitation. The faster otolith growth of WBC
were in line with previous findings showing that EBC exhibit slower somatic length growth

and, hence, severely reduced productivity of the EBC stock.

Through this dissertation, it was possible to interlink the environmental conditions
experienced by cod tagged with data storage tags to the growth and patterns in ring formation
in the otoliths of cod tagged with T-bar tags. The evaluation of movement patterns in the
present centre of cod distribution thus provided new insights into the behaviour and ecology
of cod inhabiting the permanently stratified brackish-water ecosystem of the southern Baltic

Sea.






Zusammenfassung

Zusammenfassung

Einige der am meist untersuchten Fischarten mit den ldngsten Bestandszeitreihen kommen im
Nordatlantik vor. Im Laufe der Jahrzehnte haben zahlreiche Veroffentlichungen unser
Verstindnis von Okologie und Verhalten dieser Fischarten und Bestinde erweitert. Allerdings
gibt es auch Wissensliicken, offensichtliche Unsicherheiten bei oOkologischen Wechsel-
wirkungen und mogliche Verzerrungen. Diese werden selten tiefgreifend in Frage gestellt, es
sei denn, Umweltverdnderungen oder widerspriichliche Bestandsberechnungsergebnisse

stellen unsere etablierten Sichtweisen in Frage.

In der Ostsee wird der Dorsch (Gadus morhua L.) seit Jahrzehnten intensiv untersucht und in
Surveys erfasst. Dennoch ist unser Verstindnis dieser marinen Art, die hier in einem
brackigen Binnenmeer lebt, immer noch unvollstindig. Trotz =zahlreicher Otolithen-
Austausche zur Verbesserung der Altersbestimmung und grofer wissenschaftlicher
Anstrengung, die Okologie des Ostseedorsches zu verstehen, wurde beispielsweise die
analytische Bestandsbewertung des Ostlichen Ostdorschbestandes (Eastern Baltic cod, EBC)
im Jahr 2014 ausgesetzt; offensichtlich waren die Altersdaten unsicher und das aut- und
synokologische Wissen zu unvollstindig, um die Verdnderungen in diesem unter Stress
stehenden Bestand zu erkldren. Zum Beispiel zwangen die sich ausbreitenden hypoxischen
Gebiete in den zentralen Ostseebecken den EBC Bestand dazu, sich in der siidlichen Ostsee
zu konzentrieren. Das Verhalten und die Bewegungen des Dorsches als Reaktion auf die

Folgen sind nur unzureichend verstanden.

Diese Dissertation zielt darauf ab, ein griindlicheres Verstindnis der Okologie des Dorsches,
mit besonderem Augenmerk auf die Bewegungsmuster wildlebender Tiere und die
Validierung von Ringmustern in Otolithen in der siidlichen Ostsee zu erlangen. Es wurde die
Uberlebensrate nach der Markierung bestimmt und die Informationen von Datenloggern, die
die Umgebungstemperatur und Wassertiefe messen, sowie Otolithen wiedergefangener
Dorsche analysiert. Die markierten Dorsche wurden in der siidlichen Ostsee im Rahmen des

internationalen Markierungsprojekts TABACOD ("Tagging Baltic cod") ausgesetzt.

In Kapitel 1 ("Short-term tagging mortality of Baltic cod (Gadus morhua)") wurde die
Sterblichkeit von Dorschen kurze Zeit nach der Markierung mit T-bar Tags und Tetracyclin
bewertet. Die mit dem Fang und der Handhabung an Bord verbundene Sterblichkeit betrug

16%, wobei der Markierungs-Prozess selbst keinen signifikanten Einfluss aufwies. Auch der
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Zusammenfassung

Markierungsmonat zeigte keinen Effekt auf die Sterbklichkeit, jedoch nahm die
Sterblichkeitsrate mit zunehmender Fischldnge ab. Die niedrige Sterblichkeitsrate bestitigte

die Eignung der Markierungstechnik und erklirte das Fehlen kleinerer Wiederfinge.

In Kapitel 2 ("Validation approaches of a geolocation framework to reconstruct movements
of demersal fish equipped with data storage tags in a stratified environment") wurde eine
Geolokalisierungs-Methode angepasst, um die Bewegungen von Dorschen, die mit
Temperatur-Tiefen-Datenloggern (data storage tags, DSTs) markiert wurden, in der siidlichen
Ostsee zu rekonstruieren. Die angepasste Geolokalisierungs-Methode wurde mit fiinf
Validierungsexperimenten getestet, darunter i) simulierte Tracks, ii) stationdre, kiistennah
verankerte DSTs, iii) Temperaturdaten von einer Offshore-Messstation, iv) eine Temperatur-
Tiefen-Sonde, die an einem Scherbrett eines kommerziellen Schiffes angebracht war, und v)
DSTs, die an der CTD- und am Scherbrett eines Fischereiforschungsschiffes montiert waren.
Die Differenz zwischen korrekten und modellierten Positionen lag im Durchschnitt zwischen
2 und 19 km und war im Allgemeinen besser, wenn eine ausgepragte Schichtung der
Wassersdule vorlag und die simulierten Individuen regelméBig vertikale Bewegungen

durchfihrten.

In Kapitel 3 ("Movement of cod (Gadus morhua L.) in the southern Baltic Sea: evidence
from data storage tags") wurde die angepasste und validierte Geolokalisierungs-Methode auf
die Temperatur-Tiefen-Profile, die mit den Datenloggern von 28 wieder gefangenen
Ostseedorschen, aufgenommen wurden, angewandt, um tégliche Positionen zu rekonstruieren.
Diese Individuen wurden durch Genetik oder Otolithenformanalyse dem EBC- oder dem
Westdorschbestand (Western Baltic cod, WBC) zugeordnet. Die Temperatur- und
Tiefenprofile wurden mit Informationen zu Salz- und Sauerstoffgehalt aus dem regionalen
Ozeanmodell ergdnzt, das auch zur Geolokalisierung verwendet wurde. Die individuellen
Bewegungen konnten in drei Verhaltenstypen klassifiziert werden: 1) kiistennahe Flachwasser
WBC, 2) stationidre EBC und 3) wandernde EBC. Im Gegensatz zu den WBC, hielten sich die
EBC in tieferen Wasserschichten auf, waren hoheren Salzgehalten ausgesetzt und verbrachten
regelmifBig kurze Zeitrdume in hypoxischen Bereich. Wihrend die stationdren EBC das ganze
Jahr iiber im Bornholm-Becken blieben, zogen die wandernden EBC zwischen den
Laichgriinden im Bornholm Becken im Sommer und den kiistennahen Nahrungsgriinden im
Herbst und Friihjahr hin und her. Diese Studie unterstreicht die Bedeutung der kiistennahen

Flachwasser-Futterpldtze, insbesondere im Herbst und Friihjahr, die in der aktuellen
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Zusammenfassung

Grundschleppnetzerhebung unterreprisentiert sind. Darliber hinaus zeigten die Temperatur-
Tiefen-Profile aller EBC tégliche vertikale Bewegungen in der Wassersdule, die durch die
Dammerung ausgelost wurden und teilweise dem Mondzyklus folgten. Die regelméiBige
Defékation von kleinen pelagischen Tieren, die bei nichtlichen Fiitterungsausfliigen oberhalb
der Sprungschicht von den EBC aufgenommen wurden, kann die hypoxische Situation in den

stehenden Gewissern der tieferen Becken verschéarfen.

In Kapitel 4 (“Validation of otolith zone formation and otolith growth of adult wild cod
(Gadus morhua L.) in the southern Baltic Sea through mark-recapture and tetracycline
marking®) wurden die chemisch und mit T-bar Tags markierten Otolithen von 258
wiedergefangenen Dorschen, die dem WBC- oder EBC-Bestand zugeordnet wurden,
analysiert. Die WBC in der siidlichen Ostsee bestitigten das jlingste Ergebnis der
Altersvalidierung aus der Beltsee, dass die durchscheinende Zone (,translucent zone*) im
Sommer gebildet wird, wenn die Dorsche durch ungiinstige Temperaturen und reduzierte
Futterbedingungen gestresst sind. Die durchscheinende Zone von EBC wurde ebenfalls im
Sommer angelegt, jedoch unter ganz anderen Bedingungen, ndmlich wéhrend einer Zeit in der
die Tiere laichen und hypoxischen Bedingungen und Nahrungslimitierung ausgesetzt sind.
Das schnellere Otolithen-Wachstum der WBC stand im Einklang mit fritheren Erkenntnissen,
die zeigten, dass EBC ein langsameres somatisches Langenwachstum und der EBC-Bestand

damit eine stark reduzierte Produktivitit aufweist.

Durch diese Arbeit war es moglich, die Umweltbedingungen, denen die mit Datenloggern
markierten Dorsche ausgesetzt waren, mit dem Wachstum und den Mustern in der Otolithen-
Ringbildung von Dorschen, die mit T-bar Tags markiert wurden, zu verkniipfen. Die
Auswertung von Bewegungsmustern im derzeitigen Verbreitungsschwerpunkt des Dorsches
lieferte somit neue Erkenntnisse iiber das Verhalten und die Okologie des Dorsches, der das

permanent-geschichtete Brackwasser-Okosystem der siidlichen Ostsee bewohnt.






General Introduction

General Introduction

Movement

Organisms have three fundamental tasks: acquisition of resources, survival, and reproduction
(Nentwig et al., 2017; Kierboe et al., 2018). To fulfil these, each species follows its own
strategies, many of which involve movement. Movements were classified as a major
contribution to system functioning and considered one of the ten greatest “inventions of
evolution” (Lane, 2010) because they contribute to the adaption of species, the characteristics
of life history patterns, and, finally, to the dynamics of populations (Dingle, 2014).
Movements can occur at multiple temporal and spatial scales (Koehn and Crook, 2013) and
are often driven by a combination of internal drivers such as reproduction, feeding, and taking
shelter, in response to external stimuli including biotic and abiotic conditions (Nathan et al.,
2008; Pinti, 2020). As a result, individuals often move within so-called “home ranges”, which
describes an area used by an organism containing the resources needed for survival and

reproduction (Dingle, 2014).

Box 1: Movements and migrations

Because the terms “movement” and “migration” are often confused and ambiguously used in

the literature, I have based this thesis on the following definitions:

Movement 1s the umbrella term for a range of different movement behaviours. It simply

describes a change in location.

Migration is the mostly directed, often periodic, movement to a new habitat to find more
favourable conditions (Dingle and Drake, 2007; Dingle, 2014). Main migrations of fish

include 1) feeding migrations, 2) spawning migrations, and 3) wintering migrations.

Recent advances in animal tracking, above all the integration of high-resolution Global
Positioning Systems (GPS), have significantly improved the ability to describe terrestrial

animal movements (Kays et al., 2015). Recording the movements of mobile, marine
9



Movement

organisms, however, remains challenging due to the fast absorption of microwave frequencies
in GPS communication in water. Despite the constant development of new techniques,
individuals can often not be directly observed. A thorough understanding of animal
movements is necessary to sustainably assess and manage harvested stocks (Cadrin and Secor,
2009; Hooten et al., 2017). Further, the timing and direction of individual movements
combined with knowledge on environmental conditions can give insights about niche
occupation and behaviour of populations and help to optimize monitoring and sampling

strategies.

Conventional tagging has been a widely used approach in fisheries management to study the
movements, growth, abundance, and survival of marine fish in the wild (e.g. Hilborn, 1990;
Guy et al., 1996; Pine et al., 2012; Hall, 2014). For conventional tagging, externally attached
tags such as T-bar tags, usually with a unique identifier, are used to identify individual fish
and match it to release and recapture information. Tagging studies are conducted under the
assumption that data are unbiased and representative of the population but tag loss or post-
release tagging mortality can lead to a biased sample from the marked population (Rude et al.,
2011; Pine et al., 2012,). Further, it is assumed that the tags do not alter fish behavior and
growth (Pine et al., 2012; Smith et al., 2017). Some fish are more sensitive to the tagging
process than others, e.g. body size, maturity, sex, the tag type itself, or the tag location may
have an influence (Buckmeier and Reeves, 2012). Therefore, species-specific or even stock-

specific evaluations are suggested during a tagging study (Smith et al., 2017).

One major limitation of conventional tagging is that only release and recapture information
are available and it is unknown what happened in between (Kohler and Turner, 2001). As a
result, movements between release and recapture are often significantly underestimated
(Lucas and Baras, 2000). Further, recaptures often depend on commercial and recreational
fishing effort. Recapture positions are therefore highly influenced by the temporal and spatial
distribution of fishing activities (Bolle et al., 2005; Pine et al., 2012). Therefore, a detailed
understanding of major migrations, their timing and how they link spawning and feeding
habitats is often speculative or lacking (Nielsen, 2019). Advances in bio-logging and
biotelemetry help to address these issues by recording environmental data during the fish’s
time at liberty. They enable scientists to acquire fisheries-independent and individual data

between release and recapture (Young and Isely, 2004; Cooke et al., 2006) to couple
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environmental conditions to behavior across a number of relevant temporal and spatial

resolutions (Akesson, 2002; Cooke et al., 2012).

Electronic tags to study fish movements and behavior

One such example is acoustic telemetry. It is frequently used to characterize small-scale
behavior patterns such as homing behavior (Robichaud and Rose, 2004), spawning site
fidelity (Zemeckis et al., 2019), or to test the effect of closed or marine protected areas
(Lindholm and Auster, 2003). Within a limited listening range (usually a few hundred meters),
the hydrophone of the acoustic receiver records when a previously tagged fish enters the area.
But since the listening range is limited, prior knowledge of migrations and daily home ranges

of the species of interest is necessary for a successful study.

A bio-logging approach that is not restricted to such a fine scale are data storage tags (DSTs;
also called archival tags). DSTs collect and store individual in-situ data from release to
recapture. DSTs were first deployed in the 1990s and have since then been used in many
studies worldwide (Hussey et al., 2015). Previous studies demonstrated the value of DSTs to
analyze migrations (Hunter et al., 2006; Adlandsvik et al., 2007; Zemeckis et al., 2017),
population structures (Block et al., 2005; Galuardi and Lam, 2014), homing behavior
(Svedéng et al., 2007), habitat use (Cooke et al., 2012) and mortality (Kurota et al., 2009;
Eveson et al., 2012); in some cases, it was even used to inform spatially resolved stock
assessment models (Taylor et al., 2011; Eveson et al., 2012; Sippel et al., 2015). DSTs record
and store time-stamped measurements of sensors at intervals ranging from seconds to
minutes. Built-in sensors can record environmental parameters such as ambient temperature,
salinity, pressure (provides information on water depth), and light level or behavioural
parameters such as acceleration or heart rate (Thorstad et al., 2014). In larger species even
cameras have been mounted (Gleiss et al., 2019; Jewell et al., 2019). Tags vary by the
manufacturer in the structure of the data collected, the number and types of sensors included,
and the size (Nielsen, 2019). DSTs can be relatively small and thus can be used for tagging
also smaller fish, but larger tags often have increased storage volume and battery capacity.
These archival tags can be attached externally (there are also options that the tag is released
from the fish and data are transferred via satellite, so-called “Pop-up Satellite Archival Tags”;
short: PSATs), although, especially for smaller individuals, internal implantation is preferred

to avoid abrasion at the tag attachment (Jadot, 2003; Cooke et al., 2012) and drag which might
11
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alter swimming performance (Lewis and Muntz, 1984; Jepsen et al., 2015). Otherwise, one of
the strongest assumptions in tagging studies, namely that fish behave naturally during their
time at liberty, might be impaired (Pine et al., 2012). DST studies are often limited by low
recapture rates and the number of tags deployed because they are relatively costly (~300 €).
Physical recapture is necessary which makes them only partly fisheries-independent (Galuardi
and Lam, 2014). Extrapolating results to population level is on the small sample size of
correlated measurements often limited (Cooke et al., 2012; Sequeira et al., 2019). But even
though sample sizes are often lower than in conventional tagging studies, each recovered DST
is very valuable and adds information on the independent behavior of wild fish (Cooke et al.,

2012 and references therein).

Figure 1: Cod tagged with a yellow T-bar tag in the dorsal musculature and schematic illustration of a
data storage tag. Both tags are labelled with unique numbers for identification and a telephone number to

call when the fish is recaptured (© A. Schiitz/ Thiinen Institute).

Geolocations derived from DSTs

DST data often lack direct observation of spatial context, but geolocation models can
reconstruct daily locations between release and recapture when the fish is recaptured. The
principle approach of geolocation models is to compare environmental data recorded by the
DST to regional ocean models and to find the most probable track. The choice of
environmental parameters to consider is dependent on the heterogeneity within the chosen
ecosystem. Typically, parameter are chosen that reflect a high variability of the system and the

behaviour of the species of interest to achieve a high precision in reconstructed positions (Liu,
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2019; Nielsen, 2019). Another prerequisite is a spatially and temporally highly resolved grid
of the parameters of interest for the study area which can display daily movements of the
tagged species (Nielsen, 2019). Various geolocation methods are available to estimate daily
positions from DST data, including light-level, temperature, pressure (for depth or tides), and

salinity.

While light-based geolocation is popular for highly migratory pelagic species and thus
experiencing variation in light-level as revealed by day-length, local noon, and midnight
(Sibert et al., 2003; Nielsen et al., 2006), this method is less applicable for demersal
groundfish mainly inhabiting higher latitude ecosystems (Seitz et al., 2006). For tracking
demersal species, which are closely related to the seafloor and inhabit an ecosystem with
sufficient influence of tides and multiple amphidromic points, the phase and amplitude of the
signal recorded in the pressure sensor can be compared with an oceanographic tidal model to
reconstruct fish positions, the so-called tidal location method (Metcalfe and Arnold, 1997;
Pedersen et al., 2008; Thygesen, 2009; Le Bris, 2014). For environments with a pronounced
salinity gradient, such as the Baltic Sea where salinity decreases from West to East, salinity
can be used to support geolocation (Neuenfeldt et al., 2007). But since tags that record salinity
need to be attached externally to the individual, drag and wound infections might alter fish
behavior, and tagged fish might not be representative of the population anymore (Pine et al.,
2012). When neither light, nor tidal, nor salinity measurements can assist in a geolocation
approach, depth and temperature data recorded with the DSTs can be compared to a

bathymetry and temperature grid of the area of interest (Righton and Mills, 2008).

Geolocation frameworks based on Hidden Markov Models (HMMs), which are a variation of
non-parametric state-space models, resulted in good track estimations, especially for near-
shore demersal species tagged with depth sensors (Andersen et al., 2007; Nielsen et al., 2019).
The origin of many HMMs is a tidal geolocation framework developed for North Sea cod
(Pedersen et al., 2008; Thygesen, 2009). Since these geolocation frameworks are highly case-
specific to the area, species, and tag-type, various modifications of this approach have been
developed and applied (Thorsteinsson et al., 2012; Le Bris et al., 2013; Woillez et al., 2016;
Biais et al., 2017; Liu et al., 2017; Braun et al., 2018).

When deriving tracking data from temperature-depth data of DSTs, it is highly recommended
to test the geolocation framework for robustness and performance of the chosen

specifications. This is needed to assess the uncertainty of the positional assignments to avoid
13
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misinterpretation of behavior and movement patterns derived from these geolocations (Braun
et al., 2015; Nielsen et al., 2019). The uncertainty involved in such geolocation studies is
ideally evaluated by directly comparing modeled to known positions but known positions of
wild, free-ranging fish are typically rare. There are, however, a few examples where fish have
been double-tagged with DSTs and acoustic transmitters to compare modeled positions to
recorded positions when the fish is within the telemetry array (Liu et al., 2017). Other
examples include double-tagging with pop-up satellite tags and satellite-linked location tags
(Teo et al., 2004; Braun et al., 2019) but these options are only available to a limited number
of cases and mostly restricted to species regularly surfacing or that are above a certain size

(Arnold and Dewar, 2001; Block et al., 2005).

Other methods, which do not rely on wild fish, include simulated tracks which preferably
imitate natural fish behavior (Neuenfeldt et al., 2007; Righton and Mills, 2008; Liu et al.,
2017; Nielsen et al., 2019), moored measuring stations (Hunter et al., 2003; Thorsteinsson et
al., 2012; Liu et al., 2017) or attaching sensors to fishing gear (Righton and Mills, 2008).
When validation is conducted, most studies choose a range of different validation methods to
imitate different behaviors of a fish such as stationary behavior or movements covering larger
distances across different scales of space and time. The results of these studies have in
common that the geolocation frameworks performed well when the ecosystem was highly
heterogeneous in terms of environmental parameters (Liu et al., 2017; Nielsen et al., 2019).
Although the effort to investigate model performance is often within reasonable time and

financial bounds, many geolocation studies still lack this assessment (Liu, 2019).

When applying a geolocation framework to cod in the Baltic Sea both the characteristics of
the hydrography and of the species have to be considered to identify the most promising
approach. One goal of this dissertation is to adapt and validate an existing HMM geolocation
framework and apply it for the geolocation of cod tagged with temperature-depth DSTs in the
southern Baltic Sea. By reconstructing the tracks, I want to gain detailed knowledge on
movement timing between spawning and feeding grounds, and the environmental conditions

related to this.
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The Baltic Sea

The Baltic Sea is a large, semi-enclosed, non-tidal sea characterized by strong environmental
gradients (Snoeijs-Leijonmalm et al., 2017). Particularly pronounced is the horizontal and
vertical gradient of salinity. It decreases from approximately 20 PSU in the West to almost
freshwater (5 PSU) in the North-East and at any given basin, salinities are typically lower at
the surface than those at the seafloor (Zweifel and Laamanen, 2009; Snoeijs-Leijonmalm and
Andrén, 2017). While highly variable saltwater-inflows from the Kattegat transport marine
water via the shallow and narrow Danish straits, the over 200 river-runoffs framing the area
lead to a constant freshwater inflow, resulting in the brackish nature of the Baltic Sea
(Snoeijs-Leijonmalm and Andrén, 2017). The rather shallow western Baltic Sea is highly
influenced by the irregular saltwater-inflows (Mohrholz, 2018a; Mohrholz, 2018b; Naumann
et al., 2020). In the southern Baltic, the Arkona Basin (about 45- 50 m water depth) and the
Bornholm Basin (up to 100 m water depth) are characterized by a three-layer structure (Fig.
1). A permanent halocline near the bottom and a seasonal surface thermocline with an average
thickness of 15-20 m result in a double stratification of the water column. The lack of vertical
mixing of the deep-water layers leads to constant hypoxic conditions in the deep basins
(Naumann et al., 2020). As a continental sea, the Baltic is heavily influenced by the
surrounding landmasses and particularly harmed by nutrient inputs leading to eutrophication
(Wulff et al., 1990; Snoeijs-Leijonmalm and Andrén, 2017; Reusch et al., 2018; Savchuk,
2018). Due to its challenging salinity conditions, the Baltic Sea faunal community is relatively
species-poor (Mackenzie et al., 2007) and both freshwater and marine species meet their

physiological limits along the salinity gradient (Zweifel and Laamanen, 2009).
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The two cod populations in the southern Baltic Sea
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Figure 2: Hydrographic situation in the southern and eastern Baltic Sea during a research cruise in May
2020. The vertical stratification in temperature, oxygen and salinity is clearly visible. The sections are
interpolated from CTD-casts which are shown as blue dots on the map in the left panel. The red lines

indicate the south-west to north-east section depicted in the three cross-sections.

The two cod populations in the southern Baltic Sea

Atlantic cod (Gadus morhua L. 1758) is a demersal species and is found throughout the
shelves and coastal areas of the North Atlantic. Most cod stocks are or were economically and
ecologically valuable and have been heavily exploited for centuries (Kurlansky, 1998).
Because of high fishing pressure, many stocks have collapsed since then, and some stocks are
still severely threatened by exploitation. The Baltic Sea is inhabited by two genetically
distinct populations of Atlantic cod. Cod in the Baltic experience conditions which are at the
edge of their tolerance because temperatures are at the higher and salinity at their lower
tolerance limit, respectively (Kdster et al., 2005; Mackenzie et al., 2007; Cardinale and

Svedéng, 2011).

The two cod stocks in the Baltic Sea are commonly referred to as “Western Baltic cod”
(WBC) and “Eastern Baltic cod” (EBC). The distribution area of WBC ranges from the Belt

Sea at the western border to the Oresund and the Arkona Sea (Fig. 1), often also referred to as
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western Baltic Sea. The EBC currently mainly inhabits the Arkona Sea and the Bornholm
Basin because the hydrographic conditions on the spawning grounds further East prevent
successful, regular survival of cod eggs since the mid-1980s and led to a contraction of the
stock to the southern Baltic Sea (Koster et al., 2009; Eero et al., 2012). Before stock decline
and hypoxic areas reduced the range, EBC was also common in the central and northern
Baltic Sea up to 63 °N (Aro, 1989). The distribution ranges of both stocks overlap, and
mixing is most pronounced in the Arkona Sea (Eero et al., 2014; Hemmer-Hansen et al., 2019;
Weist et al., 2019). Recent studies confirmed that EBC move as far West as to the Belt Sea
(Schade et al., 2019) and that WBC can be found in the Bay of Gdansk (Hiissy et al., 2020).
The current knowledge of movements of cod in the southern Baltic Sea have been mainly
reconstructed from several conventional tag-release studies (e.g. Berner, 1962; Thurow, 1963;
Berner, 1971; Berner, 1981). These movements outside the core distribution area are likely
driven by feeding migrations (Aro, 1989), spill-over events (Eero et al., 2014), or favorable
hydrographic conditions (Stroganov et al., 2017). Genetic analysis revealed, however, that the
stocks are genetically distinct from each other and hybridization does apparently not occur
(Hemmer-Hansen et al., 2019; Weist et al., 2019). Although the two cod stocks live in partly
overlapping habitats, they differ in several characteristics such as otolith shape (Schade et al.,
2019; Weist et al., 2019), haemoglobin type (Sick, 1965) or behavior, noticeable, for example,
in the spawning location and timing (Bleil et al., 2009). Presently, the stocks also differ
significantly in productivity which is the result of a slower growth rate and higher natural
mortality of EBC compared to WBC (Eero et al., 2015; McQueen et al., 2020). Also
deteriorated conditions, earlier maturation, and the lack of larger individuals have been stated
as indices of the distress of EBC (Eero et al., 2015). Multiple natural stressors such as
increasing hypoxic conditions (Casini et al., 2016), limitation in food availability, and a shift
in food composition, potentially leading to a thiamine deficiency (Engelhardt et al., 2020) and
increasing infestation rates by nematodes (Behrens et al., 2014; Sokolova et al., 2018) were
identified. The body condition of WBC is currently not worrying but high fishing pressure
and a series of years with low recruitment led to a severe reduction in stock size and currently

(commercial and recreational) catches largely depend on the 2016-year-class (ICES, 2020a).
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Figure 3: Schematic overview of the distribution area of Western and Eastern Baltic cod (© C.

Zimmermann/ Thiinen Institute).

The differences in stock status between WBC and EBC could be the result of different

environmental conditions experienced by the stocks. This is on the one hand due to the result

of different behaviors but also due to the different characteristics of the shallow western Baltic

Sea and deeper and continuously stratified eastern Baltic Sea.

