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Summary

Summary

Some of the best studied fish species with t
occur in the eNortthhe Addcaandesc .nuOwer ous publica
understanding of ecology and behaviour of ¢t
al so gaps in knowl edge, obvious wuncertainti e
These aaree y profoundly questioned unless env
assessment results challenge our established

I n the Baltic Glaedaus Andrahnutliacs ddedkn( i ntensi ve

investigated, four deocnadeest adi ng of t hi s mar
encl osed, brackish environment i's still i nc
exchanges to i mprove the age reading and | ar
Balti¢heoa@anal ytical stock assessment of t h
suspende4 bbvi2Z®dusly age data -wepde suyneeotlt ag

s

knowl edge was incomplete to explain the <cha

i nst,ampea eadi ngi mytploexi ceratrreaals Bal ti c basins

southern Baltic Sea but behaviour and moveme
0

poorly understood.

This dissertation aims at npi oawgi difngcoad macrod ¢
southern Baltic Sea, with a particwulaamgi hgcu
cod and validation of ring patterns i n oto
recording depth and ambhenbdf tempapatuoed apc
Tagged cod had been released in the southern
marrkcapture pr b6fHegdi MM BRLIONDI ¢ cod

| e hapt(&hoetietr m t aggi ng morGtaaluistuyodgohfre -Bpad skt 6 e ¢ 0
Sshdretrm mortality of -bcaord taafgtse ra ntda gtgeitnrga cwictlh r
mortality associ atbeodarwi thhanddti mmlgi nmgp saneds to mat
significant influence oWhitl he ntoa gegfifnegc t p roofc ets
observed, mortality rate was decreasing wit
confirmed the appropriateness of the taggi nc

smal |l er recaptures.



Summary

| e hap2(&al i dati on approaches of a geol ocati o
of demer sal fish equipped with fimatgechtocagie
framework was adapted to reconstruct t he mc
tagged witdepeéempenat(ubsRTosrfahgee atdaagpst ed geol oca
was tested with five wvalidation experi ment ¢
near shorbBSThsoi & temperature dat atiforngm ian
tempedaptthe probe attached to an otter boar c
mounted on the CTD and otter boards of a su
model |l ed positions was on avereageerbesmhwene n h2e |
a pronounced stratification of the water <col

vertical movements.

|l chapt(dhfov@ ment(Gatlusochar)huahe southern Balti
from dat a 0¥%ther adgdeampitdegwal i dated geolocation

tempedapliShTesr om 28 recaptured Baltic cod assi
cod (WwWBC) stock by genetics or otolith shap

temper at urper oafnd esepselr e suppl emented with in
estimates from the regional ocean model al s
could be classified into thrwaet eore h\V@BFGC,ouz)al r e
EBC, 3gndmi gratory EBC. Unl i ke WBC, EBC gene
exposed to higher salinities and regularly s

EBC stayed within hhenBor mmiglrmatBagyi i£EBYe ano v e d
grounds in the Bornholm Basin during summer

and spring. This study highl-wgheéers todediimpog:

especially in autumn and spring whn cthr aawrle
survey. [ n addi tdiegprt ,h tphreof t Eeperodadt ualel EBC
movements in the water column which were tr
l unar cycl e. Regul ar defaecatiomgbsted ddhei

nightly feeding excursions above the ther mo

water bodies of the deeper basins.

l chapt(eral 4 dati on of otolith zone formati on
(Gadus nmo.r)huian héehe Baluti c Sreac atphruorueg ha nnda r tke t
mar Kiijrhgeg chemisd almlpy dt iomehd art htsa goge 2 5c80dl assi gn

2



Summary

or EBC stock were analysed. WBC in the sou
val i dati onerBsbutt Séeaomhat the translucent 2z«
cod are stressed by adverse temperatures anct
was also |l aid down during summer, but under
coi mgi di th hypoxic conditions and food | i mi
were in |line with previous findings showing

and, hence, severely reduced productivity of

Through t hns dt sswarst apossi bl e t o interlink
experienced by cod tagged with data storage
in the otoliths-baf tadstadgbedewntbaflion of
presetnrte coefn cod distribution thus provided n
of cod inhabiting the -waetrema neecna sl yys tsetmm aafi fti ltea

Sea.






Zusammenf assur

Zusammenfassung

Einige der am mei st dean elrsnughttem KFeé stchradd zai
Nordatl anti k vor. I m Lauf e der Jahrzehnte

Verst2andnis von ¥kologie und Verhalten diese

gi bt es auch Wi skbieaoké ¢ dkesn,chefhensewohtbei °
wirkungen und m°gliche Verzerrungen. Di ese w
sei denn, Umwel tver2nderungen oder wi der sp
stellen unsereeat abl Feagen Sichtwei s

I n der OstseeGavdugd MEeriswiotr s¢ah(erethet emnc hitntwem

Survewyfsasst . Dennoch i st unser Hiee& reti®hredmi s
bracki gen Bi nnenmeer l ebt, i mmerhemo®h oluintvl
Austausche zur Verbesserung der Al t er sbest
Anstrengung, die ¥kologie des Ost seedor sche

anal ytische Bestandsbewertung desc °csotdl,i cthBeQ)

im Jahaudéeset zt ; of fensichtlich warwemd di e
syn®kol ogi gahrev oWilssste2nndi g, um die Ver2nderur
stehenden Bestand zu erklaren. &€umhpgeroxsxips eh:
Gebiete in den zentralen Ostseebecken den EI
zu konzentrieren. Das Verhalten und die Bew

Folgen sind nur unzureichend verstanden.

Di ese Dissecanaufi omab,zieiln gr¢ndlicheres Ver st
mi t besonderem AugenmerKk auf di e Bewegung
Val i di erung von Ringmustern in Otolithen 1in

i berl ebeneMatr&i eacaimg diest | mmo r mdamtd iemnrhergdgiea n

di e UmgebungstemperatursowbDeoMWanshent iwve feed e mg:
Dorsche analysiert. Die mar kierten Dorsche
i nternat iiocemalnegns pMarjke kt s TABACOD (" Tagging Ba

| Kapi t(e"lSHlertm tagging mortality of Baltic
Sterblichkeit von Dorschen amMags Zend THeatcrhac
bewertet. Bng wmnd dem Handhabung an Bord ve

16 %, wobei d€robkMaski eeubgs keinmehws@&gohfidlear
5



Zusammenfassung

Mar ki erungsmonat zeigte kei nen Effekt auf
Sterblichkeehmeater mFt sell 2nge ab. Die niedi]
di e Eignung der uiarmkli ®errtuen gdsd = cthenhlken kIl ei ner

| Kapi t(e'lva2i dati on approaches of a geol ocat:i
of demeegal ppedhwi th data storage tags i n &
Geol ok al-Mestireodueng@angepasst, um di e Bewegung
Tempe-Tane-Danen| Odyaytea nst or agaer ktiaselgst, WD&Tg)er s¢d
Ostsee nzsurueiktema@agepadsst e Gdelt hloalei swerrduen g sni |

Val i di erungsexperi menten getestet, darunter
ver ank&Trstiei i) TemperaturdMeasestadbnor|j nerv) Okf s
Ti ee6ende, die an einem Scherbrett eines komr

DSTs, di e -amd dem EdWer brett eines Fischereif
Die Differenz zwischen korrekten umnwvd smdiccenl | i
2und9 km wund war i m All gemeinen besser, w e
Wassers2ul e vorl ag und di e simulierten Il nd

durchf ¢hrten.

| Kapi t(e"lMo¥ emenGadds craa@ir)hua he sostlher evBalethic
from data storage tags") wurde diMetdarngep audt

di e T e ATpi eerPaetauri | e, di e mi t den Datenl ogger
Ost seedorschen, aufgenommen wurzdue nr,e kaonngsetwaunid:
Diese Individuen wurden durch Genetdek ddmr

Westdorschbestand (Western Bal ti ¢ - cuondd, WB (
Tiefenprofile wurden-umid Sanufeorrsntaotfifggneehnaallzainal
Ozeanmodel | erga@nzt, das auch zur Geol okal i
Bewegungen konnten in drei Verhaltenstypen Kk
WB C, 2) station®re EBC und 3) wahmidelrtnedre <sEiBcCh
EBC in tieferen Wasserschichten auf, waren h
regel mCig kurze Zeitr2ume in hypoxischen Be
Jahr cber BeckBeoomr nboli mmben, zZ EBeLCn zdviies c vam d &
Laichgr¢nden im Bornholm Becken im Sommer u
Her bst und Fr ¢hjahr hin und her. Diese Stud
Fl achwaddser pl 2tze, i nsbesonderea idmr Hakl site |

6



Zusammenf assur

Grundschl eppnetzerhebung unterrepr2sentiert
Ti eePeafil e aller EBC t2gliche vertikale Bew
D@ mmerung ausgel °st wurden und tDeiel wee gseel md e
Defa@akation von kleinen pelagischen Tieren, d
der Sprungschicht von den HBLorau$gkeoBimenatwu

stehenden Gew?2ssern der tieferen Becken vers

| Kaipt e(Vwa4 i dati on of otolith zone formati on
(Gadus nmor)huian the sout her nr eBcadptiwr eSean dt htreot
mar Ki)wwgr den di e chermasTalgs umar kmi ¢ r tTen Ot ol i
wi e d enrggeenfean Dorschen-,odceire-BE®&Ema nWBC ugeor dnet
anal ysiert. Di e WBC in der s¢dlichen Ost s
Al tersvalidierung aus der Be(lthr ames,| uidlems die
Sommer gebi Ilwkeentn wliired Dor sche durch ungé¢nstiq
Futterbedingungen gestresst sind. Die durch
Sommer angel egt, jedoch unter ganz anderen B
di e Tiereunldaihcynpeoxi schen Bedingungen und Nat
Das schnel Macdéd sOuoml dtemeWBC stand im Einkl anc
die zeigten, dass EBC ein | angsameBestaadtat |

damitt @i hersduzi erte Produktiwvit?at auf wei st .

Durch diese Arbeit war es m°glich, di e Umwe
mar ki erten Dorsche ausgesetzt waren, mi t den
Ringbil dung wvon EbarTasgph ena r kide ret mwuar dTe n, zu
Auswertung von Bewegungsmustern im derzeiti.

|l i eferte somit neue Erkenntnisse ¢ber das Ve
per magneesncthi ¢ ht e t-¥ek dBBsnasodkeaw a sssgedrl i ¢c hte.n Ost see be






Gener al Il ntr odu

Gener al | nt roducti on

Movement

Organisms have three fundament al tasks: acqgu
(Nentwi g et al ., 2017; Ki Brboe et al ., 2018
steq@ites, many of whi ch i nvol ve movement . M

contribution to system functi onifinmyv eanntd oa®n s

evol altLiaonne, 2010) because they contritiu¢e to
of i fe hi story patterns, and, finally, t C
Movements can occur at multiple temporal an

are often driven by a combinatfeerdohgintadna
shelter, i n response to external stimul.i I N
2008; Pinti, 2020). As a resalihtegei mdihwwiedual s
describes an area used khyheamesongamciesm ne @ mlte:

reproduction (Dingle, 2014).

Box 1: Movannde nmii gr ati ons

Because finbeemenins gr aariecnoften confused

the |Iiterature, I have based this thes
Movemesntt he umbrella term for a rasgmy
describes a change in | ocation.

Mi gr aitsi otnhe mostly directed, often per

include 1) feeding migmratiioms, &1d sd)a

favourable conditions (Dingle and DrjAl

Recent advances in ani mal t r acrkeisnogl,utalmmov eGl .
Positioning Systems (GPS), have significant
anam movements (Kays et al ., 2015) . Recor o



Movement

organi s ms, however, remains challenging due
in GPS communication 1in water. Despite the
inddwal s can of ten not be directly obser vi

movements i s necessary to sustainably assess
20009; Hooten et al ., 2017) . Further, the t
combined with knowl edge on environment al C

occupation and behaviour of popul ations and

strategi es.

Conventional tagging has been a wiaedtyudyyetdh

movement s, gr owt h, abundance, and survival (
Guy et ®ineg &99aj ., 2012; Hal | 2014) . For «
tags shah aag¥d, usually, wiartle asedi que i ideéeant
and match it to release and recapture infor

assumption that data are unbiased and-repre

release taggidgtmoat i asgdcanampéa Rudemet haln

201FAi ne et) al Fur2i®dnr, it i's assumed that the
growth (Pine et al ., 201 2; Smith et al ., 20
prodédisa:n ot her s, e. g. body si ze, maturity, S
have an influence (Buckmeier-sprdi Reeves, e2@:

specific evaluations are suggeg)ed during a

One major | imitation of <conventional taggi nc¢
are available and it i's unknown what happen
resul t, movement s bet ween rel easmedearnedst i en@aa |
(Lucas and Bar as, 2000) . Further, recapture
fishing effort. Recapture positions are ther
di stribution oBolflies heitrPgana&c,teitv0&l5.;,e s 2(012) . Th
understanding of maj or mi grations, their ti
habitats i S often specul ative o# oggecrgna@aEnd
bi otelemetry hel p thoy adcdrogsdds ntgh ese/iirgsisime nt a
ti me at |l i berty. They eniamdepesrcdemtti and iwowd

bet ween rel ease and recapture (Young and I

10



Gener al Il ntr odu

environment albebanmdbti aarcsy ot 8 a number of re

resolutions (jkesson, 2002; Cooke et al ., 20

Electronic tags to study fish movements and behavior

One such example is acoustic telemedaale It
bewiaor patterns such as homing behavior ( R¢
fidelity (Zemeckis et al ., 2019) , or to te:
(Lindholm and Auster, 2003). Withinmet drigni,t e

the hydrophone of the acoustic receiver reco

But since the |istening range is | imited, pr
of the species of 1intesrteusdty.i s necessary for
A bBliooggi ng approach that is not restricted t
al so called archival tags) -siDPuTsdadal | fercam arr
recaptur e. DSTs were firstcelephewedeern ubed
studies worl dwide (Hussey et al ., 2015) . Pr e
anal yze migrations (Hunter et al ., 2006 ; i d
popul ation structuresrd(iBlardk ledam,al2Q142005h«¢
(Sved@ng et al ., 2007) , habitat use (Cooke
Eveson et al ., 2012) ; i n some <cases, it wa
assessment model;s Hvimsydmretetala.l,. ,2 ®102;1 Si ppe
and stesrntempete measur ement s of sensor s at [
mi nutesn Benhkbbrs can record environment al p
sal inity, ipdreess siumfeo r(npartoivon on water dept h) ,

parameters such as acceleration or hear't ra

cameras have been mounted (Gleiss et al .,

manufearctiur t he structure of the data coll ect
and the size (Nielsen, 2019) . DSTs can be r
also smaller fish, but | arger tagsyotapaciht
These archival tags can be attached external

from the fish and dat ac aal rRe-gtpr asastfeelrlrietde VvATrac hs
short: PSATs) , alt hawgh,viaumd si,alilny efrmral s man,

to avoid abrasion at the tag attachment (Jad
11



Geol ocations derived from DSTs

alter swimming performance (Lewis and Munt z,

the strongaestiassampiing studies, namely tha
time at | iberty, mi ght be i mpaired (Pine et
recapture rates and the number of tags depl
Physi cal recapture Iis necessairiydevhe tdhe mtakEeGa
and Lam, 2014) . Extrapolating results to po
correl ated measurements often | |imk204ad) (CBakc¢
t hough sample sizes are often | ower than in
is very valuable and adds information on the

2012 and references therein).

Fi gdreCod tagged -wat hitnagtyhel Idoow sTal muscul ature and sc
data storage tag. Both tags are | abelled with wunique
call when the (fB séhh g8z /r eTchagprteurr eldnst i t ut e)

Geolocations derived from DSTs

DST data often |l ack direct observation of
reconstruct daily |l ocations between release
principlegappooathownwnfmodel s is to compare el
DST to regional ocean model s and to find
environment al parameters to consider is dep

ecosystew, ggpamat ér are chosen that reflect
behaviour of the species of interest to achi

12



Gener al Il ntr odu

2019; Ni el sen, 2019). Another prerespuiveidt gri
of the parameters of interest for the study
tagged species (Nielsen, 2019) . Various geol
positions from DSITe wWalt,a,t mmgcdsuadtienrge floirg hdte pt h

salinity.

Whil e-bhsgdht geol ocation i s popul ar for high
experiencing -vaveltiasen r dneendglitegntht dyocéddy noon,
(Sibert et al .a,l . 200230;,06MNi, eltsheins emet hod i s (I
groundfish mainly inhabiting higher l atitud
demer s al Sspeci es, which are closely related
sufficieatoinfidesa and multiple amphidromic
signal recorded in the pressure sensor can L
reconstruct f i-cdl Ipeods i ttii dals, | da dhaet isoon ®@Et hod |
Pedersen et al ., 2008; Thygesen, 20009; Le B
salinity gradient, such as the Baltic Sea w

can be used to support geolionccaet itoang s( Nehuaetn freel

need to be attached externally to the indiyv
behavior, and tagged fish might not be repre
2012) . When nei tntoer slailgmti,t ynoreasiuda@aiment s ca
approach, depth and temperature data recor

bat hymetry and temperature grid of the area

Geol ocati on fr amenwoMakrsk obva sModd eolns HiHMMs ), whi

nomar amet-spacetaovedel s, resulted in goed trai
shore demersal species tagged with depth sen
The origi MMef i mamy tHdal geol ocation framewo
(Pedersen et al ., 200 8; Thygesen, 2009) . Sin
specific to thetwpea, vapeoussmodntli tagi ons
dewpled and applied (Thorsteinsson et al ., 2
Biais et al ., 2017, Liu et al ., 2017, Braun

When deriving trackidegttdadat hrom D&mper at ui e
t o test cahieongebtlt amewor k for robustness an

specifications. This iIis needed to assess the
13



Geol ocations derived from DSTs

mi sinterpretation of behavior and movement p
et 20 15; Ni el sen et al ., 2019) . The uncert a
ideally evaluated by directly comparing mode
wil dsyamgeeg fish are typically rheee fTheheha
been dawglyleadd with DSTs and acoustic transmit
recorded positions when the fish is within
exampl es i Aclgwde gdupu ddret o p itted-llit dlgsd alnac stai o
(Teo et al ., 2004; Braun et al ., 2019) but t
of cases and mostly restricted to species r
(Arnold and Dewar, 2206); Block et al

Ot her met hods, which do not rely on wild fi
i mitate natur al fish behavior ( Neuenfel dt e
2017; Ni el sen et al ., 20199t alooyr e200nastThor
al ., 2012; Liu et al ., 2017) or attaching s
When wvalidation is conducted, most studies cC

i mitate differeathbastasvsiarsonaraw hbebBavisor or
di stances across different scales of space
common that the geolocation frameworks perf

heterogeneoagaavinonmemtsalofparameters (Liu et

Al t hough the effort to investigate model pe
financi al bounds, many geolocation studies s
When appeglimgatai gn framework to cod in the I

the hydrography and of the species have to
approach. One goal of this dissertation is t
framewor k and apply it for the deptbc®dSiTeni al
southern Baltic Sea. By reconstructing the
movement timing between spawning aomdifteieadn : ¢

rel ated to this.

14



Gener al Il ntr odu

The Baltic Sea

The Baltic Seeandlso saeiddaringoes,e as ecnmiar acteri zed b
gradi ent-lsei(jSonnoneai ljns et al ., 2017) . Particul ar
vertical gragi eht decsabsaeas from approxi mat
freshwater (5-ERS$SUW) ainmd talte aMor tgh ven basi n, S

the surface than those at the s-bafj oomal @mwan

An®n , 2017) . Whi | e hiingfhlloywsv afrrioanb | teh es al & twtad gee
water via the shall ow and narrurnoow fDa nfirsahmi sntgr
|l ead to a constant freshwater i nBhdbw, cr Se@l

(Snoledijjsonmal m and Andr ®n, wexsOhle7r)n. BTah et i rca tSheeal
influenced by t-heflioweg(UMahrbkalzwaR6lf8a; Mo
et al ., 2020) . I n the southber m Balktetirc detphda),
Bornholm Basin (up to 100 m wdtaggrerdepgtrhu)ct anr
1). A permanent halocline near the bottom an
t hi ckne2sOs no fr elsbul t fiinc aat idoonu bolfe tshter awtait er col u

mi xXi ng ofwatke dHagprs | eads to constant hyp
( Naumann et al ., 2020) . As a continental S
surrounding | amdimaagd s handneglarbty nutrient in
(Wul ff et al-Lei jlonoa;l mS nonedi jAsndr ®n , 2017; Re
2018) . Due to its challenging salinity condi
speioes (Mackenzie et al ., 2007) and both f
physiological | imits along the salinity grad

15



The two cod populations in the southern Bal't

Temperature [ITS-90, deg C]

:
!

