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Abstract

Although Atlantic cod has been observed in Svalbard waters since the 1880s, knowledge about the presence in the Arctic
shallow water zone is limited. The regular catch of juvenile Atlantic cod in Kongsfjorden since 2008 is in line with an overall
northward shift of boreal fish species toward the Arctic. This is the first study showing the age class composition, growth
rates, and stomach content of Atlantic cod in the shallow water zone of Kongsfjorden, Svalbard. From 2012 to 2014 a total
of 721 specimens were sampled in 3 to 12 m water depth. The primary age classes were identified as 04, 14, and 24 using
otolith age analysis. The different cohorts of these specimens show stable growth rates during the polar day and night. By
stomach content analysis, we show that these specimens primarily feed on benthic food sources. These observations support
the assumption that the shallow water zone of Kongsfjorden is likely to be a nursery ground for Atlantic cod.
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Introduction

Atlantic cod (Gadus morhua) is generally distributed along
the continental shelves of the North Atlantic between 40° N
and 80° N (Sundby 2000; Neat and Righton 2007). Ottersen
et al. (2014) describes the Northeast Arctic cod (NEAC) in
the Barents Sea as the currently largest stock. One of the
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most northern components can be found around Svalbard
and its fjords, like Kongsfjorden. Here, Atlantic cod has been
observed and to some degree commercially caught in peri-
ods since the 1880s, with juveniles regularly caught and doc-
umented since 2008 (Berge et al. 2015b). The presence of
Atlantic cod in Kongsfjorden is likely connected to a north-
ward shift of marine fish species in the Northern hemisphere
(Christiansen et al. 2014; Fossheim et al. 2015; Misund et al.
2016). Kongsfjorden at the west coast of Svalbard at 79°N,
12°E is characterized as a sub-Arctic glacial fjord (Fig. 1).
The sub-Arctic character is based on its hydrography, with
a strong influx of Atlantic water masses that have increased
over the last two decades (Beszczynska-Moller et al. 2012;
Payne and Roesler 2019; Hop et al. 2019). The increased
temperatures in Kongsfjorden are within the thermal niche of
Atlantic cod, which is reported to range from -1.5 to 19 °C,
with a narrower range of 1 to 8 °C during the spawning
season (Righton et al. 2010).

Characteristic for NEAC is an annual long-distance
migration between spawning and foraging areas. One for-
aging area is in the eastern Barents Sea at Novaya Zemlya
and the other is on the western continental shelf of the
Svalbard archipelago (Brander 2005). The main spawning
area of NEAC is located on the west coast of Norway from
Mgre in the south to Finnmark in the north, with the main
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Fig.1 Map of Kongsfjorden at 79°N, 12°E. a The Svalbard archi-
pelago with its primary settlement Longyearbyen and the study site
Kongsfjorden. b Kongsfjorden with the settlement Ny-Alesund and
its island Blomstrandhalvgya. Light areas on land represent glacier
surfaces. The sampling sites are marked as follows: Sor—Sgrvégen,
HnN—Hansneset North, HnC—Hansneset Central, HnS—Hansneset

spawning grounds at the Lofoten (Godg 1984a, b; Brander
2005; Sundby and Nakken 2008). NEAC spawning occurs
from February to May, with the main spawning period
in March and April (Brander 2005). Suthers and Sundby
(1993) observed post-larval cod with a standard length (SL)
of 25.2 mm in the spawning areas and up to 68 km offshore
in July. About 10-40% of the total larval abundance is trans-
ported to the west coast of Svalbard with the WSC, while
the majority (60-90%) drifts with the North Atlantic Current
and is transported to the Barents Sea (Ottersen et al. 1998).
The settlement of juveniles is known to occur from Septem-
ber to October (Ottersen et al. 2014). After settlement, the
juveniles can be referred to as age class 0 +.

All Atlantic cod at the Svalbard archipelago and its
associated fjord systems are described in the literature as
NEAC (Brander 2005), but a recent study could show that
Atlantic cod in Kongsfjorden and other Svalbard fjords not
only belong to the NEAC ecotype but also to the Norwegian
Coastal cod (NCC) which normally can only be found along
the Norwegian coast (Spotowitz et al. 2022).