Some of these behavioral characteristics and the environmental conditions experienced are

reflected in visible zones in the otoliths of fish. Otoliths are calcium carbonate structures;

three pairs of otoliths can be found in the inner ear of fish and are used for balance and

hearing (Campana, 1999). Because otoliths form distinct, visible zones, the sagitta, the largest

otolith, is often used for age estimation (Campana, 2001). The zone formation of WBC
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otoliths has recently been validated for juvenile (McQueen et al., 2019; Plonus et al., 2021)
and adult cod (Krumme et al., 2020) and is now routinely used in age determination. Age
determination is an important component of the WBC stock assessment. Contrary, the zone
formation of EBC is considered to be irregular and unrelated to season (Hiissy, 2010; Hiissy et
al., 2016). Due to the low precision and accuracy of traditional age reading of EBC as
revealed by age reader comparisons (ICES, 2006; ICES, 2015), the influence of age data in
the current stock assessment model is reduced (ICES, 2020b). Validated otolith material does
not yet exist which could shed light on the zone formation, especially in combination with the

newly gained knowledge of the environmental conditions experienced by adult cod tagged

with DSTs in the southern Baltic Sea.

Figure 4: Cross-section of a (A) Western and (B) Eastern Baltic cod otolith. (A) This 3-year-old Western
Baltic cod (sex not classified) was captured in April 2017 with a total length of 59 cm and 1800 g. (B) This
female Eastern Baltic cod was captured in June 2018 with a total length of 42 cm and a weight of 809 g.
The cod was at least five years old but age determination is accompanied by a high uncertainty. The
photographs are taken under a transmitted light microscope so that the translucent zones appear lighter
than the opaque zone. While the zone transitions appear distinct in (A), transitions are more diffuse in (B)

and ageing is associated with high inaccuracies. Photos taken by B. Rotzoll (Thiinen Institute).
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Research objective and overview

The overall aim of this dissertation is to contribute new findings of individual behavior,
movements, and otolith formation of cod to better understand cod ecology under the specific
conditions currently characterizing the southern Baltic Sea. This is intended to improve our
understanding of the niche separation of the two cod stocks inhabiting the southern Baltic Sea.
Results from this dissertation can help to better account for biases in the surveys or reduce
uncertainties in the aging of individual cod, thus ultimately contributing to a more sustainable
resource management in the Baltic Sea. To achieve this, I analyse recaptured cod tagged with
T-bar tags and DSTs recording temperature and depth released in the southern Baltic Sea
between 2016-2019 within the scope of the international mark-recapture project TABACOD
(“Tagging Baltic cod”).

During my research, I addressed four specific objectives:

Objective 1: Estimate the short-term post-release mortality of cod associated with T-

bar tagging in the southern Baltic Sea

In Chapter 1, I aim at quantifying the post-release mortality associated with T-bar tagging,
specifically for cod tagged in the southern Baltic Sea during the TABACOD project. This is
done to check if the applied technique leads to satisfactory results. A generalized linear mixed
effect model is used to test the effect of tagging on the short-term mortality and if this varies

with fish length and month.

Objective 2: Adapt and test a geolocation framework to reconstruct the movements of
cod tagged with temperature-depth DSTs in the southern Baltic Sea and assess the

uncertainty associated with the adapted framework

In Chapter 2, I introduce a geolocation method which is a direct modification of the
geolocation model HMMoce, primarily developed for highly migratory pelagic species
(Braun et al., 2018). The adapted HMMoce includes modification in the likelihood
calculations to account for the demersal behavior of cod in the southern Baltic Sea. The
adapted geolocation framework was subsequently validated, and the uncertainty assessed
using five methods, including 1) artificially constructed tracks, 2) near-shore mooring

experiments with DSTs, 3) mooring experiments with an offshore measurement station, 4)
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temperature-depth sensors attached to the otter boards of a commercial trawler, and 5) DSTs

attached to the otter boards or the CTD of a research vessel.

Objective 3: Reconstruct the vertical and horizontal movements of cod assigned to
EBC or WBC tagged with temperature-depth DSTs in the southern Baltic Sea and

assess seasonal patterns and differences between individuals

In Chapter 3, I apply the adapted and validated geolocation framework from Chapter 2 on
DST profiles of 28 recaptured DST-tagged WBC and EBC assigned by genetics and otolith
shape analysis from the southern Baltic Sea. The movement behavior, supplemented with
further information e.g. on ambient temperatures recorded by the DSTs, salinity and oxygen
values derived from a regional ocean model, and vertical movements, is analyzed to provide a
first thorough understanding of the diversity in the patterns of movements of cod in the

southern Baltic Sea. This will give first insights into the two cod populations in a mixing area.

Objective 4: Assess the zone formation and increment patterns in otoliths of adult EBC

and WBC from the southern Baltic Sea

Finally, in Chapter 4, I analyse the formation and growth of cod otoliths in the southern
Baltic Sea by using chemically marked otoliths of wild recaptures. This chapter contrasts the
formation and growth rate of otoliths from the WBC and EBC stock to which they were
assigned by genetics or otolith shape analysis. Since this study provides the first validated set
of chemically marked otoliths recaptured from wild EBC, it is an essential baseline to
critically re-assess the uncertainties linked to the age determination of EBC otoliths. The
results hopefully advance the international age reading routines used to determine the age of
EBC and built the foundation for further studies. Finally, I link these patterns to the gained

knowledge of movements and environmental conditions described in Chapter 3.
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Figure 5: Conceptual diagram of my thesis objectives and the chapter that address them. The thesis
consists of methodological (orange) and applied (blue) chapters. Arrows indicate how methods or
information developed in one chapter are used in other chapters (DST © A. Schiitz/ Thiinen Institute,

otolith © B. Rotzoll/ Thiinen Institute).
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Abstract

Abstract

Tagging-induced mortality experiments are an important component of mark-recapture
studies, as they can be used to assess the appropriateness of the tagging methodology, and to
improve the reliability of estimates of recapture rates used for calculations of mortality rates
and population size. Here, short-term tagging mortality of Baltic cod was estimated through
containment experiments in the southern Baltic Sea. Experimental cod were selected from
trawl catches, and approximately half were tagged externally with T-bar tags and received an
intraperitoneal injection of tetracycline-hydrochloride. The rest of the experimental cod
formed the control group, and received neither tag nor injection. The tagged and control cod
were mixed evenly within submersible cages, and held for 5-8 days. The experiments were
conducted in different regions and during different months by different tagging teams. Overall
mortality rate was 16% (n = 324), with the mortality rate of the tagged group 19%, and the
mortality rate of the control group 13%. A general linear mixed model was fit to assess the
effect of tagging, month, experiment duration, fish length and tagging site (i.e. the combined
effect of region and tagging team) on mortality. Tagging had no effect on mortality, indicating
that mortality can be attributed mainly to the capture and handling procedure. There was a
significantly negative relationship between fish length (range: 20-55 cm) and mortality.
Mortality did not differ between the months tested, but there was a significant effect of
tagging site on mortality. Tagging-related mortality should be accounted for in analyses of
data from mark-recapture studies of Baltic cod, and some variability in mortality between

tagging sites can be expected.

Keywords: mark-recapture, T-bar, tetracycline-hydrochloride, Baltic Sea cod, post-release

survival
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Introduction

Mark-recapture studies can be an effective method of gaining information on the population
size, total, natural and fishing mortality rates (Pine et al., 2003), individual growth rates
(Fabens, 1965) and movement patterns (Hilborn, 1990) of fish within a stock. Short-term
tagging mortality experiments are an important component of an effective mark-recapture
study involving conventional tagging, to estimate the proportion of fish that die soon after
release due to direct effects of the tagging process (e.g. stress of capture, handling and
tagging) (Brattey and Cadigan, 2004). Given the ethical considerations associated with field
research on live fish (Bennett et al., 2016), short-term mortality experiments can be used to
ensure that the tagging method has minimal influence on the survival of the fish, and to
determine the optimum gear type and season of tagging (Brattey and Cadigan, 2004).
Estimation of short-term tagging mortality rates is also key to avoiding bias in estimates of

population size and mortality rate calculated from recapture rate (Brownie and Robson, 1983).

Between 2016-2019, >25000 cod (Gadus morhua) in the southern Baltic Sea were tagged and
released as part of the large-scale, international tagging project “TAgging BAltic COD”
(TABACOD, Hiissy et al., 2020). Deteriorating body condition, decreasing relative abundance
of large fish, and diminished spatial distribution range observed in the Eastern Baltic cod
stock in recent years is a fisheries management concern (Eero et al., 2015). A lack of reliable
age data has hindered the estimation of growth and mortality rates, which contributed to the
suspension of the age-based analytical stock assessment in 2014 (Eero et al., 2015). The aims
of the TABACOD tagging project were to gain new information on the growth, otolith
formation and movements of the Eastern Baltic cod stock, and to estimate fishing and natural
mortality rates independently from the stock assessment. The cod for the TABACOD tagging
project were mainly caught by bottom trawl, injected with tetracycline-hydrochloride (an
antibiotic which induces a permanent mark in fish otoliths) and tagged with external T-bar

anchor tags (Hiissy et al., 2020).

Several studies have previously estimated short-term mortality rates of tagged Atlantic cod,
for example in Newfoundland (Brattey and Cadigan, 2004) and the western Baltic Sea (Kock,
1975a, Stotera et al., 2019; Weltersbach and Strehlow, 2013). A variety of capture methods
have been used in these studies, which can significantly influence the survival probability of

cod (Weltersbach and Strehlow, 2013). Tagging procedure also varied between studies, with
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Brattey and Cadigan (2004) and Weltersbach and Strehlow (2013) applying T-bar anchor tags,
Kock (1975a) applying spaghetti and Carlin tags, and Stotera et al. (2019) using both T-bar
anchor tags and intraperitoneal injection of tetracycline-hydrochloride and/or strontium
chloride. The reported short-term mortality estimates also ranged widely, even within the
Baltic Sea, from 0 % (Kock, 1975a) to 25.7 % (Weltersbach and Strehlow, 2013), probably
due to the diversity of the capture and tagging methods used. Given the variability in
estimates from previous studies, and with the potential for several variables (e.g. tagging
procedure, capture gear, depth and temperature) to influence the mortality rates, it was
considered valuable to conduct further short-term mortality experiments under the conditions

specific to the recent tagging study of Eastern Baltic cod.

The aim of this study was to estimate the short-term mortality rates of cod trawled in the
southern Baltic Sea and tagged with T-bar anchor tags and intraperitoneal injection of
tetracycline-hydrochloride. Additionally, the influence of fish length, month of capture,
experiment duration and the cumulative effects of capture region and tagging team specific
procedural differences were investigated as possible factors contributing to the variability in

short-term mortality rates.

Materials and Methods

Experimental design and data collection

The study design was adapted from containment studies (Pollock and Pine, 2007), similar to
those conducted to estimate the short-term catch-and-release mortality associated with
recreational angling for Baltic cod (Weltersbach and Strehlow, 2013) and short-term tagging
mortality of Atlantic cod (Brattey and Cadigan, 2004). Cod were captured, handled, and
tagged using the same methods as in the international tagging project “TABACOD” (Hiissy et
al., 2020). The experiments were carried out by trained scientists and technicians coordinated
by three different experimental coordinators, on-board three separate research vessels, thus
forming three “tagging teams” (A, B and C). This approach was taken to reflect some of the
variability in capture location, procedure and handling on-board of different vessels, which is

unavoidable in an international tagging study.
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Cod were caught in the Arkona and Bornholm Basin regions of the southern Baltic Sea (ICES
subdivisions 24 and 25, REGULATION EC 218/2009), with bottom trawls (OTB TV3-520,
OTB 300/60) of short duration (5-30 minutes). CTD casts performed close to the catch
locations shortly before or after the trawls, for all experiments except experiment 7, provided
information on the water temperature of the entire water column. Temperatures at surface and
fishing depth are presented in Table 1. Immediately after catch, cod were transferred to a tank
on board which was supplied with an inflow of fresh, surface seawater. Individuals without
external signs of injury or illness (e.g. abrasions, bleeding, and barotrauma) were randomly
selected from the catch and measured and weighed. The implementation of this selection
procedure ensures that the estimates of mortality from these experiments reflect the mortality
of cod selected for inclusion in the tagging project, but cannot provide insight into the general
mortality rates of Baltic cod caught by trawl. Where possible, fish representing the full range
of length classes available from the catch were selected. Total fish lengths included in the
experiment ranged from 20 cm to 55 cm (Fig. 1). The length range of cod available from the
catches is fairly typical for the size-truncated EBC stock, where catches in recent years have

been dominated by fish <45 cm (ICES, 2020).

Cod selected for the tagged group were tagged with a T-bar anchor tag (Hallprint TBA) at the
base of the first dorsal fin. They were then laid on their dorsal side and a solution of 10 mg/ml
tetracycline was administered, using a syringe that was inserted at a shallow angle into the
body cavity, approximately at the end of the pelvic fin tips. They received 100 mg
tetracycline-hydrochloride per kg wet mass of cod (Stotera et al., 2019). Tagged cod were
returned to a tank on board to check for immediate recovery from the tagging procedure,
before they were transferred to the experimental cages. Individuals for the control group were
handled in the same way, but received neither an injection nor a tag and thus had no
individual mark. Handling of individual fish generally took 1-2 minutes, and time spent on-

board between catch and transfer to the cages lasted about 1 hour.

Experimental cod were placed in cages, which differed between the tagging teams. Team A
used cages with dimensions 150 cm x 100 cm x 120 cm. Team B used cages with dimensions
120 cm x 80 cm x 100 cm. Team C used a round cage with diameter 150 cm and height 55
cm, and a square cage with dimensions 130 cm x 130 cm x 52 cm. Depending on the size of
the individuals and the cage, 3-16 (mean = 7) cod were placed in each cage, with cod placed

in cages with individuals of a similar size, to reduce the risk of cannibalism. Approximately
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equal numbers of control and treatment fish were placed in each cage. The cages were then
lowered to the seafloor, at a depth similar to the capture depth. The duration of each
experiment was 5-8 days (Table 1), dependent on weather conditions and practical constraints

of research cruises.

In total, 415 cod caught between April and November 2017 were used for 9 containment
experiments. A small subsample of cod (n = 24) were additionally surgically implanted with
data storage tags (DSTs), as part of a qualitative investigation into the short-term survival and
healing from this surgery. Another small subsample (n = 28) was treated for barotrauma by
venting the gas-bladder with a hypodermic needle. These two groups were excluded from
subsequent analysis as the sample sizes were too small for a quantitative analysis on the
effects of these treatments on survival probability across the range of experimental conditions.
Additionally, 23 cod escaped from the cages or were in cages that were lost and 16 cod were
excluded because there was evidence that the cage was attacked by seals, which resulted in
higher mortality. This resulted in 324 cod being included in this analysis (197, 80 and 47
handled by Tagging Team A, B and C, respectively). The tagging group and the control group
included 168 and 156 individuals, respectively (Table 1).
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Table 1: Overview of experimental set up, and overall mortality rate of cod for each experiment,
sorted by date. Sample sizes and survival rates refer to cod included in the analysis. Water

temperatures were measured with a CTD cast shortly before or after trawls.
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1 20.04.2017 A 11 21 6.6 6.0 24 40 (21-49) 27 37 (21-50) 7 0.17 0.07
2 11.05.2017 A 8 20 7.6 7.1 23 34 (20-49) 24 36 (25-47) 7 0.17 0.17
3 23.05.2017 B 4 43 10.5 6.0 24 32 (29-44) 24 32 (27-43) 5 0.13 0.0
4 01.06.2017 A 4 21 12.9 12.0 10 40 (29-49) 4 43 (38-47) 8 0.10 0.0
5 09.06.2017 A 4 34 13.4 11.8 12 36 (27-48) 9 35(27-52) 6 0.17 0.22
6 15.06.2017 A 4 2332; 15.5 14.0 13 20 (26-35) 12 29 (25-35) 7 0.54 0.42
7 20.09.2017 C 5 563(; - - 26 32 (20-49) 21 33 (22-55) 5 0.27 0.29
8 07.11.2017 B 3 44 9.6 8.0 16 31(26-43) 16 31(27-36) 6 0.0 0.0
9 15.11.2017 A 4 220:,; 9.4 9.4 20 39 (30-44) 19 38 (31-43) 5 0.2 0.05
20.4.- 20- 6.6-
Sum 15.11.2017 42 60 155 6.0-14.0 168 35 (20-49) 156 34 (21-55) 5-8 0.19 0.13

The experiments were carried out during different months, with cod caught with bottom
trawls from regions with different depths (Table 1). Team A trawled cod from depths ranging
between 20-38 m (mean depth = 23.2 m) on the southern slopes of the Arkona Basin and
deployed the experimental cages at a depth of 20m off the northern coast of the island of
Riigen. Team B trawled cod from depths ranging between 43-44 m (mean depth = 43.4 m),
and Team C trawled cod from depths ranging between 53-60 m (mean depth = 56.7 m). Team
B and C both trawled and deployed their experimental cages at depths similar to capture on
the northern and western slopes of the Bornholm Basin. The fishing areas and depths were
within the regions commonly fished to collect cod for the TABACOD tagging project in the
relatively shallow Arkona and Bornholm Basin regions of the southern Baltic (see Hiissy et

al., 2020 for a map of TABACOD tagging locations).
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The average condition factor of experimental cod (Fulton's K = _Weight (9) 100) varied
length (cm)3

only slightly between sites, with the average (+ standard deviation) condition of cod of Team
A 097 £0.14, of Team B 0.84 + 0.11, and of Team C 0.94 + 0.13. The condition of 10 cod of

Tagging Team A could not be estimated, as weight measurements were not recorded.
Data analysis

Two-sample Kolmogorov-Smirnov test was used to investigate differences in length
frequency distributions of the control and treatment group. Chi-squared tests were conducted
to check whether the proportion of experimental cod in the tagged and control group differed
significantly between tagging teams and tagging months. Mortality (number died/sample size)

of tagged and control cod was calculated separately, and for all experimental cod combined.

A generalized linear mixed effect model (GLMER) with a random intercept a; was used to
analyse the fixed effect of the categorical variables month (month) and tagging treatment
(treatment: tagged/control), and the continuous variables total fish length (7L) and experiment
duration (ED) on the survival of individual j. As condition factor could not be calculated for
every experimental cod, this variable was not included in the model, to avoid reduction of the
sample size. Due to the binary response variable, we chose a model with logit-link function.
Site i was included as a random effect, being a combination of fishing depth, tagging team,
gear and vessel. This variable was included as a random effect, as we wanted to account for
potential unavoidable variability introduced by conducting the experiments across different
tagging sites and teams, but quantifying these differences was not part of our research

question.
The full model was:
Y;j ~ Bin(1, p;j)
logit(pij) = a + f1x month;; + B, x TL;j + B3 x ED;j + B4 x treatment;; + a;

Y 1s 0 if individual j at site i died and 1 otherwise. We assumed that the random intercept a; is
normally distributed with mean 0 and variance 2. The parameters o and B are the intercept
and slopes of the fixed effects, respectively. Stepwise backwards elimination of the predicting

variables based on Akaike information criterion (AIC, Akaike (1973)) was used for model
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selection. Models with lower AIC are considered to have a better fit, with a AAIC > 2
considered to signify a significant difference between model fits. For models with AAIC < 2,
the model with fewer predicting variables was selected as the most appropriate (Burnham and
Anderson, 2002). Fitted values and predictor variables versus residuals were visually checked

for dependence and obvious non-linear patterns.

All statistical analyses were performed in R version 3.5.1 (R Development Core Team, 2008)

and the Ime4 package (Bates et al., 2012).

Results

There were no differences between the proportions of experimental cod distributed between
the two treatments (tagged vs. control) within the three tagging teams (chi-square = 0.34, df =
2, p = 0.85, Table S1) or the five tagging months (chi-square = 1.96, df = 4, p = 0.74, Table
S2). The length distributions of the control and tagged groups were not significantly different
(Kolmogorov-Smirnov test: D = 0.09, p = 0.53), with the mean length for the tagged fish
(3547 cm) slightly larger than the control group (34+7 cm, Figure 1).
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Figure 1: Cumulative length distribution of cod from the control group (black) and tagged with T-bars
and injected with tetracycline-hydrochloride (grey).

The proportion of cod that died from the control and tagged groups combined was 0.16 (s.e. =
0.02). Mortality rate of the control group was 0.13 (s.e. = 0.03) and of the tagged group 0.19
(s.e. = 0.03). Two (0.08) of the DST-tagged cod and 9 (0.32) of the cod treated for barotrauma

died during the experiment.

Factors influencing mortality

The full model estimated B1, the effect of month, as 0.06 (95% CI: -1.12-1.24) for May, 0.70
(95% CI: -0.38-1.77) for June, 0.88 (95% CI: -1.41-3.16) for September, and -0.45 (95% CI: -
2.02-1.12) for November relative to April, respectively. B2, the effect of total fish length, was
estimated as -0.09 (95% CI: -0.14-0.04), B3, the effect of experiment duration, as -0.16 (95%
CI: -0.73-0.42), B4, the effect of treatment, as 0.50 (95% CI: -0.15-1.15) for a tagged fish
relative to an untagged fish, and o, the intercept as 1.49 (95% CI: -2.89-5.86). According to
the binomial GLMER with tagging site as a random effect, including fish length as a fixed
effect, provided the best fit to the data (AICHii model = 268.06; AICfinal model = 263.49, Table 2).

None of the other variables (treatment, month, experiment duration) significantly improved
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model fit. The probability of being dead at the end of the experiments decreased with
increasing fish length (Figure 2), with the predicted probability of mortality decreasing from
0.35 (95% CI: 0.42-0.14) for a 20 cm cod, to 0.02 (95% CI: 0.05-0.0) for a 55 cm cod. The
estimated among-site variance g2 was 0.91 indicating rather large variation in mortality

between sites.

Table 2: AIC values, degrees of freedom (df) and deviance used to select the best-fitting GLMER. The final

model is marked in bold.

Fixed effects included df AIC deviance

month, treatment, length, experiment duration 9 268.1 250.1

month, treatment, length 8 2663 250.3
treatment, length 4 262.8 254.8
length 3 2635 257.5
intercept only 2 2819 277.9
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Figure 2: Mortality rate of experimental cod relative to total fish length (grey area indicating the 95%

confidence intervals, black circles represent individual fish).

Discussion

Tagging with T-bar tags and injection with tetracycline-hydrochloride had no effect on
mortality of Baltic cod selected from trawls as suitable for inclusion in a tagging study.
However, the overall mortality of cod in these experiments, which can likely be attributed to
the catch and handling procedure, was non-negligible and should be considered during
analysis of data from the tagging project. The short-term (5-8 days) mortality rates of the
tagged group of cod (excluding control fish) was 19.0%, which is between the reported short-
term (10 days) mortality rates of tagged cod caught by pots (14.5%) and angling (25.7%) in a
previous study on mortality rates of tagged Western Baltic cod (Weltersbach and Strehlow,
2013). Mortality rates of cod in the tagged group of the present study were higher than the
short-term (1, 40 or 47 days) mortality rates reported for cod from the western Baltic Sea,
captured in pound nets, and tagged with T-bar tags and the same concentrations of
tetracycline as used here (4.0%, Stotera et al., 2019, and 5.0%, Krumme et al., 2020), and
higher than the short-term (15-27 days) mortality of cod caught by trawl or gillnet from the
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western Baltic Sea in autumn and tagged with Carlin or spaghetti tags, which was negligible
(Kock, 1975a). Overall short-term (5-10 days) mortality of tagged cod captured by various
gears (hand-lines, Japanese cod traps, otter trawl, line trawls) off the coast of Newfoundland
was also lower (11.8%, Brattey and Cadigan, 2004) than mortality rates estimated in this
study. This variability in short-term tagging mortality rates between studies highlights the
importance of estimating mortality rates that correspond to the project-specific tagging and

handling procedure, gear type and area.

In the present study, there was no significant difference between the short-term mortality rates
of tagged and control cod. These results agree with those of Brattey and Cadigan (2004), who
found no difference in mortality rates between a control group of untagged cod and cod
tagged with T-bar tags. The results differ slightly to those of Stétera et al. (2019), where
injection with tetracycline-hydrochloride had a positive effect on survival rates of tagged cod,
relative to a control group injected with a saline solution. In Stotera et al. (2019),
experimental cod were reported to have visible injuries caused by cormorant (Phalacrocorax
carbo) attacks and net abrasions from time spent in the cod-end of pound nets, and it was
postulated that tetracycline may have effectively suppressed bacterial infections in injured
cod. In the present study, cod had no external injuries and our control group received neither a
tag nor an injection. This lack of previous injuries, additional handling and puncture wounds
may counteract the relative advantage the treatment group gained through receiving a dose of
antibiotics. Our findings indicate that the capture and handling procedures were responsible
for the short-term mortality observed, implying that the additional stress of the tagging and

injection procedures is negligible in terms of survival of tagged Baltic cod.

Although tagging had no effect on the mortality of Baltic cod, the best fitting GLMER
indicated that the probability of mortality was not constant across all experimental fish. It is
difficult to unambiguously explain the variation in mortality rates of experimental cod, due to
the pre-selection of cod for the experiments. In tagging studies, only fish without visible
external damage should be selected for tagging (Brattey and Cadigan, 2004), and the selection
of apparently undamaged, healthy-looking fish for our experiments therefore allowed us to
assess the mortality of cod included in the tagging study. However, the selection process may

have introduced some bias, and this should be considered during interpretation of the results.

Fish length had a significantly negative effect on short-term mortality of experimental cod

(tagged and control), within the length range used for our study (20-55 cm). This finding is in
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contrast to the results of previous experiments of short-term mortality of tagged cod, which
found no relationship between cod length and mortality rates (Brattey and Cadigan, 2004).
However, the length range of experimental cod in the Brattey and Cadigan (2004) study was
41-115 cm, which therefore does not include smaller fish which may be particularly

vulnerable to the catch and handling procedures.

Although not directly comparable with the survival of cod selected for our mortality
experiments, some previous studies indicate that mortality from trawling can be related to fish

size in certain gadoid species.

Experiments on the survival of escaped haddock (Melanogrammus aeglefinus) (range: 12-61
cm) and whiting (Merlangius merlangus) (range: 17-35 cm) from trawl gears have indicated
that mortality is higher for smaller individuals (Sangster et al., 1996, Ingdlfsson et al., 2007).
Poorer swimming ability causing exhaustion-related stress and injury during trawling has
been proposed as a potential mechanism explaining the inverse relationship between size and
mortality of haddock escaping from towed fishing gear (Ingdlfsson et al., 2007). However, in
the same study, the mortality of cod (range: 22-94 cm) and saithe (Pollachius virens) (range:
26-68 cm) that escaped from trawls was negligible (Ing6lfsson et al., 2007). Stressors
associated with trawling may have contributed to the higher mortality of smaller cod in our
short-term tagging mortality experiment, but further research would be required to confirm

this finding.

In the present study, there was significant variation in mortality rates between tagging sites.
The tagging site variable combines the effects of region, including depth of capture, and
tagging team, which represents research vessel specific equipment, personnel and procedures.
These potentially interacting effects can unfortunately not be disentangled in this study. It has
been demonstrated previously that depth of capture can influence survival of cod captured by
hook and line (Ferter et al., 2015; Milliken et al., 2009). Barotrauma related injuries from
rapid decompression increase with increasing capture depths, though high barotrauma
recovery and survival rates for cod able to descend back to depth after a capture event have
been reported (Ferter et al., 2015). Variability in the skill level and experience of the
individuals carrying out the tagging in the different teams is also likely to contribute to
variation in tagging mortality (Dicken et al., 2009; Hoyle et al., 2015). Additional sources of
variability which may have influenced the mortality rates between experiments, but which

were not addressed in our study, include trawl duration and catch size. Targeted experiments
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would need to be carried out to address the effects of these additional variables on cod
survival. Although we cannot assess the relative importance of all these effects on mortality of
the experimental cod, including these sources of variability more realistically reflects the

conditions associated with the large-scale, international tagging study.