Oxygen, SBE 43 [ml/l]
@

.10
4

12
11

<=

I e o ] P o st el B T T
EEEI N

10

60°N

400
Section Distance [km]

8

Depth [m]

0 200 400 600
Section Distance [km]

Salinity, Practical [PSU]

rﬁ “Ocoan Data View

12°E 1°E 16°E 18°E 20°E

N
N

Depth [m]

400
Section Distance [km]

Fig@reHydrographicsosittheadaiseamdinn Bdadhréiincg Seear esearch crou
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The two cod populations in the southern Baltic Sea

At l ant(Gadwodnor hju7a5 8 a demer s al species and |
shelves and coastal astasodfstbeksdoath Atl| we
ecologically valuable and have been heavil
Because of high fishing pressur e, many stock
still severel yothatabenedhby Bakpic Sea 1is

di stinct populations of Atlantic cod. Cod ir
edge of ‘their tolerance because temperature
tol ermintce nespectively (K°ster et al ., 2005
Sved?2ng, 2011).

The two cod stocks in the BaiWeisteSepad®Balrtei ©
(WBC) fiEaarsdt er n oB&IBICi)c dd@ di stri butoimon har 681 o

Sea at the western border to the ¥resund and
16



Gener al Il ntr odu

western Baltic Sea. The EBC currently mainl>

Basin because the hydrographdse ¢tandherormkasbo

successful, regul ar su¥flWwWi8Wasl amfd dced ggsa sciol

st

an

0
d

Bal
mi x
We i
(Sc

Th
re
Be
dr
hy
st

O S5 o S5 S S o

o o o O

e
c
r
i
d
0

ck to the southern Baltic Sea (K°9ster et
hypoxic areas ragduakdotbemmamgen EBE we
tic Sea up to 63 AN (Aro, 1989). The di
Il ng IS most pronounced Iin tHandekoeth &k a,
st et al., e80tonfi Rmednt hat u&EBC move as
hade et al ., 2019) and that WBC can be f
current knowl edge of movements of <cod i
onstruwdreal faoaonv asrfeteiac rea. Betvaigee $h @OGWE,;, 1963
nerl, BkeY ner, 1981) . These movements outsi
ven by feeding miogvreat ieovnesnt (sAr(oEe rlo9@&e9t) ,als.
rographic conditions (Stroganov et al ., 2
cks are genetically distinct from each o
mmeamsen et al ., 2019; Weiwsdd edt emdks [2i0vie )
ri apping habitats, they differ in several
9; Weist et al., 2019), haemogl obin type
the spawning (IBdeati oent aanld ,t i2n®i0n9g) . Prese
ni ficantly in productivity amdchi glert heat
t olfi ty BC comparmEed ot @t WBEQUYU e el 1&t; al . 20
eriorateaedlcemdimaitamatien, and the | ack of
i ndices of the distress of EBC (Eero et
reasing hypoxic conditions (Casinifet al
food composition, potentially | eading to
reasing infestation rates by nematodes (I
ntified. The body condithbon do&f gWBE€i Bbhi ca
a series of years with | ow recruitment |

mmer ci al and recreationaygatcasx hEelsCESA,r g20

17



The two cod populations in the southern Bal't

10 12 14 16

Skagerrak #4
56
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Mixing area = Former spawning grounds
= I Spawning grounds
Management area s Management area
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10 12 14 16 18 20 22 24 ° East 26

Fi g w3r e Snecahtei ¢ overview of the distribution area of \

Zi mmer mann/ Th¢nen I nstitute).
The differences in stock status bet ween WBC(
environment al condi ti ons oenx ptehrei eonncee dh abnyd tdhuee

of different behaviors but also wa®témontbBal d
Sea and deeper andaacstoertn nBiaolutsiley Sda.ati fi ed

Some of these behavioral tchlaracnéerisbohsseap
reflected in visible zones in the otoliths
three pairs of otoliths can be found in the

hearing (Campana,hsl9%99)m dBesctaiunscet ,otvolsiitbl e z

otolith, is often wused for age estimati on
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otoliths has recently been validated for | u:
and adul tmec oedt (aKir.um 2020) and Iis now routin
determination is an i mportant component of

formation of EBC is considered to be irregul
al2Q16) . Due to the |l ow precision and accur

reveal ed by age reader compairnfslomen c(el CEFS, a Rd
t hceurrent stockiassedsCokeSdt 2nmo2debl) . Viadli dad ed
not yet exist which could shed |light on the

newly gained knowledge of the environment al

with DSTs in the southern Baltic Sea.

Fi gdr eCrsescg i on of a (A) Western and ( Byeablad t We it Branl t
Baltic cod (sex not classified) was captured in Apri

femal e Eastern Bal tJduwneco02d0 Iw8a swictahptaurtealt aln | ength of £
The cod was at |l east five years old but age deter mi
photographs are taken under a transmittedali ghghmecr
than the opaqgque zone. While the zone transitions appe

and ageing is associated with high inaccuracies. Phot
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Research objective and overview

Tle overall aim of this dissertation is to
movement s, and otolith formation of cod to
conditions currently <characteriedi ng tihmprovet
understanding of the niche separation of the
Results from this dissertation can help to
uncertainties i n thus aulitnigmaotfe |iyn dciovni tdruiablu tciond
resource managemdmt aichhmielhe Bal tsi,c |l Saamaal yse r
T-bar tags and DSTs recording temperature an
bet wee-20 29 XTnien stope of theecapeunatipomomalecma
(hagging dBa.ltic cod

During my research, | addressed four specifi

Objective 1: -Estmmpbetbstbemsehbtatity-of coc
bar taggingBahttbeSeaut hern

| Chapt,erl laim at queerteiafsyei nngo rtt had i-lpp ayrs tatsasgogeii nagt

specifically for cod tagged in the southern
done to check i f the appilesdl tte.chAhigareer elaids
effect model i's used to tteesrtm trhcer tedlfietcyt eorfd t

with fish | ength and mont h.

Objective 2: Adapt and test a geol ocation
cod dawgeh t-eempehadD&6dse in the southern B
uncertainty associated with the adapted f

|l Chapt,erl 2introduce a geolocation method w

geol ocati on mo d el HMMocé,) giplry mani igh wt @dreyw e lpe
(Braun et al ., 2018) . The adapted HMMo c e
calcul ati ons t o account for t he demer s al b e

adapted geolocation frameewdy kawdstbkebsageenmn
using five met hods, including Sshowraet imoioagii a

experi ments with DSTs, 3) mooring experi men

20
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tempedaptthe sensor s ratbtoaacrhdesd otfo a hceo nometrec i al

attached to the otter boards or the CTD of a

Objective 3: Reconstruct the vertical an
EBC or WBC taggedewt hh DEdmpemdtiwreeSeauBthe
asseesassonal patterns and differences betw

| €Chapterl 3apply the adapted and héapiieant ed ge
DST profiles oft &fBgedecdBq@ uaredl BBTd assigned |

shapeéysna from the southern Baltic Sea. The
further information e. g. on ambient temper at
values derived from a regional oceandmodel ,

first thorough wunderstanding of the diversi
southern Baltic Sea. This will give first in

ObjectAs yveszorndref or mati on aind o thealdiddB&n to fp al
and WBC from the southern Baltic Sea

FinalGhyaptienrl 4anal yse the formation and grow
Baltic Sea by wusing cherneiccaaptldyheénsar kheap togroldad
f or matnidongr owt h rate of otoliths from the W
assigned by genetics or otolith shape anal ys
of chemically marked otoliths recaptuoed fr
critiaaklegsreéhe uncertainties I|Iinked to the
results hopefully advance the international
EBC and built the foundati chresfeorp afturetrmesr t ot

knowl edge of movements and environmental con
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Chapter 2
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Abstract

Abstract

Taggiimduced mortality experiments -rerceapaaor et
studies, basuslkedy toamssess the appropriatenes:s
i mprove the reliability of estimates of recs:¢

and popul atiof esimzd.agidemeg, moharatl i t yr @dagBalt

cont ai nment experiments in the southern Bal
trawl catches, and approxi mabhad yt hgs fawer eetdt
intraperitoneal i-hnyj dercotciholnor o fd e h e tT e & @ weeisime ed fa
formed the control group, and received neitt

were mixed evenly within -8ubdmgssi Fhe expes.,
conducted in differentnrlkegilbynwsdiamdedamt ntiga g g
mortality rate was 16% (n = 324), with the
mortality rate of the control group 13%. A
effect of tagmemtg, dwmoat ihgn, xfpiesh | ength and
effect of region and tagging team) on mort al
t hat mortality can be attributed mainly to
sidriafntl y negative relati onsbhs pcnb)et aved n md i t
Mortality did not di ffer bet ween the mont hs
tagging site omemated!| mbytaTaggi mdloyses bef a
dat a f rroemc anpatrukr e st udi es of Baltic cod, and

tagging sites can be expected.

Keywomamskecaptburre, tTehyarcygchl omrei de, Bal tiac e Se

survival
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Chapter 1

Introduction

Ma rrke cuarpet studi es can be an effective method

si ze, tot al , natur al and fishing mortality
(Fabens, 1965) and movement patterndge¢hil bo
tagging mortality experiments are-remcapmporet
study involving conventional tagging, to es

el ease due to direct effectsapotfurtehe htaangd ii

- -

agging) (Brattey and Cadigan, 2004) . Gi ven
esearch on live fishe(Bemoett|l etyakxpelOhé

]

ensure that the tagguegceneohodhdasumvinyalal
determine the optimum gear type and season
Estimatiarerromf talggrnhg mortality rates is als

popul ati on si zel camlda tmeodr tfarlam yr ercaatpet ucrae r at e |

Betwee®202016>26800scmdrfuahe southern Baltic
released as -panteofi nther naatriipRyali ng a dBdil ng cpr
( TABACHDPsesty 2a0l2.0, Det eri orating body condition
of | arge fi sh, and di minished spatial di str
stock in recent years is a fisheries manager
age data has hindered the estimation of gr o\
suspensi o-hasédt hrahbygti cal stock assessment i
of the TABACOD tagging project wevrteh , t @t gdai
formation and movements of the Eastern Balti
mortality rates independently from the stock

project were mainly caughtt rkayx shiytdirtoerh | or a wle,

antibiotic which induces a permanent-bamar k i
anchor tags (H¢ssy et al., 2020).
Sever al studies havet eprrne vimmorutsd lyi teys tri antad se do fs |

for éreamp Newfoundl and (Brattey and Cadi gan,

1975a, St°tera et al ., 2019; Wel t ersbach an:
have been used in these studies, wehb iclhi tcya no f:
cod (Weltersbach and Strehl ow, 2013) . Taggi n
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Materials and Met hods

Brattey and Cadigan (2004) and Wieart earnscbhaocrh ta:
Kock (1975a) applying spaghdt.ti( 280nd )-Barsliinng 1
anchor tags and i ntraperhiytdornoecanll oir m jde c tai nodn/ o
chloride. Theermpmot edl isthyorésti mates also r

Baltic Sea, from 0 % (kKoskhach9ama) Sto ehb ow,

due to the diversity of the capture and ta

estimates from previous studies, and with t
procedur e, capturpergpaaurr,e)deapt hi nfnduenmem t he
considered valuablée¢etom mondactci tfyuexiper i sneoat E
specific to the recent tagging study of East
The aim of this studtyemmrst a&loi teystrianmadsx dfhec &

southern Baltic Skkar aamc htoarggtealgswidrmd Ti ntr aj

tetrabydlpbpobl oride. Additionally, the influ
experiment durati d6heand oOhecapmutaetregi en a
procedur al di fferences were investigated as
shdgretrm mortality rates.

Materials and Methods

Experi mental design and data coll ection

The studys daedsaipgnedwaf rom contai nmentsisni bdrn etso
thosenducted t o etsetriMmaatnadtedt b @ s eshmott al i ty a s
recreational angling for Baltic &ced mlWelgtgea rns
moritiay of Atl antic cod (Brattey and Cadi ga
tagged using the same met hodfTABSACXDHE ey i at e
al ., ThGE2®E)x.peri ments were carried ootdbgpated
by three different ebkpard mehtaé sepadanat oe:
formi ni@ atglgrn eme At,e aBBmsand C) . This approach was
variability in capture I|boacraddi dhmerpmnocecssel a

unavoidable in an international tagging stud
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Chapter 1

Cod were caught in the Arkona and Bornhol m B
subdivisions 24 and 25, REGULATI ON EXE2 2,18/ 2 (
OTB 300/ 60) of -3®homithudesati o«CiT D( 5casts perfo
|l ocations shortly before or after the trawls

information on the water temperastunt ebrfhee

fishing depth are presented in Table 1. l mme
on board which was supplied with an infl ow
external signs of in,jublyeedi nig,l naemsd Kar. at.r aal

selected from the catch and measured and we
procedure ensures that the estimates of mort
of cod sel ecttelde ftoagginrcd upsri wjne A tn, but cannot
mortality rates of Baltic cod caught by trav
of |l ength c¢classes available from the <catch
experi ment ranged from 20 cm to 55 cm (Fig.
catches i s fai rtlryuntcyaptiecda | EBfCors ttohcek ,s iwheer e c a
been dominated by fish <45 cm (I CES, 2020).

Cod selected HDoouphwet algayra gagreadh ori tthaga (THal | p

base of the first dorsal fin. They were then
tetracycline was administered, using hae syri |
body cavity, approxi mately at the end of t

tetrabydroobRl oride per kg wet mass of cod (
returned to a tank on board to cheac&duroe, i
before they were transferred to the experi me
handled in the same way, but received neit
i ndi vi dual mar k. Handl i ng-2o0fmti mmudi windudli mei st

board between catch and transfer to the cage

Experi ment al cod were placed in cages, whi c
used cages with dimensions 150 cm menddi0omrmsn x
120 cm x 80 Temmx Cl@@8edma round cage with di
cm, and a square cage with dimensions 130 cr
the individual& (@amaeaan he *t)ageqgd 3wewiet pl aca@dpl

in cages with individuals of a similar size,
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Materials and Met hods

equal numbers of control and treatment fi sh
| owered to the seafl oorturat daepddépt hT hei ndiulra
experi meS8ntdawas (5Table 1), dependent on weat hi
of research crui ses.

Il n total, 415 cod caught bet ween April and
experi mentsamplseanadfl cswowd (n = 24) were addit
data storage tags (DSTs), as patrdr mfs uwar Wiunad li
healing from this surgery. Another smal.l s ul
venti ngbltahdkedegaswi th a hypodermic needl e. Th
subsequent analysis as the sample sizes wer
effects of these treatments on srutravli vcad n gpirtoib
Additionall vy, 23 cod escaped from the cages
excluded because there was evidence that th
hi gher mortality. This desuwl ttehd si mn&A24scaed (
handled by Tagging Team A, B and C, respect.i
included 168 and 156 individuals, respective
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Chapter 1

Tabl: Overview of experimental set up, and overal
sorted by date. Sample sizes and survival rat e:c

temperatures were measudegd bwiftohr ea o€CTEAfdagt tshaavl s

.:-Q g c © - o; a)-C\: © o - [CI — .:O :‘D :s_
CIJE - — . o © - 2 o P 2 - ’a_;'o o . ——
Q_D o (o)} ) c [ —_ — CU)O EC Cmo Q_“—G‘ c O =
><Z _ )] o — - o v o T - o e ‘GCQ < - ® - O
w a © e < ENS o 2 9 s Zo o T — o
[ 5 %) 20 - S = =c© > [e) o
) mm S — —_ =] s s
1 20.04. A 11 21 6 6 24 40 492 27 37 %@ 7 0.1 0.0
2 11.05. A 8 20 7 7 23 34 42 24 36 472 7 0.1 0.1
3 23.05. B 4 43 10. 6 . 24 32 42 24 32 42 5 0.1 0.
4 on6.2 A 4 21 12. 12. 10 40 492 4 43 43 8 0.1 0.
5 09.06. A 4 34 13. 11. 12 36 42 9 35 52 6 0.1 0.2
23
6 15.06 A 4 38 15 14 13 20 8% 12 29 3% 7 0. ¢ 0.4
53
7 20.09. C 5 60 - - 26 32 492 21 332%5 5 0.2 0.2
8 07.11. B 3 4 4 9. 8 . 16 31 42 16 31 -8e 6 0. 0.
20
9 15.11 A 4 23 9. 9. 20 39 42 19 38 43 5 0. 0.0
20+ 20 6 .- ¢ .
Sun 15 11, 42 60 15 6 .-104 . 16¢( 35 492 15¢ 34 %82 5-8 0.1 0.1

The experiments were carried out during dif
trawls from regions with different depths (T
bet we8B8 Wm0 (mean depth t=he2*. 2s|Im)pescn otf he heo LA
depl oyed the experiment al cages at a depth
Ré¢gen. Team B trawled cod-4#4r onm (dne@tnh sd empd rhg i=
and Team C trawled eobde£6n0o B8 d(enpetahns dreapntghi n=g 5b
B and C both trawled and deployed their exp
the northern and western sl opes of the Born
within the regdon® comiherclity cloidshher the TABA
relatively shall ow Arkona and Bornhol m Basi:-r
al ., 2020 for a map of TABACOD tagging |l ocat
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Materials and Met hods

The average conditionOb&dtor—ef—z@xxpveariineednt a

only slightly between sites, with the averac
A 0.97 N 0.14, of Team B 0.84 N 0.11, and of
Tgging Team A could not be estimated, as wei

Data anal ysi s

Twes ampl e KeS nmorgnoorvo vt e st was used t o i nvest
frequency distributions of-sduwar ed ndtamd wscawesd d
to check whether the proportion of experi men
significantly between tagging teams and tagg

of tagged and control coalwaexpalrc¢meat ad <op

A generalized linear mixed eff eotwansoduesl e d( GLd
analyse the fixed effect mdntthmendc dtagg@o migc al
treat meagged/ contnabus sadi abékelsoamd aé xpersihm
dura&Domn( the sur Vi vAmd odndintdiion dfuaadt or coul
every experiment al cod, this variable was no

sampl.e Bueeto the binary responséd iwnkr ifallcd,

Siitwas included as a random effect, being a
gear and vessel. This variabl e wascauwrctl ufded
potenti al unavoidable variability introducec
tagging sites and teams, but guantifying t|

guestion.

The full model was:
& x & 0pm )
QA0 | T wdEED T YO T 00 T wdi Qwoa Qs o
Yjs 0 i fjaitniosiiveield uaanld 1 ot her wi se. We aisss umed

nor madtlryi kdited with ,meahhd mbalafeeated rashee i nt er
and sl opes of the %$teaepwi ¢ ferazdclswanres pelcit miviea

vari abl es based on Akai ke i nformaedofhocr mbd
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selection. Model s with | ower AIC aAt€ ©ecomRsid
considered to signify a significarmdfl @i Kf &1 en
the model with fewer predmocsti ngppBapamdeme wa
Andeyf2s00n2 )Fi tt ed values and predictor variabl

for dependencd iamredrolpwitdes nrsan

Al | statistical anal yses were perform2ea08)n F
and the | med4d package (Bates et al ., 2012).
Results

There were no differences between the propol
the two treatments (tagged vs.-sgoaateok) OwiBdh
2,=p0,. 8babl e S1) or 't hesguaree t=aglgd NG, 7mibfn t Thaskt|
S2). The |l ength distributions of the control
(Kol mogmirmwvov test: D = 0.09, p =adgeée&d)fi swh
(35N7 ¢cm) slightly |l arger than the control g
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0 . .
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Total fish Iength (cm)

Figure 1: Cumul ative | ength distribution of-bapod from

and injected Wwytdhotbhtoancdel (geey) .

The propeoordt itchmtofdi ed from the control and t
0.02). Mortality rate of the control group v
(s.e. N 0.03). Tawggé¢®. O089J amdthe( ®SATAY)r afi ma h

died during the experiment.
Factors influencing mortality

The full maogd e It hes teif hMaetadsd Of. Ofio AAR %) Cf or May,
(95%0CR877) for Jumnle 83101.68)8 f(09r5 %0ehtse mMbled % Qin:
220.12) for November rebhbtheveftectApof |l {otrtakry
esti malk.edd9 a(sH5 W 4@K4;) ,t he effect of -Bxper(MMeit
Cl-0.D034m@,) ,t he effectaaf0tyd®HAMEB) CIf:or a tag
relative to anl unhhagiogeatép68p2C I80Os8d61)..49Accor di
the binomial GLMER with tagging site as a r
effect, provided tiue R 8 fi0Gs +tRIZG B4 at Balfl/
None of the other wvariables (treatment, mo n
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mod el fit. The probability of being dead a
increasin@gFfgahel 2hgt with the predicted prot
0.35 (95%.CH) O®Go42a 20 cm c0o0.d0,) tfoor0O .ad 25 5 90
esti mated ta@amompgvaande 91 indicating rather I

bet ween sites.