Atlantic cod find a highly structured shallow water zone
in Kongsfjorden, including hard bottom areas that are cov-
ered with kelp forests. By their characteristics, these areas
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South, Lon—London, Bra—Brandal, OPE—OId Pier East, OPC—
Old Pier Central, OPW—OId Pier West, and Gas—Gésebu. At the
locations Hansneset and Old Pier, three sampling sites were spaced
100 m apart in a perpendicular orientation to the coastline. The map
data were provided by the Norwegian Polar Institute (from Brand and
Fischer 2016)

are potential nursery areas for Atlantic cod (Seitz et al.
2014). From 2012 to 2014, a combined study of the shal-
low water zone of Kongsfjorden was conducted. Data were
gathered by a permanently deployed underwater observatory
(Baschek et al. (2017), Fischer et al. 2017) and an exten-
sive baseline fishing campaign from 2012 to 2014. The first
results of the fishing campaigns of 2012 and 2013 showed
a high abundance of Atlantic cod with a standard length
(SL) ranging from 5 to 20 cm (Brand and Fischer 2016).
By literature, it is known that age classes 0+ to 2+ remain
in the settlement area and might only perform limited sea-
sonal migrations (Woodhead 1959; Ottersen et al. 1998).
Individuals in age class 3 + typically start migrations toward
their later spawning habitats on the west coast of Norway
(Ottersen et al. 1998).

With this study, we present a first-time report about the
life history of Atlantic cod in the shallow water zone (0-12 m
water depth) of Kongsfjorden for the years 2012-2014. We
used otolith-based age determination to identify age classes
and age—length relationships. We show the temporal dis-
tribution of different age classes, as well as growth rates in
different years and seasons. Furthermore, stomach content
analysis identifies the food sources of the specimens. The
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Arctic is expected to be one of the focal areas facing cli-
mate change-induced temperature increases in the coming
decades (IPCC 2014). These data may provide a valuable
snapshot for comparison with past and future studies of
the Arctic coastal ecosystem. Dramatic changes in species
distribution in the central Arctic can already be seen today
(Snoeijs-Leijonmalm et al. 2022), and it is expected that ris-
ing seawater temperatures further foster the establishment of
non-Arctic species (Fossheim et al. 2015).

Materials and methods
Sampling

Sampling was conducted in 2012, 2013, and 2014. Two sam-
pling episodes per year were done in the months of June
and September. The sampling started in June 2012 at two
locations: one at the southern shoreline (Fig. 1, OPC-Old
Pier Central) and the other on the shoreline of Blomstrand-
halvgya (HnS - Hansneset South). Paired sampling was per-
formed using one fyke net (diameter 40 cm, length 90 cm,
bar mesh size 12 mm, deployed in 3m water depth) and a
trammel net (inner/outer mesh size 1/15 cm, length 20 m,
height 2 m, deployed in a depth of 5-12 m). The net was
deployed perpendicular to the shoreline, with recovery and
redeployment every 24 h. The 24-h interval was extended to
48 h if bad weather conditions did not allow recovery.

The September 2012 sampling period showed problem-
atic interactions between young seals and the trammel nets.
To avoid harming the wildlife, we stopped using trammel
nets and relied exclusively on paired sampling using fyke
nets. The new configuration comprised two fyke nets (diam-
eter 40 cm, length 90 cm, bar mesh size 12 mm, deployment
in 3 and 12m water depth) and one double-fyke net (diam-
eter 60 cm, length 110 cm, bar mesh 12 mm, deployment
in5-8-m water depth). The double-fyke net was connected
by an 80 cm high steering net (18 mm bar mesh). All three
nets were deployed perpendicular to the shoreline and fish
tissue was used as bait. This new standard configuration was
used for all further sampling. Species-level identification
of Atlantic cod specimens was performed based on mor-
phological traits using the methods proposed by Hayward
and Ryland (2009) and Klekowski and Westawski (1990).
The primary features of distinction were the structure of the
lateral line, the coloration of the ventral side, and the pro-
truding upper or lower jaw. In the laboratory, the SL and wet
weight (WW) of all the sampled fish were measured. A total
of 720 Atlantic cod were caught in all sampling periods. For
a listing of all other species caught in the sampling periods
of 2012 and 2013, see Brand and Fischer (2016). The sagittal
otoliths were extracted, cleaned in distilled water, and stored

for later analysis. Stomach content samples were weighed
and stored in formalin.