Our study did not reveal a significant influence of month of capture on mortality rates. This is
contrary to previous short-term tagging mortality experiments which demonstrated that
mortality was highest for cod kept in enclosures during summer or autumn, when water
temperatures in the enclosures were warmer or fluctuated more (Brattey and Cadigan, 2004).
A previous cod tagging study in the western Baltic Sea reported higher mortality rates in
summer, which were attributed to the stress associated with bringing cod from below the
thermocline to the surface (Kock, 1975a), and recapture rates of tagged Baltic cod have
previously been reported to be lowest for cod tagged during summer (Netzel 1976). Higher
mortality rates of cod captured by longline during the summer have also been reported,
presumably due to the rapid changes in temperatures experienced while being hauled from

cold bottom waters to surface waters that can be up to 10°C warmer (Milliken et al., 2009).

The lack of a significant influence of month on mortality of experimental cod in our study
could be related to the observation that most experimental fish apparently would not have
experienced large changes in temperature during catch, regardless of month. The Baltic Sea is
stratified, with the seasonal thermocline beginning to form in May, and breaking down again
in autumn (Snoeijs-Leijonmalm and Andrén, 2017). In 2017, the seasonal thermocline was at
depths between 20-30m (Naumann et al., 2018). The fishing depths of Team A were therefore
close to the thermocline depth, which is reflected in the similarities between temperatures
recorded at the surface and at fishing depth for experiments carried out by this team (Table 1).
The largest differences in temperature during Team A’s experiments were recorded in June,
though temperatures at fishing depth were still only 0.9-1.6°C colder than at the surface
(Table 1). The temperature differences between surface and fishing depth were larger during
the experiments of Team B, which were conducted at greater depths. In May, while the
thermocline was present, the temperature at the surface was 3.5°C warmer than at fishing
depth (experiment 3, Table 1), whereas in November, the temperature difference between
surface and fishing depth was only 1.6°C (experiment 8, Table 1). Although no temperature
data is available for experiment 7, it is expected that the seasonal thermocline would still be

present in September, and as Team C fished at depths deeper than the thermocline,
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experimental cod would have crossed the thermocline during catch. Although not significant,
the lowest survival rates recorded in this study were for cod captured in June and September
(Table 1), during which experimental fish experienced the warmest temperatures or were

likely hauled across the thermocline during catch.

The summer period also coincides with spawning time of Eastern Baltic cod (Kdster et al.,
2017; Wieland et al., 2000). Spawning-related exhaustion or physiological stress may also
contribute to reduced survival of Baltic cod captured during this time, as was observed in
experiments focusing on the short-term survival of trawled Western Baltic cod in on-board
tanks (Kock, 1975b). As we released surviving cod at the end of the experiment, we were
however unable to determine the sex and maturity of all experimental cod, and can therefore
only speculate that this may have influenced survival. Nevertheless, given the current
understanding of cod physiology, carrying out tagging studies in winter months, i.e. quarter 4
and quarter 1, when temperatures and solar radiation are low, the water column is more

mixed, and eastern Baltic cod are not spawning, should increase the likelihood of survival.

In conclusion, these experiments indicate that the capture of Baltic cod by trawl and tagging-
associated handling result in short-term mortality that should be accounted for in estimates of
tag-recapture rates. Although mortality rates were higher for smaller individuals, it is
generally important to cover a wide size-range in tagging studies, so that results are
representative of as much of the stock as possible. Furthermore, although the inclusion of
several tagging teams and sites complicated the interpretation of results, experiments
including such sources of variation produce results which more realistically reflect the
variable mortality associated with a large, international tagging study that is conducted by

different tagging teams in different regions.
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Abstract

Geolocation models are essential tools to derive detailed information on the movement
patterns of demersal fish equipped with data storage tags recording temperature and depth.
However, modelled horizontal positions are accompanied by an often unknown error which
needs to be assessed to support the appropriate interpretation. We conducted five validation
experiments in the southern Baltic Sea comprising a) simulated tracks, b) stationary,
nearshore moored tags, c¢) temperature data from an automated offshore measuring station, d)
a temperature-depth probe mounted to an otter board of a commercial vessel and ¢) tags
mounted to the conductivity-temperature-depth probe (CTD) and the otter board of a survey
vessel to obtain temperature-depth data from known locations. Using depth-temperature data
from each experiment, we calculated modelled positions using an adapted R-package
HMMoce model framework. These experiments allowed us to compare true and modelled
positions to quantify model performance and assess its potential efficacy for future
geolocation studies on tagged cod. Correctly modelled start and end positions were a good
indicator for all validation methods; modelled and true tracks were generally similar with
differences in daily positions varying on average between 2 and 19 km. The performance of
the geolocation model was improved when temperature-depth profiles indicated heterogeneity
in the oceanographic environment, particularly in stratified water columns. The validation
methods confirmed that the modified HMMoce framework could be used as a geolocation tool
for Eastern Baltic cod when an uncertainty of less than 20 km from the true position is
acceptable. Since all presented methods are cost-effective, transparent, open source and
reproducible, they can be routinely applied to understand expected model uncertainties and

thus make more robust inference about movements of tagged fish.

Keywords: Geolocation uncertainty, cod movement, HMMoce, Hidden Markov model,

validation
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Introduction

Tracking of aquatic animals has provided unique insights into their behavior and distribution
and has fundamentally altered our understanding of the structure and function of global
aquatic ecosystems (e.g. Hussey et al. 2015). Data storage tags (DSTs) are among the wide
range of technologies available to track movements of marine species. DSTs deliver time-
stamped measurements of environmental parameters experienced by the tagged individual
(e.g. ambient temperature, salinity, pressure, light level), and, more recently, individual
parameters (e.g. acceleration, heart rate); however, these data often lack spatial context.
Geolocation tools are regularly used to infer movements of tagged individuals by comparing
spatially resolved oceanographic data from, for example, 3-D ocean models with in-situ
environmental data recorded by the tags (Arnold and Dewar, 2001; Skomal et al., 2009;
Thorstad et al., 2014; Le Bris et al.,, 2018) while accounting for characteristics of the

individual fish movement, such as distribution and range of swimming speeds.

Historically, many geolocation tools have been developed for particular areas, species and tag
types, resulting in several case-specific solutions. Most recent geolocation model frameworks
have been based on non-parametric state-space models, such as the Hidden Markov Model
(HMM) (Nielsen et al., 2019). Several applications of HMMs have demonstrated these
approaches perform well for near-shore demersal species tagged with depth sensors
(Andersen et al., 2007; Nielsen et al., 2019), including the baseline framework for many
current HMMs that was originally developed for the geolocation of North Sea cod (Gadus
morhua) using tidal information (Pedersen et al., 2008; Thygesen, 2009). This has since been
applied to geolocate Atlantic cod (e.g. Thorsteinsson et al. (2012); Le Bris et al. (2013a); Liu
et al. (2017)) and has been adapted to a variety of other systems, mainly by adjusting the
likelihood estimation to better account for the characteristics of different tags, species and
areas (Le Bris et al., 2013b; Woillez et al., 2016; Biais et al., 2017; Braun et al., 2018a). Many
of the original applications of the Pedersen et al. (2008) model framework were case-specific
and written for use in Matlab, likely restricting wider adoption of these methods. However,
Braun et al. (2018) generalised the core functionality to facilitate applications beyond specific
species and regions and translated the base functionality into the open-source R language (R
Core Team, 2017) as the R-package HMMoce (https://github.com/camrinbraun/HMMoce),
thus widening the range of potential users and making it readily adaptable to other

applications.
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To apply a geolocation model to a new area, species and or tag type, it is essential to estimate
the performance, classify the associated uncertainty and test for the robustness of the desired
model framework and specifications (Nielsen et al., 2019). Otherwise, movements and
behavior derived through sub-optimal geolocation techniques might be error-prone (Braun et
al., 2015) and could lead to misinterpretation. Validation of geolocation methods is usually
conducted by comparing modelled and known tracks. While data on known movements of
tagged individuals is typically rare, some surface-oriented, epipelagic species have been
effectively double-tagged with archival tags (e.g. DSTs, pop-up satellite archival transmitting
tags) and satellite-linked location tags (e.g. salmon sharks (Teo et al., 2004); blue sharks
(Braun et al., 2019a)). These double-tagging efforts can provide independent, known tracks
for validation of geolocation techniques. Similarly, some studies have successfully double-
tagged demersal species with a DST and an acoustic tag to supplement geolocation
likelihoods with additional known positions from an acoustic receiver array (Liu et al., 2017).
However, both double-tagging with satellite and acoustic tags are only applicable to a limited

number of cases and are relatively costly (Arnold and Dewar, 2001; Block et al., 2005).

Other studies have used simulated tracks, generating potential natural behavior of the species
of interest, for model wvalidation. These simulated tracks can then be matched with
oceanographic parameters which are used to subsequently reconstruct the tracks with a
geolocation model (Neuenfeldt et al., 2007; Righton and Mills, 2008; Liu et al., 2017; Nielsen
et al., 2019). This simple but effective method can emulate the present knowledge of fish
behavior and helps to develop a better understanding of processes within the geolocation
model (Jonsen et al., 2013) and the choice of input parameters. However, geolocation models
are rarely tested in their ability to reconstruct stationary behavior, for example, by applying
these methods to stationary, moored DSTs or temperature values recorded at an automated
measuring station (Hunter et al., 2003; Thorsteinsson et al., 2012; Liu et al.,, 2017).
Furthermore, testing the model’s ability to detect mobile behavior by attaching sensors to
fishing gear to reconstruct the vessel’s track has, to our knowledge, only been presented in
Righton and Mills (2008). These approaches have usually only covered small areas compared
to the stock distribution area and simulated rather local behavior. Preferably, a combination of
different validation methods across a spectrum of space and timescales should be conducted
to account for different types of movement behavior (ideally for the target species), but these
validation methods are not routinely used before applying a geolocation model to a new study

species or area.
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Previous validation studies found that a higher horizontal or vertical spatial heterogeneity in
environmental parameters, and thus larger variations in water depth and temperature
measurements of the DST, can lead to improved accuracy of the geolocation (Liu et al., 2017;
Nielsen et al., 2019). DSTs implanted in cod in the southern Baltic Sea between 2016 and
2019 indicated high heterogeneity in the recorded temperature and depth data as tagged
individuals made regular daily vertical movements across several meters of a stratified water
column (Hiissy et al., 2020). Thus, the combination of dynamic oceanography and animal
behavior can be used to further constrain the geolocation problem and should thus be

leveraged to improve reconstructed tracks (e.g. Braun et al., 2018b).

Here, we adapt the existing HMMoce model framework to better handle geolocation of DSTs
deployed on demersal species and quantify the accuracy of the adapted model to assess its
utility for future studies geolocating tagged cod in the southern Baltic Sea. In particular, we
tested the sensitivity of the model results to the vertical resolution of the regional ocean model
used to calculate likelihoods, as well as swimming speed parameters, using five experiments:
(1) artificial tracks, (2) stationary DSTs moored inshore, (3) an automated offshore measuring
station, (4) temperature-depth probes attached to an otter board of a commercial fishing
vessel, and (5) DSTs attached to the CTD probe and the otter board of a fisheries research
vessel. We compared known positions to modelled outcomes from the adapted HMMoce
model to assess the uncertainty of the geolocation model across a wide range of possible fish

behavior and movement types.

Material & Methods

Oceanography and cod behavior in the southern Baltic Sea

The bathymetry of the temperate, non-tidal southern Baltic Sea is characterized by shallow
nearshore areas and deeper offshore basins which provide a high degree of heterogeneity in
bathymetry (Fig. 1A). In each basin there are weak horizontal gradients in water temperature
(i.e. within the same depth layer). A three-layer structure characterizes the water column in the
Arkona and Bornholm Basin. This double stratification is composed of a permanent near-
bottom halocline and a seasonal surface thermocline with an average thickness of 15-20
metres. However, during full thermal stratification, strong winds or storm events can mix the

water column down to the halocline.
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Figure 1: A) Bathymetry map of the southern Baltic Sea with locations mentioned in this study (Rii:
Riigen Island, AB: Arkona Basin, R: Rénnebank, H: Hané Bight, B: Bornholm, BB: Bornholm Basin). B)
Ilustration of a daily maximum-depth likelihood (Lpmax) and C) a temperature-depth likelihood (Ltp)
profile. White areas in B) and C) indicate areas not fitting the depth restrictions and are thus masked from

the likelihood at that time step.

Cod in the southern Baltic Sea are primarily demersal but are known to display daily vertical
movements across the thermocline up to 20 m upwards during sunset and downwards around
sunrise, presumably to prey on clupeids (Schaber et al.,, 2012; Hiissy et al. 2020).
Furthermore, Baltic cod concentrate in the deeper, more saline and often hypoxic basins for
spawning in summer (Nielsen et al., 2013) to ensure buoyancy of the pelagic eggs (Nissling et
al., 1994; Nissling and Westin, 1991) and use the shallower waters and basin slopes for
feeding otherwise. To validate the reconstruction of cod movements in the southern Baltic Sea
for a future study, we mimicked the tag deployment with temperature-depth DSTs of the
manufacturer star-oddi (DST milli-TD (resolution: 0.032 °C and 0.03 m, accuracy: +0.1°C
and 0.6 m, temperature response time: 12 sec.), and DST micro-TD (resolution: 0.032 °C
and 0.12 m, accuracy: £0.2°C and +0.6 m, temperature response time: 8 sec.)) which were

customized to record temperature and depth data once per minute.

Geolocation method

To reconstruct the movements based on temperature-depth data, we used R3.6.2 (R Core
Team, 2017) and the R-based HMMoce package version 1.0.0 (Braun et al., 2018a). HMMoce
constructs the most probable track according to the data measured by the archival tag using
outputs from a regional oceanographic model (ROM), among other possible likelihoods (e.g.
sea surface temperature). To determine possible positions, daily likelihood distributions were
estimated, which are the derivatives of depth and temperature data recorded by the DST and
the corresponding values from the ROM. A likelihood close to 1 suggests a high overlap

between the temperature-depth profile recorded by the DST and the vertical profile at a given
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position. We assembled the estimated likelihoods into a Hidden Markov Model, which
computes the posterior probability distributions. Based on this, the most likely position of
each individual is estimated for each day. Finally, we provided a start and end location in all
model runs. The most probable track was calculated as the mean of the daily distributions.
Detailed information about HMMoce is given in Braun et al. (2018a) and the associated

GitHub page (https://github.com/camrinbraun/HMMoce).

HMMoce was developed primarily for geolocating pelagic and highly migratory species (e.g.
basking sharks, Braun et al. (2018b); swordfish, Braun et al. (2019b) thresher sharks,
Arostegui et al. (2020)). Thus, several adjustments were necessary to maximize applicability

to demersal species.

First, we adapted the likelihood framework to account for the demersal behaviour of cod
(following Nielsen et al. (2019)) and the specific bathymetry of the southern Baltic Sea. This
involved adding a maximum-depth likelihood (hereafter called Lpmax) to account for 1) the
heterogeneous bathymetry of the southern Baltic Sea with shallower areas at the coast and
deeper areas in the basins, and 2) the demersal behaviour of Baltic cod. Lpmax Was estimated
by filtering the bathymetry map of the Baltic Sea ROM for areas, which were within +5 m of
the maximum daily depth recorded by the DST assuming that cod approach the seafloor to
within 5 m at least once a day. Lpmax Was thus a binary likelihood (composed of zeros and
ones) indicating whether or not the maximum bottom depth was within 5 m of the maximum

daily reported depth (Fig. 1B).

Second, we modified the original temperature-depth-likelihood (hereafter called Ltp)
functionality to better account for the temperature stratification of the southern Baltic Sea and
regular daily vertical movements of cod. It was calculated by comparing the temperature at a
certain depth recorded by the DST with the temperature at the same depth of the Baltic ROM
at a predefined vertical resolution (2 m, 3 m or 5 m). To consider the daily vertical movements
of cod, each fish needed to be recorded in at least three different depth layers within a day (24
hours starting at 00:00 hs), resulting in a minimum required vertical movement of 6 m, 9 m or
15 m, respectively, depending on the resolution chosen. Respective individual likelihoods of
each depth level were then multiplied to get one temperature-depth-likelihood profile per day
with probability values between 0 and 1 for each grid cell (Fig. 1C). For days where fish did
not cross at least three vertical layers, they were expected to stay close to the bottom within 6

m, 9 m or 15 m. The bathymetry map was then filtered as in the maximum-depth-likelihood
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method Lpmax described above, only that this time the maximum bottom depth was within +6
m, £9 m or =15 m of the maximum daily depth recorded by the DST. The daily likelihood
output of Ltp could thus be a probability distribution consisting of continuous values between

0 and 1 when the fish crossed three or more layers, or of binary values when not.

Further, smaller changes in the code were necessary to account for the data-structure of the
star-oddi tags (HMMoce was originally designed for tags manufactured by Wildilfe
Computers), and the data structure of the Baltic Sea ROM. The R-scripts of the adapted
HMMoce are permanently archived at https://github.com/StefanieHaase/Adapted-HMMoce

for others to use and adapt.

Regional ocean model

To generate the temperature forcing fields for the temperature-depth likelihood calculations,
we applied the ocean model of Grawe et al. (2015), covering the entire southern Baltic Sea.
The numerical model has a grid resolution of 1/180° in latitude (~600 m) and 1/110° in
longitude (~600 m). In the vertical, 42 terrain-following, adaptive levels were employed. We
set the storage time interval to one day. Error measurements of the ocean model showed that
the near bottom temperature bias ranged between -0.1°C and 0.1°C, which is well below the
natural variability (as measured by the standard deviation) of 4.5°C (Griawe et al., 2015).
Seifert & Kayser (1995) quantified the average sampling error of the bathymetry as 0.5 m
and £1.5 m for the Arkona and Bornholm Basin, respectively, by comparing various data
sources (regular soundings (Reissmann (1999), and soundings during various research
cruises). For the geolocation experiments, we interpolated the ocean model output to z-levels
with a vertical grid spacing of 2 m, 3 m and 5 m to test the effect of vertical resolution on
model performance. We limited the tracking experiments to the area 12-17.3 °E and 53.8-56.2
°N, which includes the Arkona and Bornholm Basin (Fig. 1A).

Validation experiments

To assess the performance of the adapted HMMoce, we compiled five dataset types including
temperature, depth and known positions during 24-hour cycles covering periods of 12-365
days. Temperature and depth data as well as the first and last known position of the datasets
were used as input parameters for HMMoce, thus reflecting the standard input data from

DSTs. Additionally, maximum swimming speed (m/s) was set as an input parameter. It limits

62


https://github.com/StefanieHaase/Adapted-HMMoce

Chapter 2

the distance an individual can move within a day. It was set according to the constructed
maximum speed (m/s) which results from the distance between positions of two consecutive
days as artificially constructed in the different validation experiments. We tested the model’s
ability to reconstruct the positions of the datasets for maximum swimming speeds between 0.1
and 1m/s and vertical resolutions of 2, 3 and 5 m. After the model run, the most probable track
was then compared to the true daily locations. Uncertainties of predicted daily locations were
not considered. We qualitatively assessed whether the modelled track depicted the general
trend and main features of the true track and whether the release and recapture position were
estimated within 0.5 km to the true positions. Modelled start and end location could differ
from the given start and end location when the convolution of the movement kernel and
likelihood does not allow the true position as a possible solution because the highest
likelihood of the previous and subsequent day exceeded the distance that could be covered
according to maximum swimming speed. Additionally, the great-circle distance between each
true and modelled daily position was calculated (Hijmans, 2019) to quantify the overall track
error. Shorter distances between true and modelled daily position indicate better model
performance (horizontal accuracy). The minimum, median, mean, maximum and standard
deviation were calculated from the daily distances between true and modelled positions per
track. The distances between true and modelled tracks were visually checked for trends over
time. This qualitative and quantitative assessment informs about the horizontal accuracy of
the model and about the effect of the chosen parametrization (maximum swimming speed and
vertical resolution). We prepared all maps with the R-packages ggplot (Wickham, 2016) and
ggPlotBathymetry (Lipka, 2020) using the bathymetry values from the Baltic ROM.

1) Simulated tracks:

The first experiment tested the model’s ability to reconstruct simulated tracks covering a large
part of the stock’s distribution area in the southern Baltic Sea. We created three simulated
tracks to emulate a movement from three different release locations: close to Riigen (German
waters, GER), Hano Bight (Swedish waters, SWE) and close to Bornholm (Danish waters,
DK). The simulated cod released in GER and SWE swam to the Bornholm Basin (spawning
ground) and back towards the respective release site (directed, random movement of between
0 and 20 km a day from the position of the previous day in the direction of the Bornholm
Basin or release site, respectively). Both trajectories were characterized by a stationary period
at the release site and in the Bornholm Basin (undirected, random movement of between 0

and 7 km per day from the position of the previous day; Fig. 2d-f). The simulated cod released
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in DK performed an undirected, random movement throughout the experiment. The resulting
horizontal distances between successive days of the artificial tracks varied between 0 km and
19.4 km (average: 3.5 km), 0.03 km and 12.9 km (average: 3 km) and 0.1 km and 6.4 km
(average: 3.4 km) for the German, Swedish and Danish release position, respectively. This
resulted in constructed maximum speeds of 0.2 m/s, 0.2 m/s and 0.1 m/s, respectively. The
trajectories covered one year to account for an annual cycle of the changes in oceanography in
the study area. Bottom depth was extracted from the Baltic ROM for each simulated daily
position. To emulate vertical movements, we added additional depths (a random number
between 0 and 10), which were up to 20 m shallower than the bottom depth given the range of
natural vertical movements displayed by Baltic cod (Hiissy et al., 2020; Schaber et al., 2012,
Haase unpublished data). The water temperature was extracted from the ROM for each depth,
position and day. A random uniform error of +0.2 °C and +0.6 m was added to the
temperature and depth values, respectively, to account for the measurement accuracy of the
DST. The three resulting tracks with their corresponding temperature-depth profiles are shown

in Fig. 2.
2) Moored DSTs:

The second dataset contained temperature-depth data recorded with moored DSTs. This
experiment aimed at testing the model’s ability to correctly reconstruct a fixed position, i.e.
stationary behavior, in shallow, nearshore waters. Water temperature and depth data were
recorded from three DSTs which were moored at a stationary rig (deployment: 54.593° N,
13.574° E, heave: 54.593° N, 13.581° E, Fig. S1). The DSTs sampled data for 18 days
(20.06.2019 - 08.07.2019; date format: dd.mm.yyyy) at ~2.5 m, ~9 m and ~18 m water depth.
GPS-positions between deployment and heaving of the moored DSTs differed by 433 m,
either due to drift or inaccurate GPS-positioning. Deployment and heave positions were taken
as the release and recapture positions, respectively. Since the deepest DST had an offset of 2

m, it was corrected for zero offset.

3) Automated offshore measuring station:

Water temperature at eight depth strata (2, 5, 7, 16, 25, 33, 40, and 43 m) were obtained from
the automated measuring station (MARNET) in the Arkona Basin (54.883 °N, 13.866 °E) in
an hourly resolution to test the model’s ability to reconstruct a fixed position in deeper,
offshore areas. The data period covered the same 18 days as the moored DSTs (20.06.2019 -

08.07.2019). The dataset contained some unrealistically low water temperatures so that all
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temperature measurements below 7.5 °C were removed. The position of the measuring station

was used as release and recapture position.

4) Temperature-depth probes attached to the otter board of a commercial trawler:

The fourth dataset was sampled by a temperature-depth probe (NKE STPS 300, temperature
accuracy <0.05 °C, resolution 0.001 °C at 10 °C, response time <0.5 s at 63 %, depth
accuracy 90 cm, resolution 7.2 cm) which was attached to the otter board of a commercial
fishing vessel during a 12-day fishing trip to the Bornholm Basin (29.4.2016-11.5.2016). The
fishing ground covered a longitudinal spread of 49.4 km and a latitudinal spread of 57.5 km.
The probe logged water temperature and depth during fishing hauls. GPS-positions were
recorded at the bridge and matched with temperature and depth recordings. On days where no
fishing hauls were conducted and thus no temperature-depth data recorded, stationary
behavior was created by repeating the maximum depth of the previous day (necessary on
2.5.2016 and 8.5.2016). The maximum distance between the positions of the commercial
trawler on successive days was 56.6 km, corresponding to a constructed maximum speed of
0.65 m/s and the maximum swimming speed used as input parameter was adapted
accordingly. The Baltic ROM output suggested that bottom temperatures, as well as
temperatures modelled at 20 m and 40 m depth, showed little variation in this area throughout
the year (Fig. S12-S14). This experiment tested the model’s ability to reconstruct fast

movements on the spawning ground in the Bornholm Basin.

5) DSTs attached to the CTD and otter board of a scientific survey vessel:

The fifth dataset was sampled by two DSTs, one attached to the CTD-probe and the other to
the otter board of a research vessel during a routine 15-day trawl survey (08.11.2019-
23.11.2019) in the Baltic Sea. While the DST attached at the CTD was slowly lowered in the
water column, remained a short period at the bottom before again being lifted to the surface,
the DST attached to the otter board was characterized by a short period in the water column
and a prolonged period at the bottom. Only the 13 days during which the vessel was within
the model domain were selected (11.03.2019-23.3.2019). The area covered by the research
vessel had a longitudinal spread of 164.8 km and a latitudinal spread of 122.1 km. The crew
performed four to five hauls per day, with a CTD cast covering the whole water column on
each station. Positions were recorded at the bridge and matched to temperature and depth

recordings. On days where no fishing hauls and CTD stations were conducted due to bad
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weather, stationary behavior was created by repeating the maximum depth of the previous day
(necessary on 15.3.2019, 16.3.2019 and 19.3.2019). The maximum distance between the
positions of the research vessel on successive days was 93.4 km, corresponding to a
constructed maximum speed of 1.1 m/s. Maximum swimming speed was adapted accordingly
so that the model’s ability to reconstruct swift movements within coastal areas and offshore

areas was tested for maximum swimming speeds of up to 3 m/s.