Table 2: AI C values, degrees of fr efeidtotm g fGL MERI. dTehve

mo d e | i s marked in bol d.

Fi xed effects includdfAI C devi ani

mmth, treatment, | en9 268. 250.1
month, treatment, | e 8 266. 250. 3
treatment, | ength 4 262.254. 8
l ength 3 263. 257.5
intercept only 2 281.277.9
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1.004 S Weses eBe Moo o e @ eoce ® “we L . . . .

o
~
o

Probability of being dead
o
3

0.251

OOO- ®w eoos o - ® o0e o a0 o . L]

20 30 40 50
Total fish length (cm)

Figure 2: Mortality rate of eegpetrh mégtaly aeodarehdtitca

confidence interval s, black circles represent individ

Discussion

Tagging-bavi thadgs and i nj ehcytdiroonc hwiotr h d ¢ ethm@ac yn
mortality of Baltic cod osreliemdleds ifonom n rawt
However, the overall mortality of cod in the
the catch and handiniemgd i gr bcedwma, swaoul dore
anal ysis of data fhemsthetrerd t(édSgygs ngmeroalict y
tagged group of cod (excluding control- fish)
term (10 days) mortality rates of tagged cod

previous stutdy paten®rboh tagged Western Balt

2013) . Mortality rates of cod in the tagged
shdgretrm (1, 40 or 47 days) mortality rates r
captud i n pound net sbbar antda gt agagnedd twhiet hs alme

tetracycline as wused here (4. 0%, St°tera et

hi gher t htaenr m2h{el @&ahyosr)t mort al ity of cotdhecaugh
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western Baltic Sea in autumn and tagged wit!l
( Kock, 1975aY) er @W¢ Haalyls )s hmoorrtt al i ty of tagged
gear s-l (hasd Japanese cod t rtahpes,c ocoastte ro ft r Niewl f,
was also | ower (11. 8 %, Brattey and Cadigan,
study. This vtaernmabt Aggyng nmehmtoalti ty rates b
i mportance of est i martriensgp omadr tt-golp ietchyef r part aéjsegegth .

handling procedure, gear type and area.

Il n the present study, there watenm moghafi cwy
of tagged and control cod. Th&€adi gasul(2904dgr,
found no difference in mortality rates betw

tagged-barth ags. The results differ slightly

injection whydr aechlrariyadefifmeedt aomposurntvivweal ra
rel ative t o a control group injected wi t h
experi ment al cod were reported tRh ailaavcer ovciosriat

carnboattacks and tnente ashpreanseinodnnso tfhrepoomond net s,

postul ated that tetracycline may have effec
cod. I n the present study, cod had no extern
tag nogrecanonn This | ack of previous injurie:

may counteract the relative advantage the tr

antibiotics. OQur findings indicatestphati bhe
for tHergsnhamwotrt al ity observed, I mplying that
injection procedures is negligible in terms

Al t hough tagging had no effect iotnt itnlge GhdWEtR
indicated that the probability of mortality
di fficult to unambiguously explain the vari a
thesptection of cod &hggi nhphestexgpiees meonhby fi
external damage should be selected for taggi
of apparently -Uobpod&maged, shedlorhyur experi me
assess the molrucded tiyn of he otdaga@i ng study. How

have introduced some bi as, and this should b

Fish | ength had a signitfarcmnmdiryt aleigtayt i ofe ex

(tadgand control ), within t ke Icemgt hl hriasn gé nu
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contrast to the resul t st eorfm pmoervtiaoluist ye xopfe rti am

found no relationship between doCGadiegagnh 20

However, the | ength range of experimental C C
41115 cm, which therefore does not i nclude
vul nerable to the catch and handling procedu

Al t houghemtolty ddiomparable with the survival
experiments, some previous studies indicate

Ssize in certain gadoid species.

Experiments on the s WreViavnweigursafa eglceafpaeddd esh a dldc
cm) and Mehi tainmgg u@ MmMerrBGrEcug 7f rom tr awl gear

that mortality is higher for smaller indivioa
Poorer swimming aliirl@ntayt ecda usstirnegs se xeghnadu 1 nj ur
been proposed as a potenti al mechani sm expl a
mortality of haddock escaping from towed fis

the samemettudlyjtyhefddcadn) (rauaby esadchhes (angens
268 c¢cm) t hat escaped from trawls was negl i
associated with trawling may have contribut e
sbrtterm tagging mortality experi ment, but fu

this finding.

I n the present study, there was significant
The tagging site variabl,e ianchmuidneryg tdleet &f fod
tagging team, which represents research vess

These potentially interacting effects can un
been demonstratedeptédviobuslaptiuuhe can i nfluer
hook and I ine (Ferter et al ., 2015; Mi | Ii ke
rapi d decompressi on i ncrease with i ncreasi.
recovery vand raauress for cod able to descend b
been reported (Ferter et al ., 2015) . Vari a
individuals carrying out the tagging oin the
variation in tagging mortality (Dicken et al
variability which may have influenced the m
were not addressed in our stedyTarngetl aadilee xpae

N
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would need to be carried out to address th
survival. Al though we cannot assess the rela
the experiment al cod,f ivmaliwdiing tyhenoe es o werad

conditions assaosccaltee,d iwittehr ntahtei dmalget aggi ng

Our study did not reveal a significant influ
contrary to-t pr mvitmamggti alpiotrt experi ments whioc
mortality was highest for cod kept i n encl ¢
temperatures in the enclosures were warmer ¢
A previous codhe¢awgshgrestBdytio $Hea reporte
summer , which were attributed to the stress
thermocline to the surface (Kock, 1975a), €

previousl!| yd bteenbe elpowe et for cod tagged duri

mortality rates of cod captured by |l ongl i ne
presumably due to the rapid changes in temp
col d boetrtsom owastur f ace waters that can be up
Th |l ack of a significant i nfluence of mo nt

e

could be related to the observation vaat mo
experienced | arge changes in temperature dur
stratified, with the seasonal thermocline be
in autumbei( Soomal  and Andr ®nn al2 0tlh7e r. ma cnl i2n0el
depths b@weeNa’k®mmann et al ., 2018). The fi sh
close to the thermocline dept h, which is re
recorded at the surfpeeri medt atchdrshedgodepbmn
The | argest differenceé& iexptempmematsurweraeguilriel

though temperatures at f1i .s6hA h gc odl edpetrh twhearne as

(Table 1). THerttemepesr dteuwe echi fsur face and f i
the experiments of Team B, whi ch were cond.l
thermocline was present, the temperature at
depth (expabl emeda), 3whereas in November, t he
surface and fishing depth was only 1.6AC (e
data i s available for experi ment 7, it I s e
prsent i n September, and as Team C fished
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experiment al cod would have crossed the ther
the | owest survival rates recorded pitremibleirs
(Table 1), during which experiment al fish e
|l i kely hauled across the thermocline during

The summer period also coincides with spawn
2017; Wiel akdd0®f)relSpaedi eghaustion or physi
ontribute to reduced survival of Baltic co

c
experiments fodwgimmguarnwiwviaé ohontr awhcear dVe st

t amk( Kock, 1975b) . As we released surviving
however wunable to determine the sex and mat L
only specul ate that t his may have urnrfelnute nc
understanding of cod physiology, carrying ou
and quarter 1, when temperatures and sol ar
mi xed, and eastern Baltic cdd kerld hmmotd soga veruir
I n conclusion, these experiments indicate th

associated hantdkermgmoesal ttyntbehorshould be
t aaggecaptur e rates.r aAks homegh radrgtheelri tfyor S ma |
generally i mportan+t ange ciorvet a@giwigdes tsuidziee s,
representative of as much of the stock as ¢
sever al taggiegy dcecmpsi candckedsitthe i nterpretat
including such sources of variation produc:¢
variable mortality associated with a | arge,

di ffergnt etaanggiim di fferent regions.
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Abstract

Abstract

Geol ocation modeltso ader ievses eché ti ail | etdo oil sf or ma
patterns of demer sal f i s hc oedu inpgp etde nwietrha t dia te
However, model |l ed horizont al positions are :
needs to be assessed to support the appropr
experi ments I'n the ssiundheah Beamul at éSde at rceom
near shore moored tags, c) temperature data f
a tempeemthur probe mounted to an otter boar d
mounted t o tthempoeodeaputcht i wnalye (CTD) and the ¢

vessel t o obdeptnh tcatperfatameknowe mpecat uonoasd
from each experiment, we cal cul at-pdc kmogles | |
HMMo en® d e | f r Bmeeswdprekr.i ments all owed us to co
positions t o guanti fy mod el perfor mance an
geol ocation studies on tagged <cod. Correctl

indicator forxetabdsyamodatied and true track
di fferences in daily positions varying on a\
t he geol ocation model wdesp tihmpproovfeidl ensh einn diecregp
in thegmowmapglinc environment, particularly in
met hods confirméelMMoeBeta melwer modioul d be used a

for Eastern Baltic cod when an wuncertainty

acceptabl e. Since al l-efpfreecstanvtee d tmeatnhsgodasr eatt ¢
reproduci bl e, they can be routinely applied
thus make more robust inference about moveme
Keywo6Gdet ocati on uncertainty, cod movement,
validati on
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Introduction

Tracking of aquatic animals has provided uni

and has fundamentally alteredd ofuurncudnader sotfan
aqguatic ecosystems (e.g. Hussey et al. 2015
range of technologies avail ablDeSTtso dted-a wler ma

stamped measurements of emceidr ddrymetnhtea | t apgagreadm

(e. g. ambi ent temperatur e, salinity, pressu
parameters (e.g. acceleration, hear't rate) ;
Geol ocation tool searenovegwehas!| wyfusadgtead i mfdi

spatially resolved oceano-®r apgliamm dreotea It Bur ovm,t

environment al dat d Areodbddad dbyewhe, t 28 1; S
Thorstad et al .I,. ,20@BilB¢L eacBroiusntéetngatfor c he
i ndividual fish movement, such as distributd.i
Hi storically, many geolocation tools have be
types, resuhbtssemeciifni cs esveelruatli ocn s . Most recent
have been pasadiedonpaoatmadecel s, such as the
(HMM)Ni el sen et Salveral2a0applications of HMMs
approaches | pefrofrehmeavetlemer s al species tagg
(Andersen et al ., 200 7n;c | Nide Inggent het bals.e,l | 2 @]
current HMMs t hat was originally deGaeduosped
mor huasi ngfordg@&edensen et al ., ZBDS8; habygeasc

applied to geol olchadres tAgdilmsnstamnc etodal(.e.(@2012) ;
et al ) 681l hhs been adapted to a vartiheety of
l' i keli hood estimation to better account for
arqgdse Bris et al., 2013b; Woillez et Mdny 2C
of the original applicagtimopds | off r tameswpleecd ef wsEe r
and written for use i n Matl ab, l' i kely restr
Braun et al. (2018) generalised the core fun
species and ratgednsheanbade ahgsscti omaR(Rgnguna
Core Teams PpPHha&cdRkRMModéedttps:// github. com/ camr
t hus wi dening t he range of potenti al user s

applications
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Il ntroducti on

To appbVoaagi on model to a new area, species
the performance, <classify the associated unc
model framewor k (aNiide!|l spaciefti Otah & powi2de ,$) naonvde n

behavior derioped mahr gegoh osalb i on-pt e(oBrna ugnu eest 1
al ., aa@lx)ould Il ead to misinterpretation. Va
conducted by comparing model Ikendo wann dnokvreanem t ts
tagged individuals 1 s-ortiyentcead, ye piapel, agsiocmes
effecti vted gyg eddo uwbilteh ar chivwpl sbagsl (eegar DBy
tags) anldi nketdellloictaet nom d$@Pgesk (et galbsak2 Ghdh)r
(Braun et) .alThestl @dgoaupbg eef f ort s can provi de
for validation of geol ocation techniques. S

tagged demer salDSBEBpaaidesanwiachouati c tag t o

|l i keli hoods with additional k no(wlhi yp oesti.talo.n,s

However, Hdatglgicoguwlie h satellite and acoustic
number arMd carsesre(Atnovled yamadsbeéwar, .2001; Bl «
Ot her studies have used simulated tracks, g e
of interest, for model validati on. These S

oce@agraphic parameters which are wused to s

geol ocat( Meu enmofdeelldt et al ., 2007, Ri ght on an
et al ., TREO0O49i mpl e but effective getbbébdfcah
behavior and helps to develop a better und e
modeJonsen etndalt.h,e 2c0hlo3i)ce of i nput paramet er
are rarely tested in theiarvialbil iftoyr tex armpd @n
these methods to stationary, moored DSTs or
measurin@gHwrtadr omt al ., 200 3; Thorsteinssort

Furthermore, Gexathingtiymedbmbdeealbehavi or by at
fishing gear to&r daarckt rhuacst, tthoe owers skenfowl edg
Righton and Mihlelse @»P0®laches have usually or
to the stockamnd sgirmbludati eech raatetmer | oc al behav
di fferent validation methods across a spectr
to account for different types of movement «L
valdati on methods are not routinely used befc

Sspecies or area.
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Previous validation studies found that a hi
environment al parameters,n awad et husept br qgqerrd
measurements of the DST, can | eadi uoet mproye

Ni el sen et Da&SITs, i2npl@a@)nted in cod in the sout
2019 indicated higkboheeer ogempeirtyuia amhe de
individuals made regular daily wvertical Mo V €
col undy ssy et dhus, 202@) combinati on of dynal
behavior can beonussterdaitho tfhwer tgheeorl ocati on prc

|l everaged to improeegreBonasnraettad.t{radksghb)

Here, we addMMototea ed x if gtaimegvor k t o better ha
depl oyed on demer sad as@pewr a&cy anfd tqueanaddapyt 4

utility for future studies geolocating tagge
tested the sensitivity of the model resul ts
used tbechl kal ahoods, as wel |l as Swimming Sf¢

(1) artificial tracks, (2) stationary DSTs n
station, (depttlrempeobéesrattached to sami ngtt er
vessel, and (5) DSTs attached to the CTD pr
ves®el compared known positions toHmMdMadeée!l ed
mod el to assess the uncertainty Dfpoéei geol €

behavior and movement types.

Material & Methods

Oceanography and cod behavior in the souther

The bathymetry offi dale g ceunpleeran eBalntoinc Sea i
near shore areas anwhiderepegrowifdesharlkei plasdeagr ¢

bat hymetry (Fig. 1A). I n each basin there ar
(i .e. within the -sayer depthclilayerg¢harhatheeerz
Arkona ahdn Basniho This double stratif-icatio
bottom halocline and a seasonal sur f-aA@C e t he
metres. However, during full t her mal stratif
watceorl umn down to the halocline.

59



Mat e& iMdt hods

Figure 1: A) Bat hymetry map of the southern Baltiec
R¢gen I sland, AB: Arkona Basin, R: R°nnebank, H: Han?o
1T Tustrationi mudegpt dtailli jordhdamadd C)L a-dtepmme rldtkugrléd hood

profile. White areas in B) and C) indicate areas not
the Iikelihood at that time step.

Cod in the southernl|l Battemer Sabh bhut paremknowr
movements across the thermocline up to 20 m
sunri se, presumably t o prey on clupei ds (
Furthermore, Balktti ¢c ncadhecadreprtr , more salin
spawning in summer (Nielsen et al., 2013) to
al ., 1994; Ni ssling and Westin, 1991) and
feedi nwg seffbewval i date the reconstruction of ¢

for a future study, we mimickedeptheDEAg dfe|
manuf actoudrdeiD S Ts tTddrdi ¢ S ol ut i on: 0.032 AC and O.
and NO. 6 m, temper at yr eanrde sDpFoDnrsges otfiame :o nl 2 0s e
and 0.12 m, accuracy: NO.2AC and whl.ch mertee

customized to record temperature and depth d
Geol ocabidon met h

To reconstruct the moveéemenh wed biaB8&d§ R2nCotreemp e
Team, 201 7haskeidloplee kRge véBsanan @tlAMMoce 2018

constructs the most probable track &aagowudi mg

outputs from a regional oceanographic model
sea surface temperature). To determine possi
esti mat ed, which are thereemdiat at ireeorafedd dyt
the corresponding values from the ROM. A i

bet ween thaeepemperatfude recorded by the DST
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position. We assemiloomdlst henmt e s tai nthitdedde nl i Maerl ki
computes the posterior probability distribu
each individual I's estimated for each day. F
mod el runs. Thet mask wasebalbl|l cul ated as the
Detailed i nfHMMoadtes ogi wdbrouin Braun et al . (2
Git Hub page (https:// github.com/ camrinbraun/

HMMowas devel oped primacilanpdf i ggegl onc gtriam@r

bas
Ar o
t o

Fir
(fo
i nv
het
dee
by
t he
wi t
one

dai

Sec
fun
reg
cer
at
of
hou
15
eac
wi t
not

m,

king sharks, BraunBredunalet (8Hrla8HRePrl Sowpa |
stegui et Thlus, (2@2e@)y al adjustments were |
demer sal species.

st, weh ea d aipkteeld hood framework to account
Il l owing Nielsen et al. (2019)) anBbhithre s
ol ved addidegth mMmakemumoopehax( h ®r eaafctoairn t ¢ & lol
erogeneous bathymetry of the southern Ba
per areas in the basins, angha¥gds téset idmanea
filtering the bathymetry mapreofwitthhei nBaN5t i
maxi mum daily depth recorded by the DST
hin 5 m at phsamasst tohnucse aa bdawyar yL | i kel i hoooc
s) indicating whether owinbtntNB manf mume

l'y reported depth (Fig. 1B).

ond, we modi fi ed -dehpbtihkoe liigh amad (t eryrpeea fatt a
ctionality to better account for the temp
ul avrerdaiclay movements of cod. It was cal c
tain depth recorded by the DST with the t
a predefined vertical resoluti onovEenemt s3
cod, each fish needed to be recorded in a
rs starting at 00: 00 hs), resulting in a
m, respectivel vy, depenBespgpeomni vdei mceiswil did
h depth | evel wer e t hede phtulikteil p lhioeodl tpo od e tl
h probability values between 0 and 1 for
cross atti claclaslta ytehrrse,e tvheery wer e expected

9 m or 15 m. The bathymetry -dnapitihk@s i hbed
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met hodd &scri bed above, only that this time t
m, N9 mi1& m of the maximum daily depth recc
out purbcodl & t hus be a probability distributdi

0O and 1 when the fish crossed three or mor e

Further, small er changes i n the -sctorduec tweree onfe
st-ad d i H MM cweq s originally designed for t ag
Computers), and the data str-ssctupes otbddt hlbe E
HMMoaeg e permanenthktyparchgivelduba.tc om/MMoefeani e

for others to use and adapt.
Regional ocean model

To generate the temper aetruardee pféeohr cliinkge Ifiiheol odds cf
we applied the ocean model of Gr2awe et al

The numeri cal mod el has a grid resolution ¢
| ongitude (~6002m}) efrdlaliawiengr,erddamtli,ved | evel
set the storage time interval to one day. Er
the near bottom tempel.altAuG earbd aG. Irfad,g evdh ibceht v
natural (vaasr i mdowadunegd by the standard devi at
Seifert & Kayser (1995) quantified the aver:;
and N1.5 m for the Arkona and Bornholm Basi

sour(creesgul ar soundi ngs ( Rei ssmann (1999) , a
Cruises). For the geolocation experimeoartls, w
with a vertical grid spacing of 2 mjo8 wmnan
model performance. We | imited-17¥h8 AE&86ék@ng3e
AN, which includes the Arkona and Bornholm B
Val i dation experiments

To assess the per HMmaewe odmpgihlee da dfpipwe daratl a

temperatur e, depth andtounowmgchbesi tcooeRES dgr p
days. Temperature and depth data as well as
were used as i MHMMocpahamgtrehheesttiamdard 1 npt
DSTs. Additionally, maxi mum swimming speed (
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t he di stance an i ndi vi dual can move within

maxi mum speed (m/ s) swhaincche rbeestunwetesn fproosm ttihoen st

days as artificially constructed in tde diff
ability to reconstruct the positions of the
and 1m/s @&sdlwerintonsalofr 2, 3 and 5 m. After t
was then compared to the true daily | ocati on
not considered. We oqualitatively assebsed w

trend and main features of the true track ar

estimated within 0. BMokmltedtéeeantruangosndi b
from the given start and end Vewmemni okRkewheln
|l i keli hood does not all ow the true positio
|l i keli hood of the previous and subsequent d
according to maxi Mmdiani tsiweo mankciny,c $teheasl dgrteaantc e b ¢
true and modelled daily position was <cal cul &
error . Shorter di stances between true and
performance (horizonmal madicamacmean,T heaxmimu
deviation were calculated from the daily di
track. The distances between true and model |
ti me. This quativatageessmhemuanhf oams about
the model and about the effect of the chosen

vertical resolution). -WacbkhegegpbWkedkhRhdm, maplk6 )v
ggPl ot Ba(tlhiyanet2®20) wusing the bathymetry val

1) Simulated tracks:

The first exper smerbti ltiasyt edd trlieec omesdealuct si mt
part ofstdesstbobkti on area in thee spiumhleane
tracks to emulate a movement from three diff
waters, GER) , Han° Bight (Swedi sh water s, S
DK). The simulated cod rel easemd BasiGER( samawn
ground) and back towards the respective rele
0O and 20 km a day from the position of t he
Basin or release site, rreesxpeataicuelry )z.e dB dtyh at
at the release site and in the Bornholm Bas

and 7 km per day from the -fp)dbsetsiomulodt ¢ethecopd
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n DK performeddam modement etthroaghout t he €

ori zontsblet dvieetnamaue cessi ve days of the arti/
9.4 km (average: 3.5 km), 0.03 km and 12.9
average: tded4d Gekmmahor Swedi sh and Danish rel

~ R =

-

esulted in constructed maxi mum speefllse of O
trajectories covered one year to account for
t hset udy ar ea. Bottom depth was extracted frc
position. To emul ate vertical movement s, we
bet ween 0O and 10), which were up to @& aonf sha

natur al vertical movements displayed by Bal't
Haase unpublished data). The water temperatu
position and day. A random unifaddedcrrorthb
temperature and depth values, respectivel vy,

DST. The three resulting tradkptWwi phothéees a
in Fig. 2.

