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ABSTRACT

The Norwegian coastabd population north @d2°N declinedin the years from 1997 to 2005
and has since remained loWhe Borgundfjorchas since 2009 served as an extractive Marine
Protected Are@MPA) for protecting the coastal cpds itis an important spawning ground

for this threatenegbopulation This implies that the area is closed for commercial harvesting
and net fishing during the spawning season lasting fraviarch to 31 MayRecreational

angling is however permitted.

The Institute of Marine Research Hemm 2012to 2019, with an exception in 2014,
performed weekly net hautkiring the spawning seasdn.thisstudyl haveanalysedheegg
datafrom these hauls, with the aim e$timating thennualspawning stock biomag¢SSB)in
thearea and in that wavaluataf the introduction of thé/IPA has had any effect on the
coastal cod population BBorgundfjord The biomassvasestimated to baround 200 400
tonnes where he highest SSB was estimated 201.3( 5 9 0), but de9B & s
confidence interval showed a great uncertai¥igar2017had the lowesestimatedSSBat
approximatelyl45 tonnesl haveinvestigated whether oth&ctors than an actual change in
SSBcould have caused the fluctuations in ¢iggrtbasedSSB estimates from year to year
including factors likesea currentydrographyandconditionof thefemale codNone of
these factors seem éxplainthefluctuations in SSBThe resultsuggest thahiere neither
has been an increase in the SSB nor a drop in the moasldynsequence of the MPA
implementationBecause of thigt is argued that the MPA has not had tlesiredeffectof

protecting the coastal cod

This study describes a standardized way of estimatingpé@ning stock biomass cod
within a MarineProtectedAreg usingdata fromnet haulsegggenetics, hydrography and
commerciakod landingsThis standardized way could be applied to otkéAs where it is

desiredo estimate the SSB.
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1 Introduction
1.1 Background

Cod Gadus morhupis a weltknown species with different stocks spread throughout the
Atlantic Ocean. In the northeast part of the ocean, hence in Norwegian matérsf 62°N

it is typically distinguished between two types of cod. These are called the Norwegian coastal
cod (NC cod) and the Northeast Arctic cod (NEA cod), where the tateeoften is called

skreiin Norwegian. While the stock of NEéod potentially is the largest cod stock in the

world (Bogstad, 2017; Hylen, Nakken, & Nedreaas, 2008; ICES, 2Gk8bgurrently in a
sustainable condition, the coastal cod is in a more vulnerableasthstrugglingAglen et

al., 2016; ICES, 2019b; Johansen et al., 2017; Wennevik, Jgrstad, Dahle, & Fevolden, 2008)
Coastal cod are likely to consist of sevesabpopulationsn a regional/local scale along the
coast, with differences in life history traits like growth, mortality, migration and time of
maturation(Dahle et al., 2018; Knutsen, Olsen, & Espeland, 2017; Olsen et al., 2010;
Wennevik et al., 2008; Yaragina, Aglen, & Sokolov, 20A1) along the coast of Norway

there are caseshere locapopulations of NC cod have declined, and in some places almost
disappearedlrheoverallstock of NCcod populations north of 62°Had a decline in the years
from 1997 to 2005, and has since remairgdativelylow (ICES, 2019a)Different regulaiton
measures have been takerg.,in fjords likethe Borgundfjord andhe Oslofjord in an

attempt to rebuild the local stock®ohansen et al., 2017; Lorentzen, 2018)

TheBorgundfjordis an important spawning area for the threatened NC cod stock. As a
measure to protect this stock, the fjord has since 2009 served as an extractive Marine
Protected Area (MPA), implying that net fishing and commetaavestarenot allowed
duringthecd 6 s s p a wnlastmgfrom & Maschh 81 May. Recreational fishing is
however allowed. The Institute of Marine Research (IMR) has, in cooperation with Runde
Environmental Centre, conducted sampling of cod eggs in the spawning seasons from 2012 to
2019 with an exception in 2014. Based on the data gathered, this study will give an estimate
of the spawning stock biomass (SSB) epeér
1.2 Biological factors of the cod in Borgundfjord- differences between NC cod

and NEA cod.
1.2.1 Cod in general
Cod Gadusmorhug is a benthopelagic speciesichis widely distributed in the North
Atlantic. It is mainly known as a demersal fish, but may appear in open waters to spawn and

feed(Bogstad, 2017; Devine, 201At the eastern part of the Atlantic ocean you find it from
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the Bay of Biscay in south, to Iceland, Greenland, Svalbard and Novaja Serhganiorth
(Moen & Svensen, 20040long the North American coast, it is distributed from Cape
Hatteras in the south to UngavayBa the north(Devine, 2017; FAO, 2019 hecod is
typically found in habitats ranging from open oceans, to fjords and over coastalBariks
& Albert, 2003) and its vertically distribution ranges from the hand down to 600 metres
(Berg & Albert, 2003; Moen & Svense®)14) Cod prefer to spawn at temperatures between
4°C to 7°C(Gonzalezlrusta & Wright, 2016; Yaragina et al., 201ahd isa socalled batch
spavner, meaning one ingidual spawn multiple times during the spawning season. The
spawning period for eod population lasts from two to two and a half montKgsbu, 1989)
When it comes to food, cod eats almost everything that can fit its mouth, making it an
important predator in thi®od web(Myers & Worm, 2005)

For Norway, cods one of the most important fish species, both culturally and commercially.
Norway exported 18000 tonnes of cod in 2019, for a total value of 10.1 billion NOK
(Norges spmatrad, 2020)it is prepared and sold in either dried, salted, frozen, fresh or
smoked form(Moen & Svensen, 2014)

1.2.2 Life history: Northeast Arctic cod versus Norwegian coastal cod

NC cod and NEAcod are close to identical when it comes to morphology and appearance.
NEA cod could be ghmer and NC cod could have a clear, seawteded tone in their

skin, but this is not a waterproof way to separate them. The traditional way to separate them
has been to use the otolith struct(Rellefsen, 1933)which is done by lookig at

morphological differences in shape of the otdditid the growth zones withifhey can also

be separated by the number of vertel§R@lefsen, 1934)in a general manner, NC cod

matures earlier and grows faster than the NEA(égien, 2017) as they experience different

environmental condition®espite the similarities, their life histories are quite different.