Results

Geolocation of simulated tracks

The general trend of the simulated tracks could be depicted correctly with the adapted
HMMoce (Fig. 2d-f). Release and recapture position were modelled correctly when the
maximum swimming speed was chosen equal to or above the constructed maximum speeds,
otherwise the gaussian-shaped movement kernel prioritized smaller movements that the extent
of movement required. Even choosing the maximum swimming speed multiple times higher
than the modelled track led to the correctly constructed release and recapture positions in all
three tracks (Figs. 2 & 3). Generally, computer-running time increased with increasing
maximum swimming speed because the number of grid cells used in the convolution
(movement kernels) increases with increasing allowable diffusion. Depending on maximum
swimming speed and vertical resolution, the mean distance between modelled and true daily
position varied between 8.3 km (DK track, vertical resolution 2 m, maximum swimming
speed 0.1 m/s) and 34.9 km (SWE track, vertical resolution 5 m, maximum swimming speed
0.1 m/s), respectively (Fig. 3). The performance criteria mean and median difference of true
and modelled locations ranked model performance of different resolutions and maximum
swimming speeds similar (Figs. 3 & S2-S4). The lowest mean distance between true and
modelled track was achieved at a vertical resolution of 3, 2 and 2 m and maximum swimming
speeds of 0.5, 0.3 and 0.1 m/s for the GER (10.7 km (£6.7)), SWE (11.6 km (+9.9)) and DK
(8.3 km (£6.3)) track, respectively, indicating that the most suitable vertical resolution and

maximum swimming speed differed with fish behavior.
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Figure 2: a-c Temperature-depth profiles of simulated trajectories. d-f: True (green) and reconstructed
(black) track with release positions (yellow circles: true release and recapture position, red circles:
modelled release and recapture positions) track on a bathymetry map of the southern Baltic Sea. g-i:
Distance between modelled and true daily positions. a, d, g: GER track, b, e, h: SWE track, c, f, I: DK

track.
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Distances between true and modelled daily positions generally increased during stationary
periods at the release positions and in the Bornholm Basin for the GER and DK track;
however, distances did not generally increase over time, and season did not appear to
influence model performance (Fig. 2g-1). Horizontal accuracy was highest for the DK track
likely because the maximum daily depth restricted possible positions to the deep Bornholm

Basin (Figs. 2 & 3).
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Figure 3: Mean daily difference between true and reconstructed position for the Danish, German and
Swedish release positions. The black square indicates that start and end-position were not modelled
correctly for this combination of vertical resolution and swimming speed; these tracks would have been
discarded in a future geolocation study. Median, minimum and maximum distances between true and

modelled daily positions are presented in the supplementary material Figs. S2-S4.
Geolocation of the stationary method

DST-recordings varied by 5.9 °C (13.2-19.2 °C) and 2.9 m (1.2-4.0 m) beneath the surface,
8.6 °C (10.9-19.5 °C) and 3.0 m (7.7-10.7 m) for the middle and 10.1 °C (8.8-19.9 °C) and
2.0 m (17.0-18.9 m) for the deepest position (Fig. S5). Stationary behavior could be depicted
at all vertical resolutions; however, accuracy and precision decreased with increasing
maximum swimming speed (Figs. S6-S9). Start position could not be reproduced correctly for

a resolution of 2 m and maximum swimming speed of 0.1 m/s. The modelled location differed

68



Chapter 2

from the true location by 1.9 km (£2.0) for a vertical resolution of 3 m and a maximum

swimming speed of 0.1 m/s (Fig. 4a).

Latitude (°N)
>
Latitude (°N)

stationary
i) moored DST

540 i) MARNET station X commercial trawler - otter board

13 14 15 16 17 13 14 15 16 17
Longitude (°E) Longitude (°E)

56.0 d)

55.5

Latitude (°N)
Latitude (°N)
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survey vessel - CTD 54.0 survey vessel - otter board

13 14 15 16 17 13 14 15 16 17
Longitude (°E) Longitude (°E)

Figure 4: True (green) and reconstructed (black) track with known start and end position (red dot) and
reconstructed start and end position (yellow dot) for the a) stationary method (i) moored DST: vertical
resolution 3 m, maximum swimming speed 0.1 m/s, ii) MARNET-station: vertical resolution 3 m,
maximum swimming speed 0.1 m/s), the green track is hidden below the red dot since it was stationary, b)
temperature-depth probe attached to the otter board of a commercial vessel (vertical resolution 2 m,
maximum swimming speed 0.2 m/s), ¢) DST attached to the CTD of a survey vessel (vertical resolution 2
m, maximum swimming speed 2.1 m/s) and d) DST attached to the otter board of a survey vessel (vertical
resolution 5 m, maximum swimming speed 0.4 m/s). Fragmented appearance in b), ¢) and d): We
displayed the true position which was closest to the modelled position. For days without fishing hauls or
CTD casts no true position is displayed. Daily distances between true and modelled positions can be found
in Fig. S20.

Temperatures recorded from the MARNET-station ranged between 8.3 °C at 43 m and 18.2
°C at 2 m water depth (Fig. S10), indicating strong stratification in the water column, and

exhibited a pronounced thermocline at ~16 m. However, a mixing event occurred at the end of
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the experiment on the 03.07.2019; it was less distinct in the ROM and led to differences
between measurements and ROM at the position of the MARNET-station of up to 7 °C (Fig.
S11). The position of the MARNET-station could be modelled with a difference between
modelled and true position of 13.0 km (£9.1) for a vertical resolution of 3 m and a maximum
swimming speed of 0.1 m/s (Fig. 4a). For a vertical resolution of 3 m, the track was modelled
precisely and accurate up to a maximum swimming speed of 0.8 m/s. Start and end positions
were not modelled correctly for a vertical resolution of 5 m although all daily positions were
modelled within the Arkona Basin. Distances between true and modelled positions for a
vertical resolution of 2 m was generally large, but daily positions were within the Arkona

Basin at maximum swimming speeds between 0.4 and 0.8 m/s (Figs. S6-S9).

Temperature-depth probes attached to the otter board of a commercial trawler

The probe attached to the otter board recorded a temperature range of 8.2 °C (4.2 °C-12.4 °C)
and depths ranging from 0.2 m to 93.4 m during fishing hauls. The general direction of the
vessel’s track could be reconstructed with the adapted HMMoce with some uncertainty when
swimming speed was set to 0.2 m/s or faster for all vertical resolutions tested (Figs. 4b, S6-
S9, S15). The track of the vessel could be reconstructed with an average daily accuracy of
10.1 km (£8.1) and a maximum deviation of 25.8 km (vertical resolution 2 m, maximum

swimming speed 0.2 m/s).

DSTs attached to the CTD and otter board of a scientific survey vessel

At a maximum swimming speed of 1.7 m/s or higher with a vertical resolution of 2 m or 1.5
m/s or higher with a vertical resolution of 3 m, the start and end positions were modelled
correctly when using the data sampled with the DST attached to the CTD probe. Start and end
positions could not be modelled correctly within the tested range of maximum swimming
speeds when using a vertical resolution of 5 m. For a vertical resolution of 2 m and a
maximum swimming speed of 2.1 m/s, differences between true and modelled daily positions
varied between 0.2 km and 57.8 km with an average of 18.8 km (+19.5) (Fig. 4c). The general
trend was depicted with some restrictions, i.e. one station was modelled north of the

Ronnebank although the vessel was south of Ronnebank.

Neither pattern nor release and recapture position could be modelled correctly for the DST

attached to the otter board. Only the relatively stationary period in the Arkona Basin with a
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water depth of around 45 m was depicted. Differences between daily modelled and true
position differed between 10.2 and 103.3 km (average 39.3 km (£31.9) at a vertical resolution
of 5 m and a maximum swimming speed of 0.4 m/s with large differences at the beginning

and end of the track (Fig. 4d, Figs. S16-S19).

Discussion

To put data from archival tags such as DTSs into spatio-temporal context, geolocation tools
must be adapted to and tested in new environments and for new applications. We have
described five validation approaches which imitated the stationary and mobile behavior of cod
in the southern Baltic Sea tagged with temperature-depth DSTs. Both simulated behaviors
could be reconstructed with the adapted R-based geolocation model HMMoce. The
uncertainty associated with the estimation of daily positions was, on average, <20 km
between true and modelled daily position for both stationary and mobile behavior. This is
within the purported daily range of 20 km of Baltic cod (Neuenfeldt et al., 2007). Contrary to
Atlantic cod on the north-east Newfoundland Shelf, Baltic Sea cod likely do not need to cover
daily distances of up to 59 km as observed with echosounders (Rose et al., 1995) since
feeding and spawning grounds are relatively close to each other. This assessment of the
expected horizontal error can aid interpretation of geolocated movements and behavior for
DST-tagged demersal species in the wild, such as Baltic cod. The horizontal accuracy of these
methods, despite the diversity of validation methods and the spatio-temporal variability of
experiments used to generate reconstructed tracks (e.g. ranging from a specific mooring
location for multiple days to the whole study area for an annual cycle (Tab. 1)), suggests this

approach can be readily applied in this new study system for this species.
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Table 2: Comparison of the different validation approaches used in this study.

Average
distance
Trend of track between true
Area Time modelled and modelled

Approach  covered covered Costs  correctly daily positions* Test case
Artificial fish behavior during
tracks large long low yes 8-12 an annual cycle

stationary behavior
Moored n shallow,
DSTs small  short medium no 2 nearshore water

stationary behavior
MARNET- in offshore, deeper
station small  short low yes 13 water
Probe  at
otter board- mobile behavior in
commercial medium short medium yes 10 the Bornholm Basin
DST at
CTD/ otter fast mobile behavior
board- in coastal areas and
survey large short medium yes/no 19/ 39 the Arkona Basin

*rounded to full km

In general, the variety of model validation methods used in this study improved the
understanding of the model performance under different vertical resolutions and maximum
swimming speeds. For example, the validation showed that, in this scenario, the model was
insensitive to a wide range of maximum swimming speeds (Fig. S15). We also tested model
sensitivity to vertical resolution. While a lower vertical resolution reduced computer-running
time, it could lead to fewer days in which the likelihood Ltp could be estimated because the
depth recorded by the DST of tagged individual did not cover a vertical range of more than 6
m, 9 m and 15 m (for a vertical resolution of 2 m, 3 m and 5 m, respectively; Table S1). When
the necessary vertical range threshold was not recorded by the DST, daily Ltp was filtered
based on the area within 6 m, 9 m, or 15 m to the maximum recorded swimming depth that
day. Hence, with these assumptions, a lower vertical resolution resulted in a larger available

likelihood area for that day. Finally, although not directly modelled or included in the
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sensitivity analyses, the results suggest that a stronger stratification of the water column and
regular fish movements across a dynamic thermal regime may lead to higher horizontal
accuracy of the modelled daily positions when the speed of those vertical movements does not

exceed the temperature response time of the DST.

Comparison of validation approaches

The five validation methods differed both in spatial and temporal extent but generally resulted
in average daily accuracies between 8.3 km and 18.8 km when start and end position were
reconstructed correctly within 0.5 km to the true positions and 39.3 km otherwise (Tab. 1).
Tracks where start and end positions were not modelled within this range would not be used
for further analysis so that the accuracy of the geolocation model tested lies within the upper
range of what hydrodynamic geolocation methods normally achieve (accuracy between 5-50
km (Evans and Arnold, 2008)). However, comparing the accuracies of validation methods
between studies is limited: accuracies are a combination of a) the suitability of different
validation methods (i.e. considering species behavior) and b) the model performance in
different seasons and areas (i.e. the accompanied heterogeneity of recorded data) (Evans and
Arnold, 2008). Consequently, the estimates from this validation study can only be used as a
guideline for other studies and model accuracy needs to be estimated separately for each area,

species and tag type.

The three artificially-constructed tracks and the resulting temperature-depth profiles were
simulated based on the accuracy of the DST. Since the simulated tracks are not fully
independent from the ROM, they did not include potential bias or discrepancies that could
arise between temperature-depth measurements of the DST in the field and the associated
predictions of the ROM. The simulated movements covered large parts of the distribution area
of Eastern Baltic cod and comprised a full year of oceanographic data, including a range of
water column stratifications. The geolocation model reconstructed the simulated tracks with
an average mean difference between true and modelled position of 8.3 km (+£6.3) and 11.6 km
(£9.9), with lower precision during stationary periods such as in the Arkona Basin or
Bornholm Basin. This difference is slightly larger than the error of 2.9 km (+ 4.7) observed in
the validation of a simulated track of cod in the Baltic Sea (Neuenfeldt et al., 2007). However,
that study used salinity as a third parameter which may lead to more constraints in the
geolocation model and thus these approaches cannot be directly compared. Salinity, in

particular, is a unique feature in the Baltic Sea since it decreases from West to East but
73



Discussion

external tags, which are necessary to record salinity, likely lead to abnormal behavior of
smaller fish (Jepsen et al., 2015) and were therefore not considered in this study. Advantages
of using simulated tracks are that fish behavior based on current knowledge can be tested to
improve our understanding of model performance under different conditions covering large
parts of the fish’s distribution area and long time periods with different degrees of
stratification. Furthermore, simulation experiments are inexpensive and thus can be readily
used to estimate the horizontal accuracy of geolocation models prior to extensive, field-based

tagging studies.

All other methods in this study included temperature-depth data sampled independently from
the ROM, an automated measuring station in the Arkona Basin, or temperature-depth probes.
Temperature-depth data, such as from CTDs or moored observing stations, are often readily
available in a target study region. As such, these data can be used to conduct inexpensive,
preliminary validation studies prior to DST deployment (Tab. 1). The moored DSTs and the
automated measuring station in this study mimicked stationary behavior of cod over a period
of three weeks. While cod are unlikely to occupy the same habitat for multiple weeks, the
geolocation model achieved high precision and accuracy with a difference between the true
and modelled position of 1.9 km (£2.0) for the moored DST and 13.0 km (£9.1) for the
MARNET-station, respectively. Other studies using moored DSTs had estimated differences
between true and modelled positions of 11 km (Liu et al., 2017) and 19 km (Thorsteinsson et
al., 2012). These studies included tidal information and could therefore also benefit from a
third recorded parameter. The higher horizontal accuracy of the moored DSTs indicates that
the geolocation model performs better when the bathymetry of the area is characterized by
higher contrast such as in the heterogeneous nearshore areas (moored DSTs) in contrast to the
rather homogenous offshore area in the Arkona Basin (MARNET-station, Figs. la & 4a).
Higher heterogeneity in bathymetry (Nielsen et al., 2019) and strong temperature gradients in
dynamic oceanographic regimes (Braun et al., 2018b) can also lead to better geolocation
model. Despite these differences, both stationary approaches used here confirmed that
stationary behavior can be modelled precisely using the adapted HMMoce model framework.
The stationary method can further be tested during different seasons to quantify the potential
impact of water column stratification on model performance. Additionally, temporary
moorings of DSTs at several locations (e.g. inshore vs. deep basins) could yield better

accuracy estimates across a range of different habitats (Hunter et al., 2003; Liu et al., 2017).
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Attaching temperature-depth probes and DSTs to otter boards and the CTD of research and
commercial vessels proved relatively straightforward and has the advantage that the vessels
fish within the habitat of the distribution area of the fish. Those methods were, however,
limited by vessel time and characterized by smaller areas and shorter periods covered.
Further, vertical and horizontal movements as constructed with the DSTs and probes attached
to fishing gears may have exceeded realistic swimming speed of cod. The temperature-depth
probes attached to the commercial vessel in this study had higher accuracy and much faster
response time compared to the DST. This resulted in a lower mean difference between true
and modelled position (10.1 km (£8.1)) compared to the DST attached to the otter board of
the research vessel for which the track could not be reconstructed successfully (mean
difference between true and modelled daily position 39.3 km (£31.9)). The otter board passes
through the water column faster than the response time of the DST so that temperature data
are matched with wrong depth information especially close to the thermocline. In contrast,
when using the temperature-depth data sampled by the DST attached to the CTD (which was
moved slower through the water column) the track could be reconstructed successfully with
an average distance between true and modelled track of 18.8 km (+19.5). The geolocation of
fish can thus be impeded if they regularly cross the thermocline within short time periods and

exceed the response time of the DST’s temperature sensor (12 s).

Implications for testing the adapted HMMoce for cod in the southern Baltic

The difference between true and modelled daily positions varied on average between 2 and 20
km when start and end position were modelled correctly. When reconstructing the tracks of
wild tagged fish, a horizontal error of on average 10-20 km has to be included in the
interpretation of the tracks of Baltic cod estimated with the modified HMMoce geolocation
model. Stationary periods in homogenous water bodies, i.e. with less variation in temperature
and depth for prolonged periods, such as in the deeper basins of the Arkona and Bornholm
Basin, tend to be accompanied by higher uncertainties in horizontal position. In the Baltic cod
case, this could lead to higher uncertainties during stationary periods in deeper water, e.g. for
spawning (Koster et al., 2017; Nielsen et al., 2013). However, our results suggest that
movements between core areas used, for example, for spawning and feeding, and depth-
related shifts in habitat used should be appropriately characterized with this model framework
in this region. We demonstrate that different validation methods can be inexpensive and

readily applied to inform the interpretation of geolocation model outputs for field studies on
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tagged fish. In particular, these methods can be used to quantify the expected uncertainty in
horizontal geolocation specifically for each species, area and tag type. Ultimately, these
sensitivity analyses and validation experiments can help create more robust estimates of

movements of demersal fishes that cannot otherwise be directly observed.
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Abstract

Abstract

The three-dimensionality of marine ecosystems enables species for distribution in horizontal
and vertical directions and can lead to intraspecific behavioural differences in stratified
environments in habitats of close proximity. Knowledge about movements of individual fish
linked to environmental conditions helps fisheries scientists to interpret the variation in
seasonal stock structure and distribution of a population. We analysed the temperature and
depth profiles of 28 individual cod tagged with data storage tags in the southern Baltic Sea
and reconstructed their movements throughout their time at liberty with a geolocation
framework adapted to cod in the southern Baltic Sea. Based on depth occupation and
estimated daily positions, we matched salinity and oxygen conditions obtained from a
regional ocean model. Either genetics or otolith shape analysis were used to assign individuals
to the Western Baltic (WBC) or Eastern Baltic cod (EBC) stock. The data on EBC
demonstrated a high variation in horizontal and vertical movement patterns ranging from
residence limited to the Bornholm Basin throughout the year to migration between coastal
feeding grounds (November-April) and deeper spawning grounds (May-October). In contrast,
WBC stayed in shallower, coastal, normoxic areas year-round and were exposed to greater
seasonal fluctuations in water temperature. Depth time-series data revealed daily vertical
movements especially of EBC, triggered by twilight, some EBC individuals showed vertical
movements related to the lunar cycle. Our data suggest a significant vertical separation of
WBC and EBC in the southern Baltic Sea which results in different conditions of temperature,
depth, salinity and oxygen experienced and results in different biological conditions of the

two stocks.

Keywords: Baltic cod, migratory behaviour, electronic tagging, geolocation model
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Introduction

Habitat transitions in longitude and latitude are known to cause intraspecific differentiation in
marine environments (Piacenza et al., 2015; Bowen et al., 2016; Gaither et al., 2018). The
influence of vertical habitat transition on species diversification is less understood but depth
and strong environmental gradients are known to separate closely related species and lead to
changes in functionality and size (Jennings et al., 2013; Mindel et al., 2016; Gaither et al.,
2018). Studies on vertical separation are mainly restricted to the deep sea where depth
gradients are large (e.g. Coryphaenoides rupestris (Gaither et al., 2018)) or tidal coasts where
environmental zonation occurs on scales of meters (e.g. Littorina saxatalis (Rolan-Alvarez,
2007)), Bellapiscis medius and B. lesleyae (Hilton et al., 2008)) and Whiting in the North Sea
are known to have specific feeding strategies depending on their habitat preference (Pedersen,
2005). Understanding the underlying mechanisms can be achieved by observing the species
temporal space use and the interaction with environmental conditions with the help of timing
and direction of individual fish movements (Griffiths et al., 2018). The occurrence of different
biological niches can thus lead to the co-existence of genetically distinct individuals of the

same species, each adapted to a respective niche (Goudarzi et al., 2019).

Atlantic cod (Gadus morhua) experience a wide range of physical and biological factors and
occupies a wide range of ecological niches throughout the coastal and continental shelf
regions in the North Atlantic (Brander, 1994). Depth-specific niche occupation and
behavioural patterns of co-existing cod populations were observed in several areas of the
North Atlantic and are key to sustain a wide range of biotic and abiotic ecosystem properties
(reviewed in Robichaud and Rose (2004)). The Baltic Sea is an extreme environment for cod
because salinity and temperature are at the lower and higher tolerance limit, respectively
(Mackenzie et al., 2007). While living at the eastern boundary of the geographic range, Baltic
cod populations are also genetically distinct to other Atlantic cod populations (Nielsen et al.,
2003; O’Leary et al., 2007; Kijewska et al., 2011). Although both stocks are morphological
very similar, they differ, among others, in growth rate (McQueen et al., 2020), otolith shape
(Hiissy et al., 2016; Schade et al., 2019), number of vertebrae (reviewed in Bagge et al.,
1994), spawning season (Bleil et al., 2009) and haemoglobin type (Sick, 1965; Andersen et
al., 2009). The two cod stocks, that are genetically different, inhabit the southern Baltic Sea
(Hemmer-Hansen et al.,, 2019; Weist et al., 2019) and are managed as two separate

management units, namely “Western” (WBC, ICES Subdivision (SD) 22-24) and “Eastern”
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(EBC, SD 25-32) Baltic cod. The region of the Arkona Basin (SD 24) is a mixing area
between the stocks (Hemmer-Hansen et al., 2019; Weist et al., 2019). Both stocks used to be
of high commercial value but recent negative stock developments resulted in a bycatch only
quota for the EBC stock in 2020 and 2021 (ICES, 2020a) and severe reductions in quota for
the WBC stock (ICES, 2020b). The reasons for this differ between the stocks: while WBC
stock size decreased due to high fishing pressure and poor recruitment in recent years (ICES,
2020b), EBC suffer from reduced condition, reduced growth rate and increased natural
mortality due to a variety of stressors such as high levels of liver infestation with
Contraceacum osculatum, poor nutritional conditions and thiamine deficiency (Eero et al.,
2015; Horbowy, 2016; Sokolova et al., 2018; ICES, 2019; Engelhardt et al., 2020; ICES,
2020c; Mion et al., 2020).

A comparison of growth rates of conventionally tagged individuals from both stocks revealed
that both area and stock affiliation contribute to the very low growth rate and productivity of
EBC (McQueen et al., 2020) but reasons are yet not fully understood. In fact, even though
conventional tag-recapture studies are useful for e.g. estimating growth rates or the extent of
the distribution area (Latour, 2005), the great disadvantage is that movements between release
and recapture cannot be reconstructed and it is unsure which conditions the individuals

experience during their time at liberty (Kohler and Turner, 2001).

While scientific trawl and hydroacoustic surveys can give an indication about the seasonal
distribution of fish stocks, they only provide snapshots of a situation and the behaviour and
ecology of individuals often remains unclear. Bio-logging devices such as data storage tags
(DSTs) have therefore become valuable tools to collect basic information on the natural
history of wild, free-ranging fish (Lucas and Baras, 2000; Cooke et al., 2011) under the
assumption that tagged individuals are a subsample of the whole stock and behave like
untagged fish after release (Pine et al., 2012). Although common trade-offs with DSTs are the
sample size, the duration of battery life and the type and resolution of information collected
(Hussey et al., 2015; Andrzejaczek et al., 2019; Andrzejaczek et al., 2020), DSTs have
become popular to estimate fish movements and their interaction with the surrounding
environment (Neuenfeldt et al., 2007; Costa et al., 2012; Hussey et al., 2015; Hays et al.,
2016; Griffiths et al., 2018). However, in most cases daily positions cannot be obtained

directly from archival tags and geolocation frameworks are needed to reconstruct positions

84



Chapter 3

between release and recapture (e.g. Pedersen et al., 2008; Thygesen, 2009; Neat et al., 2014;
Braun et al., 2018).

In addition to horizontal movements, vertical movements can be directly observed and can
give an indication about feeding strategies and the response to different environmental
conditions (Hobson et al., 2007; Nielsen et al., 2013). Often, also directly recorded
temperature values inform about the range of ambient temperatures a certain fish species can
tolerate. Free-ranging fish can give a better reference of the temperature niche used than
experiments in captivity (Righton et al., 2010). Therefore, studies involving DSTs of free-
ranging fishes have greatly contributed to enhance our understanding of habitat use (Metcalfe
et al., 2008; Galuardi and Lutcavage, 2012), migration patterns (Hunter et al., 2006; Metcalfe
et al., 2008; Zemeckis et al., 2017), and population structure (Hunter et al., 2004; Block et al.,
2005; Galuardi and Lutcavage, 2012).

Past mark-recapture studies of cod in the southern Baltic Sea (SD 24-26) revealed that
individuals are sedentary within their specific basins (reviewed in Robichaud and Rose
(2004)). Other studies describe movement patterns between shallower feeding grounds to the
deep basins for spawning (Aro, 1989; Wieland et al., 2000; Neuenfeldt et al., 2007), but the
timing and behaviour on the feeding and spawning grounds remains mostly unclear (Nielsen

et al., 2013) and a separation of EBC and WBC did not occur in these studies.

To understand behaviour under the recent environmental conditions and with the possibility to
allocate individuals to one of the two stocks, we analysed 28 individual cod tagged with
temperature-DSTs in the southern Baltic Sea between 2016 and 2018. The temperature-depth
recordings were used in a geolocation framework (Haase et al., 2021; uncertainty of daily
positions: on average below 20 km) to reconstruct likely horizontal movements as well as
salinity and oxygen experience of individual cod. Subsequently, all individuals were assigned
to the EBC and WBC stock using genetics or otolith shape analysis. We examined temporal
and spatial patterns in movements of the recaptured cod in response to changes in

environmental parameters.
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Materials and methods

Study area

The Baltic Sea is a semi-enclosed, non-tidal, brackish-water area characterized by a series of
deep basins separated by shallower sills. In the basins of the southern Baltic, the water column
is characterized by a strong thermohaline stratification which leads to stagnation of the deep-
water and occurrence of hypoxic and anoxic areas (Moller and Hansen, 1994; Naumann et al.,
2020) but weak horizontal gradients in water temperature exist within each basin. In contrast,
the water column in the shallow, near-shore areas is regularly mixed during autumn and
winter storms and hypoxic areas at the bottom might only occur in late summer (Conley et al.,

2011; Carstensen and Conley, 2019; LLUR, 2020).

Data storage tags and tagging procedure

In Danish, German and Swedish waters (SD 24-25), 1260 cod were tagged with DSTs
between 2016 and 2019. Cod were mostly caught with bottom trawls (trawl duration 5-30
min) from research and commercial vessels. A smaller proportion was caught with angling,

pound nets and fish traps.

Cod which did not show any sign of skin damage or barotrauma were selected and transferred
into a water bath containing MS-222 3-aminobenzoate methanesulfonate (Sigma-Aldrich,
dose 5 g/50 1) for sedation. Cod were monitored closely, and internal DSTs were surgically
implanted after cod did no longer response to grabbing the tail. Cod were measured (in mm)
and weighted (in g). Depending on cod weight (to not exceed 3% of bodyweight), either a
milli-DST or micro-DST (Star-Oddi Iceland), weighting 7 g and 1.9 g in water and capable of
storing 1,398,100 and 87,906 measurements, respectively, was implanted. The DSTs
measured temperature (resolution: 0.032 °C, accuracy: +/-0.1°C (milli), +/-0.2°C (micro)) and
pressure which was transformed into depth (resolution: 0.03 m (milli), 0.12 (micro), accuracy:
+/-0.6 m (milli), +/- 0.6 m (micro)). Depending on the time interval to be covered, tags were

programmed to record pressure and temperature every 1, 3 or 30 minutes.

Tetracycline-hydrochloride (TET) was internally injected in the body cavity which was used
for analysis on otoliths in Haase et al. (in prep.). Cod were tagged externally with two T-bar

anchor tags. After recapture, cod were assigned genetically (Hemmer-Hansen et al., 2019) or
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by shape analysis of the otolith (Schade et al., 2019) to the WBC or EBC stock. The fish
length of returned frozen cod were transformed using a shrinkage key developed for cod in
the southern Baltic Sea (McQueen et al., 2019b). Sex and maturity were estimated following
the Manual for the Baltic International Trawl Surveys (ICES, 2014). The condition factor was
calculated for each fish (Fulton’s K = weight (g)/ length (cm)*® * 100). Liver infestation was
quantified by counting the total number of liver worms visible on the surface and assigning

the number to the infestation category (Tab. 1).

Estimation of geographic positions

We adapted the geolocation model HMMoce (Braun et al., 2018) to geolocate cod in the
southern Baltic Sea (Haase et al., 2021) using a regional ocean model (ROM, Gréawe et al.,
2015). The R-script of the adapted HMMoce is permanently stored at
https://github.com/StefanieHaase/Adapted-HMMoce. This approach combines likelihoods

derived from tag-based depth and temperature data to reconstruct daily positions of cod
tagged with DSTs. Likelihoods are combined in a gridded hidden Markov model framework
that computes posterior probability distributions to estimate the most likely position of the

animal at each time point (for model details see Braun et al. 2018).