After evaluation of the sampling episodes in 2012, sam-
pling in 2013 and 2014 was extended to five sites on Blom-
strandhalvgya and five sites on the southern shore (Fig. 1).
The exposure time of the nets was by standard 24 h. Owing
to logistical and weather constraints, the exposure was
extended to a maximum of 96 h. This extended exposure
time was deemed reasonable due to the generally low sat-
uration of the fyke nets. As a metric for fish abundance,
catch per unit effort (CPUE) was used to standardize fish
catch for differences in exposure times. CPUE represents
the number of fish per net per 24-h exposure time. Previous
analysis by Brand and Fischer (2016) showed no effect of
different exposure times on CPUE. Due to the differences in
sampling setup, no CPUE of 2012 is compared to 2013 or
2014. All quantitative analyses in this study use exclusively
CPUE of 2013 and 2014, where identical sampling strategies
and gears were used (Table 1). For comparison of CPUE of
the years, 2013 and 2014, a Kruskal-Wallis rank sum test
(Kruskal and Wallis 1952) was performed. The results were
further analyzed by a post hoc Tukey (Tukey 1949; Driscoll
1996). Data from 2012 are included for qualitative compari-
son as, e.g., standard length composition. We compared the
standard length (SL) distribution of the sampling years 2012,
2013, and 2014 by Kruskal-Wallis rank sum test (Kruskal
and Wallis 1952) and Dunn’s test for multiple comparisons
using rank sums for post hoc analysis (Dunn 1964). This
analysis was later repeated for the age class composition of
those years. The analysis was performed in R (R Core Team
2021) using the package PMCMRplus (Pohlert 2021).

Otolith analysis and age-length keys

We performed otolith structure analysis (Stevenson and
Campana 1992) on sagittal otoliths to reliably assign age
classes based on the SL. From a total of 720 specimens,
we sampled the sagittal otoliths of 551 specimens. Of those
we successfully processed samples of 533 specimens (see
Table 2). Otolith analysis was performed with a Leica M60
binocular zoom microscope with an ACHRO 0.8X lens,
zoom level set to 2.0, and binoculars with 10 X magnifica-
tion. A part of the otoliths was embedded in resin and pre-
pared on slides. Those were read in ‘bright field’ setting.
The other otoliths, which were untreated, were broken in
two in the transversal plane, and the piece with the core was
mounted on a modeling compound, with the fracture side up.
The otolith was illuminated from the side so that the light is
scattered up through the fracture.

Length classes were binned by centimeters. An age fre-
quency per length class table was created and used to com-
pute an age—length key (ALK), see also Ailloud and Hoe-
nig (2019). ALK were calculated separately for June and

@ Springer



Polar Biology

@ Springer

Table 1 Overview of Catch per Unit effort (CPUE) per sampling site and season

Sampling site

Season

Year

Blomstrandhalvgya (North)

South shore

Sorvagen

Hansneset Central Hansneset North

Hansneset South

London

Gasebu

Old Pier Central Old Pier East

Old Pier West

Brandal

0.0464
0.1885
0.1777
0.2381

0.094

0.1254
0.2936
0.0339
0.0195

0.1775
0.3012
0.0969
0.0648

0.0303
0.2033
0.0969
0.3785

0.0146
0.2841

0.0106
0.2636
0.4194
0.0971

0.1154
0.2552
0.1690
0.1250

0.0739
0.2381
0.4355
0.3745

0.0325
0.0724
0.0484
0.5217

June

2013

0.2507

September

0.3069
0.4444

June

2014

0.0542

September

A CPUE value of 1 represents one fish in 24-h exposure time in one-fyke net

September of 2012, 2013, and 2014. The age—length key was
used to assign age class information to specimens for which
no otolith sample was available (Fig. 3). The full method is
presented in Ogle (2016).