2) Moored DSTs

The second dae¢mpet-deéecquarnet ad sntead rtecorded with
experiment ai med&satbikestyngothbhermedely recot
stationary behavior, i n shall ow, near shor e
recordecdcef rDiist twhi ch were moored at a stati
13.574A E, heave: 54.593A N, 13.581A E, Fi o
(20. 0602.00AP. 2019; date format: dd. mm.yyyy) a
GP® osist iboret ween depl oyment and heaving of t |
either due to dpos$ittioonimgccbDepltey @@€5t and h
as the release and recapture position@, rescy

m, it was corrected for zero offset.

3) Automated offshore measuring station:

Water temperature at eight depth strata (2,
the automated measuring station (MARNETI)n i n
an hourly resolubiamitotyesio rkeeomsdelct a
of fshore areas. The data period covered the
08.07.2019) . The dataset c ontmpiemread us @ me son It
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temperature measurements below 7.5 AC were r

was used as release and recapture position.

4) Temperaturedepth probes attached to the otter board of a commercial trawler

The foutt wadatsamepl ed-depta pemper a NKIEe STPS 3
accuracy <0.05 AC, resolution 0.001 AC at

accuracy 90 c¢m, resolution 7.2 can)c ovhmerhc iwaal
fishiaelg desdcayg &t di@p ntgo t he (BOr AhB.DGh6BM@ILE)N

fishing ground covered a |l ongitudinal Spreac
The probe | ogged water temper at-posi taénme sd ew t
recorded at the bridge and matched with temp

fishing haul s were conduwcetpeadch amd at riesconded
behavior was <created by repeatingesbaryyarhnrm
2.5.2016 and 8.5.2016) . The maxi mum distanc
trawler on successive days was 56. 6 km, cor
0.65 m/ s and t he maxi mum sSwi mming see e d u
accordingly. The Bal tic ROM output suggest
temperatures modelled at 20 m and 40 m depth
the year-SI#)g. TIBIl2 experimermntbi t e styreudcat hfeacsa

movements on the spawning ground in the Born

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

The fifth dataset was sampl edprboyb et waon dD S Thse,
the otter kaa arhd vefs sal r d sdeaiyn gt raa wil o ustuirnvee y 1 5(
23.11.2019) in the Baltic Sea. While the DST
water col umn, remained a short period at t he

the DSTtchetd to the otter board was <character

and a prolonged period at the bottom. Onl vy
the model domai n we23e. 3s €l0elcot)ed T(hlel .a0mBed 0@V ¢
vessel had a |l ongitudinal spread of 164.8 ki
performed four to five hauls per day, with
each station. Positions were recatrdee andtd
recordings. On days where no fishing haul s

65



Resul ts

weat her, stationary behavior was <created by
(necessary on 15.3.2019, 16und. i0sdt9a nacned bledt.ws
positions of the research vessel on succes
constructed maxi mum speed of 1.1 m/ s. Ma x i mu

so that &6t mebimadel t o r econsdtnr uccotasdwvailf tarmawe na

areas was tested for maximum swimming speeds

Results

Geol ocation of simul ated tracks

The gener al trend of the simulated tracks
HMMoqe&i gf.) .2dRel easer engdo gietciagpn were model |l e
maxi mum swimming speed was chosen equal t o
ot her wi s e -sthhaep egda umsosvieame nt ker nel prioritized
of movement r eqnug rtehde. niEavxeinmucnh osowsiimmi ng s peed
than the modelled track | ed to the correct]l\
three tracks ( Fi gs. 2 UBni3ng tGemerahtyeasceadn

maxi mum swidmbregaspeet he number of grid «ce

( Mmovement kernel s) i ncreases with increasing(
swimming speed and vertical resolution, the
position ewar i8.d3 bkemt w( DK tr ack, vertical res
speed 0.1 m/s) and 34.9 km (SWE track, vert.i
0.1 m/s), respectively (Fig. 3). The perfori
and moldet¢tadartidons ranked model performance of

swimming speeds s-8$4#n) ] adfhé FIi gowest3 @Red&mR di st a

model l ed track was achieved at a vertical r e
speefds0O.oc5, 0.3 and 0.1 m/s for the GER (10.7
(8.3 km (N6.3)) track, respectively, indica"

maxi mum swi mming speed differed with fish be
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Resul ts

Di stances between true and modell ed daily p
periods at tihensredmdhsenpbobbe Bornhol m Basin
however, di stances did not generally incresc¢
influence model -ip)erfldomancet dIFi gcc rgacy was
|l i kely bedanusre dtahd ymalxpth restricted possib
Basin (Figs. 2 & 3).

w
1

N
1

mean distance (km)

wm
y39

N

vertical resolution (m)
w

0.1 0.2 0.3 0.4 05 0.6 0.7 08 0.9 1
max. swimming speed (m/s)

Figure 3: Mean daily difference between true and rec
Swedi sh release positions. Thendb lmeorski t $ oguma rwee r ien chiodta tn
correctly for this combination of wvertical resolutio
di scarded in a future geolocation study. Medi an, mi n

model | ed dasi lay ep pgietsiemt ed in the Sdppl ementary mater.

Geol ocation of the stationary method

DSTecordings var-il8d2bACh. a#dC2mE3m2aaoealh th
8.6 AA9(BO.AL) af6. 3.t mfo7. 7L RO ® eA@)n danl
2.0 m1819.m) for the deepest position (Fig.
at al | vertical resolutions; however, accu
maxi mum swi mmi ngg99pee&d aRil ggso.se 0$36 ba ceproduce

a resolution of 2 m and maxi mum swimming spe
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from the true location by 1.9 km (RK2.0) for
swimming speed of 0.1 m/s (Fig. 4a).

z
£
8550
2
5
=t

540

Latitude (°N)

stationary
i) moored DST
i) MARNET station g 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)
&

°

survey vessel - CTD 54.0 survey vessel - otter board
13 14 - 15 16 17 13 14 - 15 16 17
Longitude (°E) Longitude (°E)
Fiuge 4: True (green) and reconstructed (black) track
reconstructed start and end position (yellow dot) fo
resolution 3 m, maxi mum sMARNKEStgats pened vEerl i cmAb, r ées
maxi mum swimming speed 0.1 m/s), the green track is |

temperdchdptrle probe attached to the otter board of a

maxi mwmmmi ng speed 0.2 m/s), c) DST attached to the
m, maxi mum swimming speed 2.1 m/s) and d) DST attache
resolution 5 m, maxi mum swi mmiapgpeapaerde 0i 4 mImjs) .c) Fr

di splayed the true position which was closest to the
CTD casts no true position is displayed. Daily distan
in Fig. S20.

Temperatures recor-dedtfoomr ahge MAR&GEWeen 8. 3
AC at 2 m water depth (Fig. S10), i ndicatin

exhibited a pronounced thermoclinat athe 1é&n an.
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the experi ment on the 03.07.2019; it was | €
bet ween measurements and ROBtati bheoposptior
S11) . The positisacmtoont ceuMARNET modend e db evt
model |l ed and true position of 13.0 km (N9.1)
swimming speed of 0.1 m/s (Fig. 4a). For a v
precisely and accurate eudp otfo Oa 8mamx/ismu nBtsawitmr
were not modelled correctly for a vertical r
model |l ed within the Arkona Basin. Di st ances
vertical resolutail oy odfargem bvats da&@inley positi

Basin at maxi mum swimming spe&®3.between 0.4
Te mp e rdaetputrhe probes attached to the otter boar

The probe attached t anpteheatatrteemr alm@ga&r2d #r AdCPr d
and depths ranging from 0.2 m to 93.4 m dur
vessseltrack could be reddMMVotewreu cht esdo mei tuhn ctelra aa
Swi mming speed wrasf s®tten of dr. 2alm/ sverti-cal r e
S9, S15) . The track of the vessel coul d be
10.1 km (N8. 1) and a maxi mum deviation of z

swimming 9dpeed 0.2 m
DSTs attached to the CTD and otter board of

At a maxi mum swimming speed of 1.7 m/s or hi
m/ s or higher with a vertical resolution of
correctly when using the data sampled with t

positions could not be modell ed correctly w
speeds when wusing a vertical resa@l um iaonnd oaf
maxi mum swimming speed of 2.1 m/s, differenc

varied between 0.2 km and 57.8 km with an av
trend was depicted with S 0 meo dred d terdi cnt a rotnks ,

R°nnebank although the vessel was south of R

Neither pattern nor release and recapture p

attached to the otter board. Only thk ael at
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water depth of around 45 m was depicted. D
position differed between 10.2 and 103.3 km
of 5 m and a maxi mum swi mmi ng s pteheed boefgiOn.ndi r
and end of the t-62a08k. (Fig. 4d, Figs. S16

Discussion

To put data from archivaéalempagsal scohtast DT&s
mu st be adapted to and tested in new envir
desedi bive validation approaches which i mita
in the southern Baltidefeh OD&FJgedBwit hh st emmp
coul d be reconstruc-badedwi gk oltohttdMiMad @& & pTtheedd e R
unecrtainty associated with the estimation o
bet ween true and modell ed daily position fo
within the purported daily range €bn20Oakm b6
Atl antic cedsan Nehwd ounrdtiland Shel f, Baltic Se
daily distances of up to 59 km as observed
feeding and spawning grounds THBhies rad sad 3 yrad 1y
expected horizont al error can aid interpret
DST agged demersal species in the wild, such

met hods, despite the hadidwse rasnidt gtnhped r sypdaaltviaoba it a o
experiments used to generate reconstructed

|l ocation for multiple days to the whole stuc

approach canitkae neadihliy appyn study system for
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Tab2 e Compari son of the different validation approache

Aver age
di st anc
Trend of bet wereune

AreaTi me model |l edand mod
ApprocovecoveCostcorrectldaily pTest case
Ar tif fish Dbeha
track |l arglongl ow yes 812 an annual

stationar
Moor e in s h
DSTs smal shor medino 2 near shor e

stadriyon be

MARNE" in of f sh
stati smalshorl ow yes 13 water
Probe

otter- mobil e b ¢
comme medi shor mediyes 10 t he Bornh
DST

CTD/ fast mobi
board in coast a
surve'largshormediyes/ no 19/ 39 the Ar Ban

*rounded to full km

I n general, the variety of mo d e | val i datio
understanding of the model performance unde
swi mmi ngFempeexampl e, t heatv,aliid atthionn shemwardi d

insensitive to a wide range of maxi mum swi mi
sensitivity toVNhvdret iacdloweas ovleuttiiccmdr unesolgut
ti me, it coul d wheiacdh ttoh ef releiekud |di ahyoso de st §| mat e d
depth recorded by the DST of tagged individu

m, 9 m and 15 m (for a vertical resolution o
the newerstsiaa gl range threshold wawaaofti Irteecroa
based on the area within 6 m, 9 m, or 15 m
day. Hence, with these assumptions, Dl leower
|l i keli hood area for t hat day. Finally, al t |
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sensitivity analyses, the results suggest tF
regul ar fish movements across i gdhyenra mh @r itzhoe
accuracy of the modelled daily positions whe

exceed the temperature response time of the
Comparison of validation approaches

The five validation metémompaser @l féetredt bbtth gaea
in average daily accuracies between 8.3 km
reconstructed correctly within 0.5 km to th
Tracks where staeteamdt emodeelolséedi winshiwn t hi s
for further analysis so that the accuracy of

range of what hydrodynamic geol ocati e5n0 met hc

km (Evans ,amnd08nnol ddowever, comparing the &
bet ween studies is |imited: accuracies are
validation methods (i .e. considering speci e
di ffemsomihssand areas (i .e. the accompanied |
Arnol d, 2008) . Consequentl vy, the estimates f
guideline for other studies and modelcacauea

species and tag type.

The threecoanrsttirfucctiead Ityr acks aseépthepresul &8
simulated based on the accuracy of t he DST
independent from theeR@PMtenhewnl dibdasotboridcls
arise betwedaptkemmeanatuements of the DST in
predictions of the ROM. The simulated moveme
of Eastern Balrtiisedcad faund cooemr of oceanogr a
water column stratifications. The geol ocati

an average mean difference between true and

(N9. a), lwiwer precision during stationary p
Bornholm Basin. This difference is slightly
the validation of a simulated tr ar’c)k. oHo weovde ri,
t hat study used salinity as a third par ame:!
geol ocation model and thus these approache:
particul ar, iI's a unique f eatfurroem iWe stbhuet oB aH at
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external tags, which are necessary to recor
smaller fish (Jepsen et al., 2015) and were
of using simul ated tbrascekds oar ec utriraetntf iksnfo wh eehd:
i mprove our understanding of mod el perfor ma
parts ofs tdhestfibbtion area and l ong ti me
stratification. oRuretxiper maonmean,t ssiamwel atnexpensi
used to estimate the horizont al acctbrascey of
tagging studies.

Al | ot her met hods i n tdiepst hs tduadtya isnacnhpuldesdd it nedr
t he ROM, an automated measari nhgmagepithome iomect
Te mp e rdaetputrhe dat a, such as from CTDs or moor e
available in a target study regdaoant Asexzpeh
preliminary validation studies prior to DST
automated measuring station in this study mi
of three weeks. While cmd bhabiwat i ket ymubtio
geol ocation model achieved high precision ai

and modelled position of 1.9 km (N2.0) for
MARNESTt ati on, respectingelmo.or@tdh e&rSTst thdhiide se su s

bet ween true and modell ed positions of 11 kn
al ., 2012) . These studies included tidal i n
third recor dehd gpearr aneotre rz.o nTt had accuracy of t
the geolocation model performs better when
hi gher contrast such as in the heterogeneous
rat heoogemmoms offshore area i-at dthieoAr kbin@as .Bal

Hi gher heterogeneity in bathymetry (Nielsen
dynamic oceanographic regimes (Braun et al
model . Despite these di fferences, bot h sta
stationary behavior can be HMdMoenelded P aacneswel
The stationary method can furthert hbee ptoetsetnetd
i mpact of wat er col umn stratification on r
moorings of DSTs at sever al | ocati ons (e. g.

accuracy estimates across a,raeng8;ofLidi etenme
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Attachi ng -dtegprhphe rpatolbrees and DSTs to otter boa

commer ci al vessels proved relatively straigl
fish within the habiottatt hef ftilsd . diThtorsieb unteit dn
|l imited by vessel ti me and characterized b
Further, vertical and horizont al movements a
to fishing gearrseanaiys thiacv es veixmmeierdge ds pdeeepdt hof ¢
probes attached to the commerci al vessel I n
response time compared to the DST. This res
and modelnl e(dlOpolsikmo(N8. 1)) compared to the
the research vessel for which the track <co
di fference between true and modell ed daily p

t hr oduhgegh wat er column faster than the respons
are matched with wrong depth information es
when usi ng tdheep tthe ndpaetraa tsuarnep|l ed by tlceh V&BE at
moved sl ower through the water column) the -
an average distance between true and model | ¢
fish can thus be i mpeded i f himegphoegultamley pe

exceed the respBnsempemailadhetbbenPST (
| mplications for testing the adapted HMMoce

The difference between true and model2@d dai
km when start and end poMhietni one cwenrsd rmad e Inige

wild tagged fi sh, a hor2ilzokmmahasrtor bef i na
interpretation of the tracks HFHMMoBgaoliocc acto do n
model . Stationary periods in homogenous wate
and depth for prolonged periods, such as in

Basin, tend to be accompamrioand aldy mphoishpee Baal b c e
case, this could | ead to higher uncertaintie
spawning (K°ster et al ., 2017; Ni el sen et

movements betweehorcoeeamplea,s fusredspawni ng a
related shifts in habitat used should be app
in this regiomhatwWeddémenethtatveal i dati on met h

readily apmlitbe iotenpoetation of geol ocatic
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Abstract

Abstract

The dHhmeasi onality of ®smaspeei esobgstdmstenhl
and vertical directions and can |l ead to 1in
environments in habitats of close proximity.

nked to envisohmépsalfi cbhedi eisomcientists

seasonal stock structure and distribution o
depth profiles of 28 individual cod tagged
and r ecccoends ttrhuei r movements throughout t heir
framework adapted to cod in the southern B
estimated daily ©positions, we matched sali.
regi onamobdeteai’i t her genetics or otolith shap
to the Western Bal tic ( WBC) or Eastern Bal
demonstrated a high variation in horizontal
resiedelnicmi ted to the Bornholm Basin througho

feeding gr ouArsi I()Noawrednbdkae per -Cscptaovbreirng g rno ucno

WBC stayed in shall owertocomwmadsbaatd, weoemexipos
seasonal fluctuations iIi®ewiae¢er daeampeeaeralt ed
movements especially of EBC, triggered by t\
movements related to the lunar cayclsepaOat i d

WBC and EBC in the southern Baltic Sea which
dept h, salinity amd aoxygdn sex merdiiefnfceerde nt bi

t wo stocks.

KeywoBalst:i ¢ cod,avmiogirat ed ychbeloni c tagging, g
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Introduction

Habitat transitions in | ongitude and | atitud
marine environments (Piacenza et al ., 2015,
i nufelnce of wvertical habitat transition on sp
and strong environment al gradients are knowr

changes in functionality and.si 28&16Je Gaiindge
2018) . Studies on vertical separation are |
gradients G@oareypdhaagreoi((d@ay .trhuegre 3dtoiraslt.i,d a2 0 1c8)a s
environment al zonat ieoms d(det.ugos i c@Rca&inae sé D6

200Be!l | api sznlB. needsHuesytacen PpandalWhi t210n0g8 )i n t he
are known to have specific feeding strategie

2005) . Untdbeestuamdeirhygi ng mechani sms can be a
tempor al space use and the interaction with
and direction of individual fish movenents (
bi ol ogi cal ni ches-exibatéemus odfeaden ot itcheal Icyo di
same species, each adapted to a respective n

Atl antGaduwsodmoekpari ence a wide rang®e a&i1idphy
occupies a wide range of ecol ogi cal ni ches
regions i n t he North At-d mendii fci c( Bmiamhe r ,0c dt
behavioural epastémgs cofd popul ati oeas wefet bé

North Atlantic and are key to sustain a wid:e

(reviewed in Robichaud and Rose (2004)). The
because salinity and tempetraltearancaer el iani tt, he
(Mackenzie et al., 2007). While living at th
cod populations are also genetically distinc
200X, ey et alka et0oOal;.  KigdGkws). Although bo
very similar, they differ, among ot her s, I n
(Hegssy et al ., 2016; Schade et al ., 2019) ,
1994) , spawonngBIl ei | et al ., 200A)ndenmd ema em
al ., 2009) . The two cod stocks, that are ge
(HemmHams en et al ., 2019, Wei st et al ., 20

management WWe st t6¢ WiBhG,mell GES Sub &4 v i @&Emdm et 8D)
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Il ntroducti on

(EBC, -3D) 2Baltic cod. The region of t he Ar
bet ween the 8sltosks ¢EHemmerg 2019; Wei st et al

of high commerci al val ue buteselctetad inmegat by e
guota for the EBC stock in 2020 and 2021 (I
the WBC stock (I CES, 2020b) . The reasons fo
stock size decr eased ndduepotoa hiegh ufiitsneinntg i mr e
2020b) , EBC suffer from reduced condition,
mortality due to a variety of stressors S

Contraceacum poosocru |l nouturm ttiioomsalamncd t hi ami ne de
2015; Hor bowy, 2016 ; Sokol ova et al ., 2018;
2020c; Mi on et al ., 2020) .