This framework was primarily adapted to account for the demersal behaviour of cod and the
specific stratification regime of the southern Baltic Sea. Subsequent validation experiments
found that the adapted model was able to consistently reconstruct tracks to within 20 km of
known locations and often exhibited higher accuracy depending on stratification,
heterogenous bathymetry and the number of vertical movements conducted by the tagged
individual (see Haase et al. (2021) for details of the validation experiments). The model
performance was further tested in this study by comparing temperature data recorded by the

DST and modelled temperature from the Baltic ROM.

Data analysis

For each individual we calculated the straight-line distance between subsequent daily
positions as well as the overall displacement distance between release and recapture using the
great-circle method (Hijmans, 2019). The resulting tracks were separately analysed for WBC
and EBC. Further, EBC were visually classified into two behavioural types: individuals which

stayed within or in close proximity to the Bornholm Basin throughout their time at liberty
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(resident EBC) and individuals moving between the Bornholm Basin during spawning and
their coastal feeding grounds (migratory EBC). For individuals with days-at-liberty (DAL)
less than a complete year, the behavioural mode was classified based on the available track
and the covered months. Individual U11227 was classified as EBC by shape analysis,
however, visual inspection of the depth profile and track showed similar behaviour to the

other WBCs and U11227 was therefore subsequently analysed as WBC.

Based on daily position and depth, salinity and oxygen values (in mol/kg) were matched from
the same Baltic ROM. Oxygen was transformed to ml/l, assuming 1 1 of water weighting
1.025 kg. Temperature and depth recordings and matched salinity and oxygen values were
then summarised for each individual by calculating daily means (+sd, averaged over the
depths occupied), minimum and maximum values. Mean (£sd), minimum and maximum
monthly temperature, depth, salinity and oxygen values were further summarised per
behaviour type. To account for possible short-term post-treatment effects, we removed the
first six days after release (van der Kooij et al., 2007). Additionally, we excluded the day of
recapture, to avoid extraordinary depth and temperature changes caused by the recapture

process (Hobson et al., 2007).

The distributional area of each individual was estimated with the kernel density estimation
(KDE) of the R package adehabitatHR (Calenge, 2006). We used the 50% and 90% volume
density contours to estimate the core area and home range of each individual, respectively
(Worton, 1989; Seaman and Powell, 1996). These estimates were then compared between the

three distinguished behavioural modes.

A generalized additive mixed model (GAMM) was used to investigate the temporal depth use
of cod in the southern Baltic Sea. Behavioural type was used as categorial variable (coastal
WBC, migratory EBC and resident EBC). We considered time of day (hour of day), day of the
year (DOY) and fraction of moon illumination (0-1) as continuous variables. The daily
fractions of lunar illumination was extracted from the R package ‘suncalc’ (Thieurmel and
Elmarhraoui, 2019) and arcsin transformed prior to the statistical analysis (Zar, 1996, Braun

et al., 2014). Individual fish ID was included as a random effect.

GAMMS were constructed with a normally distributed error structure using maximum
likelihood estimates with the R package ‘mgcv’. A cyclic smoother was applied to day of the
year to account for the circularity of this variable (Andrzejaczek et al., 2020). The model was
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corrected for autocorrelation in the time series. Model comparison was conducted with the
Akaike’s information Criterion (AIC). Models with lower AIC are considered to have better

fit; AAIC>2 indicates a significant improvement.

Statistical analyses were carried out in R 3.4.3 (R Core Team, 2017).

Results

From a total of 1260 DST-tagged cod (mean length at release: 355 mm, range 148-952 mm),
43 tags (3.4%) were returned (mean length at release: 397 mm, range: 269-585 mm) and 32
tags exceeded 30 days at liberty. The track of four individuals could not be reconstructed with
the adapted HMMoce because release and recapture position were not reproduced correctly.
The tracks of 28 DST tagged cod were reconstructed (Tab. 2) resulting in 5336 daily positions
with corresponding records of depth and temperature. The direct distance between release and
recapture was on average 28.8% of the track revealed by the daily positions (Tab. 1). Visual
inspection of the temperature error plots (Figs. 1 & S1) suggest that the adapted HMMoce
performed well in most cases but exceptions are B1817 and U11093. After excluding the first
day to remove the influence of release (the tag adopted the air temperature before tagging),
temperature recorded by the DST and modelled by the ROM varied on average by 0.22 +
1.25°C.
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Figure 1: Temperature profile as recorded by nine DSTs (black line) and estimated by the geolocation
model (green line). ID U11227 was classified as Eastern Baltic cod by shape analysis but the temperature
and depth profile suggested to reassign this individual to the Western Baltic cod stock. The temperature
profiles of all DSTs can be found in S1.

Differences in behavioural modes

The reconstructed tracks of the recaptured cod in the southern Baltic Sea showed a high
degree of individual and seasonal variability in horizontal movement patterns (Fig. 2), depth
occupation (Figs. 3, 4, S2), ambient temperature (Figs. 1, 3, S1), associated oxygen (Fig. 3, 5,
S3) and salinity conditions (Figs. 3, 6, S4). Five individuals were assigned to the WBC stock
(Tab. 1). Seven of the 24 EBC remained resident to the Bornholm Basin, while 16 performed
movements between the Bornholm Basin and coastal feeding grounds (Fig. 2). Since not all
individuals were at liberty for a complete year, time of the year was considered when

classifying the behavioural type. The three behavioural modes differed in the extend of the
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home range and core area with resident EBC having smaller home ranges and core areas than

migratory EBC and WBC (Tabs. 1, 2, Fig. S5).

WBC (n = 5) primarily occupied shallower (mean = 15.1 & 6.3 m, min = 0 m, max = 49.6 m)
and warmer (mean = 7.3 = 3.5 °C, min = 1.1 °C, max = 18.1 °C), more coastal habitats in the
southern Baltic Sea throughout their time at liberty (Fig. 2, Tab. 2). The temperature profile of
WBC showed a strong seasonal signal with coldest temperatures in March and warmest
temperatures between July and October (Figs. 1, 3 & S1). Four WBC used the shallow waters
of the Ronnebank and around the island of Bornholm, one inhabited the shallow waters of the
German and Polish coast (Fig. 2). Daily distances travelled varied between 0.7 km and 4.7 km
with an average of 2.2 + 1.5 km (Tab. 1). On average, WBC inhabited waters with a salinity
of 7.7 £ 0.6 and did not experience hypoxia during their time at liberty (mean = 7.7 + 0.8 ml/I,
min = 3.8 ml/l, max = 9.4 ml/l). WBC had the highest condition of the three behavioural
groups (1.0 = 0.1) and liver worm infestation was only detected in the individual staying close
to the island of Bornholm throughout the time at liberty (U11227, Tab. 1). One fish was
recaptured during the spawning process in late January (U11203), another was classified as
spent in early April (U11836) and likely used the stationary period in February and March to
spawn (Fig. 4). Both WBC used the southern rim of the Arkona Basin at the Ronnebank for

spawning.

Resident EBC (n = 7) inhabit the deeper Bornholm Basin or adjacent areas throughout the
year (Fig. 2) and travelled on average distances of 2.2 + 1.4 km a day. Seasonal temperature
differences were also visible for resident EBC but the extend was smaller compared to WBC
(Fig. 3). During vertical movements, resident EBC occupied water depth between 5.8 m and
78.0 m corresponding to temperatures between 1.7°C and 15.3°C (Tab. 2). The largest depth
and temperature range recorded within a day was 62.1 m and 9.6°C, respectively. Since
resident EBC stayed within the Bornholm Basin year-round, they were exposed to hypoxic
and anoxic condition throughout the year which resulted in the lowest mean oxygen content
(6.6 £ 1.6 ml/l, Tab. 2). Resident EBC showed the highest degree of liver infestation of the
three behavioural groups, and only one highly mobile cod (ID 10617) did not show any
infestation. Resident EBC had on average a condition factor of 0.8 = 0.1 and apart from one
individual which was not classified, the rest of the individuals had a maturity stage of spent or

resting and did not show any sign of skipped spawning.
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Migratory EBC (n = 16) performed seasonal movements between shallower, coastal feeding
areas, close to Riigen and the Hand Bight (residence on the feeding grounds: November-
April), and the deeper Bornholm Basin during spawning (residence on the spawning ground:
May-November, Figs. 2, S2). Arrival on the spawning ground (May-June) was visually
detected by abrupt descents in the water column to depth below 50 m and coincided with the
arrival in the Bornholm Basin as revealed by horizontal geolocation. Residence on the
spawning ground varied slightly between individuals (Figs. 4, S2). Daily horizontal
movements were on average the highest among the three behavioural groups (mean = 2.6 +
1.1 km, Tab. 2). The DSTs of migratory EBC recorded depth and temperatures between 0 m
and 86.9 m and 0.6°C and 17.0°C with daily ranges of 58.4 m and 12.5°C (Tab. 2).
Temperatures were on average lower during the first quarter but the seasonal pattern was less
distinct than in WBC (Fig. 3). On the spawning ground, migratory EBC regularly moved
between hypoxic and non-hypoxic waters (Figs. 5, S3). Migratory EBC experienced on
average the highest salinity values 9.8 (£2.0), min = 6.6, max = 19.2). The condition factor of
migratory EBC (0.9 £ 0.1) was on average slightly higher compared to resident EBC but
lower than WBC. Two individuals (U9144, U9105) were recaptured in the Bornholm Basin
during spawning in August and July, several individuals were recaptured between February
and June while preparing for spawning (Tab. 1). U9023 was recaptured preparing for
spawning although that individual already arrived on the spawning ground 22 days before
recapture. Individual U91206 might have skipped spawning because the individual was
recaptured in June in resting stage. Four migratory EBC depicted distinct movements to and
off the spawning ground and stayed between 124 (U9008) and 184 days (U9127) deeper than
50 m.
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Figure 2: Daily most probable positions of individual cod tagged with DSTs separated into month. Cod
were allocated to the western (blue) and eastern (red, green) stock. Further, visually inspections of the
geolocated tracks for EBC revealed two distinct behavioural modes: cod resident to the Bornholm Basin
(green) and cod migratory between feeding grounds and known spawning area (red). The uncertainty for
each daily position is less than20 km (for comparison: the distance between Rénne and Nexo on the island
of Bornholm is 29 km).
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Table 1: Details of individual cod tagged with DSTs and spatial statistics summarizing movements. DAL:
days at liberty. Maturity stages: 1: virgin, 2: maturing, 3: spawning, 4: spent, 5: resting, 6: abnormal.
Daily length growth was calculated as the difference in fish length between release and recapture divided
by the DAL. Liver infection: Macroscopic quantification of liver worms on the surface of the liver (scale:
0: 0 worms, 1: 1-10 worms, 2: 11-20 worms, 3: >20 worms). Direct distance: distance between reported
release and recapture position. “-“ indicates missing information. The recapture position of U10479 is

unknown but was estimated based on the temperature-depth profile of the last days.
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Coastal U11836%' 10.10.2018 181 F 4 0 078 497  0.08 36.4 542 3.0(44) 4562 1063
WBC  B2055 10.102018 55 F 2 0 089 443  0.15 1063 2586 4.7(29) 10048 3620
U11203'  11.102018 106 F 3 0 1.05 407 025 752 1495 1.4 (42) 432 120

U11227% 10.102018 253 F - 2 1.14 468  0.17 6 1779 07(1.2) 189 42
U9187°  07.02.2018 218 F 5 - 1.00 316 0.5 1523 2818 1.3(1.3) 9357 3367

Resident ~ U9646" 06.05.2017 285 M 5 1 086 355 0.11 468 3603 13(1.0) 2085 693
EBC  BI980 06052017 135 F 4 3 074 471 0.12 24.5 712 53(39) 3345 1046
B1960 06052017 39 F d 1 082 398 023 128 341  09(0.5) 182 61

U10573 27.042018 231 M 5 3 093 408  0.07 456 2086 09(L1) 1023 291
U10617°  07.11.2017 447 M 5 0 093 269  0.08 121.8 10197 23 (2.0) 13145 4401

U11093 27.042018 50 F 4 3 085 418  -0.04 58 997 20(L7) 1142 264

U9232°  09.11.2017 337 F 5 2 070 400  0.18 141.4 864  2.6(2.6) 5060 1476

Migrator ~ U9125° 07.042017 375 M 1 0 129 328 0.8 153 12549 33(29) 15343 4940
yEBC UI1252% 22052018 319 M 2 1 094 329 0.1 1083 5384 1.7(1.8) 7422 2485
U9127'  07.04.2017 278 M 2 0 076 319  0.06 346 14617 53(52) 20125 5101

U9008 29.03.2017 278 M 5 1 075 385 0.1 755 8677 3.1(34) 11167 2901

U10989 22.03.2018 172 - - - - 375 0.04 953 3632 2.1(1.8) 7430 2592

U9105 07.042017 115 M 3 0 078 370 024 1275 2184 19(.1) 8779 3026

U9023 01.02.2017 123 F 2 1 0838 364  0.08 859 3905 32(24) 9213 2425

U10479 26.092017 92 M 5 0 062 388 0.1 - 2767 3.0(3.0) 7962 2432

U9106 06042017 75 M 5 0 1.1 38 043 451 1643 22(2.9) 771 209

U10731 08.022018 60 M 2 2 081 398  0.07 365 2302 3.8(3.0) 2400 626

BI845 17.11.2017 77 M 2 1 066 487 0.1 61 1438 1.9(14) 1669 494

U9531" 25052017 546 F 6 2 071 345  0.14 36 11715 2.1(3.5) 6215 2084

U9144 08.022018 156 M 3 2 084 432  0.14 2296 4503 2.9(2.5) 30764 9614

BISIS 06042017 58 M 2 3 104 404 033 28 561 1.0(0.8) 410 102

BI817° 07.04.2017 52 - - - - 399 - 129.4 151 2.0(1.9) 11148 4054

US882  24.102016 195 M 2 1 094 338 0.l 109.6 2358  12(2.0) 7158 1767

stock was assigned by shape analysis

2 cod was classified retrospectively as EBC by shape analysis but depth profile and track
suggested that this is a WBC

% no fish was returned so no stock assignment was possible; assignment was suggested by the
track

* the profiles of these cod are shown in Figs. 1, 4,5,6, all other profiles are shown in the
supplementary material
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Table 2: Summary of the depth and temperature experience for each behavioural type as recorded with

the DSTs. Salinity and oxygen values are extracted, based on daily position and depth, from the Baltic

ROM. Mean values were calculated from daily means for each individual. Home range and core area are

rounded to full km?.

Behavioural type

migratory EBC resident EBC

WBC (n=5) (n=16) (n=7)

No. days with measurements 540 2852 1738

Depth (m) mean (+sd) 15.1 (£6.3) 42.5 (£16.1) 48.2 (+11.0)
range (min-max) 0-49.6 0-86.9 5.8-78.0

max. range within a day 37.2 58.4 62.1

Temperature (°C) mean (+sd) 7.3 (£3.5) 6.8 (£2.2) 7.2 (£2.3)
range (min-max) 1.1-18.1 0.6-17.0 1.7-15.3

max. range within a day 9 12.5 9.6

Salinity (PSU) mean (£sd) 7.7 (£0.6) 9.8 (£2.0) 9.6 (£1.4)
range (min-max) 6.7-16.3 6.6-19.2 7.0-14.2

max. range within a day 8.9 11.5 6.8

Oxygen (ml/1) mean (+sd) 7.7 (£0.8) 6.7 (£1.9) 6.5 (£1.7)
range (min-max) 3.8-94 0-9.4 0-9.1

max. range within a day 3.8 8.5 8.8

Home range (km?) mean(+sd) 4323 (£4043) 10594 (+6862) 55848.06(+4903)
range (min-max) 189 -10048 409.78-30764 182.38-13145

Core area (km?) mean(£sd) 1415 (£1477)  3187.04 (£2032) 1890.32 (£1667)
range (min-max) 48-3620 101.97-9614 61.10-4401
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Figure 3: Mean depth, temperature, oxygen and salinity values per individual and day (n =5 data-storage-
tag (DST) profiles of WBC, blue; n = 7 DST profiles of resident EBC, green; n = 16 DST profiles of
migratory EBC, red). Single dots mark the mean of the recorded values per individual and day. A LOESS
smoother with grey-shaded area as the 95% confidence interval shows the overall trend of the data points.

Vertical dashed lines mark the transition between quarters (31.3., 30.6., 30.9.).
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Figure 4: Depth as recorded by nine DSTs (date format: mm/yy). The depth profiles of all DSTs can be

found in S2.
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Figure 5: Oxygen content extracted from the Baltic regional ocean model based on the daily position and

depth of nine selected cod (date format: mm/yy). The dashed line at 2 ml/l indicates the transition to

hypoxic conditions. The oxygen profiles of all cod can be found in S3.
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Figure 6: Salinity extracted from the Baltic regional ocean model based on the daily position and depth of

nine selected cod (date format: mm/yy). The salinity profiles of all cod can be found in S4.
Vertical movements of cod in the southern Baltic Sea

The final GAMM chosen through model selection included 108874 hourly records of depth
and included behavioural type, DOY and hour of the day (Fig. 7). The final model could
explain 46.2% of the variation present in the underlying data. As already recognizable in Tab.
2, resident EBC inhabited significantly deeper depth than migratory and WBC (Fig. 7A). The
GAMM also reconstructed the seasonal movements between shallow coastal and deeper
waters of the Bornholm Basin in the third quarter (Fig. 7B). Cod occupied deeper waters
during day-time than night-time (Fig. 7C). Daily vertical movements were accompanied by

large variations in temperature, salinity and oxygen (Figs. 1, 5 & 6).

Visual inspection of the depth time series revealed regular vertical movements of EBC
triggered by twilight, irrespective of the month (Fig. S6). With the onset of sunset, cod ascent
in the water column while they returned to deeper water at sunrise. Only two of the five WBC

showed such a pattern and the extend is much smaller due to the general shallower depth
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distribution. Although the lunar illumination was not significant in the final model, nine
individuals showed a clear signal related to moon illumination with larger vertical movements

during new moon and very restricted vertical movements during full moon (Fig. 8).
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Figure 7: Average depth plots derived from the top-ranked generalized additive mixed model indicating
the significant effects of (A) behavioural type, (B) day of the year, and (C) hour of the day of individual
tagged cod in the southern Baltic Sea between 2016 and 2019. Error bars in (A) and shaded areas in (B,C):
95% confidence interval. Dashed line in (B) indicates transitions between quarters. Note the different

scales on the y-axes.
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Figure 8: Extend of vertical movements within a day of the cod with ID U8882.Circle indicate moon

illumination (full circle: new moon, empty circle: full moon).
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Discussion

The southern Baltic Sea is characterized by strong thermohaline stratification, but movements
of cod were not directly linked to this yet. The comprehension of individual cod movements
in this area was limited and mostly relied on conventional tagging, survey data (Aro, 1989;
Schaber et al., 2012) and one study were the movement of cod was reconstructed with
temperature-depth-salinity DSTs (Neuenfeldt et al., 2007). In this study, the temperature and
depth profiles of cod tagged with DSTs enabled us to reconstruct the horizontal movements of
28 cod and revealed diverse movements of individual fish which could not have been revealed
otherwise. Based on daily positions and depth, salinity and oxygen values were matched. This
is the first time that DSTs of recaptured cod were assigned to the WBC or EBC stock.
Although all cod displayed individual variation in horizontal and vertical movements, WBC
used shallower, more coastal and well-oxygenated waters throughout the course of the year.
Further, EBC showed two distinct behavioural strategies: while resident EBC stayed within
the Bornholm Basin year-round, migratory EBC moved between the spawning ground in the
Bornholm Basin and coastal feeding grounds. Both EBC behavioural types experienced
hypoxia during their time at liberty. Vertical movements depicted significant seasonal and
daily patterns and some individuals showed movements which were correlated with moon

illumination.

Seasonality in movements

A new set of recaptures tagged with temperature-depth DSTs and a geolocation framework
adapted to cod in the southern Baltic Sea with an uncertainty of less than 20 km enabled us to
analyse seasonal horizontal movements of individual cod. The recaptured DSTs depicted
variable patterns in residency and migration. WBC stayed in shallow, coastal waters
throughout the year and experienced therefore a strong seasonal signal in temperature (Fig. 1).
This seasonal variation in ambient temperature was already detected in WBC in the western
Baltic Sea (Funk et al., 2020) and is a major driver for the clear patterns in otolith zone
formation and highly precise age reading of WBC (McQueen et al., 2019a; Krumme et al.,
2020). Contrary, the seasonal temperature pattern of EBC is less distinct because EBC inhabit
the cooler waters below the thermocline during summer time which coincides with the
spawning time. While resident EBC stay in the Bornholm Basin year-round, migratory EBC

move to shallower feeding ground where mixing with the WBC stock occurs. During
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spawning, migratory and resident EBC mixed on the spawning ground. Nevertheless, both
types do not experience large seasonal variation in temperature and signals are overlaid by the
large daily vertical movements during which the thermocline was often crossed (Fig. 1).
Contrary to previous tagging studies (Robichaud and Rose, 2004; Neuenfeldt et al., 2007) which
stated that cod in the southern Baltic Sea demonstrate sedentary behaviour to within the
basins, our results showed that at least a subset of the EBC does perform seasonal movements
between spawning and feeding grounds. Due to the limited number of days at liberty, it
remains unclear if individuals stick to one movement strategy throughout their lifetime or

switch between them under certain conditions.

Different movement strategies will influence the physiological rates such as feeding and
metabolic rates of individuals from the same stock. The migratory EBC likely move to the
coastal feeding grounds to follow the pre-spawning aggregations of herring off the coast of
Riigen from November till May. Contrary to resident EBC, the condition factor is slightly
higher and liver infestation lower indicating, despite the limited sample size, that the richer
food source in coastal areas (P. Hornetz, unpublished data) benefits the overall fish conditions
of migratory EBC. Resident EBC likely prey on the food supply in the area near the spawning
ground which is likely dominated by clupeids because hypoxic conditions in deeper waters
avoid the occurrence of benthic prey (Casini et al., 2016; Neuenfeldt et al., 2020). WBC
displayed the highest condition factor and might benefit from extended access to benthic food
and seasonal occurrence of clupeids (Funk et al. 2020; P. Hornetz, unpublished data). This
difference in movement strategy and depth use likely also led to the increased growth rate of
WBC compared to EBC even in the same area as reported in conventional tagging studies

(McQueen et al., 2020).

The horizontal movement patterns coupled with the depth profile of four EBC showing
distinct movements to and from the Bornholm Basin suggest that EBC stayed on the
spawning ground significantly longer than the spawning period of 4-8 weeks as observed in
laboratory experiments (Vallin and Nissling, 2000). Cod staying up to three month in the
deeper Bornholm Basin have been observed before (Nielsen et al., 2013) but the individuals
of this study stayed up to 6 month before they returned to shallower waters. This variability
between studies is in line with the inter-annual variation in spawning season related to the
occurring environmental conditions reported in Hinrichsen et al. (2007). It remains unclear

why individuals stay in the hypoxic Bornholm Basin longer than necessary for reproduction,
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as it is often characterized by anoxic conditions. However, oxygen values in this study suggest
that cod stay above the hypoxic area and only conduct occasionally dives into deeper waters
(but compare Brander, 2020). Food limitation leads in turn to reduced energy intake

(Neuenfeldt et al., 2020).

Vertical habitat transition

The DSTs revealed a clear vertical separation between the WBC and EBC stock. Vertical
segregation depicts different ecological niches and indicating why coexistence of these two
cod stocks can occur. While WBC did not occupy waters deeper than 50 m, both migratory
and resident EBC regularly ascended above the thermocline during night, likely to follow
clupeid prey during their daily vertical migrations (Nilsson et al., 2003; Schaber et al., 2012;
Andersen et al., 2017; Casini et al., 2019). The vertical movements of EBC were directly
associated with the onset of dusk and dawn. The stomach contents of EBC showed a high
proportion of pelagic clupeids (Andersen et al., 2017). When cod perform vertical movements
to prey e.g. on clupeids such as herring and sprat in shallower waters and subsequently return
to deeper waters where the prey is excreted or respirated, this can lead to a transport of
nutrients in the form of faeces to deeper areas where anoxic condition avoid decomposition
(Ducklow et al., 2001; Hansen and Visser, 2016; Pinti and Visser, 2018). Due to the high
stagnation of water masses in deeper areas, the nutrients deposit in the basins and amplify

anoxic conditions in these regions.

Contrary, the extend of vertical movements of WBC was less pronounced and could be the
result of different feeding strategies. Stomach sample data showed that WBC mainly feed on
benthic invertebrates and demersal fish and thus their food search is characterized by
demersal dwelling while searching for prey (Funk, 2020). Only the WBC U11836 and B2055
showed daily vertical movements in October and October-November, respectively, when they
both were occupying waters between Bornholm and Riigen, likely feeding on herring and

sprat which perform daily vertical migrations (Schaber et al., 2012, Kulke et al., 2018).

The vertical and partially horizontal habitat segregation likely promotes the co-existence of
both genetically distinct cod stocks in close proximity to each other. Both cod stocks in the
Baltic have developed several adaptions to the specific habitat and behaviour such as otolith
shape (Hiissy et al., 2016; Schade et al., 2019), number of vertebrae (reviewed in Bagge et al.,
1994), spawning season (Bleil et al., 2009) and haemoglobin type (Sick, 1965; Andersen et
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al., 2009) and are further reviewed in Schade et al. (submitted). Vertical segregation of cod
populations have been observed in other areas (e.g. in the Northeast Atlantic (Nordeide et al.,
2011) or Icelandic waters (Bardarson et al., 2017)) demonstrating different manifestations of
life history parameters. Thus, vertical niche formation enables the occurrence of several
distinct cod populations which differ in life history strategies. In the Baltic Sea case, the EBC
stock developed two different life history strategies to deal with the extreme condition

characterizing this area.