Growth rates

Cohorts of fish were tracked over multiple sampling peri-
ods to calculate intra- (June to September) and inter-annual
(September of actual to June of the following year) growth
rates. Per year and season, the average SL per age class
and sampling period were calculated. Age information was
gathered by otolith analysis. The number of days between
the middle of successive sampling periods was calculated
(Table 3), and the changes in average SL per age class were
standardized to growth per day. Additionally, the standard
length and wet weight were plotted against each other to
visualize the length-to-weight relationship as a growth
parameter (s. SI Fig. 1).

Food sources

The stomach contents were removed and its weight was
determined. We calculated a fill index (FI) by the formula
FI=Wi*10,000/W (W=Dbodyweight of fish, W,= weight of
stomach content). The stomach content was stored in for-
malin (4%). A subset of 47 stomach content samples from
the 2013 sampling campaign were analyzed for the presence
of different food items. Food items were identified to the
lowest possible taxonomic level by an expert taxonomist.
We recorded the presence of food categories by sampling
season and age class. The food items were categorized as
benthic, demersal, pelagic, or fish tissue. In Table 4 the two
most common items per group are shown, while the remain-
ing items per category are presented cumulatively. We com-
pared the FI of the sampling years 2012, 2013, and 2014 by
Kruskal-Wallis rank sum test (Kruskal and Wallis 1952) and
Dunn’s test for multiple comparisons using rank sums for
post hoc analysis (Dunn 1964).

Water temperature

The water temperature was recorded at 12 m water depth
by the AWIPEV underwater observatory at the Old Pier in
Ny-;\lesund (Fischer et al. 2017). The data are published in
Fischer et al. (2018a, b, ¢). We calculated the average water
temperature from Junel7 to October 17 of each year, as this
time frame corresponds with the fishery assessments. A cor-
responding box plot was created in R (R Core Team 2021).
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Table 2 Overview of samples and corresponding age class composition

Year  Season Total number Specimen with  Successfully Number of specimen by age-class - Based on otolith analysis (and if
of specimen  sampled otoliths analyzed oto- not available by age length key)
lith
e o+ 1+ 2+ 3 4 5 6 7 8
2012 June 52 52 50 - 47(2) 2(0) 10 - - - - -
September 71 71 67 70 574 - 20 - 10 - - -
2013 June 84 64 61 - 29 (13) 30(10) - 200 - - - -
September 274 147 143 65(0) 49(52) 21(78) 1(1) 40 20 - - 1
2014 June 111 92 87 - 78 (20) 6(4) 30 - - - - -
September 129 125 125 7 (0) 1054) 6(0) 70) - - - - -

Age class was determined by otolith analysis or alternatively calculated by age length keys (in brackets)

Table 3 Growth rate of
specimen per season and age

Time interval

Growth rate in mm SL/d

class in millimeter standard Start End Duration (d) Age class 0+ Age class 1+ Age class 2+
length per day based on otolith
analysis June 2012 Sept. 2012 75 NA 0.33 NA

Sept. 2012 June 2013 286 0.14 0.08 NA

June 2013 Sept. 2013 75 NA 0.48 0.62

Sept. 2013 June 2014 288 0.16 0.13 NA

June 2014 Sept. 2014 81 NA 0.51 0.70
Results season of 2013 had a higher number of specimens above

In six sampling campaigns from 2012 to 2014, a total of 721
Atlantic cod were sampled, measured, and weighted (see SI
Fig. S1). We removed sagittal otoliths from 552 specimens
for age class determination.

Comparison of spatial and temporal differences
in species abundance

A significant difference in the overall Catch per Unit Effort
(CPUE) was observed between the four sampling cam-
paigns of 2013 and 2014 (Kruskal-Wallis test: H 3=10.931,
p=0.015). Post hoc analysis shows only the sampling
campaign of June 2013 (0.073 +£0.055, n=10) and Sep-
tember 2013 (0.235+0.067, n=10) are significantly dif-
ferent (Tukey test: p=<0.03). No significant difference in
CPUE could be found between the different sampling sites
(Kruskal-Wallis test: H 9=15.5327, p=0.7856).