The Northeast Arctic cod spends most of its life in the Barents Sea, and haseitg ands
feeding grounds thei@lylen et al., 2008)In January to March, migratesgreat distances
southwards along the coast of Norway to various spawning locdkilgten et al., 2008;
Michalsen, Johansen, Subbey, & Beck, 2014; Opdal & Jgrgensen, Hyjds) and larvae
from these spawning grounds floats in the upper water columns, and follseaherents
back up north to the Barents Sea, where they become juveniles and settle tothéModial
& Jagensen, 2015)

The coastal cod, on the other hand, lives a more stationary life. It is mainly found in the



coastal areas and in the fjords along the Norwegian coast, and has limited seasonal migrations
(Michalsen &al., 2014) The spawning takes place from late JanuaMay, and he eggs

and larvaareretairedin the fjord and coastal areas close to the spawning site, before they
during the following summer settle as juveniles at shallow waters in nursery@tsas et

al., 2010) Theabundance of NCC increases from south to n@#éng & Albert, 2003) and
approximately 75 % of coastal cod is found north of 6{&dlen, 2017)

The coastal cod can againdigided into two components: fjorcbdand bankcodor

migrating coastal cad-jord-cod maystay in the fjord the whole year througtithough
Jakobser{1987)showed that up to 10 % of cod tagged in one fjord might be recaptured in the
neighbour fjordThere havalsobeen studies showing that tbeastal codarely migrate

more than @& kilometresas the median distan¢&glenet al, 2020) Bankcodis more mobile

and can migrate to fish banks and shelf edge to eat. It does however use the fjords or areas

closer to the coa$br spawning(Havforskningsinstituttet, 2009)

1.2.3 Population structure of NC cod and mixing between NC cod and NEA cod

Traditionally, ICES has treated the NC cod as two separate management units: north and
south of 62°NCoastal cod areoweverikely to consist of several separate populations
spawning in the different fjords along the coast of Nor¢&srg et al., 2016; Olsen et al.,

2010; Wennevik et al., 2008 s eggs and larvae are retained in the fjord and the gene flow
between populations is loWsenetic studies have revealed different populations of NCC. Both
studies using thPanl locus and studies using microsatellite markers have been used, where
differences in genetic structures have been found among distinct fjords and different offshore
areaqFevolden & Pogson, 1997; Sarvas & Blelen, 2005h)You could even have different
populations within the same fjgrds there was found two st@af NC cod in Ullsfjord in
Northern Norway showindifferences in growth rates and length at matyigrg &

Pedersen, 2001MHence, there is not one big NCC population, but many smaller,
regional/local ones. These are genetically different from each other, where it seems to be
differences in both age and length at maturation and gr@ehle et al., 2018; Knutsen et

al., 2017)

Little is known about hybdisation between NC cod and NEA cod, even though there has
been conducted some reseaid cod typically possess the homozygous Pameénotype,
while NEA cod typically possess the P&R §ienotype. There are however areas in Northern

Norway with cod thepossess intermediate allele frequen&svas & Fevolden, 2005a)



meaning that the alleles of coastal cod is not necessarily mainly th&‘RgenbtypeDahle
et al. (2018kuggested that the observed population genetic structtv€ obdalong the
coast was partly due toixing of genedbetweerNC codandNEA cod where there were
mog introgressiorn(gene flow betweerhe stocks)n the north and least in the soutlhis

indicates thathere could happen hybridization between NEA cod and NC cod

1.2.4 Differences in egg buoyancy

As the end station of the NEA cod larvae in Borgundfjord is the Barents Sea and the end
station of NC cod larvae is tlopastal are or thigords, there has to be something at early life
history differentiating the two stocks. It has long been discussedhth NC cod eggs are
heavier than the NEA cod eggs, hence that the neutral buoyancy of NC cod eggs is lower in
the water column compared to NEA cod eff§jesbu, Kryvi, Sundby, & Solemdal, 1992;
Knutsen et al., 2017; Myksvoll, Sundby, Adlandsvik, & Vikebg, 2011; Stenevik, Sundby, &
Agnalt, 2008) This makes the NC cod eggs less exposed to currents made by the wind, and
the eggs and larvae are retained in thelfjdhe eggs of NEA cod, with a neutral buoyancy
higher in the water column, would be transported northwards to the Barents Sea by the
Norwegian coastal current. Howevthrere has also been showigreat overlap in the

buoyancy betweeNC cod and NEAod egggJung et al., 2012)ndicating that there is no
difference.The egg specific gravitgjoeshoweverchange with time,ra the reduction in egg
specific gravity among NEA cod eggs could be higher than among NC cod eggs in the later
stages of development. Hence, NEA cod eggs could be more prone to currents in the latest

stages of development.

1.3 The different management needs of the NC cod and the NEA cod

When populations that do not have the same abundance or resilience against exploitation is
under the same management regithenwill the least abundapbpulationoftenbeexposed

to overfishing(Dahle et al., 2018; Ruzzargéal.,1998) NC cod are less abundant than NEA
cod and thewo cod typesrethusin the need odifferent management regimeé€ES has
since 2001 given advice for rebuilding of the Bi&l stock and fom the years from 2004 to
2011 they evenrecommended zero catch€ cod(ICES, 2019b; Johansen et al., 2017)
Zero catch is anyhow difficult and unrealisticatchieve, as the NEA cod and NC mine
placeshave an overlapping distribution during the spawning season, even tiDglodtend

to spawn closer to shore amdshallowerwater(Olsen et al., 2010 he overlapping
distribution andheclose to identical morphologdoes thathe NC cod and NEA codften

getcaught in the same fisheridshas been estimated that as much ag@® of theyearly
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catch ofNC codhappens wheNEA codis themaintarget(ICES, 2015 as cited bylohansen

et al., 2017)but this number may range from 0 to almost T0@reforeto achievezero

catch ofNC cod asadvised by ICESall coastal fisheries wheMNC codare caughés
bycatchmustbe closedThis has been considered impractical, atiter measurdsas been

putinto actioninstead This includes reducing the total anngabta ofNC codandmaking
regulations to minimize the catch and bycatch ofdé@(ICES, 2019b; Johansen et al.,

2017) The main ide behind the regulations was to shift the fishing pressure from coastal cod
over to the Northeast Arctic cod, and in that way make most of the total landings to consist of
NEA cod(Aglen, 2017; ICES, 2019b)