Conclusion

The DSTs of 28 recaptured cod assigned to either WBC or EBC in the southern Baltic Sea
recording temperature and depth enabled the successful reconstruction of movements between
release and recapture. Based on daily positions and occupied depth, salinity and oxygen
values were matched and represent a unique dataset of environmental conditions cod
experienced during their time at liberty. Based on their behaviour, EBC were split into
resident EBC and migratory EBC. This study confirmed the coexistence of WBC and EBC in
the southern Baltic Sea and especially from autumn till spring intermixing between WBC and
migratory EBC exists in shallow coastal areas. WBC constantly occupied shallower depths
than EBC and thus occupied different depth niches. The vertical segmentation of habitats is
likely the reason for the coexistence of the two stocks each adapted to different habitats
characterized by different environmental conditions. The different movement strategies of cod
in the southern Baltic Sea likely lead to different vulnerabilities to commercial fishing and the
scientific surveys and might lead to a survey bias because shallow water habitats <20 m in the
SDs 25-26 and <10 m in SD 24 are not covered and thus under-represented in the active trawl
surveys. This is especially important for WBC and seasonally also for migratory EBC which
used rather shallow waters in quarter 1 and 4 when the Bottom International Trawl Survey
(BITS), an ICES organized survey to estimate the abundance of demersal species, is
conducted. This suggests that a significant part of the cod stocks use areas outside the main
survey area. This habitat use and distribution might bias the survey indices when the
proportion of cod in these area is not stable between e.g. sex, age groups, season or year. This
short-coming of the BITS survey was recently also identified for cod in the western Baltic Sea

(Funk et al., 2020). These new insights in stock-specific movements of cod in the southern
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Baltic Sea provide important insights into how to improve scientific monitoring of these

stocks.
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Abstract

Abstract

For decades, unvalidated patterns in otolith zone formation and otolith growth of Eastern
Baltic cod (EBC) have introduced uncertainties into age-based data from this stock, severely
hampering our understanding of changes in stock status and productivity. Otoliths of 258
recaptures of wild cod, which were released during an international mark-recapture study in
the southern Baltic Sea after being tagged externally and internally with tetracycline-
hydrochloride to induce a permanent, fluorescent time-stamp on the otolith, were analysed.
Recaptured fish were assigned to either the EBC or Western Baltic cod (WBC) stock.
Identification of zone types formed both at the time of release and recapture showed that the
translucent zone of adult EBC was formed between April and October when fish usually
spawn below the halocline. This period is characterized by reduced feeding and exposure to
hypoxic conditions. The opaque zone is formed during winter and spring, which coincides
with the major feeding time. Otolith growth followed a linear relationship with somatic length
growth. The daily otolith growth rate was on average significantly higher for WBC (2.3+0.6
um) compared to EBC (1.4+0.6 pm) from the same area, reflecting the currently lower
somatic growth rate of EBC. Concurrently, for a given fish length, EBC had larger otoliths
than WBC, suggesting that slower growing individuals have larger otolith than faster growing
individuals at a given fish length. This study validates the periodicity and timing of annulus
formation and otolith growth in adult EBC, which is the first step to return to a reliable age

determination.

Keywords: chemical marking, tagging, translucent summer ring, Baltic cod, periodicity,

annulus formation
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Introduction

Otoliths are calcified structures in the inner ear of teleosts and consist of opaque and
translucent zones (Secor et al., 1995; Campana and Thorrold, 2001). Fish otoliths display
seasonal alternations between opaque and translucent zones which can be used for age
determination (Campana, 2001; Campana and Thorrold, 2001; Fablet et al., 2011), necessary
to inform stock assessment models through age-length distributions or individual growth
rates. The validation of first increment formation and of the seasonality of otolith zones is
essential (Campana, 2001) but many fish stocks are lacking this validation (Beamish and

McFarlane, 1983; ICES, 2020a).

Many ecologically and economically important gadoid stocks suffer from uncertainties in age
reading (ICES, 2013). While European hake (Merluccius merluccius) is a prominent example
of a stock with age reading problems from a fully marine environment (de Pontual et al.,
2006; Bertignac and de Pontual, 2007), Eastern Baltic cod (EBC; Gadus morhua) is a
notorious example from a brackish-water ecosystem. For decades, exchanges and workshops
have tried to decrease the uncertainties in the age reading of otoliths from EBC (Hiissy et al.
2016). The zone formation of EBC otoliths was believed to be unpredictable and unrelated to
season, with indistinct annuli (Hiissy et al., 2016; Svedéing et al., 2020), and with notable
inter-annual variation and geographic differences (Berner, 1968). Baranova et al. (2011)
argued that it is almost impossible to estimate the age of EBC otoliths without knowing the
maturity stage of the individual. However, analyses of temporal changes at the outer edge of
EBC otoliths from the 1950s-1990s suggested that adult EBC formed the translucent zone
(TZ) from January to June (during the spawning time in those times), while juvenile EBC
formed their first TZ in June the year after hatching (Tokareva, 1963; Baranova et al., 2011).
Since the mid-1990s, the EBC spawning time has shifted towards summer, followed by a
post-spawning and feeding period from autumn until March of the following year, which was
also assumed to result in a shift in the formation of the TZ towards summertime (Wieland et

al., 2000; Baranova et al., 2011).

The low precision and accuracy of traditional age determination of EBC (ICES, 2006; Hiissy,
2010; ICES, 2014; Hiissy et al., 2016) has mainly been driven by the lack of validated otolith
material. Since growth and mortality rates of EBC could not be estimated reliably due to the

uncertainties around the international age data, the analytical age-based stock assessment was
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rejected in 2014 (Eero et al., 2015). After a series of benchmark workshops (ICES, 2015;
ICES, 2019a), it was subsequently decided to use the stock assessment model “Stock
Synthesis” to reduce the influence of uncertain age data (Methot and Wetzel, 2013; ICES,
2019b).

For the neighbouring, genetically-distinct, Western Baltic cod (WBC) stock, which overlaps
in distribution area with EBC in the Arkona Sea (Hemmer-Hansen et al., 2019; Weist et al.,
2019), there have also been uncertainties in age reading (ICES, 1994; ICES, 2000; ICES,
2005), but annulus formation has recently been validated for both juveniles (through edge
type analysis (McQueen et al., 2019) and daily increment counts (Plonus et al., 2021)) and
young adults (through a mark-recapture study (Krumme et al., 2020)). Age data are routinely
used in the WBC stock assessment (ICES, 2020b). In contrast to previous assumptions that
the TZ of WBC is formed during winter, the validation showed that the TZ of WBC aged 0-3
is actually formed during summertime, when metabolic needs are apparently not met

(McQueen et al., 2019; Krumme et al., 2020).

In addition to providing validation of the timing and frequency of otolith zone formation,
chemically marked otolith material from tag-recapture studies is useful to gain reliable
estimates of otolith growth. Various factors can affect the growth rate and changes of opacity
in otoliths (Irgens et al., 2020). This involves both the fish’s exposure to seasonal variations in
environmental factors such as water temperature, salinity, oxygen, pH and feeding conditions
(Romanek and Gauldie, 1996; Fablet et al., 2011; Bignami et al., 2013; Maneja et al., 2013)
and physiological factors such as metabolism and reproductive activity (Hoie et al., 2008;
Sveding et al., 2020). Otolith growth is related to fish growth and hence, to stock
productivity. It is often assumed that otolith size follows a direct linear relationship with fish
size so that it can be used for back-calculations of fish lengths at earlier ages, for example to
assess growth rates (Lea, 1910). In reality, this relationship is seldom constant over longer
time periods because somatic growth can cease under unfavourable environmental conditions,
or under food limitation, while otolith growth may continue (Mosegaard et al., 1988; Hiissy
and Mosegaard, 2004; Heoie et al., 2008). Otolith growth is thus better related to the fish’s
metabolic activity which, however, also depends on environmental conditions and food intake
(Mosegaard et al., 1988; Hiissy and Mosegaard, 2004; Fablet et al., 2011; Svedéng et al.,
2020). As a result, somatic growth and otolith growth of a fish could be potentially decoupled,

1.e. for a given fish length, the otolith of a faster-growing fish could be smaller compared to
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the otolith of a slower-growing older fish (Svedidng et al., 2020 and references therein), first

identified what became known as the “growth effect” by Secor and Dean (1989).

In this study, we want to use the knowledge gained from the successful validation of the zone
formation of age 0-3 WBC (Krumme et al., 2020) to improve our understanding of growth
and opacity patterns in EBC otoliths. Chemical and external marking of wild fish has proven
to be a successful method because the intraperitoneal injection of tetracycline-hydrochloride
(TET) marks the timing of release on the otolith and is visible under UV light when the fish is
recaptured (Campana, 2001; Stotera et al., 2018). Although such studies are expected to be
costly and restricted in sample size and area covered (Beamish and McFarlane, 1983), they
can give direct observations from wild fish and are not affected by the conditions usually

restricting laboratory experiments.

In the international mark-recapture project “TABACOD” (Tagging Baltic cod), wild cod from
the southern Baltic Sea were marked with TET and released. Recaptures were assigned to
either the EBC or WBC stock using genetics or otolith shape analysis, and the sectioned
otoliths were used to assess the seasonal patterns of zone formation. Furthermore, we
compared otolith growth and size between the WBC and EBC stock and linked this to somatic
growth. This is the first time that chemically marked otoliths of EBC are used for the
validation of visible patterns in ring formation of these notoriously difficult-to-read otoliths,
allowing for stock-specific differentiation in otolith formation and growth in the southern

Baltic Sea.

Methods

Oceanography and behaviour of cod in the southern Baltic Sea

The Baltic Sea is a semi-enclosed, non-tidal, brackish-water ecosystem characterized by a
decrease in salinity from near marine in the west to almost freshwater in the northeast, with a
series of deep basins separated by shallower sills. In the basins of the southern Baltic (Fig. 1),
the water column is characterized by a strong thermohaline stratification which leads to
stagnation of the deep-water and regular occurrence of hypoxic areas (Mgller and Hansen,

1994; Naumann et al., 2020).
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Temperature-depth profiles of cod tagged with data storage tags in 2016-2019 through the
TABACOD project suggest that contemporary EBC use shallower waters from autumn to
spring and display a deep-water-use period during the spawning time in summer (Hiissy et al.,
2020). While WBC experience a clear seasonal temperature oscillation with a maximum
during summertime, EBC undergo a flat seasonal temperature cycle with slightly higher
temperatures in autumn and winter and lower temperatures in spring (Hiissy et al., 2020a,

Haase S unpublished data)).

Tagging of cod

A total of 25,352 cod were tagged between March 2016 and May 2019 in the southern Baltic
Sea within the TABACOD project (Figs. S1, S2). The tagging procedure is described in detail
in Hiissy et al. (2020). In brief, live cod were caught in German, Danish, Swedish and Polish
national waters (Fig. 1). Cod were mostly caught with bottom trawl hauls (trawl duration 5-30
min) from research and commercial vessels. A smaller proportion of cod was caught by

angling or with pound nets and fish traps.
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Figure 1: Release position of recaptured cod in the southern Baltic Sea for which otoliths were available
for analysis. Individuals were assigned to the EBC (red) or WBC (black) stock by genetics or otolith shape
analysis. Locations mentioned in this study are marked (GER: Germany, Riig: Riigen Island, SWE:
Sweden, AB: Arkona Basin, R: Ronnebank, HB: Han6 Bight, B: Bornholm, DK: Denmark, BB: Bornholm
Basin, POL: Poland, HP: Hel Peninsula)

The total length (in mm) and the wet mass (in g) were measured for each fish before tagging
procedures. Cod were then chemically marked by injecting TET intraperitoneally following
the procedure described in Stotera et al. (2018). 93.7 % of all released cod were TET marked.
The injected volume of the chemical compound was proportional to individual wet mass (100
mg TET per kg wet mass of cod). TET is embedded into the otolith within approximately 24
hours (Panfili et al., 2002, Campana and Thorrold, 2001), creating a mark visible with a
tetracycline filter set in a fluorescence microscope (Stotera et al., 2018). After internal
injection, the fish was tagged externally with a T-bar anchor tag (type TBF-1, Hallprint) for
individual identification upon recapture. All fish were released immediately or returned to the
water tank and released together at the end of the day. Within TABACOD, the overall
mortality associated with tagging events was 16% without significant effects of the tagging

procedure itself (Haase et al., 2021).
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Recaptured cod

Recaptured cod were returned by commercial and recreational fishers together with
information on recapture date and time, location and gear type. By March 2020, 383
recaptured cod had been reported, resulting in a return rate of 1.5%. Total fresh or frozen
length (to the nearest mm), fresh or frozen weight (to the nearest g) and sex were recorded.
Measurements of length and weight of frozen fish were transformed to fresh length and
weight with the shrinkage key developed for cod in the southern Baltic Sea (McQueen et al
2019b). The sagittal otoliths were removed and stored dry and dark to prevent fading of the
fluorescent mark (Krumme and Bingel, 2016) until further processing. Recaptures were
genetically assigned to the WBC or EBC stock based on tissue samples following the
procedure described in (Hemmer-Hansen et al., 2019). Individuals that could not be assigned
genetically (14.8%) were assigned to their respective stock using otolith shape analysis. For

more details on the method refer to (Schade et al., 2019).

Otolith preparation followed the procedure described in Krumme et al. (2020). Each otolith
section was first photographed under transmitted light (to distinguish between TZ and opaque
zones (OZ), normally used for age reading) and then under fluorescent light with an Olympus
U-MNV filter cube (barrier filter: 455 nm, excitation filter: 400-410 nm, dichroic mirror: 455
nm) to visualize the fluorescent TET mark. The TET mark was visible in 80.2% of the

recaptured otoliths.

Validation of zone formation and otolith growth

The zone formation of each sectioned otolith was classified by overlaying the photo taken
under fluorescent light and the one taken under transmitted light using Microsoft PowerPoint

to make both the TZ and OZ as well as the TET mark visible (Fig. 2, Fig. S3).
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Figure 2: Photograph of an otolith taken under transmitted light overlaid with the tetracycline mark

(TET) observed under fluorescent light. C — otolith core, E — otolith edge, CE — distance core to edge at
recapture, TE — distance TET mark (=release) to edge (=recapture). Cod was released on 15.11.2016 (390
mm) and recaptured after 410 days at liberty on 30.12.2017 (421 mm). The zone type at release and
recapture were classified as opaque and translucent, respectively. Three research assistants measured the

distances TE and CE as 368 (+43) pm and 3753(£24) pm, respectively.

For each otolith, the zone type at the edge and at the TET mark, when visible, was classified
as either opaque or translucent by one researcher, using a photograph taken under transmitted
light. The zone category at the TET mark was only recorded when there was sufficient growth
between mark and edge (> 40 pm of otolith growth). In addition, the number of zone
transitions between OZs and TZs from the TET mark to recapture was counted following
Krumme et al. (2020). The seasonality of zone formation was assessed by examining the
monthly distribution of both zone types at release (TET mark) and recapture (edge). In some
cases, zone type at the edge could not be classified because of reflections at the edge or
because the zone type was not clear. Zone type at the TET mark could not be classified when
(1) the TET mark was too close to the edge, (ii) a TET mark was missing or (iii) the zone type
was uncertain. The number of zone changes between release and recapture gives an indication

about the frequency of zone changes.

Largest distances (in um) between TET mark and edge (TE) and between core and edge (CE,
Fig. 2) were measured with the software Zen 2 (blue edition). These measurements

represented otolith growth during the time at liberty (TE) and a measure for otolith size (CE).
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The distance TE was only measured when the TET was clearly separated from the edge (i.e. >
40 um of otolith growth). All measurements were separately conducted by three research
assistants, resulting in three independent measurements for each otolith. Measurements
between research assistants varied on average by 36 and 76 um for the distance TET mark
and edge, and distance core and edge, respectively. The mean distance for each otolith and
measurement were calculated from the measurements by the three research assistants. Average
daily otolith growth (DOG, in pm) was calculated by dividing the otolith growth after release
(i.e. from the TET mark) by the days at liberty (DAL). Several sources of error can be
associated with the distance measurements. These involve (i) an imprecise cut through the
core, (i1) a poor quality of the photograph impeding the distinction of the edge type, or (iii) a
blurred TET mark and reflections of the outer edge. Further, (iv) since individual measuring
axes were used, differences in the chosen angle could lead to differences in distance

measurements.

Statistical analysis

We applied four ANOVA models to test the following objectives:

1. Does otolith growth (TE) follow a linear relationship with fish growth (growthsomatic;
difference between length at release and length at recapture (mm))? Does it differ
between stocks (WBC vs. EBC)?

TE ~ grOWthsomatic *StOCk

2. Does otolith growth increase linearly with the days at liberty (DAL)?

TE ~ DAL*stock

3. Does daily otolith growth (DOG) depend on fish length (TL; total length at recapture

(mm))? Does it differ between stocks?

DOG ~ TL*stock

4. Does the size of the otolith (CE), as measured from the core to the edge, depend on

fish length? Does stock affiliation and sex (female vs. male) have an influence on this?

CE ~ TL*stock*sex
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Continuous variables included TE, growthsomaic , DAL, DOG, and TL . Stock and sex were
used as categorial variables. Initial checking revealed that sex might only be significant in
model 4, therefore it was not included in the other models since it reduces the sample size by
54 individuals which had not been assigned a sex. Insignificant terms were dropped
successively using F-tests until all terms were significant. The criterion for statistical
significance was p<0.05. Model selection was conducted by stepwise backwards elimination
of the predicting variables based on the Akaike information criterion (AIC, Akaike, 1974).
Models with lower AIC are considered to have a better fit, with AAIC>2 indicating a
significant improvement. The model with less predicting variables was then selected as the
most appropriate (Burnham and Anderson, 2002). Assumptions of homogeneity of the
residuals and normality of the variables were verified by visual inspection. All analyses were

conducted in R 4.0.3 (R Core Team, 2020).

Results

Overview of recaptures

Otoliths from 262 recaptured cod were available. Four of those could not be assigned to either
the WBC or EBC stock and were excluded from the analysis. 85.7 % and 14.3 % of the
individuals were assigned to the EBC or WBC stock, respectively (Tab. 1). Eight individuals
were recaptured after one day. The longest period after which a cod was recaptured was 868
days; average time at liberty was 210 days (Fig. S4). Release and recapture lengths of
recaptured individuals ranged between 240 mm and 541 mm (average length of EBC: 386 +
51 mm and average length of WBC: 389 + 72 mm) and 253 mm and 585 mm (average length
of EBC: 420 + 48 mm and average length of WBC: 425 + 73 mm), respectively (Figs. S1 &
S2). At recapture, WBC covered ages between 1 and 4 (Tab. S1).
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Table 1: Number of returned marked cod by country and stock assigned by genetics or otolith shape
analysis (EBC: Eastern Baltic cod stock, WBC: Western Baltic cod stock). Number in brackets indicates

number of individuals without visible TET-mark.

Stock
Tagging location EBC WBC Total
Southern Arkona Sea 107 (17) 23 (1) 130 (18)
around Bornholm 50 (6) 8(0) 58 (6)
Hano Bight 27 (3) 0(0) 27 (3)
off Hel Pensinsula 37 (17) 6 (6) 43 (23)
Total 221 (43) 37(7) 258 (50)

Validation of zone formation

Zone categories at release (TET mark) and recapture (edge) could be classified for 179 and
247 individuals out of 258 available, respectively (Fig. S7). TheThe number of classifications
of the zone type at the TET mark was particularly low for individuals with DAL less than 30
days.

The proportion of OZs was higher between November and May for EBC at the TET mark,
while the TZ dominated from July until October (Fig. 3, refer to Fig. 4 and Tab. 2 for
examples). Sample size of TET mark classifications in July (n=2) and December (n=3) was
low due to low number of releases in these months (Fig. S1). Despite the low number of WBC
recaptures, a clear seasonal pattern was discernible: the OZ dominated in November and from

January to April while there was a higher proportion of TZ in May, July and October.

The temporal pattern of the edge type classification was similar to the patterns of opacity at
the TET mark but the proportion of TZ was higher in the former (Fig. 3). Generally,
classification at the TET mark had a lower level of uncertainty because the zone type could be
assigned more easily. The classification at the edge was more uncertain due to uncompleted

zone formation and reflections of the edge (Fig. S5).

The majority of the recaptured individuals formed one TZ and one OZ per year (Fig. 4(1)),
resulting in 0-2 zone changes if DAL<365 and 2-4 zone changes if DAL>364 and <730.

94.3% of the EBC had 0 (n=42), 1 (n=59) or 2 (n=15) zone changes within the first year after
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tagging, while 0.03% (n=4) and 0.02% (n=3) had 3 and 4 changes, respectively (Fig. 4(2)).
66.7% of the EBC recaptured within the second year at liberty had 2 (n=11), 3 (n=11) or 4
(n=6) zone changes, while 23.8% (n=10) displayed only 1 zone change and 0.07% (n=3) and
0.02% (n=1) had 5 and 6 zone changes, respectively (Fig. 4(3)). One EBC with 868 DAL
displayed 10 zone changes (Fig. 4 (4)). 93.1 % of the WBC displayed 0 (n=14), 1 (n=12) or 2
(n=1) zone changes in the first year at liberty, while 6.9% (n=2) had 4 zone changes. Only one
WBC had DAL>1 year and displayed 3 zone changes. In total, 86.8% of the EBC and 93.1%
of the WBC supported the hypothesis that one TZ and two OZs are formed per year.

Hence, a calendar year in EBC otoliths consists of three parts: an OZ between January and
May, a TZ until October and again an OZ, although some individuals still display a TZ until
January. The zone changes for individuals which were at liberty for more than one year,
however, suggest that irregularities occur. The few WBC otoliths analysed formed an OZ
from January until May, followed by a TZ in summer and again an OZ from November

onwards.
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Figure 3: Proportions of zone types at release (left) and recapture (right) per month separated by assigned
stocks. Numbers within the bars indicate the sample size.
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Figure 4: Zoom into the cross section of otoliths from Eastern Baltic cod at liberty for 364 days (1) and (2)
and more than a year (3) and (4). The tetracycline-mark (yellow line) as marked on the image taken under
the fluorescent light is overlaid onto the image of the otolith viewed under transmitted light. Release
(green star with month and year) and recapture (red star with month and year) events are marked. The
curly brackets in (3) and (4) indicate the approximation of one year of otolith growth with the
corresponding year. Further information can be found in Table 2. Note that (2), (3) and (4) are examples of
the 15.2% where more than two zone transitions per year occurred and double rings were visible.

Photographs of the complete otoliths can be found in Figure S6.
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Table 2: Release and recapture information from the four fish presented in Fig. 4. Date format:
dd.mm.yyy. Zone types are classified as opaque (O) and translucent (T) at the tetracycline-mark (release)
and at the edge (recapture). Zone transitions: number of changes between translucent and opaque zones
between release and recapture. Otolith length at recapture: Mean measured distance between core and
edge. Otolith growth: Mean measured distance between tetracycline-mark and edge. Otolith length at
release: Difference between Otolith growth and otolith length at recapture. All individuals were assigned

as Eastern Baltic cod by genetics (ID 1 and 3) or otolith shape analysis (ID 2 and 4).

Release Time at liberty Recapture
Otolith

Fish- Otolith Fish-  1ength ogolith

Otolith length length Zone length growth
ID Date Zone (mm) (um) Days transitions Date Zone (mm) (um)  (um) Sex Maturity
1 27.05.2017 O 371 3949 364 2 26.05.2018 O 447 4357 408 F spent
2 25.03.2017 O 249 2001 364 4 24.03.2018 O 446 3072 1071 - -
3 26.10.2016 T 278 2580 712 6 08.10.2018 T 346 3273 693 M abnormal
4 19.10.2016 T 277 2930 868 10 06.03.2019 T 456 4456 1526  F maturing

Stock differences in otolith growth

The distance between the TET mark and edge were measured for 214 individuals. The largest
otolith growth after release was 1523 pm in 868 DAL, for an individual belonging to the EBC
stock (Fig. 4 (1)).

After tagging, otolith growth (TE, the largest distances between TET mark and edge)
increased linearly with fish growth (F=1192, df=3, p<0.05, Fig. 5) with no significant
difference between WBC and EBC (AICtull moder=2600.1, AICfinal moder=2597.3, Fig. S7). On
average, otolith growth increased 6 (+0.17) um for each mm of somatic growth between

release and recapture.
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Figure 5: Otolith growth vs. fish growth after release with a linear model fitted with 95%-confidence
intervals to the data (R? = 0.85, n=213) for both stocks combined.). Otolith growth vs. fish growth

separately for stock can be found in Fig. S7. Negative fish growth could occur due to measurement errors

and shrinkage when DAL was short.

The width of the otolith growth after the TET mark increased with increasing DAL (Fig. 6).
The residuals were not distributed homogeneously but visual inspection showed that with
increasing DAL, otolith growth increased faster for WBC than for EBC. EBC individuals that
seemed to be outliers due to their fast otolith growth were consistently tagged in German or
Polish national waters (Fig. S8). For cod with DAL>30, average daily otolith growth (DOG)
was significantly faster for WBC (2.3 £0.6 pm day™') compared to EBC (1.4 + 0.6 um day™,
Fig. S6, F=45.2, df=1, p<0.05, Fig. S9). Fish length did not significantly influence daily
otolith growth (AICti modei=308.3, AICtinal mode=305.6).
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Figure 6: Otolith growth after release vs. days at liberty separately for Western Baltic cod (WBC, black
dots) and Eastern Baltic cod (EBC, red dots); linear model fitted with 95%-confidence intervals (R?>=0.71,
n=213).

Stock differences in otolith size

There was a significant positive relationship between CE and recapture length. CE was
significantly greater for EBC compared to WBC and for males compared to females, with no
interaction at the same fish length (Figure 7, Tab. 3, F=52.92, df=5, p<0.001, n=204, AICsun
modet=2963.92, AICfinal mode=2962.83), suggesting that EBC and male individuals have larger
otoliths at the same fish length. It has to be considered that the number of WBC samples
which were assigned a sex and included in this analysis is rather small (n=24) with only 12

individuals per sex.
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Table 3: Parameter estimates and standard error (SE) for ANOVA exploring the effect of stock and
recapture length on the distance core-edge (F=113.8, df=2, p<0.001). Parameter estimates significantly
different from 0 at the 5% level (p<0.05) are marked with a “*”,

Term Parameter estimate SE t-value p-value

Intercept (EBC) 1229.97 200.68 6.13  <0.001*
TLrecapture 5.87 0.46 12.78  <0.001*

WBC -445.95 73.94 -6.03  <0.001*

male 146.85 48.51 3.03 0.003*
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Figure 7: Distance core-edge, a measure for otolith size, over recapture length, separately for stock
(Eastern Baltic cod (EBC): red dots; Western Baltic cod (WBC): black dots, n=256); a linear model is
fitted to the data with 95%-confidence intervals.
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Discussion

After decades of uncertainty in the interpretation of ring patterns, this study is the first to
validate otolith zone formation of wild adult EBC using TET-marked recaptures. Recently, the
zone formation of juvenile and young adult WBC was validated (Krumme et al., 2020),
making EBC the second demersal fish stock from the Baltic Sea where chemically marked
otoliths have been used to validate ring formation patterns. The present analysis revealed that
contrary to previous assumptions, zone formation of EBC does show a visible seasonal signal
within the otolith, namely that the TZ of EBC is deposited between April and October,
predominantly during the summer months. Furthermore, the time-stamped otoliths provided
the first validated otolith growth measurements which revealed that contemporary WBC
otoliths grew faster than EBC, while EBC otoliths were generally larger than otolith of WBC
at the same fish length. This is in line with the slow body growth of EBC estimated from
mark-recapture data (McQueen et al., 2020; Mion et al., 2020). Moreover, sex-specific

differences in otolith growth were detected with male EBC having larger otoliths.

Seasonal pattern in zone formation

Zone formation of EBC was assumed to be unpredictable and unrelated to season (Hiissy,
2010; Hiissy et al., 2016). However, the chemically marked otoliths of adult (25-59 cm) EBC
from this study showed a clear pattern of TZ formation between April and October at the TET
mark. There were few individuals which formed their TZ until January, indicating either a
prolonged period of TZ formation or a second, separate TZ formation in December-January
(Fig. 5). Zone formation at the edge was less interpretable than at the TET mark.
Classification at the outer edge is often ambiguous (see examples of WBC in Krumme et al.
2020). In EBC, incomplete zones, slow otolith growth, and reflections at the edge of the slices
may have contributed to the uncertainties in past attempts using edge type analysis (Baranova

et al., 2011 and references therein).