A comparison of growth rates of conventional
that both area and stock affiliation contri bi
EBC (McQueen et al ., 2020) but reasons are
convent-renapttang studies ar e hugaftwls foar tei.eg.
the distribution area (Latour, 2005), the gr
and recapture cannot be reconstructed and i
experience during tdred rTurnmer at2ddberty (Koh

While scientific trawl and hydroacoustic su
di stribution of fish stocks, they only provi
ecol ogy of i ndividualleg@ifngndewimag nsswanlt | & |

(DSTs) have therefore become valwuable tool s
hi story orfanagiilndg, ffirsehe (Lucas and Bar as, 200
assumption that taa gsguelds aimpd iev i odfu atl ke awlol e s
unt agged fish after release (-dPfifnse witt I DSTs20

sample size, the duration of battery | ife al
(Hussey Bt Ahdr ze&0dczek et al ., 2019, Andr z
become popul ar to estimate fish movements
environment ( Neuenfel dt et al ., 2007; Cost a
2016;i1 tQGrsi fdt al ., 2018) . However, i n most C
directly from archival tags and geol ocation
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bet ween release and recapture (e.g. 2PRdder ser
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aun et al ., 2018).

addition to horizont al movement s, vertioc
ve an indication about feeding strategie:
nditions (Hobson et 0al3.),. DG Q@ &n, Niad Isoe nd i e
mperature values inform about the range of
|l er at angiFrgeefi sh can give a better refere
periments in @apt i RiOtly ) ( RiThretrerd oet,- st udi
nging fishes have greatly contributed to e
al., 2008; Galwuardi and Lutcavage, 2012),
al;. ,Ze2n0eOc8& i s et al ., 2017), and popul ati ol
05; Galwuardi and Lutcavage, 2012).

st -rmaxralpt ure studies of cod 26) thevealuede
di vidual s are sedeanthaasyi nwei t(hrienvitehveidr i speR
004) ) . Ot her studies describe movement pat
ep basins for spawning (Aro, 1989; Wiel anc
mi ng and b eehdaivnigo uaandons ptahwvenifneg grounds r ema
al ., 2013) and a separation of EBC and WB

understand behaviour under the recent env
| ocat e ionmndei vafdutahese two stocks, we anal yse
mpeidd&Taeren the southern Baltic Sedaelpdthweer
cordings were used in a geolocation fr ame
sitmoager @age below 20 km) to reconstruct
linity and oxygen experience of i1individual
the EBC and WBC stock using genetiacls or
d spati al patterns I n movement s of t he

vironment al par ameters.

85



Materials and met hods

Materials and methods

Study area

The Balticefehoseiddalbewht ackaska characteri z
deep bmasrnatsedeby shall ower sill s. I n the bas
i's characterized by a strong thermohal-ine st
water and occurrence of hypoxic amdnanexi al a
2020) but weak horizont al gradients in water
t he water column-shord har schal il swregehbhar!|l y mi
winter storms and hypoxicrareaad adte tshuenmeot t(d
2011; Carstensen and Conley, 2019; LLUR, 202

Data storage tags and tagging procedure

Il n Dani sh, German ane&5pPwe di2s6l) watde rvee r(eSDt azy
bet ween 2016 and 2019. Coomweéerawimss (-89 awhud
min) from research and commerci al vessel s.

pound nets and fish traps.

Cod which did not show any sign of skin dama
i nto a hwadent abzaizagd3i MG&Gbenzoate met-Ahdesohfor
dose 5 g/50 |I) for sedation. Cod were moni-t
i mpl anted after cod did no | onger response t
andeighted (in g). Depending on cod weight (
mi IDISIT or-D&T c ¢C8ltdair | cel and), weighting 7 g an
storing 1,398,100 and 87,906 measurement s,
measured temperature (r ésadlAcCt i(dmi2AC.)qQMEcAC) )
pressure which was transformed into depth (r
+£0.6 m (-@i Bl Im) ,(m+tlro)). Deplentdo nlpge ono vt dhree d i

programmed to record pressure and temperatur

Tetr aewdlriocehl ori de (TET) was internally inj
for analysis on otoliths iedHesater malblay . wi(tih

anchor tags. After recapture Hamsdknwerte adssi ¢
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by shape analysis of the WB@MmIEBEGt Slchatdlkee et

l ength of returned fusoizregh a odh rwiemrkea gter aknesyf od e

the southern Baltic Sea (McQueen et al ., 20
the Manual for the Baltic International Tr aw
calcul ated flo®w®@n&ach wei ght (*f@g)Qd0)l.enlgitvher( cimmf e
guantified by counting the total number of

the number to the infestation category (Tab.

Estimation of geographic positions

We adaptgeéol bcalMManqehoaeh et al ., 2018) t o
southern Baltic Sea (Haase et al ., 2021) us
2015) . -sTdhrei p tR of t he adapted HMMo c e IS

https://github. com/MMoefealnhiesHaappr ddapt ecdo mbi r
derived-bfasem™ tdegpth and temperature data to
tagged with DSTs. L i kgerliidhdoeodd sh iadrdee nc oMrabri knoevd ni

t hat computes posterior probability distribi
ani mal at each time point (for model details

This framework was pri mhar idleyneadapt ok htaw i @ac c
specific stratification regime of the south
found that the adapted model was able to co
known | ocations danli gihfetrenacexhialtiyt edependi n
heterogenous bathymetry and the number o f v
individual (see Haase et al . (2021) for det
performance washisrshadytbgtedmparing temper

DST and modell ed temperature from the Baltic

Data anal ysi s

For each i ndi vi dual -lwienec adicatl aant eed I ehtewestnr a
positions as well ast aheeoberaééndispéase man
gredtrcl e method (Hijmans, 2019). The resul t|
and EBC. Further, EBC were visually cl assifi

stayed withprnoxormiitry dloostehe Bornholm Basin t
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(resident EBC) and individuals moving betwe

their coast al feeding grounds (anbiigbrearttoyr y( DEABL

|l ess thpdmetae ogemr, the behaviour al mode was
and the covered months. Il ndi vi dual uiiz2av
however, visual i nspection of the depth pro

ot WBBrCs and U11227 was therefore subsequently

Based on daily position and depth, salinity
the same Baltic ROM. Oxygen was transfor med
1.025 kgurdempdr depth recordings and matche
then summarised for each individual by <cal c
depths occupied), mi ni mum and maxi mum value
mont hly t eanpteh,at smaé | nidty and oxygen val ues
behaviour type. To aecoupiest menposesiblbesshw

first six days after release (van der Kooij
recaptuoeavoid extraordinary depth and temp

process (Hobson et al ., 2007).

The distributional area of each individual

(KDE) of the R package aadebhabdbdtahéeR50%ahbhadgqg:
density contours to estimate the core area

(Worton, 1989; Seaman and Powel |, 1996). The
three distinguished behaviour al modes.

A gahmherzed additive mixed model ( GAMM) was us
of cod in the southern Baltic Sea. Behaviou
WB C, mi gratory EBC and resident EBCYy .ofWet ke n
year (DOY) and fracti-ah aft moabhi mudwsni marti

fractions of l unar i1l 1 umi natiunnb(aWkse exmelaca
El mar hraoui , 2019) and arcsi rnystirsansZfaar, meld 9(Gr
et al ., 2014) . l ndi vi dual fish ID was includ
GAMMS were <constructed with a normally dis

|l i kel i hood esti maahgd®Ww we y &l it h es rRo ptaltdord gwahse a p
year to account for the circularity of this
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corrected for autocorrelation in the time s
Akatskae nf ormation Criterion €Ah€) deMedels WwWa
figA] @bpndi cates a significant i mprovement.
Statistical analyses were carried out in R 3
Results

From a total agded 26®&d DSmean | engt h9m2 mm) eas
43 tag)s wWerredA% eturned (mean | en§8bB &m) rahdas
tags exceeded 30 days at | iberty. The track
the adapted HMMoce because r el mracdu caerddy .croercrag
The tracks of 28 DST tagged cod were reconst
with corresponding records of depth and temp
recapture was on average 28 pd»%iof onbe (Tabck

inspection of the temperature err oHrMMplcet s (

performed well I n most cases but exceptions
day to remove the i mfdlopdrede tdfe raelre aseemp(etr e
temperature recorded by the DST and model |l e
1.25AC.
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EBC migratory: U11252 EBC migratory: U9125 EBC migratory: U9531
201
151
51 ki 1"1"”
O.
07/18 10/18 01/19 05/17 08/17 11/17 02/18 07/17 10/17 01/18 04/18 07/18 10/
EBC resident: U10617 EBC resident: U9232 EBC resident: U9646
820-
0.
éﬁ m
gm- LU:H
- il - S
[}
— 01
12/17 03/18 06/18 09/18 12/18 12117  03/18 06/18 09/18 06/17 09/17 12117
WBC: U11227 WBC: U11836 WBC: U9187
201
151
10-%
b ¥
51 ‘L’V“wr-wur“.
0.
11/18 02/19 05/19 12/18 03/19 03/18 06/18
Time of the year
FigureTemperature profile as recorded by nine DSTs (
model igpgreéenl|I D U11227 was classified as Eastern Bal't
and depth profile suggested to reassign this individ
profiles of all DSTs can be found in S1.
Di fferemwdouirmlbaetodes
The reconstructed tracks of the recaptured
degree of individual and seasonal variabil it
occupation (Figs. 3, 4, 3%2), ambioentatteamprya
S3) and salinityS4£).ndkitvenisndiFvigdual3ds wWere a
(Tab. 1) Seven of the 24 EBC remained resid
movements betweenntherdBooabbtohm Baseding grour
individuals were at |l i berty for a compl ete
classifying the behaviour al type. The three
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home rangeaawidt coresiadent EBC having smaller
mi gratory EBC @nd FWRC (SBahs. 1

WBC (n = 5) primarily occupied shall ower ( me
and warmer (mean = 7.3 N 13.KC)AC,marien co als tla |/

southern Baltic Sea throughout their time at

WBC showed a strong seasonal signal with ¢
temperatures bet WEenmsJully 8n& SGdt)obé&mur WBC
of the R°nnebank and around the island of Bo
Ger man and Polish coast (Fig. 2). Daily di st
with an avarRge. 8fkm (Tab. 1) . On average, \
of 7.7 N 0.6 and did not experience hypoxi a
min = 3.8 ml /1, max = 9.4 ml/1). WBC had t|
groups (1.0 N 0.1) and liver worm infestatio
to the island of Bornholm throughout the ti

recaptured during the spawningr pwasesbasai fli
spent in early April (U11836) and | ikely use
spawn (Fi g. 4) . Both WBC used the southern

Sspawni ng.

Resi dent EBC (n = 7holimhBé&dsitntboe aeepeentBoa
year (Fig. 2) and travelled on average di st z:
di fferences were also visible for resident E
(Fi g. 3) . Duememgt sy,ernesxsiademMmovEBC occupi ed wa
78. 0 m corresponding to temperatures betweer
and temperature range recorded within a day
resi dent \VEBtChisnt atyleed B o rrmohuonldm B ahseiyn weeraer e X p o

and anoxic condition throughout the year whi

(6.6 N 1.6 ml/I1, Tab. 2). Resident EBC show
t hrbeeehavi our al groups, and only one highly

infestation. Resident EBC had on average a ¢
indi vidual whi ch was not <c¢l assi fi eodf, stpheen tr eos

resting and did not show any sign of skipped
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Mi gratory EBC (n = 16) performed seasonal m
areas, close to R¢gen and the Han? Bi-ght (r
April) dezampertBornhol m Basin during spawning

MayWNovember,S2FPi.gsArr2 val on thduepawmwiarsg vgIrsa
detected by abrupt descents in the water <col
arriwalthe Bornholm Basin as revealed by ho
Sspawni ng ground vari ed sl i ge2l)y at We e nh oirn
movements were on average the highest among
1.1 Tlkam,. 2) . The DSTs of migratory EBC recor
and 86.9 m and O0.6AC and 17.0AC with dail
Temperatures were on average | ower during th
d stinct than in WBC (Fig. 3) . On the spawn
bet ween hypbypoxiaaodwap®d)s. (Migrsat oy y EBC ex
average the highest salinity values t9.r8 offN2.
mi gratory EBC (0.9 N 0.1) was on average sl
| ower than WBC. Two individuals (U9144, Uuo 1
during spawning in August and Julry, Feeveanrmy
and June while preparing for spawning (Tab
spawning although that i ndi vidual already a
recaptur e. Il ndi vi dual U91206 mi ght duaalv ewassk i
recaptured in June in resting stage. Four mi
off the spawning ground and stayed between 1
50 m.
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Fig@&rebDaily most probabl e tpaogsgietdi owist ho fD S Trnsd isvei pdauraalt ecdo
were allocated to the western (blue) and eastern (re
geol ocated tracks for EBC revealed two distinct beha
(gmgéeand cod migratory between feeding grounds and Kk
each daily position is less than20 km (for compari sor
of Bornholm is 29 km).
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Table Details ofl tadgeddwalt hc DSTs and spati al statist
days at i berty. Maturity stages: 1: virgin, 2: mat u
Daily I ength growth was <calcul at ede aasse taned driefcfaepteunrcee
by the DAL. Liver infection: Macroscopic quantificati
0: 0 worlms ,wolr:m10 2vior Ink , 3: >20 wor ms) . Direct dista
rel ease anpogiefefaigppmduirccat es mi ssing information. The r
unknown but was esti mat edde pbtahs epdr oofni Iteh eo ft etnhpee rlaatsutr ed ay !
= > c o € Voo~ T ®© — 0 o c )
o (] — = — LV > (= &] o] L O © —_
—_ n — - £ 0 BT — OO o o = ©
> © N - +® Eoo oo _c © © ~ —
© o =) - Po —o- 03T ~ © .— NI o v — )
< — a X e > c w_ ~c€& ~ - O E - o0 n € E -
) [a) ) < 0o © .— 0O 0 WwWoOoE&E ._ocx o> s .2 o x o
m — e o »n = 4 O Le W 0Oaomc— o < T — I < @]
CoasVlU11823 10.10 18 F 4 0 O. 49 0. I 36 54 3.0 45€ 10E€
WBC B20 10.10 5EtEF 2 0 0.! 44 0.: 106 258 4.7 100 362
Uui12 11.10 10 F 3 0 1.( 40 0. 75. 149 1.4 43 12
Uui12< 10.10 25 F - 2 1.:. 46 0. 6 177 0.7 18 4z
U918 07.02 21 F 5 - 1.t 31 0. 152 281 1.3 93t 33¢€
Res i U964 06.05 28M 5 1 0.¢{ 35 0. 46. 360 1.3 20E€ 69
EBC B19 06.05 13 F 4 3 0. 47 0. 24, 71 5.3 334 104
B19 065.02¢ 3¢F d 1 O0.¢ 39 0. : 12. 34. 0.9 18 61
U105 27.04 23 M 5 3 0.¢ 40 0. I 45, 208 0.9 10z 29
Uuio6 07.11 44M 5 0 0.¢ 26 0. I 121 101t 2.3 131 44c¢C
U110 27.04 5CF 4 3 0.t 41 0. 58 99. 2.0 114 26
U923 09.11 33 F 5 2 0. 40 0. 141 86 2.6 506 147
Mi gr U912 07.04 37M 1 0 1.:. 32 0. I 15. 125. 3.3 153 494
y EIU112%5 22.05 31 M 2 1 0.¢ 32 0. 108 538 1.7) 74z 24¢
U912 07.04 27M 2 0 0. 31 0. ! 34. 146 5. 3 201 51¢
Uug9or29.03 27M 5 1 0. 38 0. 75. 867 3.1 111 29¢c
ui09 22.03 17 - - - - 37 0.t 95. 363 2.1 743 25¢
U911 07.04 158M 3 0 O. 37 0.: 127 218 1.9 877 30z
Uu9o0:01.02 12 F 2 1 0.t 36 0.t 85. 390 3.2 921 24:
U104 26.09 9zM 5 0 0.( 38 0. - 276 3.0 79€ 24:
U911 06.04 7EM 5 0 1.. 38 0. 45, 164 2.2. 77 20
U107 08.02 6CM 2 2 0.¢ 39 0. I 36. 230 3.8 24¢C 62
B18. 17.11 77M 2 1 0.1( 48 0. 61 143 1.9 16€ 49
U952 25.05 54 F 6 2 0. 34 0. 36 117: 2.1 621 20¢
Uu91.08.02 15M 3 2 0.t 43 0. 229 450 2.9 307 964
B18 06.04 5&M 2 3 1.( 40 0. 28 56. 1.0 41 ¢ 10
B18107.04 52 - - - - 39 - 129 15 2.0 111 404
Usg:i 24.10 19 M 2 1 0.¢! 33 0. 109 235 1.2 7 185 1 77€
Istock was assigned by shape analysis
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2 cod was classified retrospectively as EBC by shape analysis but depth profile and track

suggested that this is a WBC

3 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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Tab2e Summary of the depth and temperature experience
the DSTs. Salinuney amel eoxtygaant eeda,]l based on daily pos
ROM. Mean values were calculated from daily means f ol
rounded to full km].
Behavi ol
mi gr ato reslent
WBC (1 (n= (n=
No. days withkh 54 28¢ 17:¢
Depth (m) mean (Nsd) 15.1 42.5 ( 48.2 (
range -mami)n 049 0-8 6 5 .-788 .
ma X . range wi 37 58 6 2.
Temperatu mean (Nsd) 7.3 ( 6.8 ( 72 (K
range -mami)n 1.-118 0 .-167 1.-175 .
ma X . range wi 9 12 9.
Salinity mean (Nsd) 7.7 ( 9.8 ( 9.6 (
range -mami)n 6 .-176 6 .-169 7 .-104
ma X . range wi 8 . 11 6 .
Oxygen (mmeamisd) 7.7 ( 6.7 ( 6.5 (
range -mami)n 3 .-98. 09 . 09 .
ma X . range wi 3. 8 . 8 .
Home rang mean( Nsd) 4323 ( 10594 (55848.0¢
range-mami)n 18400 409-3D8 182-138
Core mfpamean(Nsd) 1415 ( 3187.04 1890. 32
range-mami)n 4862 101-961 6 1 .-4140C
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Mean temperature (°C)

[=2] [ee]

4

Mean oxygen (mil/l)
N

Mean salinity

Fi g8reMean depth, temperature, oxygen and ssaloirnaigtey Vv a
tag (DST) profil egD®T MBS i Ibedsueqgf nr e=sliéd em3 T EMBrCq f iglreese
mi gratory EBC, red). Single dots mark the mean of t he

smoot her -siachedyreeryea as the 95% confi dencaetiantperiwmals.s
Vertical dashed | ines mark the transition between qua
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EBC migratory: U11252 EBC migratory: U9125 EBC migratory: U9531
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Fi gér edaltiy extracted from the Baltic regional ocean n
nine selected cod (date format: mm/ yy). The salinity
Vertical movements of cod in the southern Ba

The finalos@AMM hachough model selection includ
and included behaviour al type, DOY and hour
explain 46.2% of the wvariation present in th

2,sirekeent EBC inhabited significantly deeper

GAMM also reconstructed the seasonal Mo V € MEe
waters of the Bornholm Basin in the third ¢
dur i ntgi mea yt Rtainmen i(gFhitg . 7C) . Daily wvertical m
| arge variations in temperature, salinity an
Vi sual i nspection of the depth time series
tri ggertend b ght irrespective of the month (|
in the water column while they returned to d

showed such a pattern and the extoeved idepihc
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Resul ts

di stribution. Al t hough the Il unar i1l uminat.
individuals showed a clear signal rel ated to
during new moon and very medtudil ctmeodnv € Fti igc a |8
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Discussion

The southern Baltic Sea iIis characterized by
of cod were dotodithestlyget!|l i ke comprehensi or
in this area was | i mited angdsumovsetyl yd arteal i(eAdr o
Schaber et al ., 2012) and one study were t
tempedaepsahenity DSTs (Neuenfeldt et al ., 20«
depth profiles of cod tagged with DSTs enabl
28 cod and revealed diverse movement sl eod i nd
ot her wi se. Based on daily positions and dept

i's the first ti me that DSTs of recaptured

Al t hough all cod displayed indmevdmaeht sar WBI
used shall ower, -moy@geratasd aWwataemrds wtehdoughout
Further, EBC showed two distinct behaviour al

t he Bornholrno uBhads,i nmiygeraart or yt EBCs maweridndpegweasn

Bornholm Basin and <coast al feeding grounds.
hypoxia during their time at |l i berty. Verti
daily patterns and some iircdi wieduealcso rsrhead vaetde d

il luminati on.
Seasonality in movements

A new set of recaptudept hadPppbdd whthat gepeénna

adapted to cod in the southern Baltic Sea wi
anmde seasonal horizont al movements of i ndi
vari abl e patterns i n residency and mi gr at. i

throughout the year and experienced thdnefor

This seasonal variation in ambient temperatt
Baltic Sea (Funk et al ., 2020) and 1 s a ma,
formation and highly precise a9ae;, rKeraudmmmeg eotf
2020). Contrary, the seasonal temperature pa
the cool er waters below the thermocline du

spawning ti me. Whil e resi dne npre@ubB@ ,s tnayg riat otr |

move to shall ower feeding ground where mi X
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Di scussi on

Sspawni ng, mi gratory and resident EBC mi xed
types do not experience |largedseiagonalas amneia
|l arge daily vertical movements during which

Contrary to prevRolisc htaaugigiand Rdsued,i 29904 ¢c hNeue
stated that cod S ea tdchemosnosuttrhaetren sBeadletnitcar y b
basins, our results showed that at | east a s
bet ween spawning and feeding grounds. Due t

S
e

remai ns uncdelag dtfi cikndtiosvi @ne movement strat
h

switec bet ween them under certain conditions
Di fferent movement strategies wil/l infl uenc
metabolic rates of indi mi dualtor fyr €BCt he keam
coast al feeding gsspamwds ngoafigrkegatitbes pok h
R¢gen from November tild]l May . Contrary to r
hi gher and | iver tiimfge s tdeetsipan el dvhesr liimditcea s
food source in coastal areas (P. Hornet z, un
of migratory EBC. Resident EBC |likely prey o

groundi sshl ckely dominated by clupeids becau:
avoid the occurrégaseindif ebemthj c2@lr6eyWBE&€uenf

di spl ayed the highest condition factoodand n

and seasonal occurrence of clupeids (Funk e
di fference i n movement strategy and depth us
WBC compared to EBC even in tha&l staanggiamge as ta
( McQueen et al ., 2020).