The spawning grounds f{EA cod where most of the overlapping ocguarein the areas
around Lofoter(coastal areas between 67 and 69Michalsen et al., 2014; Olsen et al.,
2010) There are anyhow also important spawgrgrounds further south where Borgundfjord
is placed, at the Mgre region at approximaéidyo 63N (Bergstad, Jgrgensen, &
Dragesund, 1987; Johansen et al., 2017; Olsen et al.,. 20&0dnportant thaplaces like
thesehaveregulations taeduce the bycatch of NC coalsthey have a highfraction of NC

cod

1.4 What has caused the NC cod to struggle?

Overfishingis thought to havsignificanty impacedthe NC cod stockand there arseveral
examples otlifferentcod stock that hae suffered due to overfishingngelhardet al, 2014;
Hilborn et al., 2003; Horwoosdt al, 2006; Kaiser et al., 2011yhe management of the NC
cod has been split imvo units, onenorth andonesouth of 62°N, even thoughdhiNC cod is

not one or two big populations, brdnsist ofseverakubpopulationgDahle et al., 2018;
Knutsen et al., 2017; Olsen et al., 2010; Wennevik et al., 28@8h populatn is thus
relatively smal adj aodnt hpopbhkebdpobohsoms | i mit
of population and gene flow. These ratherall genetically distinctive populations are
thoughtto be extra vulnerable to exterrsatessors likeeerfishing, climate change and
pollution (Myerset al, 1997) This, in addition to the aggregating behaviour of NC cod
during the spawning season, have made them prone to overexploitdtioaite changes
alsosuggested to have impacted the NC cod stesgecialf in the southern regions of the
Norwegian coasChanges in climataffectsrecruitmentEngelhard et al., 2014; Johannessen
et al, 2012) growth (Gjgseeter & Danielssen, 201dnd distributionFreitaset al, 2015) of

the cod Pollution and other anthropogenic impacts disturbing the cod have also been

mentioned as causes to why the stock struggles.
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1.5 History of the Borgundfjord fishery

The Borgundfjords one of the adjacent fjords to the city of Alesund at the west coast of
Norway. Each year, from late Februaryetaed ofApril, the cod arrives here to spawn. Hence,
there is a gathering of spawning cod on the doorstep of the biggest city in Mgre aipRoms
county. This happens among daily arrivals of cruise ships, cargo ships and other activities
associated witla coastatity like Alesund There are long traditions for fishing cod in the
Borgundfjord during the spawning season. Most of this traditisstahg are in the areas

covered by the MPA, but there has also historically been substantial fishing in the Hessafjord
(Myklebust, 1971)

Since medieval times the Borgundfjord fishery has been going on in a commercial manner,

with selling and trading of catches. Fistogucts have in this way shaped both the economy

and where people have settled at Sunnmgre for almost 100q§edneim, 2004)it is not
unreasonable to think that the rich deposits of fish were one of the key pillars of the small
medieval bwn of Borgund, which lays approximatelgur kilometres east ahe Alesund

cener (Myklebust, 1971; Sgrheim, 2@). Borgund and the Borgundfjord fishery is even
mentioned in the Saga of Ol af the tl®aint in
allegedly took place at the years from 1027 to 1&8snes, 2015; Sgrheim, 2004)is said

that the reason for the fall of Borguad amarket townnthe 150006s wa-s due to

lasting period of poor cod catches, but this is not certain.

Cod fishing in Borgundfiord at approximately year 19BBoto: Musea pa Sunnmgre/Aalesunds Museum
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This fishery has mainly been important for the residents nearby, but there has also historically
been coming fishermen from far away to participate. Hans Strgm, who was a resident
chaplain in Borgund from 1750763, estimated the total of fishermen papting in the

fishery in 1756 to be 2754, where 1260 men were from Borgund and 1494 from other places
(Myklebust, 1971)That year, almost 500 boats are said to have been participating in the
fishery. Stories about years where the density of boats was so high yoerossithe fjord

without getting wet on your feet still lives ¢Goda, 1977; Korsnes, 2015)his shows the

importance and extent of the fishery for the locals living around the Borgundfjord.

A Borgundfjord cod from 194Photo: Trygve Aanng

In the later years, the locals are not as dependent on the fisleajiasyears. It is anyhow

an important income for some local fishermen, who is not too happy with the ban of
commercial fisheries during the spawning season. The fishery also attracts tourists and gives
income to the tourism sector. In addition, thedighremains as an important tradition to

many, and the recreational fishidgring thespawning seasans v ery popul ar . I n
the Borgundfjord cod even had its own festival. There is apparently a big willingness to
protect the cod in the Borgundfgh shown by for example the introduction of the MPA. Also,
Alesund municipality started in 2019 a project to clean up pollutants from the fjord bottom.
One of the reasons mentioned for doing this, was to maintain the Borgundfjord cod as a

i conc e prta skwpng, 201 The Borgundfjord cod is not only a random fish
swimming in the ocean #hpeople see when they scout out of the living room window a cold

day in March. I't i sDNA. part of the | ocal peop
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Cod fishing inthe Borgundfjord inMarch 2020. As seen in the picturehe traditionalcodfishery isstill popular. Photo:
Anne Kristine Tennebg

1.6 Marine Protected Areas (MPAs) and what the Borgundfjord MPA implies
1.6.1 What is a Marine Protected Area, and does it work?

Marine Protected Areas (MPAS) are marine environments protected by limiting human
activity. The area can consist of ocean and coastal habitat, with the purpose of achieving
conservation goals. It often has a focus eitlmepimmtecting ecosystems, conserve biodiversity,
preserving cultural resources, sustaining or inéngefgsheries production or, in some cases,
protecting a specific marine spec{€audet et al., 2008; Ha¢rn & Agardy, 2014; NOAA,
2018)

There are different levels of protection witdifferent types oMPAs. Types of MPAs can,

roughly, be split in two: extractive and nertracti\e (Spalding et al., 2016Non-extractive