Length frequency distribution and age class
determination

The standard length (SL) frequency distribution in Fig. 2
shows characteristic differences between the six sampling
seasons. It is recognizable that in the June campaigns of
all years the number of specimens below 10 cm SL was
very low. Additionally, it is recognizable that the September

21 cm SL than the other campaigns. Statistically sig-
nificant differences regarding SL distribution could be
observed between the sampling years 2012, 2013, and 2014
(Kruskal-Wallis test: H2=10.76, p=<0.01). The post hoc
test revealed significant differences between 2012 and 2013
(Dunn’s test: p=0.019) and 2013 and 2014 (p =0.014).
Additionally, significant differences in age class composi-
tion could be detected between the sampling years (Kruskal-
Wallis test: H2=25.367, p=<0.01). Here the post hoc test
also revealed significant differences between 2012 and 2013
(Dunn’s test: p <0.01) and 2013 and 2014 (p <0.01).

Comparison of length frequency and age class
distribution

Regarding length class distribution, a slight overlap between
age class 14 and 2+ is given. Additionally, in September
2013 an overlap between 0+ and 14 specimens was detected
(see Fig. 3). Overall age class 1+ was the dominant frac-
tion of all specimens in all sampling episodes with a total
share of 63.8%. Age class 2+ represents overall 22.05% of
all specimens. Age class O+ was only detected in Septem-
ber and represented 10.96% of all specimens. Age classes
greater than 2+ accounted for 3.19% of all samples. The
details given in Fig. 4 also show that the age class compo-
sition in 2013 deviates from 2012 to 2014. For June 2013
the share of age class 2+ specimens was clearly higher in
2013 (46.43%) than in 2012 (23.08%) and 2014 (13.51%).
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Table 4 Results of stomach content analysis per age class and season
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Fish

Pelagic (%)

Demersal (%)

Benthic (%)

Atlantic cod

Season

tissu e (%)
Thysanoessa  Other

inermis

Calanus spp.
remains

Amphipoda spp.

Anonyx sarsi

Ischy-

Other

Caprella sep-  Harpacti-

tentrionalis

No. of

Age class

rocerus
Spp.

coida n. det.

specimen

0+
1+
2+

June

0.0
10.0

20.0

10.0

60.0

70.0

20.0

0.0

10.0

10
10
12

10.0

10.0

60.0

40.0

60.0

20.0

10.0

0.0
0.0
12.5

0.0

14.3

16.7

50.0

0.0

16.7

25.0 16.7

333

September

14.3
37.5
8.5

0.0
0.0
10.6
29.8

85.7

14.3
25.0
6.4

14.3

429

429

28.6

1+
2+
All

12.5

50.0

12.5

12.5

12.5

43

14.9

59.6

31.9

29.8

17.0

19.1

47

8.5

97.9

66.0

Percentage of stomach that contain at least one item of a certain food category are given

Also, in September 2013 the share of 0+ and 24 specimens
was elevated. Age class 0+ specimens represent 23.40%,
which was more than double that observed in 2012 (9.72%)
and 2014 (7.26%). Age class 2+ specimens represented
35.82%, a distinctively higher amount than in 2012 (0%)
and 2014 (14.52%). In between the sampling campaigns of
2012-2014, we saw per age class no difference in average
SL beyond the standard deviation (see Fig. 5).

Growth rate over the years

We detected an overall growth rate of 0.176 mm SL/day
for the 2011 cohort, 0.217 mm SL/day for the 2012 cohort,
and 0.216 mm SL/day for the 2013 cohort (see SI Fig. S2).
Growth in the summer months was higher 0.49 +0.10 mm
SL/day (n=35) than in winter months 0.14 +0.04 mm SL/
day (n=4) (see Table 3).

Stomach content analysis

Stomach content analysis of 47 samples revealed 35 different
food items. These food items were categorized into benthic
organisms (n=14), demersal organisms (n=14), pelagic
organisms (n=4), and the category fish tissue. Amphipods
were present in 97.9% of all samples, with Ischyrocerus
spp. and Anonyx sarsi being the most abundant. Further,
benthic items were present in 66% of all the samples, and
Caprella septentrionalis and Harpacticoida were the most
frequent. Prey in the pelagic category was present in 29.8%
of all samples with Calanus spp. and Thysanoessa inermis
being the most frequent groups in this category. Fish tissue
was found in 8.5% of all the samples (Table 4). A more
detailed analysis showed that fish tissue was only found
in September and only in age classes 1+ (14.3%) and 2+
(37.5%). Items in the benthic and demersal categories were
found in all age classes from all sampling episodes.