The wide range of months in which the TZ is formed is in line with the results of edge type
analysis of Baranova et al. (2011). The extended period of TZ formation coincides with the
presently prolonged spawning period of EBC, ranging from May until September (Kd&ster et
al., 2017). During spawning, which in recent years mainly takes place in the Bornholm Basin,
EBC use areas below the halocline where salinity is higher, hypoxic conditions prevail and

food uptake is reduced (Eero et al., 2015; Casini et al., 2016, Hornetz P unpublished data).
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This likely results in a physiologically stressful period in which metabolic needs are not met.
Temperature is less likely to play an important role in the formation of the TZ, because
temperature differences experienced by EBC during the course of the year, as observed in
DST data, are minor compared to WBC (Haase S. unpublished data). There is not such a
distinct increase in ambient temperatures experienced by EBC during summer when the fish
spawn in deeper, colder areas below the halocline (Wieland et al., 2000). An increase in
ambient temperature in EBC only occurs when they move to shallower grounds in late
autumn (Hiissy et al., 2020a; Haase S unpublished data). The OZ of adult EBC is mainly
formed post-spawning in winter and spring. This is also a period of more intense feeding
(Baranova et al., 2011; Hornetz P, unpublished data), even though somatic growth of EBC
shows negligible seasonal variation (McQueen et al., 2020; Mion et al., 2020).

It is noteworthy that the TZ of both EBC (this study) and WBC (Krumme et al. 2020) is
formed during summer. However, different combinations of factors are involved (Tab. 4),
which may lead to similar metabolic states resulting in TZ formation. Unlike EBC, WBC
spawn mainly during the first quarter of the year (Hiissy, 2011) and experience increased
water temperatures in summer. Recent evidence from WBC in the relatively shallow Belt Sea
(ICES subdivision 22) revealed that the fish conduct seasonal shifts in vertical distribution
(Funk et al. 2020). In summer, WBC concentrate on the basin slopes to “over-summer”, thus
avoiding high water temperatures in shallower waters (Freitas et al. 2015, 2016) and hypoxic
areas building up in the deeper basin (Naumann et al., 2020). This period is associated with
reduced feeding (Funk et al., 2020a) and reduced growth of WBC (McQueen et al. 2019),
suggesting that the metabolic needs of WBC are not met and a TZ is formed, both in juveniles
and young adults (McQueen et al., 2019; Krumme et al., 2020; Plonus et al. 2021). The fact
that WBC from the Arkona, Bornholm and Gdansk basin also form the TZ during summer
strongly suggests that WBC display in these areas the same seasonal changes in depth use as observed
in the Belt Sea. This is further supported by recent findings from otolith shape analyses (Schade et
al., under review in CJAFS) and patterns in depth use of DST recaptures (Haase S,
unpublished data) showing that WBC usually use shallower waters than EBC. Consequently,
WBC generally experience stronger seasonal temperature fluctuations than EBC. Contrarily,
WBC and EBC also share common stressors during the period of TZ formation, such as the
decreases in food intake, increase in ambient salinity and decrease in oxygen while
concentrating in spawning aggregations (EBC) or concentrating in over-summering groups

(WBC) (Tab. 4).
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Table 4: Comparison of stressors affecting the formation of a translucent zones during summer in Eastern
Baltic cod (EBC) and Western Baltic cod (WBC) otoliths (Y = yes, N = no). References can be found in the

text.

Stock
Stressor in summer WBC EBC
Behaviour Spawning N! Y?
Decrease in food intake Y* Y36
Aggregation into large groups Y! Y%
Environmental
condition Increase in salinity Y’ Y’
Decrease in oxygen Y! Y®
Increase in temperature Y! N*®

! Funk et al. (2020b)

2 Wieland et al. (2000)

3 Koster et al. (2017)

* Funk et al. (2020a)

3> Hornetz P, unpubl. data

6 Casini et al. (2016)

7 Nissling and Westin (1997)
§ Hiissy et al. (2020)

The environmental factors influencing the formation of TZ and OZ are difficult to disentangle
in wild fish (Fablet et al., 2011 and references therein), and only a few ambient conditions can
be recorded simultaneously in individuals tagged with data-storage tags in mark-recapture
studies. Controlled experiments conducted with Atlantic cod revealed that high temperatures
and changes in metabolic activity expressed for example through food limitation, lead to the
formation of a TZ in otoliths (Dannevig, 1956; Hoie et al., 2008; Neat et al., 2008; Fablet et
al., 2011; Stanley et al., 2015). Further research linking evidence from controlled experiments
and environmental data recorded by tagged wild fish is needed to disentagle the relative role

of different processes influencing zone formation in Baltic cod otoliths.
Irregularities in otolith zone formation

Most EBC and WBC had up to two zone changes within a year, indicating that one TZ (April-
October) and two OZs (January-March and November-December) were formed per calendar
year, and thus pairs of zones can be counted to estimate age. There were, however, 7.2% of
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the EBC forming more and 6.0% less than one TZ bordered by two OZs per year (see Fig.
4(2)-4(4)). 6.9 % of the WBC had more than two zone changes within a year. This suggests
that there is not necessarily one period of favourable conditions followed by one with
unfavourable conditions every year, but deviations can occur. Double rings indicate either the
return of unfavourable conditions or the temporary occurrence of alleviating conditions. On
the other hand, a continuous OZ or TZ during a year indicates that the individual experienced
either favourable or unfavourable conditions for time periods which exceed a year. The
proportion of irregular otoliths (13.2%) is not minor and may impede the age reading of EBC

when chemically-marked recaptures from continuous tagging efforts are not available.

Differences in otolith growth between mixing cod stocks

The on average 61% higher daily otolith growth rate of WBC compared to EBC indicates
better fish growth conditions for WBC in the same area. Otolith growth followed a strict
linear relationship with fish growth, with no differences between the two stocks (Fig. 7). This
emphasizes that in Baltic cod body growth is reflected in otolith growth. The difference in
otolith growth between the two stocks in the southern Baltic is lower than the difference in
somatic growth, as somatic growth of cod from the western Baltic Sea has been reported to be
roughly twice as fast as cod in the eastern Baltic Sea (McQueen et al., 2020). Considering
only cod tagged within the same region, the stock-specific differences in somatic fish growth
are lower than the regional differences, but with an average difference of 41% still statistically
significant (McQueen et al., 2020). Due to the limited number of recaptured WBC (likely
reflecting the decreasing abundance of WBC towards the east) and overlapping distributions
of WBC and EBC in the area, it was impossible to statistically assess whether or not
differences are due to a genetic or to a spatial effect, but the difference in otolith growth rate is
another clear signal for the reduced productivity of EBC compared to WBC (McQueen et al.,
2020). Grouping by tagging country, however, revealed that otoliths of recaptured individuals
tagged in Polish and German national waters showed faster otolith growth rates compared to
individuals tagged in Danish and Swedish national waters (Fig. S7). This indicates an area-
effect which is likely related to the exposure to different environmental conditions, such as an
increase in benthic food availability and decrease in hypoxic areas closer to the coast (Casini

et al., 2016; Naumann et al., 2020).
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Differences in otolith size between mixing cod stocks

Whereas the daily otolith growth during the individual’s time at liberty was faster for WBC,
the distance between core and edge was larger for EBC at the same fish length (Fig. 7). This
indicates that the otoliths of EBC grew faster or for a longer time period before the individual
reached length classes covered in this tagging study (i.e. smaller than 25 cm). Following our
present understanding, this is the most likely explanation, but further samples of juvenile

otoliths could bring clarity.

An alternative explanation is that somatic growth and otolith growth are decoupled, resulting
in continuous otolith growth while somatic growth is reduced (Mosegaard et al., 1988; Hiissy
and Mosegaard, 2004; Sveding et al., 2020). However, at least during the duration of this
experiment there is no indication of decoupled somatic and otolith growth as reflected by the
strictly linear relationship which did not differ between EBC and WBC (Figs. 5 & S9).
Evidence for decoupling might require longer time series. A general restriction of this analysis

is the low sample size of WBC.

Additionally, the distance between core and edge was larger for female than male cod. At least
for EBC, where the difference was slightly larger than for WBC, this suggests that otoliths of
males grew slower (Fig. 7). A potential explanation are the extended stays (earlier arrival and
later leave) on the spawning grounds (Nielsen et al., 2013), so that males are longer exposed
to unfavourable conditions currently occurring in the Bornholm Basin (Eero et al., 2015;
Casini et al., 2016; Koster et al., 2017). This could potentially also be a first indication for

reduced somatic growth.

Cod smaller than 25 cm total length were not tagged in this study, so that we still lack
chemically-marked otoliths from juvenile EBC to validate the formation of the first TZ. If the
age of the first visible increment formation is still unclear in EBC, age data should not be
included in the current stock assessment, even though this study validates the patterns in ring
formation of adult EBC. Monthly length-frequency distributions of wild juvenile EBC are
needed (see McQueen et al. 2019 for the WBC as example), ideally in addition to recaptures
of chemically-marked juveniles. This is, however, challenging in EBC because young-of-year
are usually too small for external tagging and the mortality associated with trawling Baltic

cod for tagging process increases with decreasing size (Haase et al., 2021)
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Conclusion

Chemical marking combined with tagging provides a time stamp in the otolith which enables
the analysis of zone formation and otolith growth between release and recapture. This method
was already successfully used to validate that WBC form the TZ during summer (Krumme et
al., 2020). In adult EBC, also unlike previous assumptions, TZ also occurred predominantly in
summer during the extended spawning period where metabolic needs are apparently not met.
However, validation of the age at first first visible increment formation in juvenile EBC is still
needed before age data of EBC can be reliably estimated. Since otolith growth follows a
linear pattern with fish growth irrespective of stock affiliation, the slower daily otolith growth
of EBC confirmed the reduced length growth rate of adult EBC (McQueen et al., 2020). The
generally larger otolith size of EBC compared to WBC at a given fish length indicate that
EBC are older at the same fish length, which provides further evidence for the reduced growth
rate and stock productivity of EBC. The smaller otolith size of males compared to females
further suggest a sex-specific difference in somatic growth of cod in the southern Baltic Sea

presenting a serious matter which requires further research.
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General Discussion

This thesis evolves around two main topics, namely (1) the movement of individual cod in the
southern Baltic Sea and (2) the zone formation and growth of otoliths of cod from the same
area. The seasonal movements and distribution patterns of individuals and the associated
environmental conditions can thus be linked to patterns in otolith formation. Knowledge on
the movement patterns and behavior of individual fish is important to better understand the
connection between individual behaviour and link these to the dynamics in a stock (e.g.
distribution, habitat use, exposure to different environmental conditions (Sutherland, 1997,
Henderson et al., 2014)). Information on the individual movement behaviour relative to
ambient environmental conditions is particularly valuable input for modelling bioenergetics of
individuals or inferring to stock dynamics. Further, fish otoliths are commonly used for age
determination and can be an indicator for the growth rate of a stock; both fish age and otolith
growth are measures for the productivity and status of a fish stock and inaccurate aging due to

the lack of validated otolith material might lead to a biased picture of the stock status.

This dissertation aimed at resolving some of these issues for Western Baltic cod (WBC) and
Eastern Baltic cod (EBC) of the southern Baltic Sea by using data of the international tagging
project “TABACOD” (Tagging Baltic cod; Hiissy et al. (2020a)) which took place between
2016 and 2019 and used both T-bar tags and archival DSTs recording temperature and depth.

Summary of key contributions

To ensure that during a tagging project a representative sample is obtained, the post-release
short-term mortality after tagging with T-bar tags and tetracycline was evaluated (Objective 1,
Chapter 1). This methodological check revealed that the mortality directly related to the
tagging procedure in the TABACOD project was relatively low (16%) and that the tagging
process itself did not have an influence on the short-term mortality of cod. However mortality
related to the trawling and handling onboard was generally decreasing with increasing fish
length. Besides the truncated length distribution of EBC available for tagging, this could have
been one reason for the low sample size of recaptures of fish released at smaller sizes.
Although the post-release mortality of DST-tagged cod was not statistically tested due to low

sample size, DSTs were unlikely to have a negative impact on the post-release survival of
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tagged cod because the recapture rate of DSTs was generally higher (3.4%) than for T-bar tags
(1.5%).

Another methodical requirement included adapting a geolocation framework to the
characteristics of cod inhabiting the southern Baltic Sea tagged with temperature and depth
DSTs (Objective 2, Chapter 2). Using the adapted geolocation framework, daily positions of
cod could be estimated with an accuracy of less than 20 km as tested with five different
validation experiments including 1) simulated tracks, ii) stationary, nearshore moored tags, iii)
temperature data from an offshore measuring station, iv) a temperature-depth probe attached
to an otter board of a commercial vessel, and v) DSTs mounted on the CTD and otter boards
of a survey vessel. Uncertainty of the geolocation framework was lower when there was a
pronounced stratification of the water column and individuals regularly conducted vertical

movements.

After assessing the post-release tagging mortality and the performance of the adapted
geolocation framework, the adapted geolocation framework was applied to 28 temperature-
depth profiles recorded by DSTs of cod which were at liberty for at least 39 days (Objective 3,
Chapter 3). Unlike all previous tagging studies in the southern Baltic, recaptured cod were
assigned to either the EBC or WBC stock using genetics or otolith shape analysis. Individual
horizontal movements showed a high degree of variability but could be classified into three
behavioural types: 1) coastal, shallow-water WBC, 2) resident EBC and 3) migratory EBC.
Further, based on depth use and estimated daily positions, salinity and oxygen values from a
Baltic regional ocean model were matched, to derive fluctuations of two additional key
environmental parameters experienced during the time at liberty. Due to the extended use of
deeper water layers, EBC experienced higher salinities than WBC and conducted short
excursions into hypoxic conditions. The shallower movements of WBC highlight the
importance of shallow water habitats in the southern Baltic Sea. The recorded temperature-
depth profiles revealed daily vertical movements in the water column of EBC and partly of

WBC which were trigged by twilight and in some cases by the lunar cycle.

The findings of Chapter 4 reveal seasonal patterns in otolith zone formation and stock-specific
otolith growth of cod tagged with T-bar tags and assigned to EBC or WBC by genetics or
otolith shape analysis (Objective 4). These findings show that the translucent zone of EBC is
formed during summer and early autumn and is not, as previously assumed, unrelated to

season. This chapter gave evidence that WBC in SD 24 and 25 also form their translucent
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zone in summer as already validated for cod from the Belt Sea (SD 22). Differences in growth
increments of EBC and WBC otoliths were in line with the somatic growth rates of these
stocks in the southern Baltic. The seasonal patterns in otolith formation, i.e. formation of the
translucent zone during summer and autumn, coincided with the seasonal behaviour patterns

revealed in Chapter 3, i.e. use of the Bornholm basin area below the halocline to spawn.

Altogether, evaluation of the seasonal movements and environmental conditions experienced
and the seasonal zone formation of otoliths of the two cod stocks in the Baltic Sea provide

new insights into the ecology and behaviour of cod inhabiting this unique brackish ecosystem.

Movement of cod in the southern Baltic Sea

On a regional scale, present knowledge on distribution of fish stocks in the Baltic Sea is
mainly based on conventional tagging studies (Aro, 1989), on catches from surveys and the
commercial fishery and analysis of acoustic data (Schaber et al., 2012; Andersen et al., 2017;
Casini et al., 2019). The major focus of these studies was cod, likely due to its once high
economic value, but studies on the distribution of prey species also exist, such as on herring
and sprat (Andersen et al., 2017) or species partly using the same food sources as cod, such as
flounder (Haase et al., 2020; Orio et al., 2020; but see ReBBing (2020) who found no noticeable
diet overlap of flounder with cod in SD 24-25).

Although cod in the Baltic Sea can be considered a relatively well-studied fish species,
knowledge about individual movements are mainly based on one study where individuals
were externally tagged with temperature-depth-salinity DSTs (Neuenfeldt et al., 2007). This
study was, however, limited in sample size (n=10), temporal coverage (days at liberty ranged
between 54 and 295 but nine of the cod were at liberty for four month or less) and spatial
extent (individuals remained mostly within the Bornholm Basin, while one individual was
recaptured in the Western Baltic Sea at 11.1 °E; Neuenfeldt et al., 2007). It remains unclear if
the individuals from that study were WBC or EBC because stock-assignment was not

conducted.

The DST-tagged cod from Chapter 3 were assigned to stock by genetics or shape analysis.
Although limited in sample size (n=5), all WBC stayed in close proximity to the coast or to

shallow oceanographic features at the Ronnebank and did not descent into waters below 50 m.
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They stayed above the permanent halocline in normoxic waters. Contrary, EBC stayed
predominately below the halocline and, thus, displayed a vertical separation from WBC. The
depth profiles and estimated movements of WBC and EBC were so distinct that one
individual which was assigned to the EBC by shape analysis was retrospectively classified as
WBC according to its depth profile. The resident EBC stayed within the Bornholm Basin
year-round and did not conduct seasonal movements to further-away feeding grounds. The
behaviour of these resident EBC were similar to the behaviour described in Robichaud and
Rose (2004) and Neuenfeldt et al. (2007). Contrary, migratory EBC conducted migrations
between the Bornholm Basin (spawning ground) and feeding grounds close to the Island of
Riigen and the Hand Bight. These migratory individuals stayed on the spawning ground
between May and November and on the feeding grounds between December and April. Thus,
the DSTs revealed seasonal movements of a subsample of the tagged individuals between
spawning and feeding grounds, but some individuals also stayed close to the spawning ground
year-round. Cod in the southern Baltic Sea showed a diversity of different life strategies likely
enabling the co-existence of the two stocks (Schade et al., under review). A review of several
T-bar tagging studies (Robichaud and Rose (2004) described the movement patterns of cod in
the Arkona and Bornholm basin as “sedentary” to the respective basin and within 40 — 200
km. The results from Chapter 3 give evidence that movement patterns observed from T-bar
tagging alone likely underestimate the complexity in movements, especially when cod were
recaptured approximately one year after release (Righton et al., 2007) when they are likely to

use a similar area as the year before.

Although T-bar tags are not useful to reconstruct individual tracks, the larger amount of
release and recapture positions (Fig. 1) can supplement the knowledge about movements
gained from the DSTs. The distribution of released and recaptured cod tagged with T-bars
clearly showed that WBC predominantly use the shallow, coastal areas (but two WBC were
recaptured at the slopes of the Bornholm Basin at 50 and 56 m water depth). These recapture
overview (Fig. 1) further shows that the DST recaptures did not represent the whole
distribution area of the WBC and EBC stock. WBC were recaptured as far East as the Gdansk
Bay (SD 26) and EBC as far West as the island of Fehmarn and in the QOresund (Fig. 1).
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Figure 1: Release (A) and recapture (B) positions of all recaptured cod tagged with T-bar tags from the
TABACOD project which were assigned to the Eastern Baltic (EBC, red) or Western Baltic (WBC, green)

cod stock assigned by genetics or shape analysis. No cod released in the Gdansk Bay were tagged with data

storage tags.

The DST profiles not only revealed horizontal movements, but also interesting insights into

vertical movements of individual cod. During dawn, mostly EBC ascended in the water

column, and descended again to the sea floor at dusk. This behaviour likely occurs when cod

follow the daily vertical movements of clupeids (Schaber et al., 2012; Andersen et al., 2017)
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which dominate the stomach contents of cod sampled from greater water depths (Hornetz,
2020). These vertical movements, which were at least periodically observed in all EBC, lead
to large variations in ambient water temperature in short time-intervals because the fish
crossed the thermocline (Chapter 3, Righton et al. (2010)). These vertical movements are
likely to foster a vertical transport of nutrients from the upper layer into below the halocline
because cod feed on clupeids in the upper water column, which in turn consume the largest
share of their daily ratio also in the upper layers and during vertical movements (Kulke et al.,
2018). The decomposition of faeces is then likely realized in deeper water strata (compare e.g.
Hansen and Visser, 2016; Pinti and Visser, 2018). The isolation of water masses in the basins
hinders the return of nutrients into the upper layer so that nutrients, regularly transferred by
piscivorous foraging excursions of cod, are deposited in the basins which can further amplify
anoxic conditions in these stagnating areas. Hence, EBC, which can no longer rely on benthic
food items in the deeper basins because hypoxia and anoxia resulted in large-scale loss of
epibenthos (Casini et al., 2016), would further deteriorate the oxygen conditions of the
stagnant water bodies by regular excretion of faeces at daytime derived from clupeids
consumed in the upper, oxygenated layer at night. Since all EBC conducted, at least
periodically, vertical movements a significant amount of faeces is transported into the deeper

areas and further research should be conducted to quantify this process.

Further, the depth profiles of some EBC individuals revealed vertical movements which were
synchronised with the lunar cycle. During full moon, some cod conducted less pronounced
vertical movements than during new moon (Chapter 3). In the non-tidal Baltic Sea, during full
moon, light can penetrate deeper into the water column and enables cod in coastal or slope
areas to visually forage on benthos, while they might rather feed on clupeids during nights
with less illumination. Alternatively, benthos abundance or availability may change with the
lunar cycle during certain periods of the years and cod are likely to respond to such
fluctuations in the prey field. Another possible hypothesis is that the vertical movements of
clupeids are also influenced by moon light. Lunar illumination is a well-known driver in the
behaviourof small pelagics and plankton, especially to synchronise spawning activity
(Takemura et al., 2004; Hernandez-Leon, 2008; Last et al., 2016) and has also been shown to
influence the spawning behaviour of Atlantic cod in Icelandic waters (Grabowski et al., 2015).
This is the first time that behaviour related to the lunar cycle was recognized for some cod in

the Baltic Sea and understanding the mechanisms behind it need further research.
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At the bottom of the southern Baltic Sea, the average annual temperature is reported to be 4-6
°C but significant variation occurs in the shallow-water areas (Snoeijs-Leijonmalm and
Andrén, 2017, Fig. S12 in the supplementary material of Chapter 2). The ambient
temperatures measured with the DSTs suggest that WBC, occupying shallower waters
throughout the year, experience larger seasonal variations than EBC. These clear and strong
seasonal variations in water temperature were recently described for cod in the relatively
shallow Belt Sea where cod do not have access to deeper waters with colder temperatures
during summer (Funk, 2020). Interestingly, Chapter 3 indicated that WBC in the southern
Baltic Sea where deeper, colder waters can be accessed, also stay shallower and mostly above

the thermocline and withstand the variation in ambient temperature.

The average ambient temperatures of WBC and EBC reported in Chapter 3, are at the medium
level of the average temperatures experienced by other Atlantic cod stocks and depicted
similar temperatures ranges as the stocks at the Faroe island and in the Barents Sea as
measured with DSTs (Righton et al., 2010). Although temperature was highlighted to be an
important predictor of the growth rates of Atlantic cod (Brander, 1995), growth rates of WBC,
and especially EBC, are lower than expected under the ambient temperatures experienced
(McQueen, 2019). Other factors leading to the reduced growth rate of EBC which was
especially pronounced in recent years (Eero et al., 2015; Hiissy et al., 2018, Mion et al., 2021)
is likely a combination of several factors including decreased condition (Eero et al., 2012;
Casini et al., 2016) driven by use of hypoxic areas (Limburg and Casini, 2018; Brander,
2020), hypoxia-related changes in food availability and composition (Eero et al., 2012;
Rojbek et al., 2014, P. Hornetz, pers. communication), which are linked to thiamine
deficiency (Engelhardt et al., 2020), and increased infestation rates of cod livers with the
juvenile stages of the nematode Contracaecum osculatum (Behrens et al., 2014; Sokolova et

al., 2018).

The increase in permanent hypoxic areas since the mid-1980s led to a shrinkage of suitable
spawning sites for EBC and to a contraction of the stock to the southern Baltic Sea (Eero et
al., 2012; Casini et al., 2016; Koster et al., 2017). Also in the western Baltic Sea, hypoxic
zones occur in shallow, coastal waters periodically in late summer (LLUR, 2020). Hypoxic
conditions in the southern Baltic adversely influence cod because the availability of benthic
food, especially food for smaller cod, is reduced (Neuenfeldt et al., 2020) and hypoxic

conditions reduce the rate of digestions and thus food consumption (Chabot and Dutil, 1999;
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Brander, 2020). Although oxygen depletion was visible in the estimated oxygen profiles of
WBC over summer, none of the individuals visited hypoxic zones with values <2 ml/l.
Contrary, both resident and migratory EBC experienced hypoxic conditions when visiting the
deeper Bornholm Basin but dives into hypoxic areas were rather short and individuals did not
endure chronical hypoxic conditions (Fig. 2) which are known to decrease growth (Chabot
and Dutil, 1999). These shorter dives into hypoxic conditions therefore likely do not play a
major role in reduced digestion rates and are thus not directly related to the reduced condition
of EBC. Hypoxic or even anoxic conditions might, however, have a much larger and adverse
effect on the less mobile, benthic prey species of cod (Modig and Olafsson, 1998; Carstensen
et al., 2014) and on successful spawning of cod (Koster et al., 2017).
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Figure 2: Section of a depth profile of an Eastern Baltic cod classified as migratory between coastal
feeding grounds and the Bornholm Basin for spawning (ID U9125, date format: mm/yy). Red dots mark
periods which the individual spent in hypoxic conditions (O: value < 2ml/l) as extracted from the Baltic
regional model based on water depth and estimated position. The male cod was released on 07.04.2017 and

recaptured on 19.04.2018.
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Otolith formation of cod in the southern Baltic Sea

Temperature and feeding condition, which in turn is influenced by several other factors such
as food availability and quality as well as oxygen content of the surrounding water, are known
to affect the opacity of fish otoliths (Fablet et al., 2011). Seasonal changes in otolith opacity
are commonly used for age determination but validation of these patterns is lacking in many
fish stocks (Beamish and McFarlane, 1983; Campana, 2001). Although the changes between
translucent and opaque zones in WBC otoliths are often described as very clear, the formation
of the translucent zone during summer was in SD 22 only recently validated for both juvenile
(McQueen et al., 2019; Plonus et al., 2021) and adult WBC up to the age of three (Krumme et
al., 2020). WBC became the first Baltic demersal fish stock where zone formation was
validated. Chapter 4 extended this validation to SD 24 and 25 and showed that the translucent
zones of WBC otoliths are also formed in this region during summer. Despite the successful
validation, comparisons between age readers suggest that age determination can still improve
in precision (Haase and Krumme, 2020a; Haase and Krumme, 2020b; Davies, 2021) but the
validation studies formed a common baseline for improving the data input for the WBC stock
assessment and a recent otolith exchange could correct some mis-aged otoliths sampled
during the Baltic Internation Trawl Survey (BITS) between 2017 and 2019 in the ICES
database DATRAS (Davies, 2021). These studies demonstrate that age validation significantly
improves the data input to the stock assessment and further improves our understanding of the

stock’s ecology (McQueen, 2019).

The age reading of EBC otoliths was always considered more challenging and classified as
unreliable and unrelated to seasons (Hiissy, 2010; Hiissy et al., 2016). Due to the lack of
practical alternatives and because they were not considered to substantially bias model results
(Reeves, 2003; Hiissy et al., 2016; McQueen, 2019), age data were continuously used until
2014 when the age-based analytical stock assessment model did not convert anymore (Eero et
al., 2015). Subsequently, a series of benchmarks was conducted and the influence of age data
in the stock assessment reduced (ICES, 2015; ICES, 2019). Despite the uncertainties related
to EBC ageing, age data are still being used as input data (in the form of age-length keys)
without validation (ICES, 2020).