MPAs (also called ntake reserves) allow neither extraction nor destruction of living or non

living resources,and@&tn | i mits and controls the humands
are anyhow in the extractive category. These MPAs allow different levels of human activity

and extraction, but they should have limited impact on species or the ecoyptdding et
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al., 2016) Tourism and recreational purposes could be examples of altmtigdiesas long

as theeffort is monitored

Non-extractivemarine reserves increase species richness, density, biomass, and organism size
(Fenberg et al., 2012; Halpern, 2003; Halpern & Agardy, 2014, Lester et al., RGO¢

effective MPAs, the large fish biomass can increasefice the number of large species per
transect cadouble, and the shark biomass can increase by fourtees) tulmen compang it

to fished areafEdgar et al., 2014)These reserves areefisl to achieve conservation benefits

no matteithesize and agé~enberg et al., 2012but increasing the size of the-take zone

and the MPA age cehave a positive effect on the density ahfispecies and species richness
within the reservéClaudet et al., 2008 he effect may however vary from species to species
within a reserve, and the effect on a species may vary from reserve to (essteeet al.,

2009)

The effects of extractive MP#on the other hand, are not as clé&tudies suggest that areas
closedfor commercial fishing are an ineffective conservation tool, as the fishing pressure
from recreational fishing could be just as high in the protected area as sy &

Babcock, 2004)However, areas allowing only recreational fishing with angling afss

shown to increase the annual survival for cod by a substantial amount, as the annual
proportion of deaths due to fishingent from 0.5%eforeto 0.32 after the MPA
implementationFernandezChaconret al, 2015) Increased abundance and larger fish has also
shown to beheoutcome of extractive MPAss a result of decreasfshing pressuréAlos

& Arlinghaus, 2013)

MPAs that are less effective and that do not have the wanted effect, are caused by two main,
broad reasons: inadequacy of design and failure of implemen(&paiding et al., 2016)

When it comes to inadequacy of design, boundaries and/or regulations may not be good
enough to achieve the objectives of the MPA. What makes a good desigmésessarily

easy to point out, but thereoftenvery specific to the ecosysteamdlocation Failure of
implementation often happens when the sites efthee small resources or are managed in a

bad way, making them contribute little or nothing tosgmwation(Spalding et al., 2016)

1.6.2 Borgundfjord Marine Protected Area
Oneof the measures doneteduce the fishing pressure on NC cod, was to implement
Borgundfjord as a MarinBrotected Area (MPA)The Borgundfjord MPAconsists of three

spawning areas: Aspevag, Asefjord aedtralBorgundfjord Figurel.1). These areas are
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closed for commercial harvesting, and for private people fishing with nets, during the
spawning period from®iof March till 315! of May. Thus, it is not allowed to fish for neither
cod nor other species. There is anylwmweexception recreational angling is permitted
(Johansen et al., 201 Hence, he Borgundfjord MPAs an extractive MPAwith the goal of
protecting theNC cod Thereareno restrictiongor fishing vessels less than 15 metres (for

Danish seine vessels less than 11 metetside of the spawning period.
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Figure 1.1: The Marine protected area, inside the orange line, consisting of Borgundfjord, Aspevég and Asefjord. From 1
March to 3 May this area is closed for fisheries, with only recreational angling being allowed. Hessafjactidl lines) is
not a part of the MPA, but still a part of the study area.

These restrictions do not apply fdessafjord Figurel1.1), but in this area it ishowever not
allowed to fish with neten stakes if the¢otal height of the net and stakes is 23 metres or more
(Directorate of Fisheries, 202@venthough this area is not a part of the MPA, it is included

in the estimations of the spawning stock biomass. This is beaaudestantial amount of
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spawning takes place in this area, and it is the route of botstackk further into the MPA
spawning area The catch sampling from the Hessafjord has also been used as a part of the
spawning stockiomass estimation§ampling has also been conducted every second time in
the Ellingsayfjord Figurel.1), a neighbour fjord to the Borgundfjoradnd has beeunsed as a
reference to compare the spawning development in the two fjords.

1.7 Objectives

By the implementation of the MPA, it is important to measureffectiveness, and to make
changes if the MPA does not have the wanted effect. Therdierbah has been followed up

by sampling of cod eggto estimate the spawning stdikmass. Based on these data, there

are4 main objectives for this thesis:

- Estimae total amount of cod eggs spawned in the fjord, as well as the spawning stock
biomasgSSB) for the time series available (264@19,no sampling ir2014)

- Describe a standardized way of how to measure SSB in a coastal cod MPA.

- Investigate whether the data collected allows for judgements on whether the
introduction of the MPA protects the NCC in a satisfactory maramef leads to an
increasan NC cod spawning in the area.

- Explore potential drivers of fluctuations for the amooi¢ggs and the estimated SSB
in the Borgundfjord MPA.
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2 Materials and methods
2.1 Study area

There were four areas of interest: Hessafjord, Borgundfjord, Aspevalsafidrd Figure

1.1). The three latter ones are part of the MPA, while Hessafjdhe isntrance to the MPA
TheEllingsgyfjord Figurel.l), a neighbour fjord to the Borgundfjord, was sampled every
second time from 2013 onwards and used as a reference to compare the spawning
development in the two fjord#\ll these areas lie around Alesund, a city on the west coast of
Norway, just north of 62°NHigure1.1). The MPA area has in total five openings, et t

four others than Hessafjord are narrow straits and leads little water compared to Hessafjord
(Godg, 1977)Borgundfjord, Asefjord and Hessafjord has depths exceeding 100 m, while
Aspevagds a bit shallower, with depths barely exceeding 40 m.

2.2 Data collection

The sampling was conducted annually during the spawning season from late February to late
April or early May by the Institute of Marine Research (IMR). This was done in cooperation
with Runde Miljgsenter between years 2012 till 2019, with an exception in 2014 when no data
were collected. There were four fixed stations sampled at every sampling week, and each
spawning season consisted of eigdunpling weeks. Aerticalnet haul and mearements of
salinity and temperature were performed at each station. The stations were localized in
Hessafjord, Aspevag, Borgundfjord and Asefjdfiy(re1.1), with one station in each.

Usually, the sampling was conducted with two weeks apainie beginning and the end of

the season, and one week apart in the middle of the season. Also, aeeoery week of egg
sampling, a control sampling was conducted with one station in Ellingsgyfiouaré1.1).