The fullness indices (FI) in June were significantly lower
than in September (Kruskal-Wallis test: H 1=4.7985,
p=0.028), see Fig. 6. We also detected differences in the FI
between the different sampling years (Kruskal-Wallis test: H
2=9.2056, p=0.01). The highest average FI was for 2012,
followed by 2014 and 2013. The post hoc analysis showed
significant differences between 2012-2013 (Dunn’s test:
p<0.01) and 2012-2014 (p <0.02).

Water temperature

At the sampling site Old Pier in Ny-Alesund we detected the
following water average water temperatures for June-—Sep-
tember. In 2012 (4.30+0.93, n=1750), 2013 (4.70+0.94,
n=1907), and 2014 (5.43 +1.05, n=2107), see SI Fig. S3.
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Fig.2 Standard length frequency distribution of all specimens, shown per sampling year and campaign (nN = 720)

June September
Otolith + ALK 2012 2012 Otolith + ALK
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Fig.3 Detailed age and length distribution of the age classes 0+ to
2+. The results based on the otolith analysis are shown in center
left and right. Specimens without age class (black, NA) had no oto-

Discussion
Atlantic cod in Kongsfjorden

This study offers the first quantitative and detailed report
about the age class composition of Atlantic cod in the

0 10 20 30 10 20 30

0
Ageclass [llo+ [+ 2+ lINA

lith sample or the sample was unreadable. Specimens with NA were
given an age class based on the developed age length key. The results
are shown to the very left and right

shallow water zone (0—12 m water depth) of Kongsfjorden,
Svalbard. The specimens with a standard length of 5-20 cm
as described in Brand and Fischer 2016 could be identified
as belonging to the age class 0+ and 14 . For 2012 and 2014
these age classes account for more than 88% of all speci-
mens. For 2013 we could detect a high share of age class 2+
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June September
1.92 %
3.85% 9.86 % 423%
2012
94.23 % 85.92 %
n=52 n=71

36.86 %

n=274

2.70 0/3 o1 543% 543% 4650
8 o

2014

88.29 % 84.50 %

‘

n=111 n=129
Age class Do+01+m2+m>2+

Fig.4 Age class composition per sampling campaign in percent. The
results are based on the otolith analysis. Specimens without otolith
sample were given an age class based on the developed age length
key

in June (47%) and September (36%). According to Ottersen
et al. (1998) Atlantic cod will not undertake large seasonal
movements in their first 2 years, after settlement which coin-
cides well with the permanent presence of age class 0+ and
1+ . The absence of age class 0+ in June 2012, 2013, and
2014 could be explained by the reported spawning period of
Northeast Arctic Cod (NEAC) from February to early May
at the Lofoten (Brander 2005) and the subsequent transport

by the West Spitsbergen Current (WSC). As the settlement
is reported at an age of 5—-6 months (Ottersen et al. 2014), it
seems reasonable that specimens arrive in Kongsfjorden in
August. This assumption is also supported by Mark (2013a,
b), who reported that Atlantic cod with a SL ranging from
5.510 9.5 cm were observed in Forlandsundet and the mouth
of Kongsfjorden in August 2013. The specimens with the
lowest SL sampled in this study were 6.5 cm and had a body
height of 10 mm. Age class 0+ specimens below 12 mm
body height might be underrepresented in this study because
the sampling gear had a bar mesh size of 12 mm. Conse-
quently, the average SL shown for age class 0+ specimens
could be overestimated, as the smallest specimens might not
have been sampled. By year-round observation data from
the Kongsfjorden underwater observatory, it is most likely
that no age class 0+ specimens were present before August
(Fischer et al. 2017). Therefore, the absence of age class O+
specimens from any June sampling episodes in this study is
unlikely to be an artifact of gear selectivity.