The horizont al movement patterns coupled wi

di stinct movements to and from the Bornhol
Sspawning ground sigephwoangl Ppelivergdesobtsdambsel
| aboratory experiments (Vallin amdniNhsshéeng
deeper Bornholm Basin have been observed bef
of this studytéat beddbreptheyb6rmobnrned to sha
bet ween studies i-asnnunall ivnaer ivaittiho mtehlea tisrdtaevroi n
occurring envirmememttad icomnHi bhfrbabsen et al

why iddaVvVs stay in the hypoxic Bornholm Basi
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as it is often characterized by anoxic condi
that cod stay above the hypoxic @daeeperanwdatoer
(but compar e . BrFomderll ierddisaG)imnt ur n t o reduc

(Neuenfeldt et al., 2020)

Vertical habitat transition

The DSTs revealed a clear wvertical separati
segregadt o ndidfefper ent ecol ogi cal niches and i
cod stocks can occur. While WBC did not occ

and resident EBC regularly ascended above t
claipd prey during their daily vertical mi gr a
Andersen et al ., 2017; Casi ni et al ., 2019)
associated with the onset of dusbkwaddadhbiwwgh
proportion of pelagic clupeids (Andersen et
to prey e.g. on clupeids such as herring and

to deeper waters where t,het hpirseycamn lexacd ett @ c

nutrients in the form of faeces to deeper a
(Duckl ow et al ., 2001; Hansen and Visser, 2
stagnation of wat er tnhaes srewst riine nd ese pdeerp oasrieta si r
anoxic conditions in these regions.

Contrary, the extend of vertical movements

result of different feeding strateygifsed Somn

bent hic invertebrates and demer sal fish an
demer sal dwel l ing while searching for prey (
showed daily vertical m eN/oevimeemmbt esri, v Brle@cpteachte n &

both were occupying waters between Basonrdnhol m

spwht ch perform daily verti,cakulnkiegjeat iadns, (28

The vertical and partially mroomatesardiastithednadeo to
both genetically distinct cod stocks in cl o
Baltic have devel oped sever al adsawpcto basi t o t
shape (H¢ssy etalal, ,2@D9)%, mBehmadre eft vertebr
1994) , spawning season (Bl eil et al ., 20009)
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Conclusi on

al ., a2@0 A)y a efvaretwleedlr i n Schade et al . (submit
popul aatvieonbseetmn observed in other areas (e.g.
2011) or |l cel andic waters (Bardarson et al .,
|l ife history parameters. Thus, veaft i saVvemalc
di stinct cod populations which differ in [|if
stock developed two different l'ife history

characterizing this area.

Conclusion

The DSTs afre2l@scsmealgaptd t o eiitnhetrh eWBsCo uotrh el BiC I
recording temperature and depth enabled the

release and recapture. Based on daily posit
val ue smawerhe d and represent a unique dat as:¢
experienced during their ti me at | i berty. [
resident EBC and migratory EBC. This study c
the esroutBhal tic Sea and especially from autum
mi gratory EBC exists in shallow coast al ar e
than EBC and thus occupied differentt sdeipg h

l' i kely the reason for the coexistence of tt
characterized by diff dhentdidrwirrean menotvalmeand n
in the southern Baltic Seeas |Itikedommeradi alo fdii
scientific surveys and might | ead to a surve
SDs-2&5nd <10 narien n®D Z4d v e rreap raende ntheuds ium dtelre
surveys. This its feosrpeVwBQGldnyd isnmgpaosramanl |y al so

used rather shallow waters in quarter 1 and
(BI'TS) , an | CES organized survey t o esti ma
conducted. Thi ssiggmgde ctamntt lpatrt of the cod s
survey area. Thi s habitat use and distribu
proportion of cod in these area is not stabl
sherotmng of the BITS survey was recently also
(Funk et Talesge 2@®0) nssdecachitfsi ci nmosvteonteknt s o f C
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Baltic Sea provide important i nsi gdft st hensteo
stocks.
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Abstract

Abstract

For decades, unvalidated patterns in otolit
Baltic cod (EBC) have iIi-basedudataufeemr ghiysi
hampering our understanding of changes in s
recaptures of wild cod, which -wecraptefireased:
the southern Bal tic Sea aftdrl ybeningh -ttaeg gead
hydrochloride to inducesta mperomantehnet ,o tfolluiotrhe,
Recaptured fish were assigned to either t h
|l denti fication of zone tgpesamodor medapbouhe as$h
translucent zone of adul t EBC was for med be

spawn below the halocline. This period is c
hypoxic conditions. dbei opgagwuet geonandsspioirm
with the major feeding time. Otolith growth
growth. The daily otolith growth rate was ol
Om) compared tOmM)EBfCr o(nl .t4lNed . §ame area, refl e
somatic growth rate of EBC. Concurrently, f

t han WBC, suggesting that sl ower growing ind
i ndi vi dguiaviesn afti sah | engt h. This study validat
formation and otolith growth in adult EBC,

determinati on.

Keywockhsemical mar ki ng, tagginigtictramsé, upent

annulus formati on
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Introduction

Otoliths are <calcified structures in the I
translucent zones (Secor et al ., 1995; Camp
seasonal ¢t weeoamt opasue and translucent zon
determination (Campana, 2001; Campana and TF
to inform stock assebemgthh dodet sbuthirmmusghore
rates. ddthieonwvadf first i ncrement formation a
essenti al (Campana, 2001) but many fish sto
McFarl ane, 1983; | CES, 2020a).

Many ecologically and economifcalrl yf riomp ourntcaenrt

reading (I CES, 20 13Me.r | Wihciclieu sk smea pl guacre mhuaslgen t (¢
of a stock with age reading problems from &
2006 ; Bertignac anderdne BPaolnttiucGbhcdaud? O(BHE G;u d&aa s
not orious exampuaet efrr oent oas ylsrteeank i sFflor decades,

have tried to decrease the wuncertainties in
2016). The zonetfodrimahtsi omasofbeEBG@ved to be u
season, with indistinct annul i (H¢gssy et al
i nae@mu al variation and geographic differenc
arguedsthamost i mpossible to estimate the a:
maturity stage of the individual. However, é

EBC otoliths-1990wm sShgg&966d that adul t EBC
(TZz) from January to June (during the spawn
formed their first TZ in June the year after
Since -1B80smji dt he EBC spawning timhbeowad Bhni &

pospawning and feeding period from autumn un

al so assumed to result in a shift in the fol
al ., 2000; Baranova et al ., 2011) .

The | ow precasiyoonfandadctuonal age deter mi na
2010; | CES, 2014; H¢ssy et al ., 2016) has ma
materi al . Since growth and mortality rates ¢
uncteainties around the int ebransaead osntad ¢ ka gaes sdeast

117



Il ntroducti on

rejected in 2014 (Eero et al ., 2015) . Af ter
| CES, 2019a) , It was Ssubsequently fiBeocHKed
Syntdtesi seduce the influence of wuncertain a
2019b) .

For theurneigghbgbd rsetiincal,l ywestern Baltic cod (
in distribution area witiHaBBEniptthe. ArRO6na

2019) , there have also been uncertainties i
2005) , but annulus formation has recently be
type analysis (McQueen et al ., 2019) and da

young adults-or(etctarpawghte atmaryk ( Kr uamnaer ee tr ocault.i,n
used in the WBC stock assessment (1 CES, 202
the TZ of WBC is formed during winter-3 the v

i S actually formed during sumap@ratrieme | v whmer
( McQueen et al., 2019; Krumme et al ., 2020).
I n addition to providing validation of the
chemically marked otetaphurmratetruadles riom s8¢
esti mAt esol iViah i guewtftact ors can affect the gl

n otoliths (Thigsennisnwadl vdd s e kh RORWt)Ret i skBason
environmental factors such asnavateeditegpeont
(Romanek and Gaul di e, 1996; Fablet et al ., :
and physiological factors such as metabolis
Sved?a@ng et Otad l.i,t h20@r09g wtfhi sihs gmr @lwd the dantdo hen.
productivity. It is often assumed that otol.
Ssize so that itcadanullae i osvesd offorf ilsddchk engt hs
assess growlktshlor)at elsn (rLecal,i t vy, this relations

time periods because somatic growth can ceas

or under food | imitation, whil e otolith gr o
andsBgaard, 2004; HRi e et al ., 2008) & Otol i
met abolic activity which, however, also depe
(Mosegaard et al ., 1988, H¢ssy andngMostegahr
202A93 .a result, somatic growth and otolith g

i.e. for a given fisfgr owingg hfi shecowlod i béd oI
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the otolitgh owfi ng ol adwet fakbkh, (S02d2agd refer
identified what fgbreocvatneb gkfnfoencnto ras®@ @& eDean (

Il n this study, we want to use the knowl edge
formati o8 WBCa@g&r O, mmz202d) atlo | mprove our unoc¢
and opacity patterns in EBC otoliths. Chemi c
to be a successful met hod becauslkeydrhec hinarriad
(TET) mar kef thel ¢ asné ngn the otolith and is v
recaptured (Campana, 2001; St°tera et al .,

costly and restricted in sample size and ar
cma give direct observations from wild fi sh

]

estricting | aboratory experiments.

I n the interercatpitumEABpAnCi{lEaggi ng Baltic cod),
the southern BaltiTETSeandwerrel enaasrekde.d Raeictahpt ur
either the EBC or WBC stock using genetics
otoliths were wused to assess the seasonal

compared otol i tthwegemo wthhe aWRIC sarzde BBC st ock a

gr owt h. This is the first ti me that chemic
validation of visible patterns -tdDeadngtbbri mi
all owi nglksp®ci fsitco di fferentiation in otolith

Baltic Sea.

Methods

Oceanography and behaviour of cod in the sou

The Baltic -eeca oissdadamkhmepmibt ackiecslwmsystem char e

decriems®al inity from near marine in the west
series of deep basins separated by shall ower
t he water column i s characteriacaedwhiychh Isdad

stagnati onwaocfert haenddeeepgul ar occurrence of hy
1994, Naumann et al ., 2020) .
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Temp e rdaetputrhe profiles of cod tagd@®EM9 wt i rho udgaht a
TABACOD ©proj ecdonstuegngpeosrtartyhaeBBC wuse shall ower
Sspring and watsegreapeai ddepguring the spawning

2020) . While WBC experience a <clear seasone
during summererigmwme,a EfBICatungdeasonal temper atu
temperatures in autumn and winter and | ower

Haase S unpublished data)).
Tagging of <cod

A tot al of 25,352 cod were 0Dad@ged bodtewsomut Ma
Sea within the(FABACODBIpe &283gcgi ng procedur e
in H¢gssy et al. (2020) . In brief, l'ive cod
national waters (Fught 1Wwiti€Cobowereom moadWl yhaa
mi n) from research and commerci al vessel s.

angling or with pound nets and fish traps.
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56.0

55.5

Latitude (°N)

545

54,0 [IEE=
13 14 15 16 17 18 19
Longitude (°E)
Water depth (m) 10 20 - 30 40-50 [l 100-200
10-20 | 30-40 il 50- 100

Fi gdreRel ease position of recaptuwkdclodtohi ttthe wemud !
for analysis. I ndividuals were assigned to the EBC (r
anal yeéati ons mentioaed maGKRd sGesrRmgadnyyR¢ gen SWEL and,
SwedAeB: Ar konRa Befsninrepamilan®°HBi ght DKB: DB obBri «aBox, nhol m
Basi nPOL: Pol and, )HP: Hel Peninsul a

The tot al l ength (in mm) and the wet mass (I
procedures. Cod were t hegn TcEhTe mi rctarl d pye rmiatr okneeda
the procedure described in St°tera et al. (2
The injected volume of the chemical compound
mg TET per kg wetembhedded icodd.tAE&Toiel ith v
hours (Panfil:i et al ., 2002, Campana and TF¥F
tetracycline filter set in a fluorescence

i njection,t atglgee df iexh ewasn!| lapwcWwort hi,a gHaltlyprei nTtB)
i ndi vidual identification upon recapture. Al
wat er tank and released together at t he en
morittayy associated with tagging events was 1€

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

Recaptured cod wer e returned by commer ci al
information on triemapt upeatdiadre amadl gear typ
recaptured cod had been reported, resul ting
l ength (to the nearest mm), fresh or frozen
Measur ementasndofweligrgt ho f frozen fish were t
weight with the shrinkage key developed for
2019b) . The sagittal otoliths were removed :
fluotesmaagnk ( Krumme and Bingel, 2016) unt i |
genetically assigned to the WBC or EBC sto

procedure descHarbsan ient (aHe.mme2019) . | ndi vidu
genceatlily (14. 8%) were assigned to their resp
more details on the method refer to (Schade
Otolith preparation followed the procedure ¢
sectionplwatsodnaphed under transmitted | ight
zones (02z2), normally used for age reading) a
U.MNV filter cube (barrier -410tem;, di56hdnb c en
n m) to visualize the fluorescent TET mar k.
recaptured otoliths.

Validation of zone formation and otolith gro
The zone formation of each sectioned otolit
undkewuofescent | ight and the one taken under
to make both the TZ and OZ as well as the TE
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FiglrePhotograph of an otolith taken underl i tnrea msamikt t
(TET) observed wundeirotfoll udrhesdcarrnet,t HEE@dhge¢ aiCEE core to
recaptidimde st aBce TET mark (=release) to edge (=recapt
mm) and recaptur etd laifitesrrt y41d0n d3aly.s12a 2017 (421 mm). T
recapture were classified as opaque and translucent,
di stances TE and CE as 368 (N43) Om and 3753(N24) Om,

For eaclhheotzmlniet i, ypte at the edge and at the

as either opaque or translucent by one re
l ight. The zone category at the TET onatr Kk

bet ween mark and edge (> 40 Om of ot ol i
transitions between OZs and TZs from the

Krumme et al . (2020) . The seasonalitheof

seas

was

t h
TE

Z 0

mont hly distribution of both zone types at r

cases, zone type at the edge could not be

because the zone type was nototl bar cl 2cse
(i) the TET mark was too close to the edg
was uncertain. The number of zone changes

about the frequency of zone changes.

fiy
e,
be

Lar giestt anengs b(eitrween TET mark and edge (TE) e

Fig. 2) were measured with the software

4

represented otolith growth during the time a
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diTsEt avacse onl'y measured when the TET was
Om of otolith growth). Al measur ement s
i stant s, resul ting I n t hree independent
wn r esearvcahr i aesds iosnt aanvtesr age by 36 and 76 (
edge, and distance core and edge, respe
surement were calcul ated from td.e Aweearsaugree

ly otolith growth (DOG, in Om) was cal cul
e. from the TET mar k) by the days at I
ociated with the distanciemmreeacsiusree mewmntt st hi
e, (ii) a poor quality of the photograph
rred TET mark and reflections of the out
S were wused, deinf fangheexouihd theadchbe di
surement s.

—

i stical anal ysi s

applied four ANOVA models to test the fol

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

TE ~ gdmgveitip C K
Does otolith growth increase linearly with the days at liberty (DAL)?
TE ~ DAL*stock

Does daily otolith growth (DOG) depend on fish length;(fotal length at recapture

(mm))? Does it differ between stocks?

DOG ~ TL*stock

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 variablsemstiichAl udBAG,TEandgrDlwt h St c
used as cat elgnirtiiadl vahe albilreg .reveal edin hat !

model 4, therefore it wassnoteintluoudddces tF
54 individual s whi ch had not been assigned
successivéaleyst ssiumdg i F al | terms were signif

significance was p<0of8ucMedebysstepwi sa fac
of the predicting variables based on the Ak

Model s with | ower Al C are coghdiCéh@r eidndti @ abia
significant i mprovement . The model with | es.
mo s t appropriate (Burnham and Ander son, 20
residuals and normality ofindpewtairomabl £lsl waen

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

Results

Overview of recaptures

Otoliths from 262 recaptured cod were avail a
the WBC or EBC stock and swmer&5.exc%uded 14008
individuals were assigned to the EBC or WBC

were recaptured after one day. The | ongest i
days; average time atg. | iSKMer.t yRewaesas21l G nda yse
recaptured individuals ranged between 240 mr

51 mm and average |l ength of WBC: 389 N 72 mn
of EBC: 420 N 48 mm @nd4av%eNags8 mmhgt hespe W

S2). At recapture, WBC covered ages between
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Resul ts

Tabl.e Number of returned marked cod by country and s
analysis (EBC: Eastern tBearInt i Ba lctoidc sctoodc ks, t oVe¢BkQ:. Weusmb er

number of i ndi vi duanasr kwi t hout visible TET
Sto
Tagging E B ( WB C Tot
Sout hern 107 23 130
around E 50 8 ( 58
Han?© 27 0 ( 27
of f He | 37 | 6 4 3
Tot 221 37 258
Val i dati on of zone formati on

Zone categories at release (TET mark) and r
247 individuals out of 258TheTahd arbdmbherr esfpec
of the zone type at the TET mark was partict
days.