Notice that Borgundfjorgbroperis only one of four areas in the survey. The areas in the MPA
and in the fishery do however often go under the collective name Borgundfadd the

entire fjord system

2.2.1 Egg sampling

The egg data was sampled by performing vertical hauls with a stan@#dhand net, which

had an inner diameter of 54 centimetres (outer diameter of 60 cm) and a mesh size of 500 pm.
The net was hauled at a speed of 0.5 m/s, and was performed from 50 metres depth and up to
surface(Espeland et al., 2013An exception was the stationAspevag wherethe net haul

was taken from 40 metres and up, as there was a risk of hitting the bottom if a 50 metres haul

was conducted.
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The net was flushed with saltwater to gather the content in thermbdnce it had reached the
surface. This content was then transferred @napse glass, which was marked with station
number and date. This was done for each station, before the eggs were brought back to Runde
Miljgsenter. There the eggs and larvae were manually sorted into cod and other species. The
cod eggs were then sorted dgveloping stage, ranging from stage 1 to stage 5, according to
Thompson & Riley (1981)if there was a high amount of eggs in the sample, it got split in

two or fourpartsto lessen the amount of sorting, counting and separation of egg. Sthige

was done using plankton spliter (Figure2.1).

—

Figure 2.1: The plankton splitterhiat has been used for splittisgmples. The cylinder part has outer diameter of 9
centimetresand a height of 15emtimetres, giving it a total volume of 0.95 litrelll sides of the rectangle are 12 cm.

2.2.1.1 Egg species identificatioin separating cod eggs from other eggs

First, eggs were manually separated from other types of zooplankton usimgtiago

chamber, before the eggs were separated into species. The species of a fish egg can be
decided based on factors like the diameter, presence or absence of oil droplets, colour, shape
of egg yolk and outer structures. Hence, eggs from cod fish wakeddiased on the

diameter of the egg and further visual inspection, in accordanc&witbell(1976) Eggs

from a cod fish has a diameter of 1021t5 millimetres(Espeland et al., 201,3hough some
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may be larger or smaller, but the majority is in this size range. In addition, cod eggs have no
oil droplets.Genetic methods we applied o further separate into NC cattdNEA cod

Left: Arne Saevik with the net used for hauling. Photo: Kjell Nedreaas

Right: Roger Kvalsund emptying the codend into a sample glass. Photo: William Aanng
2.2.1.2 Separating the cod eggs into stages

All the eggs were separated into development stage ranging from stage 1 to Stagevas
mainly done as described Thompson & Riley (1981(Figure2.2 and Appendix Il Figure
6.1). The eggs were thestoredin glasses witl100 %ethanol, one glass for each staGed
larvae were also gatheraddstored in an own glass with 100 % ethafitle eggs and larvae
werethensent to IMR forgeneticanaly®s. There, the eggs were genetically tedied
separate them into NC cod and NEA caddother speciege.g., haddock) if presertiow to
genetically separate NC cod from NEA cod is explained in chapter 2.4.4.
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25.04.2017

H1_250417_alle. tif

Figure 2.2: Overview of different stages and species that could be found in a sample. Eggs in the top row (from left to right)
arein stage 3, 4 and 4, respectively. Eggs in secondarevn stage 4, 5, 2 and 4, while the eggs in bottomaomin stage

3,1, 1and 1. All eggs are cod eggs, except &ggs inthe top row, whiclikely are Brosme brosmeArgentina sphyraena

and aspecies from th&hycidae familyThe presence of oil droplets in the eggs in the top row tells us that it is not cod eggs
Photo: Roger Kvalsund at Runde Miljgsenter

2.2.2 Hydrographic measurements

In addition to the net hauls, both temperature and salinity mveasured at depths with
varying intervals from the bottom to the surfagg@pendixIll and IV). These hydrographic
measurements were conducted using a SAIV (SD 204) CTD probe.

The SD204 model from SAIV A/S. Rhatww.saiv.no

2.2.2.1 Testing for statistically significant differenceis temperaturefrom year toyear

A oneway ANOVA was performed to check for significant temperature differences (p <
0.05) between the years (Exjl). The first lineof equation 2.1 creates a cmey ANOVA
mode]| while the second line gives the output of the ANOVA functposthoc multiple
comparisos test (Tukey HSD) was then performed to compare and see what years that
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differed from each other (EQ.2), usinglibrary(multcomp)in R. The first lineof equation 2.2
creates the multiple comparisons test, while the secondhimes the result of the te3these
data analysesaveconducted in RStudio version 3R Core Team, 2019)

fitkma | m( T e mp e r adata~termperdtera) r
(2.1)

anova(fit.Im)

mca glht(fit.Im, linfct=mcp(Year="Tukey"), data:temperature}
(2.2)

summary (mc)

The temperature valuéisat were compareir each season was the mean temperature from 2

to 40 m of each station in the five weeks with the most eggs.

2.2.3 Cod landings

Each season, Mgreforsking AS sampled spawnindroodthe commercial gillnet fishery in
the Hessafjordas this was the only plagallowed to fish) Age, length, weight, maturity
stage and sex were determined from each cod caughin@ste sizesf thecommercial

gillnet variedfrom 186 to 239 mmwhere a mesh size of 193 mm was most frequently. used

2.2.3.1 Age determination, weight, length and sex

Each cod from the landings from Hessafjord was measured, both in weight and length. Their
age, sex and type of cod wetetermined. Age was foury counting the number of annual
ringsor growth zones ithe otoliths, while sex was found looking at tfmmgds Type of cod

was also found using the otoligiowth zonestructure, which has been the traditional way of
separating ther(Rollefsen, 1933)This can be done for cod older than twargd.e., by

checking theshape andelative distance between the two innermost transparent zones of the
otolith (Berg & Albert, 2003; Johansen et al., 2017; Rollefsen, 193®two innermost
transparent zones can be used, becl@eod grows faster in the first yeansd thughe

shape and theistance between éffirstzones ardlifferent ancbiggercompared totNEA cod.

Hence, from cod landings in Hessafjottte averageveight, average length and proportion of
females were estimateohd used in th8SB estimations.

2.2.3.2 Condition factor

F u | tcondifos factor (K) was used to calculate the condition of female NC cod @g. 2.

0 p MI— (2.3)
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Wherew is the weight of the fish, andlis the length of theflEWh en wusing Ful t oné
condition factor, it is assuming a fish withisometr gr owt h (b=3), but <cod
necessarily follow this type of growtk u | t on 6 s ¢ o nlibwdvarstlldetdrmaine s or ¢ a
general condition of the cod. Thus, years with particularly good or bad condition of the cod

will be observed in the conditiastimates.

Significant differencesvere also estimated ftihe femalecod condition. This was done using
Equation 2.1 and 2.2, where the data for temperature were replaced with dextaedercod

condition.