Validated, time-stamped otolith material never existed in suitable amounts for EBC (but see

Hiissy et al., 2009) and thus Chapter 4 analyses a very valuable dataset of chemically marked
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otoliths for this stock. To leave a distinct fluorescent mark on the otolith of Baltic cod at the
day of tagging, the intraperitoneal injection of tetracycline-hydrochloride was successfully
tested (Stotera et al., 2018). After Krumme et al. (2020) successfully validated the zone
formation of adult WBC in the Western Baltic Sea by a mark-recapture experiment with
chemically marked individuals, the approved method and the gained knowledge was applied
to cod in the southern Baltic Sea during the TABACOD project (Chapter 4). Although the
return rate of 1.5% was relatively low compared to historic Baltic cod tagging projects in the
1960-1970s in which return rates ranged between 7 and 42% (e.g. Berner, 1962; Thurow,
1963; Berner, 1968; Berner, 1974; Berner, 1981), the otoliths of 258 recaptured cod provided
a sufficient sample size to show that also EBC otoliths followed a seasonal pattern in zone
formation. Chapter 4 revealed that the translucent zone in adult EBC otoliths is formed during
summer and autumn. This, however, is not enough to return to a reliable age determination of
Eastern Baltic cod because the age at first increment formation is still uncertain. Therefore,
the next necessary step involves understanding the formation of the core area by analysing the

zone formation of juvenile Eastern Baltic cod.

The slower growth rate of EBC compared to WBC (McQueen et al., 2020) was also visible in
a reduced growth of the otolith (Chapter 4) and gives further evidence for the lower
productivity of the EBC stock. Svedédng et al. (2020) observed an increased nitrogen content
with increasing fish length deposited in the otolith of EBC in the period 2010-2015 compared
to the period 1995-2005, which they interpreted as an indicator for an increased feeding rate.
They concluded, against the common understanding that the reduced productivity of EBC is
strongly interlinked with food limitation (Eero et al., 2012; Casini et al., 2016; Orio et al.,
2019; Neuenfeldt et al., 2020), that the feeding rate in larger cod has increased (Sveding et
al., 2020). In contrast to this suggestion, the reduced daily otolith growth rate of adult EBC
otoliths from Chapter 4 strongly suggests that daily increments are compressed, i.e. a given
distance on a contemporary otolith of an EBC includes more daily increments than previously,
so that the concentration of nitrogen content in a given spot size of a mass spectrometer would
also increase. Hence, changes in feeding rate are not required to explain an increased nitrogen
content in larger cod. Or in other words, increased nitrogen content from a given spot size of
the mass spectrometer would indicate that cod grow slower because more days with nitrogen

accretion are included in the measurement.
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Linking environmental conditions to otolith formation

The zone formation and growth of otoliths combined with the seasonal movements of cod in
the southern Baltic Sea provided new insights into the ecology of the two cod stocks in that
area. Data from the TABACOD project allow linking data from the movement of individual,
stock-assigned Baltic cod and the environmental conditions experienced during their time at
liberty to the zone formation visible on the otolith between the tetracycline mark and otolith
edge and to better understand the ecological context influencing patterns in ring formation in
EBC. Previously, influencing factors such as temperature or food intake were mostly studied
in controlled lab experiments (Hoie et al., 2008; Neat et al., 2008) or modelled (Fablet et al.,
2011) to understand the influence on otolith mineralization and opacity. A previous attempt in
linking DST data which recorded temperature, depth and salinity to the opacity level of cod in
the Bornholm Basin revealed a high variability and could not identify a clear pattern (Hiissy et

al., 2009).

The bioenergetic modelling of cod otolith biomineralization presented by Fablet et al. (2011)
predicts the formation of translucent otolith material during periods of warmer temperatures
and under lower feeding conditions. Inversely, opaque material is deposited when
temperatures are lower and feeding condition are better (Fablet et al., 2011). WBC in the
western Baltic Sea avoid the warmed-up shallow and productive habitats during summer and
descent into slightly colder waters (McQueen, 2019; McQueen et al., 2019; Funk et al.,
2020b; Funk et al., 2020a; Funk, 2020; Krumme et al., 2020). However, given the
shallowness of the Belt Sea and hypoxic conditions in deeper areas during summer (Snoeijs-
Leijjonmalm and Andrén, 2017; similar to patterns observed in a South-Norwegian fjord
(Freitas et al., 2015; Freitas et al., 2016)), WBC in the Belt Sea cannot avoid the temperature
stress. WBC otoliths form a translucent zone during this period. The summer period coincides
with temporarily reduced feeding (Funk et al., 2020a) and, as a result, the somatic growth rate
was slightly reduced (McQueen et al., 2018). Overall, the summer period is described as a
stressful period for WBC in the western Baltic Sea (McQueen, 2019; Krumme et al., 2020). In
late summer, water temperatures decrease, and WBC intensively use the shallower feeding
habitats (Funk et al., 2020b; Funk, 2020). The somatic growth rate displays an annual peak
(McQueen et al., 2018; Krumme et al., 2020). From late autumn to spring the opaque zone is
formed. Recent results from an individual-based bio-energetic model of WBC suggest that the

formation of the translucent zone during summer is primarily driven by water temperature and

155



Linking environmental conditions to otolith formation

that reduced growth and reduced feeding are only associated phenoma (Funk, 2020). Overall,
the pronounced seasonal fluctuation in water temperatures, exceeding optimum conditions
during summer, seems to be the major driver of the distinct changes between opaque and

translucent zones in WBC of the Belt Sea.

The WBC in the southern Baltic Sea, i.e. in the Arkona and Bornholm Basin, could potentially
descent to deeper, colder waters during summer, but the DST profiles from Chapter 3 clearly
showed that all individuals did not use this option but stayed in habitats shallower than 50 m
and thus, during summer experienced both warming waters and a depletion of oxygen,
however within normoxic conditions (Fig. 3, Chapter 3). Consequently, driven by the same
conditions as in SD 22, also in SD 24 and 25 the translucent zone of WBC is formed during
summer and zones are clearly distinct from each other (Fig. 3C, Chapter 4). Hence, the results
of the validation of zone formation of WBC otoliths from SD 22 also apply to WBC otoliths
from the SD 24 and 25 ranging from age 2 to age 4.
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Figure 3: Information collected for the recaptured 2-year-old female Western Baltic cod ID U9187
released in February 2018 (release length: 316 mm) and recaptured in September 2018 (recapture length:
349 mm) with the maturity state “resting”. (A) Depth and temperature profiles recorded by the DST and
oxygen and salinity profiles matched based on estimated daily positions and water depth. (B)
Reconstructed daily positions between release (green dot) and recapture (red dot). (C) Cross-section of the
sagittal otolith of this individual taken under a transmitted light microscope. Translucent summer rings,
marked with brackets, appear lighter than opaque zones. Hatching is marked with “*”, the timing of
tagging as revealed by the redrawn yellow band which can be seen under the fluorescent filter due to the

tetracycline-hydrochloride tagging is marked with “T”, and the timing of recapture is marked with “+”.

For EBC, temperature and behaviour, i.e. whether or not an individual is participating in
spawning, were assumed to be important drivers in otolith opacity (Hiissy et al., 2009). An
interaction of several drivers such as reduced food availability during spawning time but also
colder ambient water temperatures in the Bornholm Basin were assumed to result in less
distinct changes between translucent and opaque zones in EBC (Hiissy et al., 2009) and were
linked to a lack of seasonal variations in somatic growth rate (Mion et al., 2020a). Contrary to
WBC, different seasons cannot be as clearly divided into periods of favourable and
unfavourable conditions for EBC (McQueen, 2019, Chapter 3, 4, Fig. 4). But still, Chapter 4
demonstrated that the translucent zone in EBC with a fish length between 25 cm and 54 cm
was predominantly formed during summer and autumn, when EBC accumulate on the

spawning ground below the thermocline and experience higher salinity conditions and likely
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reduced feeding and hypoxic conditions (Chapter 3, Fig. 4, Hornetz (2020)). Spawning, food
limitation and hypoxic conditions induce an increase in stress. Due to a strong stratification of
the water column, a change in water temperature less likely plays an important role in the
formation of the translucent zone in EBC (Chapter 3, 4). When EBC ascent into shallower
waters in late autumn, feeding intensity increases again and peaks in late spring (Bagge, 1981;
Baranova et al., 2011). During this period, the ambient water temperatures are at the minimum
and might be too low for optimal food conversion and growth rate (Bjornsson et al., 2001).
Contrary to Hiissy et al. (2009), the DST profiles of the cod tagged within the TABACOD
project between 2016 and 2019 did not indicate that almost half of the tagged individuals
skipped spawning. Instead, only one of the 28 individuals might have skipped spawning
(Chapter 3). This indicates an interannual variability in spawning participation and might be
one explanation why seasonal patterns in opacity were more distinct in Chapter 4 than in
Hiissy et al. (2009). Generally, changes between translucent and opaque zones might have
become more distinct because the stock distribution of EBC contracted into the Arkona and
Bornholm Basin in the southern Baltic Sea and thus experienced conditions have become
more similar compared to former times when cod distribution included the central and
northern Baltic Sea (Aro, 1989). Indeed, it has been reported that age readers from different
regions of the Baltic used different interpretations of zone patterns (ICES, 1994; ICES, 2000;
McQueen, 2019).

The same dataset of chemically marked otoliths tagged during the TABACOD project was
also used to validate the periodicity of trace elements as revealed by microchemistry analysis
(Hiissy et al., 2020b). Phosphorus concentration showed a high seasonal consistency over the
years and was lowest in spring (Hiissy et al., 2020b). This indicates that the minima in
phosphorus concentration might coincide with the formation of the opaque zone. Although
microchemistry is rather costly and time-consuming and can thus not be a replacement of
traditional age-reading at present, it might be a valuable supplement to aid visual age reading

(Heimbrand et al., 2020).
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Figure 4: Information collected for the recaptured female Eastern Baltic cod ID U9232 released in
November 2017 (release length: 400 mm) and recaptured in October 2018 (recapture length: 460 mm)
with the maturity state “resting”. (A) Depth and temperature profiles recorded by the DST and oxygen
and salinity profiles matched based on estimated daily positions and water depth. (B) Reconstructed daily
positions between release (green dot) and recapture (red dot). (C) Cross-section of the sagittal otolith of
this individual taken under a transmitted light microscope. Translucent summer rings, marked with
brackets, appear lighter than opaque zones. Hatching is marked with “*”, the timing of tagging as
revealed by the redrawn yellow band which can be seen under the fluorescent filter due to the

tetracycline-hydrochloride tagging is marked with “T”, and the timing of recapture is marked with “+”.

Application of methods to other stocks or areas

Chapter 1 (post-release mortality) and chapter 2 (validation of the geolocation framework) are
methodological chapters and form the basis for the result sections of this thesis (Chapter 3,
DST profiles, and Chapter 4, otolith zone formation and otolith growth). While the results
from these chapter are specific to a species (cod) and a region (southern Baltic Sea), the

methods can be applied elsewhere if the species show similar behaviour as Baltic cod.

Baltic cod is decreasing in importance for the fisheries and the economic and ecological role
of other species like flatfishes may come more and more into focus. Hence, a better

understanding of the behaviour of these species may be required, given the current changes
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occurring in the Baltic Sea environment and fisheries. However, DSTs have not been used to

study flatfish or other round fish species like whiting in the Baltic Sea.

The geolocation framework HMMoce was originally developed for large pelagics in the
Atlantic Ocean (Braun et al., 2018). To apply it on Baltic cod tagged with temperature-depth
DSTs, several adaptions were necessary. Cod are demersal species but in the southern Baltic
they conduct daily vertical movements in the water column. The relatively heterogenous
bathymetry and strong stratification of the Baltic Sea led to good performance of the two
adapted likelihoods compared to other geolocation frameworks using DST profiles (Chapter
2). This geolocation framework could thus be directly applied to other demersal species
regularly crossing stratified water masses which live in an environment with a heterogeneous

bathymetry.

The adapted HMMoce could potentially be used for flatfish species inhabiting the Baltic Sea,
or any other area with heterogeneous bathymetry, when more emphasis is put on the
maximum depth likelihood. Flatfish are often closely related to the seafloor and therefore do
not cross stratified water masses regularly, but for instance the flounder Paralichthy dentatus
tagged with DSTs displayed vertical movements (Henderson et al., 2014) and regular vertical
movements are also known from the European plaice (Pleuronectes platessa) and European
flounder (Platichthys flesus) (Woodhead, 1960; Verheijen and De Groot, 1967; Jones et al.,
1979). The temperature-depth likelihood therefore not necessarily leads to more constrains of
positions. In the current maximum depth likelihood, fish are expected to stay within £ 5 m to
the sea floor. For flatfish this could be even more limited, but the accuracy of the depth sensor
of the tagged DST should be considered to not accidentally exclude possible positions. The
uncertainty involved with geolocation flatfish will be likely larger than of cod (Chapter 2),
since the bathymetry within the basins is rather similar and geolocation might be limited to
the assignment to the separate basins. Still, already a general direction of movements and
depth use patterns could bring new insights into flatfish behaviour. However, due to the
relatively small body cavity of flatfish, external attachment of tags might be necessary. It is
important to test how this external attachment, often associated with wound infection and
altered swimming performance due to drag (Lewis and Muntz, 1984; Jadot, 2003; Cooke et
al., 2012; Jepsen et al., 2015), can record representative behaviour of the species before
experiments in the wild are started. Recently, tetracycline was confirmed to leave a

fluorescent mark on the otoliths of the three flatfish species European plaice, European
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flounder and turbot (Scophthalmus maximus) (Meyer et al., under review) and thus DST
tagging could be supplemented with time-stamped marks on the otoliths to link otolith

patterns to environmental conditions in these species.

Contrary, for pelagic species like clupeids, under the assumption that there will be a suitably
small tag which could be used, focus should rather be put on the temperature-depth likelihood
since clupeids like herring and sprat stay off the ground and perform regular vertical
movements across the thermocline (Nilsson et al., 2003). Again, the uncertainty of the
geolocation model might be higher for clupeids because the maximum depth likelihood is
probably not effective for pelagic clupeids. But since small pelagics like the Western Baltic
spring spawning herring cross several, very different water bodies during the seasonal
migration linking spawning grounds in brackish-water lagoons in the south and feeding
grounds in the Kattegat-Skagerrak in the north of their distributional area, important findings

e.g. about timing of movements and ambient water temperatures could be derived.

These theoretical considerations of necessary adaptions of the geolocation framework for fish
groups of different behaviour should be validated, for example with the proposed validation
methods in Chapter 2. The advantage for the validation experiments conducted in Chapter 2
was that previous DST studies on cod in the Baltic (Neuenfeldt et al., 2007; Hiissy et al.,
2009; Righton et al., 2010; Nielsen et al., 2013) already gave a good indication on the
behaviour, particularly how individuals make use of the water column within a day. If such
information does not exist in the same environment, i.e. archival tagging has not been
conducted on the other previously mentioned species in the Baltic yet, DST studies from
comparable environments should be considered before applying validation studies to mimic
the behaviour of the species of interest. Simulating an artificial track coupled with the
environmental parameters which are going to be recorded by the DST and subsequently
reconstructing daily positions can be conducted with the lowest effort, given that sufficient
knowledge of the behaviour exists (Liu et al., 2017). But especially the application of both
simulated and observed data is useful to adapt and subsequentely test the applicability of a
geolocation framework. In summary, the adapted HMMoce geolocation framework can likely
be also adapted to reconstruct the daily positions of other species and in other areas but

further adaption of the likelihoods will be necessary.

In Chapter 1 the post-release short-term mortality associated with the process of catching fish

for tagging and handling on board was evaluated. Chapter 1 revealed that tagging did not have
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a significant effect on the short-term mortality but the catch and handling itself caused some
mortality. Contrary to Kock (1975) who observed higher mortality rates of Baltic cod during
summer, capture month did not significantly influence the mortality rate in our experiment.
Further, mortality increased with decreasing fish size indicating that smaller individuals were
more vulnerable to the handling process than larger individuals. Specifically, for the
TABACOD project, this led to relatively low return rate of individuals below 30 cm although
tagging started at 15 cm (Fig. 5). Although it causes additional effort to conduct these short-
term post-release mortality experiments in a tagging project, it is an important step to ensure
the quality of the tagging technique, and if deemed necessary, adapted the tagging procedure.
Every tagging project benefits from as many recaptures as possible - which ideally behaved

naturally during their time at liberty (Smith et al., 2017).
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Figure 5: Length distribution of released (A) and recaptured (B) cod during the TABACOD project.

Conclusion and research perspective

In conclusion, this thesis highlights the distinct stock-specific movement patterns and
behaviour of cod inhabiting the southern Baltic Sea. The movements of WBC and migratory

EBC in the southern Baltic Sea demonstrated the importance of shallow-water habitats in this
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region, especially in in spring and autumn. The seasonal patterns in environmental conditions
experienced throughout the year are laid down in very distinct zone patterns in WBC and also
in distinguishable rings in EBC otoliths. Summer is a stressful period for both WBC and EBC
and result in the formation of a translucent zone on the otoliths, but reasons for the formation
of a translucent zone are obviously different between stocks: While WBC experience warm
ambient water temperatures and likely limitations in food supply during the summer
aestivation period, EBC suffer from periodic hypoxic conditions and food limitation during
the spawning period. Temperature less likely plays a significant role in EBC because seasonal
differences are rather low and the extent of regular short-term temperature changes as the

result of daily vertical movements is much larger.

Tagging always only covers a subsample of the whole stock. Although it is commonly
assumed that this subsample represents the stock as a whole this assumption might be biased
by tagging and recapture positions. The conclusions drawn from both the T-bar and DST
recaptures might only apply for cod in SD 24 and 25 for individuals above 25 cm and the
transferability to other areas and length classes needs to be tested. The knowledge about the
dynamics of juvenile cod is rather limited and spatial distribution including feeding grounds
remain largely unknown. Size and robustness of the juvenile cod make them unsuitable for
tagging. This lack of small individuals leaves the formation of the core area of EBC otoliths
largely unclear. Age data should not be included in the current stock assessment before the

formation of the first translucent zone has been validated.

The movement strategies of WBC and migratory EBC highlight the importance of shallow
water habitats, especially during autumn and winter. This includes the shallow Ronnebank
which was discovered to be an important habitat for WBC. These shallow habitats might be
underrepresented in the demersal survey because water habitats < 20 m are not covered in the

BITS and might lead to a bias in survey indices.

Further, this is the first time that DST data of WBC are presented. They were, however,
released and recaptured outside the core area of distribution of WBC which is in SD 22 and
23. Based on the experiences from the TABACOD project, the Thiinen Institute is now
tagging WBC in the Belt Sea with DSTs recording temperature and depth. Due to the low
return rate of tagged cod in recent tagging projects, DSTs coated with a positively buoyant

floats are used. After the cod died due to natural causes or when the DST is overlooked during
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evisceration on-board commercial vessels and thrown overboard, the tag can float up to the

water surface and ultimately to a shoreline where it can be found and reported.
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Appendix

Appendix

This appendix includes the supplementary materials referred to within Chapter 2-4 of this

dissertation.

Supplementary Material of Chapter 2

Validation approaches of a geolocation framework to reconstruct movements of

demersal fish equipped with data storage tags in a stratified environment

5

Figure S1: Photograph (left) and schematic drawing (right) of the setup of the stationary method. DSTs

are mounted in small-meshed bags at around 2.5, 9 and 18 m along a rope which is marked at the surface

and anchored to the bottom.

181



Supplementary Material of Chapter 2

E median distance (km)
c5 30

S

3 25

[=3

2 3 20

5 15

£2

= 10

>

_g

01 02 03 04 05 06 07 08 09 E
max. swimming speed (m/s)

Figure S2: Median daily difference between known and reconstructed position for the Danish, German

and Swedish release positions. The black square indicates that start and end-position were not modelled

correctly.
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Figure S3: Minimum daily difference between known and reconstructed position for the Danish, German
and Swedish release positions. The black square indicates that start and end-position were not modelled

correctly.
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Figure S4: Maximum daily difference between known and reconstructed position for the Danish, German
and Swedish release positions. The black square indicates that start and end-position were not modelled

correctly.
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Figure S5: Temperature and depth profiles of the three stationary mounted DSTs (blue: close to the
surface, green: medium and red: greatest depth). To reconstruct the location of the moored DSTs with
geolocation model, two meters were substracted from the deepest DST since this one was deeper than the

water depth at this position (original data presented here).

184



Appendix

minimum distance (km)

vertical resolution (m)
uonels 1NNV Aeuonels | PIEOQ JANO - |958A [B191BLILLIOD

1S@ pajoow :Aleuone)s

01 02 03 0.4 05 056 07 08 09 1
max. swimming speed (m/s)
Figure S6: Minimum daily difference between known and reconstructed position from the temperature-
depth data sampled with the probe attached to the otter board of the commercial vessel and from the

stationary DSTs. The black square indicates that start and end-position were not modelled correctly.
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Figure S7: Median daily difference between known and reconstructed position from the temperature-
depth data sampled with the probe attached to the otter board of the commercial vessel and from the

stationary DSTs. The black square indicates that start and end-position were not modelled correctly.
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Figure S8: Mean daily difference between known and reconstructed position from the temperature-depth
data sampled with the probe attached to the otter board of the commercial vessel and from the stationary

DSTs. The black square indicates that start and end-position were not modelled correctly.
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Figure S9: Maximum daily difference between known and reconstructed position from the temperature-

depth data sampled with the probe attached to the otter board of the commercial vessel and from the

stationary DSTs. The black square indicates that start and end-position were not modelled correctly.
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Figure S10: Temperature profiles of the automated measuring station (MARNET) in the Arkona Basin.
Temperature values below 7.5 °C were deleted from the dataset since they can be accounted as

measurement errors.
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Figure S11: Vertical temperature profile extracted from the Baltic ROM at the true position of the

MARNET-station (black) over the period of deployment. Red crosses indicate measurements from the

MARNET station.
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Q4
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Figure S12: Quarterly bottom temperature (in °C) in the study area extracted from the regional ocean

model (Griwe, IOW) (Q1: 15.2.2019, Q2: 15.5.2019, Q3: 15.8.2019, Q4: 15.11.2019).
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Figure S13: Quarterly temperature (in °C) at 20 m water depth in the study area extracted from the

regional ocean model (Griwe, IOW) (Q1: 15.2.2019, Q2: 15.5.2019, Q3: 15.8.2019, Q4: 15.11.2019).
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Figure S14: Quarterly temperature (in °C) at 40 m water depth in the study area extracted from the
regional ocean model (Griawe, IOW) (Q1: 15.2.2019, Q2: 15.5.2019, Q3: 15.8.2019, Q4: 15.11.2019).
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Figure S15: Known (green) and reconstructed (black) tracks with known start and end position (red dot)
and reconstructed start and end position (yellow dot) for temperature-depth probe attached to the
commercial vessel for a vertical resolution of 2 m and an increasing maximum swimming speed from 0.1
m/s until 1 m/s. While the track could not be reconstructed for a maximum swimming speed of 0.1 m/s, all
other maximum swimming speeds could reconstruct the trend of the track correctly indicating a low

sensitivity to the choice of input parameters.
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Figure S16: Minimum daily difference between known and reconstructed position from the temperature-

depth data sampled with the DST attached to the CTD and otter board of the survey vessel. The black

square indicates that start and end-position were not modelled correctly.
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Figure S17: Median daily difference between known and reconstructed position from the temperature-

depth data sampled with the DST attached to the CTD and otter board of the survey vessel. The black

square indicates that start and end-position were not modelled correctly.
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Figure S18: Mean daily difference between known and reconstructed position from the temperature-depth
data sampled with the DST attached to the CTD and otter board of the survey vessel. The black square

indicates that start and end-position were not modelled correctly.
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Figure S19: Maximum daily difference between known and reconstructed position from the temperature-
depth data sampled with the DST attached to the CTD and otter board of the survey vessel. The black

square indicates that start and end-position were not modelled correctly.
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Table S1: Overview of the number of possible Ltp calculations for the different validation methods and

scenarios.

Validation method days of track resolution days with Lmp
artificial track: GER 367 2 227
3 221

5 199

artificial track: DK 367 2 291
3 275

5 252

artificial track: SWE 367 2 266
3 256

5 231

stationary track: 19 2 19
Moored DST 3 19

5 19

stationary track: 19 2 19
MARNET station 3 19

5 19

commercial track 13 2 7
3 5

5 5

survey track: 13 2 10

CTD 3 10

5 10

survey track: 13 2 10

otter board 3 10

5 10
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Movement of cod (Gadus morhua L.) in the Southern Baltic Sea: evidence from data

storage tags
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Figure S1: Temperature profile as recorded by the DSTs (black line) and estimated by the geolocation

model (green line). ID U11227 was classified as Eastern Baltic cod by shape analysis but the temperature

and depth profile suggested to reassign this individual to the Western Baltic cod stock.
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Figure S5: Home range (left) and core area (right) for the three behavioural modes EBC migratory, EBC

resident and WBC.
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Figure S6: Mean depth per month and hour of the day separately for Western Baltic and Eastern Baltic

cod. Since Bornholm was the area of gravity of the recaptures, the time of sunrise and sunset in Ronne

(55.21 N, 14.97 E; www.timeanddate.com/sun/denmark/ronne-bornholm)) was used and rounded to the

nearest full hour for each month and indicated with arrows.
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Validation of otolith zone formation and otolith growth of adult wild cod (Gadus morhua

L.) in the southern Baltic Sea through mark-recapture and tetracycline marking
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Figure S1: Length distribution at release of recaptured cod in the different months (1-12) and assignment

to either the WBC or EBC stock.
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Figure S2: Length distribution at recapture of recaptured cod in the different month (1-12) and
assignment to either WBC or EBC stock. The recapture length of individuals which were returned frozen

were transformed by a shrinkage key (McQueen et al. 2019b).
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TET mark

TET mark

Opaque zone

Figure S3: (A) Example of a cross section of an otolith taken under a fluorescent microscope overlapped to
the same cross section taken under transmitted light to mark the TET mark. (B) Cross section of an
otolith taken under transmitted light with one opaque and one translucent zone marked as an example,
and with the TET mark. The release date was 17/03/2016 and the recapture date was 11/10/2016, the
release length was 425 mm and the recapture length was 431mm, the DAL were 208 days.
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Stock

B =
B v

Frequency

600

Figure S4: Distribution of the days at liberties of Eastern Baltic cod (EBC) and Western Baltic cod (WBC)

800

0 200 400
Days at liberty

stocks. Vertical dotted lines indicate the shift into a new year.
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Zone type at TET mark
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Figure S5: Number of otoliths were assigned to the zone types opaque and translucent or that could not be

assigned at the time of release (FTET mark; n=179; above) and at the time of recapture (= at the otolith

edge; n=247; below).
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Figure S6: Cross section of otoliths from EBC at liberty for 364 (1) and 2)) and more than a year ((3) and
4)). The tetracycline-mark (yellow line) as marked on the image taken under the fluorescent filter is
overlaid onto the image of the otolith viewed under transmitted light. Release (green star with month and
year) and recapture (red star with month and year) are marked. The brackets in 3) and 4) indicate the
approximation of one year of otolith growth with the corresponding year. Further information can be

found in Table 2. Zoomed in otoliths can be found in Fig. 4.
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Figure S7: Otolith growth vs. fish growth after release with a linear model fitted with 95%-confidence
intervals to the data (n=213) separately for Western Baltic cod (grey dots) and Eastern Baltic cod (black
dots).
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Figure S8: Otolith growth after release vs. days at liberty (left) and daily otolith increments vs. recapture
length (right) separately for tagging countries (Germany: yellow, Denmark: orange, Poland: green,

Sweden: blue). A linear model was fitted with 95%-confidence intervals (n=213).
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Figure S9: Comparison of daily otolith growth between Eastern Baltic cod (EBC) and Western Baltic cod
(WBC) stocks for individuals with days at liberty >30 (n=175).

Table S1: Age distribution of Western Baltic cod at recapture. One of the otoliths which were not classified

was broken, the other two had a low readability.

Age Number

1 1

2 15

3 13

4 5

not classified 3
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