The proportion of OZs was higher between NO
while the TZ domi Oatederdr Omhi gul $, unef er t o

exampl es) . Sample size of TET mark cl assi fi
|l ow due to | ow number of releases in these m
recaptures, patcecleear wasagosa&lerni bl e: the O0OZ c
January to April while there was a higher pr
The tempor al pattern of the edge type cl ass]

the TETumartkhe proportion of TZ was hi gher
classification at the TET mark had a | ower |
assigned more easily. The classificatdon at

zone formation and Figfl &&f)i ons of the edge

The majority of the recaptured individual s
resul t-Bngona ©Ohanges -4 fzdDAd <8I6&n qaend i2f DAL >

94. 3% of the2fFEBC1lh&ad=69f{ned 2 (n=15) zone <cbkh
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tagging, while 0.03% (n=4) and 0.02% (n=3)

66. 7% of the EBC recaptured within the seco
(n=6)chkkaomees, while 23.8% (n=10) displayed o
0.02% (n=1) had 5 and 6 zone changes, respe
di splayed 10 zone changes (Fig. 4 (4)). 93.1
(nh=1) zone changes in the first year at | iber
WBC had DAL>1 year and displayed 3 zone <char
of the WBC supported the hypothesiags .t hat one

Hence, a calendar year in EBC otoliths cons
May, a TZ wuntil October and again an 0OZ, al-t
January. The zone changes f ormoirneditvhamuadmse w
however, suggest t hat irregularities occur.
from January until May, followed by a TZ it

onwar ds.
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Fi
an
t h
(g
cu
co
t h
P h

gdreZoom into the cross section of otoliths from Ea
d more than ahegeeaet ¢d&ryka h(dyneldl)aw Tl i ne) as mar ked on
e fluorescent I|ight is overlaid onto the image of t

reen star with month and year) andtseaaptmaekededT#
rl'y brackets in (3) and (4) indicate the approxi mat
rresponding year. Further information can be found
e 15.2% wher e emotrrea ntshiatni otnwso pzeorn year occurred and d«

otographs of the complete otoliths can be found in
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TabPRe Release and recapture information from the fo
dd. mm. yyy. ZoneftgpeasaopaquascO) and t-mangl cehieac€)

and at the edge (recapture). Zone transitions: numb e
bet ween release and recapture. Ot ol intche Ibeentgwehe natc orreec
edge. Otolith growth: Mean meamarkdaddstadgee ©Oeéeowe e h
rel ease: Di fference between Otolith growth and otol i

as Eastern Bail¢sc(lcbdlbgndgedrtor otolith shape analys

Rel ea Ti me atRecap
Ot ol

FisOtol Fis !©enotol

Ot ol l'en | en Zon | en o gr oid
| C DatZon (mm (On Daytrans DatZon (mm (On (OnSe Matu
127.05 O 37 39<%Z 36 226.05 O 44 43t 40 F spe

225.03 O 24 20C 36 424.03 O 44 307 107
326.10 T 27 25¢ 71 6 08.10 T 34 327 69 M abnoi
4 19.10 T 27 29: 86 1C06. 013 T 45 44%t 152 F matu

Stock differences in otolith growth

The distance between the TET mark and edge w
otolith growth after release was 1523 Om in
stqdk g. 4 (1)).

Af ter tagging, otolith growth (TE, the | ar
increased Ilinearly with fish growth (F=119:
di fference bet weemu WBLE0a0n. el 5 EIBAARA AT, C)Fi oOn S
average, otolith growth increased 6 (NO.17)

release and recapture.
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1500

1000 A

500

Otolith growth after release (um)

0

0 50 100 150 200
Fish growth (mm)

FigbreOtolith growth vs. fish growth afdenfircdéerase wi
intervals fo=the88atm=2R3) for both stocks combined.)
separately for st o@k Neeagnathiev ef ofuinsdh ignr oRwitgh. cSul d occur

ansihr i nkkhaegne DAL was short.

The width of the TETI|Imdrhk girmoarnt dhasadd ewi tthh ei nc

The residuals were not di stri buted homogene

increasing DAL, otolith growth increased f as
seemed to be oboheirefasduetoli th growth were
Polish national waters (Fig. S8). For cod wi

was significantly fasbtHercofmprarWBCt @02 EBCNQ.16 4(
Fig. =86, 2F df=1,9 p<6i 6, | EngthSdid not Si gl
otolith gunmowdhd .(ALILABGS. 6) .
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L ]
1500
o
L ]

1000
£
<
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o
(o))
=
2
@)

500 A

O..

0 250 500 750
Days at liberty
Fi g&r eOtolith growth after release vs. days at Il i bert

dot sd) EBaanst ern Baltic cod (EBC, redonfbitdgenceiinetaer malde |
n=213) .

Stock differences in otolith size

There was a significant positive relationsh
significantBC cgornepaatreerd ftoor WBC and for mal es

interaction at the same fish I ength (@GEFiigure
mode2 963. 912,a1=RJI¥6/12. 83), suggesting that EBC an
otodidth the same fish |l ength. It has to be
which were assigned a sex and included in t

individual s per sex.
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TabB8e Parameter estimates andVAtaewgdbhodi mgrohe (BEfed¢
recapture |l ength -ediget h(EeF =dlils3t.a8nc edfc=02r,e p<0. 001) . Par a
di ffere@at FdHenved. )5 e marik*ed. wi th a

TerPar amet e SE t-v al p-v a l

| nteegrtc ( 1229 200 6 . <0.0
Tlr-eca| 5. 0. . 12. <0.0
WB C 445 73. -6 . <0.0

ma | 146 4 8 . 3. 0.0

5000
4000
c Stock
= —~ EBC
o
3 —~— WBC
>
g
© Sex
2
£ 30001 b
fa) A M
2000{ ¢

300 400 500

Recapture length (mm)

Fi gwr eDi st aaedge,coae measure for otolith size, over r
(EasténrncBaod (EBC): red dot s; Western Baltic cod (\

fitted to theodfait e wdec ¢ hi ®9560or val s.
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Discussion

After decades of uncertainty in the interpr
valtiedat ol ith zone for mat imanm kefd wielcd pa duulets . E I
zone formation of juvenile and young adul't
maki ng EBC the second demersal fish stock f
otoliths have been used to validate ring for
contrary to previous assumptions, zone f or ma
within the otolith, namely thApritlhheamd& Odt c
predominantly during the summampendnothael i tFlug |
the first validated otolith growth measur en
otoliths grew faster than EIB&Lr gewhitl rearE Bt mltic
at the same fish | ength. This 1is in |ine wi
marrkecapture data (McQueen et al . ,sReO&RIDE i cMi

di fferences in otolithERBC olwawi nvge rlea rdged re cd tedl
Seasonal pattern in zone formati on

Zone formation of EBC was assumed to be wunp
2010; H¢ssy et al ., 2016) . Howevex9 dadnme EB&n
from udy sshsawed a cl ear pattern of TZ for mat
mar k. There were few individuals which form

prol onged period of TZ formation o+faajysaecon

(Fig. 5) . Zone formation at t he edge was
Classification at the outer edge is often ar
2020) . I n EBC, incomplete zones, ofotwhetsl it
may have contributed to the uncertainties in
et al., 2011 and references therein).

The wide range of months in which the TZ is
analysi ®vaf eBamaan (2011). The extended per.i

presently prolonged spawning period of EBC,

al ., 2017) . During spawning, which in recent
EBC use areas below the halocline where sali
food uptake is reduced (Eero et al., 2015;
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This |likely results in a physliiotogeeds$]| gr st n
Temperature is |l ess I|likely to play an i1 mpor
temperature differences experienced by EBC
DST dat a, are minor compaedddabaWBCTIléermraskes

di stinct increase in ambient temperatures ebx
spawn in deeper, col der areas below the hal
ambi ent temperature in meBEE@ dml yshaddwmwer wige |
autumn (H¢gssy et al ., 2020a; Haase S unpubl
formeagppwsni ng i n winter and spring. Thi s i s
(Baranova et al ., 2 0dlalt;a ) Ho renveetnz tPh o uugnhp usbd mast
shows negligible seasonal variation (McQueen
|t I's noteworthy that the TZ of both EBC (t
formed during summer. iHomwsevefr, factfdes entecbo
which may |l ead to similar metabolic states

spawn mainly during the first guarter of t h
water temperaturesnce SuomeWBCREeEnenheewvebati
(I CES subdivision 22) revealed that the fis

(Funk et al. 2020). Il n summer fio WBCmmedoim e € nt r &
avoiding hieghmtwateesr ithemphal | ower waters (Frei
areas building up in the deeper basin (Naum;
reduced feeding (Funk et al ., 2020a) and re

sugqaegsttihat the metabolic needs of WBC are nc
and young adults (McQueen et al ., 2019; Kr ut
t hat WBC from the Arkonaal Borfnodwrorl m haaed z Gd arr
strongly suggests that WBC display in these arec
in the Belt Sea. This is further suppB8chad ebyetr
al ., under rewdewat nerCnksRFiSaf dBPT hr acaptur e
unpublished tdhat aWwB&@mmwiarhgayy | ower waters than
WBC generally experience stronger seasonal t
WBC and EBC al so shard heompmaon oglt rod s sTaZr sf od wnral
decreases i n food i ntake, i ncrease I n ambi
concentrating i n spawning aggr-swgmmerinrsg (dErBaCL

(WBC) (Tab. 4).
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Tab4d e Compari somsofafdteces ng the formation of a transl
Baltic cod (EBC) and Western Bal tRied ecedcEeWBC)anotbel if toh

text .
Sto
Stressor in sumWBC EBC
BehaviourSpawni ng Nt \&
Decrease in foocY* Ys. 6
Aggregation int.Y!? y2. ©
Envir onme
conditiorlncrease in saliY’ Y’
Decrease in oxyY?! Y6
|l ncrease in temY!? N®
lFunk (202 @b)
Wi el an@O0®0) al
3K° st e(20elt7 )a l
“Funk (202 @a)
*Hornetz P, unpubl . dat a
®Casi n{(20oet6)al .
"Ni ssling (1and7 )Westin
8H¢ s sy 2@t209 |
The environmental factors influencing the fo

in wild fish (Feaelbdleetenetesalt.her2z20hl) ,amdhd only
be recorded simultaneousl-yt drna gien dtiravg ctayppanhus ned
studi es. Controlled experiments conducted wi

and charmedesoilnc activity expressed for exam

formation of (PadfZevingotdD95®hsHRi e et al ., 2 (
al ., 2011; StRwrltehyeretr eassear c2h0 1l51)nleixmpae r e \med e 15
and environment al data recorded by tagged wi
of different processes influencing zone form
|l rregul arities in otolith zone formati on

Most EBC and WB&€nbadhapgeé® wwbhizn a year, in
October) and MaocOZanfDEoceamypee) were for med
year, and thus pairs of zones can be count e
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t he EBC f or nGi.n0Og% nhoerses anhdan one TZ bordered ©b

4 (-214)) . 6.9 % of the WBC had more than two
t hat there is not necessarily one period o
unf avourtaibdes conarny vyear, but deviations can

return of wunfavourable conditions or the te
the other hand, a continuous OZ or TEndaedi ng
ei ther favourabl e or unfavourabl e condition
proportion of irregular otoliths (13.2%) is

when chemir&ald yecaptures fromnoonavaubabl eag

Di fferences in otolith growth between mixing

The on average 61% higher daily otolith gro
better fish growth conditions for WBC in th

| i neatri anreshi p with fish growth, with no diff

emphasi zes that in Baltic cod bbéeydgfbdbetrtknc
otolith growth between the two stoc¢kerenceh
somatic growth, as somatic growth of cod fro
roughly twice as fast as cod in the eastern
only cod tagged withismpexxhdiisdmeenegsonn 6&baee
are | ower than the regional differences, but
significant ( McQueen et al ., 2020) . Due to

reflecting thecdeorfedBICnd ocavlaundathe east) a
of wWBC and EBC in the area, it was | mpossi
di fferences are due to a genetic or to a spa
anot bar sl gnal for the reduced productivity
2020) . Grouping by tagging country, however,
tagged in Polish and German nationalarwat ¢ mos

individuals tagged in Danish .addi Swedidslkcana

effect which is Iikely related to the exposu
increase in benthic foodi avarndadidlidyerantdo dte
et al ., 2016; Naumann et al ., 2020) .
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ferences in otolith size between miXxing ¢

reas the daily otol it ht igmeowatth Idiubreirntgy twhaes

di stance betweaenl|l aonger ahdr eBBC at the se&

icates that the otoliths of EBC grew fast
ched |l ength c¢classes covered in this taggil
s$eunderstanding, this is the most i kel'y

|l iths could bring clarity.

alternative explanation is that somatic ¢
continuous ot ol iotwht hg rioswtrhe dwhcielde (sMonsaetgiaca rg
Mosegaard, 2004; Sved?2ng et al ., 2020) .
eriment there is no indication of decoupl

ictly Ihiimpeawmhircdl adtiido nrsot di ffer bet ween

dence for decoupling might require |l onger
the | ow sample size of WBC.
itionally, the distance Imdtewdédimnc cmrad earcad d

EBC, where the difference was slightly I
es grew sl ower (Fig. 7). A potenti al expl
er |l eave) on(Nhelspawritn@lgrol®ds) , so t
unf avourable conditions currently occurrtr
i ni et al ., 2016 ; Kester et al ., 2017) .

uceidc spmawt h.

smal l er than 25 c¢cm tot al |l ength were n
mi-marl Hegd otoliths from juvenile EBC to va
of the first Vi si bl ei nhné&BEanemat &d osmauli @
l uded in the curwvemt thtoagh da$hs ses smadty v al

mation of adul-ftr E@Cenawondihs tyr il kentgitcdhns of
ded (see McQueWBCeds aé¢xamB®ll®) f oirdaadlel y i n
chemarclaé¢d yj uveni l es. This i s, howfyear, ch
usually too smal/l for external tagging
f or tsasg giimcgr epasoecse wi t h decreasing size (



Chapter 4

Conclusion

Chemical mar king combined with tagging provi
the analysis of zone formation and otolith g
wasreaady successfully used to val i(d&Katuenmeehat
al .,. 20R0adult EBC, also unlike previous ass

summer during the extended spawni ngopgermedd v
However, validation of the age at first firs
needed bedbaeofag&BC can .beSirnecle adtl o/l ietsht i gnrad
' inear pattern with fisatigomwtthhe rslecpwertdaie
of EBC confirmed the reduceéiMcReeaghhegrTahhet h ¢
generally | arger otolith size of EBC compar
EBC are ol der atwhtihcenh sparnoev ifdiessh fluerntghtenr, evi de:
rate and stock productivity of EBC. The sma
further sumpgeisfti a d&iefxf erence i n somatic grow
presentioug anaddrer which requires further res
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Gener al Di scus

Gener ali ®n scuss

This thesis evolves around two main topics,

southern Baltic Sea and (2) the zone format.

area. The seasonal movements sanandditshea i ®us$ 0
environment al conditions can thus be I inked
t he movement patterns and behavior of I ndi v
connection between i ndiswi dtuoalt hbee hdhywnm @mirc sanid
di stribution, habitat use, exposure to diff
Henderson et al ., 2014) ) . I nformation on t|

ambient environmdantudlardoyn dviatliucarbsl ei s nppaurtt f or
individuals or inferring to stock dynamics.
determination and can be an indicator for tFh
gr owt heasrue emsm for the productivity and status

the |l ack of validated otolith material might

This dissertation aimed at resol viWBC)soamd o f
Eastern Baltic cod (EBC) of the southern Bal
pr ojileAcBAC®DTaggi ng Baltic cod; H¢ssy et al

2016 and 2019bandt agsednanidse amg i emper at ur e an

Summary of key contributions

To ensure that during a tagging preorjeelcetasae r

shdgretrm mortality-bafrt dragtsa@qpidng ewirtalc yTIcl) i ne w

Chaph).dhi s methodol ogi cal check revealed tha
tagging procedure in the TABACOD project wa
process itself did notehamveoanhal hf yuahicepdn
related to the trawling and handling onboar

|l ength. Besides the truncated |l ength distrib
been one reason for the |l owleamelde agsi zsemad fi
Al t houghr etlheea speo snto #t tagylgietdy cofd VAT not stati st
sample size, DSTs were wunl i kel-ryelteoasheavseuravin

145



Summary of key contributions

tagged cod because wdae gercampdlulrye hialdae rotf & PsSA
(1. 5%) .

Anot her met hodi cal requirement i ncluded ad
characteristics of cod inhabiting the south
DSTs (ObiChatphhee URBj ng the adapted geol ocati ol
cod could be estimated with an accuracy of
validation experiments including i) simulate
t empaet ure data from an off shordepmeha spurra meg asttt
to an otter board of a commercial vessel, ar
of a survey vessel. Uncertainty ofr et hwea sgea |
pronounced stratification of t he water col u

movements.

Af ter assesrseilnegastehet aggs ng mortality and th
geol ocation framewor k, t h ea sa dagopptl & de dg et eol 02c8a t ti
depth profiles recorded by DSTs of cod which

Chap3 er Unl i ke all previous tagging studies
assigned to eithewumsiimg BBGeoi c®wWBGrsbobokith
horizont al movements showed a high degree of
behaviour al typewat e€lr) WBG@&,sta) ,r esdhiad d mtw EBC ¢
Further, basesd a@amddepgti mated daily position:¢
Baltic regional ocean model wer e matched, t
environment al parameters experienced during
deewat er |l ayer s, EBC experienced higher s a
excursions i nto hypoxic conditions. The s h
i mportance of shallow water habitats 4 n the
deptbfples revealed daily vertical movement ¢
WBC which were trigged by twilight and in so
The f i nChiap4qreerveefead s on al patterns i n estpeelciitfh cz c

ottoth growth of-barodt aqagggandd was i g’ned t o EBC
otolith shape analysis (Objective 4). These
formed duri ngaraluynmeen and i s not, ast epdr etvo 0L

season. This chapter Spadeaprdi @&n@aé sbhdtor WBCE
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zone in summer as already (Wal.i2dgitfefde rfeonrc ecso di |

i ncrements of EBC and WBC otobwths reéees iof

stocks in the southern Baltic. The seasonal
translucent zone during summer and aut umn, (
reveaBheadp3 er. use of ashe Bormahdbdlemolbv t he hal oc¢
Al toget her, evaluation of the seasonal mo v er
and the seasonal zone formation of otoliths

new insights iklhdmmawiheurecofl ogoyd aindhabi ti ng th

Movement of cod in the southern Baltic Sea

On a regional scal e, present knowl edge on d

mai nly based on conventionatcheaggfngmssudve:}

commer ci al fishery and analysis of acoustic
Casini et al ., 2019) . The major focus of th
economic val ue, bbuutt i1 sotnu doife sp roeny tshpee cd iesst rail s o
and sprat (Andersen et al., 2017) or species
flounder (Haase et al., 2020; Orio et al., 2

di et powdrifdounddzLw)th cod in

Al t hough <cod in the Baltic Seaudiaedbti clons
knowl edge about i ndi vidual movements are ma
were externally tdaagppad iwitly ODEMpen Newreaf el d
study was, however, |limited in sample size (

bet ween 54 and 295 but nine of the cod were

extent (indned dmakbs!|l yemat hin the Bornhol m B

recaptured in the Western Baltic Sea at 11.1
the individuals from that stadywi gementWBwWa so
conducted.

Te DSdggefdramdChapaesi gnevkertto stock by genet
Al t hough I imited in sample size (n=5), al | \

shall ow oceanographic features at ke oR° HBe m
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Movement of cod in the southern Baltic Sea

They stayed above the permanent hal ocl i ne
predominately below the halocline and, thus,
depth profiles and estimated movetmehhsat obn

individual which was assigned to the EBC by
WBC according to its depth profile. The res
ye-apund and did not conduc-awayado mgl gmowandes
behaviour of these resident EBC were simila
Rose (2004) and Neuenfel dt et al . (2007) . C
bet ween the Bornhol m Basi nr ounmnpdaswnd Inas eg rtoa ntd?l
R¢egen and the Han? Bight . These migratory |
bet ween May and November and on the feeding

the DSTs revealed seasonalhe moaggnedt sn difviad us

spawning and feeding grounds, but some indiyv
yeaound. Cod in the southern Baltic Sea show
enabl i negx itshtee nccoes t ofc ktsh g Stchaade et al ., wunder

T-bar tagging studies (Robichaud and Rose (20
t he Ar kBmran haonldmiisbeadseioitt ma syhe r especti Vi Oasi n
km. Ther o@hsauplttesr f3 gi ve evidence thatbamoveme
tagging alone I|likely underestimate the compl

recaptur ed oanpep ryoexairmaa fetleyr r el ease (Righton e

use a similar area as the year before.
Al t hodbbgh Tags are not useful to reconstruct
release and recapture positions (Fig. 1) C a

gained from the DSrTesl. e alsheed dainsdt rri doaud p-hoanr godf cC ¢
clearly showed that WBC predominantly wuse t|
recaptured at the sladPe sanaf 5t6h en Bvartrelro ldne pB ahs
overview (Fig.s T)haturtthreerDSsSThorwecaptur es di o
di stribution area of the WBC and EBC stock.
Bay (SD 26) and EBC as far West as the islan
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Stock

s EBC
+ WBC

Latitude

12.5 15.0 17.5 20.0
Longitude

Latitude
a
-

12.5 15.0 17.5 20.0
Longitude

0-10 ~ 20-30 ¥ 40-50 [l 60-70 [l >80
Water depth [m] 455 30-40.50-60 70 - 80

Fi gur eRel eader édaaptamre (B) positions obaraltlags cfarpdmr t
TABACOD project which were assigned to the d¢gragddrern Bes
cod stock assigned by genetics ornsskh 8BBme avealey siasg.g eNo \

storage tags.