2.2.3.3 Estimating mortality

The key aspect behind the MPA implementation, waswer the mortality of the NC cod
stock.To chek if this had happenetpoth the instamheous(Z) and annuafA) mortality rate
wereestimatedor 1996, 2002, 2009, and 202P19 (excl. 2014). This was doasinga
catchcurve regression methpldased on the instructions founddgle (2013) It was decided
to usethecatch @ a single year to estimate the mortalighich is calleccrosssectionaldata
as it Acr oobosteostbe fisheswaimger ffish does not have the same
vulnerability tothefishery gearonly the ages from the pealge to the oldest age dfet
samplewas usedwhich often wagrom 6-7 yearso 11-12 yearsThe mortality rats, in this
case with NC cod caught in 2ZDas an example, was found using equaidnThese data
analyses wreconducted in RStudio version53 (R Core Team, 2019usinglibrary(FSA)

cma data.frame(age=3:11, ct=,10,38,51,58,16,13,3 2
cnmlogcta log(cnbet)

nccd catchCurve(ct~age, data=cm, ages2uggl) —
summarygco
confintfco ] (2.4)

The first linecontains the ages foumathe sample and the respective amount of cod of that
age the ages used in line thrgees fronthe peak ageo the oldesin the sampleand he two

lastlines give theoutput ofmortality rate and its 95 %onfidence interval.

There are several assumptions being made when using this method: (i) closed population,
meaning no immigration or emigration; (if) constant mortality, meaning that the mortality is
independent of year and age; (iii) constant vulnétgbmeaning that the fish has teame

vulnerability to the fishery independent of age and year; (iv) unbiased sample regarding age
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groups; (v) constant recruitment, meaning that the initial number of individuals is the same for
each cohor(Ogle, 2013)

2.3 Modelled particle drift as a proxy for egg drift

The amount of eggs in the fjord could be affected by currents in the area. It was therefore
decided to see if the currents could have caused differences in amount of eggs in the samples
between the years. As it is a close to ingiae task to observe where the eggs drifts,
mathematical current models have to be used to estimate where they are likely to drift. A
high-resolution hydrodynamical model based on the methods and results descAlptinn

et al.(2020)has been run by the Institute of Marine Research. The model has a 160m x 160m
horizontal resolution, covers the coastal area between Stadt and Hustadvika and is run for the
period 20132019. Hence, existing files with hourly values for the current wezd tesmake

a simulation of where the eggs would have drifted 4 and 30 days after given datefay-our

drift was chosen because the stage 1 eggs were maximum four days old, and 30 days was
chosen to see the general letlegn drift of the pelagic phase.

Each sampling day was modelled, where the amount of stage 1 and 2 eggs found in the
sampling was scaled up five times to get a more statistically trustworthy; fdseieggs were
then released at the four different stations according to the quantity daifipéedepth of

each individual egg particle was constant throughout the modelled time, but the depths of
each batch of egpgarticles were defined based on a Gaussian distribution, with 15 m and 10
m as the mean and standard deviation, respectively. Tioeeasealistic representation of
depths, all eggs were released between 2 and 50 m depth in the particle drift model. The
location of each egg after 4 and 30 days was theorded andtored. From this, an

estimation of the proportion of eggs that haifted out of the area was retrieved. A more
detailed description of a similar modelling effort and analysis is descriliespglancet al.
(2015)

2.4 Estimating total amount of NC cod and NEA cod eggs spawned in a season

For these calculations, only stage 1 eggs were included. This was to get the window of when
the eggs were spawned to be as narrow as possible, to lessen the impact of factors like
mortality and drift had on the amount of eggs collected.
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2.4.1 Overview of the esimation procedure
Egg development time caused by temperature

Net hauls l

Mean egqg - Mean daily
density "l egg density
Fraction of NC

+— cod eggs to
Volume of fjord MEA cod egos
system above 50 m

h
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Figure 2.3: Overview of the estimation procedure for the spawning stock biomass of NC cod within each year, with the inputs
(outside of boxes) and the outputs (inside of boXds) sam@rocedure was done for NEA cod, where the values for NC cod
were replaced with values for NEA cod.

2.4.2 Interpolation

In cases where there were two weeks between samplings (often in the beginning and the end
of the season), it was decided to dardgarpolation for the week in between. That will say,

the unknown number of eggs in a week between two sampling weeks was decided by using
mean value of the week before and the week éfgr2.5) This was done to get values for

each week during the spaimg season, which again was important to get a more accurate
mean for the whole season. Without the interpolationsseébsonahveragelaily egg density

(Eq. 29.3) was likely to be higher than it shoulas theveeks in the middle of the season

would be more emphasized

0" QO & { &b H QM (2.5)
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Doing the interpolations was likely to improve the results, as we did not get longer periods
with no data values. Thepawning seasons had a dome shaped candét wastherefore

assumed that the interpolation values wegsonable

243 Temperaturebds effect on development of th
The devel opment of the codods eaapchssthelarvasepar at
stage(Thompson & Riley, 1981How long the eggday in each stage depends on the

temperature. Colder temperatures slow the development, while warmer temperatures increase

it. Hence, a colder temperature increases the time span the eggs are in each stage, and vice
versa with warmer temperatures. As osiigge 1 eggs were used in the calculations, the first

step was to estimate the time it would take for the eggs to develop from stegfadet2, and

in this way estimate a time window of when the stage 1 eggs caught were spEws&hs

done using equin 2.6, which was based on an equation derived fidrompson & Riley

(1981)

o pm’ (2.6)

WhereOis the amount of days from fertilization to the end of each stage, T as¢hage
temperature from-20 metres deptland A and B are regression coefficients. The values of A
and B were gathered froemntable derived frorthompson & Riley(1981)(Appendix VI),

while T wasderived from the hydrographic measuremeg@tsvas calculated for each station

in each week.

2.4.4 NC cod to NEA cod relationship: Genetically separating between NC cod and
NEA cod eggs

Since botiNC codandNEA codspawn in the fjoradluring the same time peripdndNC cod

is the speciesf interest,t was necessary to determine how much of the eggs collected that
were spawned by NC cod and how much were spawned by NEA leisdvas found using
genetic analysesvhichwas done for each statiom each sampling daysually, only the
resultsfrom stage 1 eggs were used, btlter stages could be includéthe sample was too

small to get trustworthy results.

Separating the two stocks genetically was based on the Pan | (or Pantophysin)decus. T
allele frequency ofhislocusvary in great extent between NEA cod and NC cod, and using
this allele frequenciras shown to be an effective way to sepatsten(Fevolden & Pogson,
1997; Michalsen et al., 2014; Sarvas & Fevolden, 2005a; Wennevik et al., 20@8gan|

locus has two alleles, call&hn1* andPan|B. NEA codhas a large fraction of ttean|®
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al |l el e while N@codhd h large fraction of tteanl“a | | e | e (Fevolde@ & 8 0)
Pogson, 1997; Johansen et al., 2017; Sarvas & Fevolden, 2005b; Wennevik 68alT 26
difference in allele frequeresappiesto the twostocksregardless of agéarvas &

Fevolden, 2005a)he fraction of the two alleles may however vary within both NEA cod and
NC cod, and you might find NC cod stocks with lower fraction of e P allele and vice

versa with NEA codqSarvas & Fevolden, 2005b)

Hence, the estimation of NC cod to NEA cod relationship was based on the genotypes at the
Pan | locus. Both NC cod and NEA cod could have the genotypeBBAnd AB, even

though NEA cod rarely has the AA type and NC cod rarely has the BENjipkalsen et al.,

2014; Wennevik et al., 20083ecause of this, it was not possible to find the fraction by
assigning one and one egg as either NC cod or NEA cod. Instead, the fraction of NEA cod in

each sample was estimated by equati@n 2.
Ol H@EO QE —— (2.7)

Where'd & o 0 "Béhe dbserveddction of the Parflalleles (number of Paf hlleles

divided by combined number of Pahand Partt alleles)in the sampleand is the expected
fraction ofPan P alleles if the sample had consisted of only NC cod. There have been studies
indicating a value df as both 0.1@Wennevik et al., 2008nd 0.05Sarvas & Fevolden,

2005b) "Oi ¢ a8 © "Qévas therefore estimated for both values pivhere the average of

these two estimates was used

2.4.5 Calculating daily egg density for NC cod and NEA cod
The daily egglensityof NC cod (egggm?/day) were calculated for each haul, using equation
28.1.

@ — 2z p "Oi G@O Qe (2.8.1)
Where®  wasdaily egg densityf NC cod (egggm?day), O was the number of eggs
in the samplegw was the volume of water filtrated §rin the net haylO was the

development timéEq. 26), and'Oi & 8 6 "Qévas the fraction of NEA cod found in the

genetic analysisHg. 2.7).

Equation2.8.2 was used gehe dailyNEA cod eggdensity (eggh®day):
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20l H@Oo Qé (28.2)

The estimations afaily egg density foNC cod and NEA cod were done for each sampling

event

w : The WP2 net had an inndiameter of 0.54 metres, which gave a radius of 0.27
metres. Based on this, the area of the net opening was found to be 022&%ce, the
stations in Hessafjord, Borgundfjord and Asefjord hadl.4 nt of water filtrated eackas the
net haul started at 50 metreghereaghe stationin Aspevagh a d Sgvatez filtrated(net
haul started at 40 metres)

—: D represents the amount of days for the eggs to develop from stage 1 to stage 2, given a

certain temperature. This waypically found to be between 3 and 4 days. Hence, the eggs
caught could have been spawned the last 3 to 4 @hisnumber was then divided by 8, t
compensate for egg losggkie to mortality andrift of eggs out of the argand in that way

getcloser to an average age of the stage 1 eggs collected in.the net

2.4.6 Standard error of average daily egg density
There was one value af for each station for each week. The week average for NC cod

wasthenfound using equatiod.9.1.

o - (29.1)

Whereaf isthe averagédaily egg density oNC cod for week, k is the number of stations
sampledn weekj, anddy is the number of eggs at statioim weekj. Equation 2.9.2vas

then used tdind the variancef of

0 OUf Z (29.2)

Then the seasonal averagedafly NC cod egglensity was found using equatic¢h9.3.

i
& - (29.3)
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Wheren is the number of weeks estimated or sampled. Equati# wasthenused to find

the variance ofo

AR b i (2.9.4)

This was again used to find the standard esftine seasonalverageof daily egg density
(Eq. 29.5):

g8 L Wiw (29.5)

Equation 29.17 2.9.5 was alsaalculatedor NEA cod, where the valudésr NC cod were

replaced with values for NEA cod.

2.4.7 Total number of eggs

Using the® (Eq. 29.3), the total number of NC cod eggs in the whole season was
found using equatiod.10.1.

0% & 2’0 2"y (2.10.1)

where”Y is the total amount of NC cod eg§3, is number of days in the season

and™Y s the total number of f{(above 50 m deptti) the whole sampling are@ihe 95 %

confidence interval was then found using equa®de.2.
wwp 688 © ugiaBz0o 2"y (2.10.2)

Thesecalculations (Eq. 20.1 and Eq2.10.2) were also done for NEA cod, where the values

for NC cod were replaced with values for NEA cod.

2.5 Estimating spawning stock biomass (SSB)
2.5.1 Fecundity estimates

The fecundity oNC codin Borgundfjord wasestimated using equati@l1.1. This equation
was derived from a plot made by Hannes Hoffle (IMR), where lengthplottechgainst
potential fecundity for NC cod caught within and around Borgundfjdahnes Hoffle, IMR,

pers. comm.JAppendix Vlliia).

"0Qw czpmz08® zpm (2111)
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Where'OQ @ is the fecundity of NC cod females aiiis the mean length démaleNC cod

caughtin Hessafjordduring each spawning season.

The fecundity of NEA cod was found using equafoil.2. This equation was derived from
a plot where length was plotted against potential fecundity for NEA cod caught in Lofoten
and the Barents SelHdgnnes Hoffle, IMR, pers. comnm(Appendix VIIIb).

"0Q G mMuve® 2 ° zpm (2.11.2)

Where'OQ @ is the NEA cod fecundity anidlis the mearength of female NEA cod caught

in Hessafjord during the spawning season that was estimated.

2.5.2 Spawning stock biomass (SSB)
When the total amount of eggs was found, the values of fecundity, average weight and female

proportion were used to estimate the SSB, as shown in eq@atibn

Y'Y z 0 (2.12)

Where'Y s thefractionof NC cod femaleto maks andu is the overall average
weight of NC cod. These values were retrieved ftbecommercial catches in Hessafjord

The95 %confidence interval was found by replacing with the upper and loweigg

values found in equatiaa10.2.