The DST profiles not only revealed horizont
vertical movements of individual cod. Durin
column, and deseandédoagaitndtuskt hdhss behavi
follow the daily vertical movements of cl upe
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Movement of cod in the southern Baltic Sea

whi ch domi nate the stomach contents of cod

2020). Thlesmowemeéemtcs, which were at | east pe
to | arge wvariations i n amb-iebher walter beéeecapee
crossetetmmecl|l i ne (Chapter 3, Righton et al
| ilkye to foster a vertical transport of nutri

because cod feed on cl| upwehiidcsh icrmntthuenewup per | &
share of their daily ratio alovxememttshd Kup ker
201Br)e. decompositi onkredaylfiazececde si n sd eéehpeenr wat er

Hansen and Visser, 2016; Pinti and Visser, 2
hi nders the returppeacf |mwterri esmot st hiant onutthrd ewnt
piscivorous foraging excursions of cod, are
anoxic conditions in these stagnating areas.
food itkeensdeaper basins because &Bypobexri d oasd
epi benthos (Casini et al ., 2016) , woul d f u
stagnant water bodi es by regul ar excretion
comme d in the wupper, oxygenat ed | ayer at n
periodically, wvertical movements a significa

areas and further research should be conduct

Furthethe depth profiles of some EBC individu
synchronised with the lunar <cycl e. During f

vertical movements t h&n. durm-itnlda hredmarimorogn fEugl &l a

mo on, |l ight can penetraaerdderpblesntodthe w
areas to visually forage on benthos, whil e
with |l ess illumination. Alitleabnialtiitvyel may bemd rm

l unar cycle during certain periods of t he
fluctuations in the prey field. Another pos:
clupeids are also imé&t uehtaendi bkygntomono ndréiivaehwell
behaviourof smal | , peelsapgeiccisal agd t pl asnykntcohnr o n i
(Takemura et alL.e,- n20@®4L;08HerLm&SmntdLEkcdte eanl .s,h o2n0nl 6t
influence the oofpaAtnli amgt ibe haod oium | cel andic w
This is the first time that behaviour rel ate

the Baltic Sea and understanding the mechani
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At the fbdthteomoauwt hern Baltic Sea, the -@verag:¢
AC but significant vawiaater ondnele&iyjisen manl mt haen
Andr ®n , 2017, Fi g. S12 i n t he suppl ement al

tempeeatuneasured with the DSTs suggest t ha

throughout the year, experience | arger seasc¢
seasonal variations in water temperature we
shal |l ow Bel't Sea where cod do not have acce:
during summer ( Funk, 230 )i .c alt mtde rtehsatti ngB Gy , i
Baltic Sea where deeper, c oslhdaelrl omaetse layn da dmm v le
the thermocline and withstand the variation

The average ambient temperatures of WBC and
l evel of the average temperatures experienc

similar temperatures ranges as the stocks

measured with DSTs (Righton et al ., 2010) .

i mportant predictor of the growth rates of WA
and especially EBC, are | ower than expected
( Mc Queen, 2019) . Ot her factors |l eading to
especially pronounced in recent20Mé&B8anse(Eat o,
is likely a combination of several factors

Casini et al ., 2016) driven by wuse of hypo:
2020), rhreyyppaxeida changelsi tiyn afna@o dc oanpaisliabion ( E
Roj bek et al ., 2014, P. Hornet z, per s. cor
deficiency (Engel hardt <®tatadtes 20203 0d ahidve
juvenile stag€osnoaiachm oEbhemtkr@aanesn et al . 201
al ., 2018) .

The increase in permaneh338thyploxd ct @ara@aashsi ml

spawning sites for EBC and to a contraction

al . 2;, 2Casini et al ., 2016 ; Kester et al ., 2
zones occur in shall ow, coast al waters peri
conditions in the southern Balticy aodfv ebresnetlhyi
food, especially food for smal |l er cod, I S

conditions reduce the rate of digestions anc
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Movement of cod in the southern Baltic Sea

Brander, 2020) . Al t hough o xtyigneant edde pd xeyt g eonn pw:
WBC over summer , none of the individuals v
Contrary, both resident and migratory EBC ex
deeper Bornholm Basin betraihhvers $moot hgpodXxi o

endure chronical hypoxic conditions (Fig. 2
and Dutil, 1999) . These shorter dives into
maj or role i n rsednadedrei gadutsi cnmotr adtiea ect |y r ¢
of EBC. Hypoxic or even anoxic conditions mi
effect on the I ess mobil e, benthic prey spec
et aland26md4ypuccessful spawning of cod (K°st
0
-20
E
= 40
5
[a] u
60 "1
m‘ ! )
|“ “'\ l‘
i‘ o '
-80
0517 06/17 06/17 07/17 0717 08/17 08/

Time of the year

Fig®RreSection of a depth profile of an Eastern Bal't
feeding grounds and the BornhdbhmeBé&sr ma.f oRegpdikwtnd n g
periods which the individuavalsupee nd 2 ml /hly)p oaxsi ce xctornadci tte
regional model based on water depth and estimated pos

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

Temperature and feeding condition, which 1in
as food availability and quality as well as
to affect td odpadist  Fafbl feitshet al ., 2011) .

are commonly wused for age determination but
fish stocks (Beamish and McFarl ane, 1983; Cc
traemssifuand opaque zones in WBC otoliths are

of the translucent SE®Re oddryi mecemmbhgr vaas dian

( McQueen et al ., 2019; Pl onus etr eeael .(,Kradmnke)
al ., 2020) . WBC became the first Baltic de
val i dat edke.x t @madpetde rt h § B2 4v aalnidd a2t5i oann dt os howed t h
zones of WBC otoliths are nanhesro. fDoersnpeidt ei nt hteh |
validati on, compari sons between age readers
in precision (Haase and Krumme, 2020 a; Haas e
validation studies fommedviangommendadtael npet
assessment and a recent ot ol-agehd eoxtcohlaintghes cs
during the Baltic | nt érentateiecin 2D0rla’wla nSlu r2vlely9
dat abase DATRAS (Dawvsedemdfgijatehebat sagdi v
i mproves the data input to the stock assessnm

st ckeco6Mo@Queen, 2019).

The age reading of EBC otoliths wasfakdaps

unreliable and wunrelated to seasons (H¢ssy,
practical alternatives and because they were
(Reeves, 200 3; H¢ssy et al ere2Cbhéti MoQueséry,
2014 whebhasbde agel yti cal stock assessment mo
al ., 2015) . Subsequentl vy, a series of benchn
in the stock assessméB$, r20Leerd Deé CEISLt e 2016 ;
to EBC ageing, age data are stild ebgthgkege

without validation (I CES, 2020).

Val i datsetda mpteidmeot ol i t h materi al nevehbhutexsse e
H¢ssy et al ., 200039 yamas tdhuwserCh aywdlewuabl e dat
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oliths for this stock. To | eave a distinct
y of tagging, t he |1 nytcrldapghebr ochh ®ali denjwast is
sted (St°tera et al ., 2018) . Af ter Kr umme
rmation of adul t WBC in -tbeapMester ex Baid it m
emically mar ked immedtihvoidd uaan ds ,t hteh eg aaipnperdo vkerdo
cod in the southern Baltic 8e.a Allutrhowght h
turn rate of 1.5% was relatively | ow compeé
6®70s in whieshrmaegedn beaween 7 and 42% (
6 3,; Berner, 1968, Berner, 1974, Berner, 19
sufficient sample size to show that al so
rmat po#rrevCéhaal ed that the translucent zone
mmer and autumn. Thi s, however, i's not eno
stern Baltic cod because the age Tahterfeifrosrte
e next necessary step involves understandi

ne formation of juvenile Eastern Baltic co

e slower growth rate of EBC compared to WB
reducetdh gof the 4pt @alnidt hgi V@Isa pftuerrt her evic
oductivity of the EBC stock. Sved2a2ng et al
th increasing fish | enigthihe dR¢@ddddId5e deamp atrh e
he per2®XW5wLI9Sh t hey interpreted as an ind
ey concluded, against the common wunderstar
rongly interlinked with f oeotd ali.mi t2ad1l 6;n Q@r
19; Neuenfeldt et al ., 2020) , t hat the fe
: 2020) . I n contrast to this suggestion,
ol iths #sobomorChlasp ttelmagtgeddi 'y i ncrements are
stance on a contemporary otolith of an EBC
that the concentration of nitrogen conten
so iHemea,sechanges in feeding rate are not
nt ent i n |l arger <cod. Or in other words, (¢
e mass spectrometer would i ndicahtenitthraotg ecnc

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

The zone formation and growth of otoliths cc¢
the southern Baltic Seaopogyi oéd thewtiwms icgldt
area. Data from the TABACOD project allow 1
st eacsksi gned Baltic cod and the environment al
|l iberty to the zoémhe ®POoomatihomev weielml ¢ hent et
edge and to better wunderstand the ecol ogical

EBC. Previously, i nfl uencfimgd fwaectteok o sstulcyh sats
i n contarbolelxepder i ments (HBRi e et al ., 2008; N e
2011) to understand the influence on otolith

l inking DST data which recorded tempkratuced
t he Bornholm Basin revealed a high variabili
al ., 2009) .

The bioenergetic modelling of cod otolith bi
predicts the f otr noattoiloint ho fmattrearnisallucdeunr i ng per
and under | ower feeding conditions. Il nver
temperatures are | ower and feeding conditio
western Baltwar @eph sahvadildowt mend producti ve ha

descent into slightly <col der waters (McQuee
2020b; Funk et al ., 2020a; Funk, 2020; Kr
shall owness aonfd thhyep oBeilct cSenadi ti ons i n -deeper
Leijonmalm and Andr ®n, 2017; s-Nmr wagi dam fpjad
(Freitas et al ., WBCS5) nFt bea Bedtet Seadi ¢ 2104619

stredwWBtC Idi d htar ansl ucent zone during this peri
with temporarily reduced feeding (Funk et al
was slightly reduced (McQueen et albed 2a0sl 8q

stressful period for WBC in the western Bal't
| ate summer, water temperatures decrease, a
habitats (Funk et al ., 2020 bdi sHu naky,s 2a0n2 0@ n.n u
( McQueen et al., 2018, Krumme et al ., 2020) .

for med. Recent redpabesnkrgmtarc imodievi @odalWwBC

formation of the trans|l pciemarizloweddiuvemgbyguw
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t hat reduced growth and reduced feeding are
the pronounced seasonal fluctuation i n wate
during summer, ageeamsdrtiorelve otf he hmm di stinct (

transl ucent zones in WBC of the Belt Sea.

The WBC in the southern Baltic Sea, . e. i n
descent to deeper, col der whesr §rdmr iChgpstamn
showed that al/l i ndividuals did not wuse thi:c
and thus, during summer experienced both w
however within normoxi 8)cofdinsiegmuen{ Fyg. dBij"
conditi®kR,ax9Rk™®M @amd 25 the translucent zon
summer and zones are clearly distiHemradae frtome e
of the validabinomfoWBLowme a8Romimstoif apml Dt o W
fromSiHMe and 25 ranging from age 2 to age 4.
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F

gwBrel nformation coll ecyead Horf emhkber Weaptunedaltic
released in Februarymi)l@&n@dreleapeéuredgtim: S2p6ember
349 mm) with t lireesa(tAly i Degptsht agdred t emperature profiles
oxygen and salinity profiles mat ched based on esti
Reasgtructed daily positions between rel eaeset i(gr exfn tdh
sagittal otolith of this individual taken under a tr
mar ked with brackets, uapgoars!l i (Rt e€erhif¥gdane opriamiknegl oni
tagging as revealed by the redrawn yellow band which

tetracwdlriorceh!l or i de t a dgigoanngd itsh ematrikneidn gviafh rfe€da.pt ur e i

For EBC, temperature and behaviour, i . e. w h
Sspawni ng, were assumed to be i mportant driv
interaction of several dr i v egr ss psauncnhi nags triendeu c
col der ambi ent water temperatures in the Bo

distinct changes between translucent and opa
l' inked to a | ack of soevatshonradt ev a(rNMiaan oents aln. ,s
WB C, di fferent seasons cannot be as cl ear|
unf avourable conditions fo4 EBG. (MJQu@demn, s2C
demonstrated that i tnhe&BtCr avn ¢ lhu cae nfti szhon engt h
was predominantly formed during summer and

spawning ground below the thermocline and e)
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reduced feedingomrnd( Blyppixgrc L£ondontnet z (2020
l i mitation and hypoxic conditions induce an
the water col umn, a change in water tempera
formaft i oheotranslucent 4ggon®heéen EBC §€bapter

waters in | ate autumn, feeding intensity inc
Baranova et al ., 2011) . During thhe miemii mdm
and might be too | ow for opti mal food conve
Contrary to H¢gssy et al. (2009) , t he DST pr
project bet ween 2016 and 2019hdi dagoédi nddi
skipped spawning. I nstead, only one of t he
(Chapter 3)sanThing eradnoaatevariability in sp:

one explanation why seamomnel dipatieedthainnn Gba

H¢ssy et al . (2009) . Generally, changes bet
become more distinct because the stock di st
Bornholm Basin in thd s$bushexmeBakbhcedSeand
more similar compared to for mer ti mes when
northern Baltic Sea (Aro, 1989) . |l ndeed, it

regions of thentBailnter prsetdatdidrierof zone pat
Mc Queen, 2019) .

The same dataset of chemically marked otol.
al so used to validate the periodicityio®f tre
(H¢ssy et al ., 2020b) . Phosphorus concentrat
years and was | owest in spring (H¢gssy et a

phosphorus concentration might eoineci dhé t Wio U |

mi crochemistry is-coasumrngoahnhtdycandthusmenot
traditqremaadli nggat present, it might be a val
(Hei mbrand et al ., 2020) .
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Figurelnfor matedonf «arol t be recaptured female Eastern [
November 2017 (release | ength: 400 mm) and recapture
with the mdntagsgdiky sbapteh and temperature apdofoixlygenr e
and salinity profiles matched based on estimated dail

positions between release (gr eensedcotti)o na nodf rtehcea pstaugiet t

this individuatlr athsskmrént t edddri gat mi croscope. Transl uc
bracket s, appear l'ighter t han opiaddiyhee ztoinneisn.g Hoaft ctha aqig
reveal ed by t he redrawn vyellow band whi ch tchaa be S

tetracwdlriorceh!l or i de t a dgigoanngd itsh ematrikneidn gviafh rfe«da.pt ur e i

Application of methodsto other stocks or areas

Chaplf pastl ease mort2(val)dandoohaptehe geol ot

met bbdgi cal chapters and form the bas3 s for
DST profiled, atnadl iGChhapzene formation and ot
from these chapter are specific tioc aSeg)e,cite
met hods can be applied el sewhere if the spec
Baltic cod is decreasi ngtdhe empoomaccanfdorct
of ot her species l'i ke fl atffebHesncmgy ac obmeet t

understanding of the behaviour of these spe
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occut miheg Baltic Sea environment and fisheri e

study flatfish or otthiemrg riomu ntdh & iBahl tsipce cS eeas. |

The geolocation framework HMMoce was origin

Atl antic Ocean (Braun et al ., 2018)-depd happl
DSTs, sever al adaptionsawespeneessdaty. nCdd
they conduct daily vertical movements in tF

bat hymetry and strong stratification of t he
adapted | ikelihoodsocadmpar ed atme wotrtkesr uge o g
2) . This geolocation framework <could thus b
regularly crossing stratified water masses W

bat hymetry.

The adadoeed HMul d potentially be used for f
or any other area with heterogeneous bat hy
maxi mum depth | ikelihood. FIl atfish are ofter
not cross stratified water masBarsalrieghutlay | der
tagged with DSTs displayed vertical movement

movements are also knowrn efumomesxdaeabpl @apeape

flouRdati ¢h)hysNobdésasd, 1960; Ver heijen and
1979). Thedamptmpelriak @lriehood t herefore not nec
positions. I n the curriesnit amaex i enxupre cdteepdt ht d i skte
the sea floor. For flatfish this could be ev
of the tagged DST should be considered to n
uncertaintygeamlvod avteidorwi ftlhat fi sh wi | | be | i ke
since the bathymetry within the basins is r
the assignment to the separate basins. Stil
delptuse patterns could bring new insights i
relatively small body <cavity of flatfish, e

i mportant to test how this exterinnafle catitoanc ham
altered swimming performance due to drag (L

al ., 201 2; Jepsen et al ., 2015) , can recor (
experiments i n t he wi | d ar ecosntfairrtneedd tRoec ke €
fluorescent mar k on the otoliths of the th
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flounder Sadap httuhrablonu s Meayxd rmu et al ., under r
tagging could be ssupaprpeende nheaeodk eW iidtrih stt hteae | i n
patterns to environmental conditions in thes
Contrary, for pelagic species I|Iike clupeids,
small tag which could be used, {deths | shell tho
since clupeids |l i ke herring and sprat stay
movements across the thermocline (Nilsson e
geol ocation model mi g ht be hi gdheeprt hf dri kell u phe
probably not effective for pelagic clupeids.
Sspring spawning herring Cross several, ver:

mi ration | inking spawaniegrgolngsr oiumds he ns dutal k

g
grounds i nSkaegerkKraahk eigmtt he north of their di
e. g

about timing of movements and ambient w

These theoretical comssi des avi onBeofeomleceatsiao

groups of different behaviour should be vali

met hods in Chapter 2. The advantage for the
was t hat prevoomusod®dSiTnsthdi 8al tic (Neuenf el
20009; Righton et al ., 2010; Ni el sen et al

behaviour, particularly how individuals make
i nformad i nat deri st in the same environment,
conducted on the other previously mentioned
comparabl e environments should be consider ec
t heabiebur of the species of i nterest. Si mu
environment al parameters which are going to
reconstructing daily positions can bieertondu:
knowl edge of the behavBouresepesital (Liuhetapm@m]
simul ated and observed data is wuseful to ad
geol ocatiohnfsammaoy k.t he adapgtreadnetwWdM&Kc &€ age d
be also adapted to reconstruct the daily pc
further adaption of the I|Iikelihoods wil/ be
I n Chapterelleddeergoatotrt al ity associrmdg efdi svh t |
for tagging and handling on board was evalua
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Conclusion and research perspective

a significant-tefmembrbal thgy Bhorthe catch ar
mortality. Contrary to Koaki t¥97%)rewhofoldadéH
summer , capture month did not significantly
Further, mortality increased with decreasing
more vulnerabl e cteosst htehamanldalrignegr pirnodi vi dual
TABACOD project, this |l ed to relatively | ow
tagging started at 15 cm (Fig. 5). Al though
termrpobelbseéal ity experiments in a tagging pi
the quality of the tagging technique, and i f
Every tagging project benefi-twhifcrho mellesaVy édny
naturally during their time at | iberty (Smit
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Conclusion and research perspective

I n concl usi on, this tshteescpke c ihfiigch| mgh & me nthep
behaviour of cod inhabiting the southern Bal
EBC in the southern Baltic Seaademormsatbn 4 tad &
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regi on, especiatumninThe sepasogalanpgattuer ns i
experienced throughout the year are | aid dow
in distinguishable rings in EBC otoliths. Su
and r ehseulftorimatti on of a translucent zone on
of a translucent zone are obviously differei
ambi ent water temperatures and i kel y | i mi
adg vation period, EBC suffer from periodic
the spawning period. Temperature |l ess I|likely
di fferences are rather | -to @vr ma ntd eerh dredr aaet yuere nta s o

result of daily vertical movements i s much |

Tagging always only covers a subsample of

assumed that this subsample represents the s
by tagdi mtgegcapture positions. Thebaodonandusbh®h
recaptures might S®Oa4d yamppRy% for tcodivindual s

transferability to other areas and | ength cl
dynamics of juvenile cod is rather | imited
remain | argely wunknown. Size and robustness
tagging. This Il ack of small il adeai o alEBCl| @a \
| argely wunclear. Age data should notthe inc
formation of the first translucent zone has

The movement strategies of WBC and miwgrator

water habitats, especially during autumn an
which was discovered to be an i mportant habi
underrepresented in the demer salt scuorvveerye db eicna
BI'TS and might | ead to a bias in survey indi
Further, this is the first t.i mleh etyh alte wizS/Te r d ¢

rel eased and t hceoarpet uareeda oaft sdvidsdt o h SoD2€ i i@am d o f
23Basend tohe exipeormmendABACOD project, notwe Thy
tagging WBC in the Bel't Sea withueDSitTe trkRreofk
return rate of tagged cod in recent tagging

f | Daarte .Af steedr the cod died due to natur al caus

163



Conclusion and research perspective

eVvi scerbaotairodn coonmmer ci al vessels &hdadatohrtohven o

watseurr aadeul ti mately to a shoredd.ne where it
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Apendi X

This appendi x includes the suppl emlendfarthima
di ssertation.

Supplementary Material of Chapter 2
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