This SSB estimation was done the same way for NEA cod, but the values for NC cod were
replaced with the values for NEA cod.

2.5.3 Estimating uncertainties for weight and length

There are also uncertainties for theerage weight used in the SSB estimate and for the
average female length used in fecundity estimates. There was not found a way to implement
these uncertainties in the final SSB estimates. Therefore, the 95 % confidence interval for
these values were calatedindividually to see how much of an impact they could have had

on the final estimates.

First, the standard deviation for length was found using equati8ri, where N is the
number of cod in the sampl,is the length of cod anddlis the mean lengtbf the whole

sample.
i — (2.13.1)
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The 95 % confidence interval flengh was found using equatidh13.2, wheresis the

standard deviation.
wL BB b pdo@ = (2.13.2)

To find the 95 % confidence interval for weight, the same formulas were used, but the values

for length were replaced with values for weight.
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3 Results

3.1 Data collection
3.1.1 Egg sampling

The spawning started late February and ended late April or eastyWith a top in spawning

activity late March or early April. Hence, the spawning followed a&®dped curve, with the

highest spawning activity miseason. 2017 was the year with the lowest amouwstage 1

eggs collected, while 2013 was the year with the highest amostags leggs collected

(Figure3.1). The few eggs in the start and the end of the@es show that the spawning

seasoshave been well capsulated by tsampling. Aspevag had an unusually high amount of

eggs over two weakin 2013, while the other areas that year were more normal.

Amount of eggs
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Figure 3.1: Amount of stage 1ggs collected at the different stations from year to year. Notice thatakis yor Aspevain
2013 goes to 1200 eggs, while the rest goes to 800 eggs. The bottom row (combined) goes to 2000 eggs.

There was a clear positive correlation between the amount of cod eggs in staayas dod

eggs in stages-3 (R2 = 0.77). Hence, there was rathereven loss of eggs from year to year,

assuming thathe relationship between total amount of stageebgs and total amount of

stage &%

eggs

corresponds

t o

t he

0SsSsSs.

20109

egg |

from stage 12 to stage &. 2012 had the lowest loss, with 57 % of eggs [6able3.1 and

Figure3.2)
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Table3.1: Seasonal amount @fjgsstage 12 andstage 35, with loss of eggsstimated based on these amounts

Year Stage 2 Stage 35 Loss of eggs
2012 3253 1398 57.0 %
2013 6098 1805 704 %
2015 3585 1448 59.6 %
2016 2370 1029 56.6 %
2017 1251 549 56.1 %
2018 4304 1657 61.5 %
2019 2758 623 77.4%
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Figure 3.2: There was a clear positive correlation?(R0.77) between seasonanauns of stage 12 codeggsandstage 35
egygs

Most of the years had a gradually drop in amount of eggs from stage to stage. However, there
werecollected more stage 3 eggs than stage 2 eggs in 2013, 2015 anbh 2@{Htion, in

2013more larvaghan stage 5 egggerecollected(Table3.1). There did also seem to be

some correlation (R= 0.65) between the amount of cod eggs and the amount of eggs from

other species that were collected each sedsagnre3.3).

Table3.2: Total amount of eggand larvaesollectedin all areasexcluding Ellingsgyfjordjn the different stages in the
different years

Year Stage 1| Stage 2| Stage 3| Stage 4| Stage 5| Larvae| Other specie®
eggs(+ larvae)
2012 2234 | 1019 | 989 344 65 38 1324
2013 5012 1086 1404 | 323 78 103 3318(+102)
2015 2988 | 597 1188 180 80 60 2573(+26)
2016 1802 568 817 170 42 16 1025 (62)
2017 842 409 371 153 25 23 790 (+37)
2018 2546 1758 1222 325 110 45 1325 (451)
2019 1965 | 793 424 120 79 16 1552 (+76)
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Figure 3.3: Number of cod eggs Btage 15 and number of eggs from other species showed some correlation, Witli a R
0.65. The error bars show the 95 % confidence inteivalues from Ellingsgyfjord xcluded.

3.1.2 Hydrography

3.1.2.1 Salinity

The salinityfluctuated somewhat frolyear to yeam Hessafjord and Aspevagherethe
meanwas highestin 2010 3 3 . ahd lpwedtip 2015 3 2 . (Gigupep4).)
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Figure 3.4: Salinity for Hessafjord and Aspevéa the different years. The values used for each year aratimtsat 2,
10, 20, 30 and 40 metres dejmtHessafjord and Aspevdgr the five weeks with théghestspawningactivity. The cross
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shows the measalinity, the horizontal line showtse median (50 percentile), the box shows the™6 75" percentile, the

vertical lines exiting the boxes show the error bars, while the dots are outliers.

3.1.2.2 Temperature

Usually, themeantemperaturat 240 m depttduring the spawning period was around 6°C.
However, 2013 and 2018 stands astcolder yearaith temperatures ranging just above 4°C
(Figure3.5). The temperatureariedsignificantly (p<0.05) between many of the study years
where2013 and 2018 were significant different from all the other years, but not from each
other. 2019 were aidssignificant different from many of the study yearalfle3.3). Since

there were significant differences in mean temperatures between the yeassawmeoge
accurate estimate when including different temperafuoes year to year, regarding the

effectof temperature on egg development (see chapter 2.4.3).

Figure 3.5: Boxplot showing how the temperatumethe spawning season varig#om year to year. The values used for each

season was the mean temperature (from 2 to 40 m) of each station in the five weeks with the most eggs. The cross shows the

mean temperature, the horizontal line shows the medidhg&@entile), the box shovise 25" to 73" percentile, the
vertical lines exiting the boxes shows the error bars, while the dots are outliers.

Table3.3: The results from ANOVA test showing if the temperature differences from seasasdn was statistically
significant. The values in bold indicatessignificant differenc€p<0.05).

201212013 | 2015 | 2016 |2017 | 2018 | 2019

2012 <0.001| 0.994 | 0.063 | 0.999 | <0.001| 0.097
2013 <0.001| <0.001| <0.001| 0.435 | <0.001
2015 0.008 | 0.932 | <0.001| 0.379
2016 0.169 | <0.001| <0.001
2017 <0.001| 0.032
2018 <0.001
2019
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