Shallow water kelp forests as a foraging ground

The presence of age class 0+ and 1+ in the shallow water
zone and its kelp forests opens the question of what the eco-
logical function of this zone is. The analysis of stomach
content shows that these age classes feed primarily on ben-
thic and demersal food items. Only a small number of speci-
mens show pelagic food sources, primarily Calanus spp. and
Thysanoessa inermis. Both are usually not available in the
shallow water zone. Importantly, these zooplankton species
are known to conduct diel vertical migration throughout the
year, which could explain how shallow water cod are able
to prey on these species (Berge et al. 2009). Gotceitas et al.
(1995) highlighted that juvenile Atlantic cod use kelp forests
as structural protection to avoid active predators. Fish size
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Fig.6 Fullness Index (FI) per Year and Season. The upper panel
show the FI of all specimens separately for the June and September
campaigns. The lower panel shows the FI of all specimens separately
per sampling year

in relation to the density of the kelp forests seems to be an
important factor, as fish that exceed a certain size cannot
swim easily through the kelp forest. Depending on the struc-
ture and density of the kelp forest, this might facilitate age
class separation. The kelp forests between 2.5 m and 15 m
depth (Bartsch et al. 2016) might fulfill a dual function by
providing structural protection against predators and being
a feeding ground. Norderhaug et al. (2005) showed that
Atlantic cod is feeding on a large range of kelp-associated
invertebrates, as also shown in this study. These kelp-asso-
ciated species might find food year-round in the kelp forests.
Renaud et al. (2015) showed that most benthic taxa feed on a
broad mixture of particulate organic matter and macroalgal
detritus. During the polar night, the infauna of the decaying

kelp beds of Kongsfjorden might be an important energy and
food resource for Atlantic cod. This concurs with Berge et al.
(2015b), who observed the feeding activity of Atlantic cod
during the polar night and a high abundance of fauna associ-
ated with Saccharina latissima. This suggests that the polar
night is not a time of biological quiescence (Berge et al.
2015a). Also, in this study, we observe a growth of Atlantic
cod between September and June. The average growth rate
is lower than during the summer months (June—September).
This might be connected to lower water temperatures and an
overall lower amount of available food. Fittingly we detected
that the fullness index (FI) for specimens was highest in Sep-
tember at the end of the summer season. The combination of
these facts suggests that Atlantic cod uses kelp forests and
subtidal soft bottoms of Kongsfjorden as nursery areas, as
also reviewed by Seitz et al. (2014).

Differences in age class separation

Our results showed that age classes O+ to 1+ are the domi-
nant age classes in the shallow water zone. Specimens of
age classes 2+ or greater were very low in abundance, indi-
cating that these might have shifted their habitat as part of
their life history. This concurs with Ottersen et al. (1998),
who showed that after settlement, fish do not undertake large
seasonal movements in their first 2 years. After this period,
Atlantic cod in the Barents Sea have been reported to show
horizontal migrations, which are connected to predation
avoidance and prey availability. Brander (2005) and also this
study show a more fish-based diet starting in age class 2 +.
On the vertical migrations in the Barents Sea Mallotus vil-
losus is one of the main prey items that is followed.

In this study, it was notable that specimens of age class
2+ and above were sampled only in 2013 in larger quantities
in the shallow water zone between 0 and 12 m. The reason
therefore could be differences in this year’s class strengths,
sampling effects, or differences in the hydrographic regime.
While the sampling technique and effort remained compa-
rable, differences in year class strength cannot be entirely
excluded, as Kongsfjorden is an open system. Movement
of Atlantic cod into and out of the fjord, as well as migra-
tion to different water layers is possible. As shown in Ing-
valdsen (2017) adult Atlantic cod can be expected generally
in between 150- and 600-m water depth on Svalbard. It is
reported for 2013 that the subsurface (Payne and Roesler,
2019) and bottom waters (Fransson et al. 2016) of Kongs-
fjorden were colder in 2013 (~ 2-4 °C) than in 2014 (~
3.5-6 °C). The temperature in the shallow water zone
remained rather constant (4.3-5.4 °C). It is known that
adult Atlantic cod prefers higher temperatures (Nakken and
Raknes 1987) than juveniles. The cold temperatures in the
deeper water layers could have led to a partial avoidance
by adults. This might have resulted in the special mix of
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different age classes in the shallow water zone that could
only be observed in 2013 (see Fig. 2, 3).

The observation might only be true for central Kongs-
fjorden and its hydrography. Mark (2013a, b) reports for
Forlandsundet, at the mouth of Kongsfjorden, vertical sepa-
ration between different age classes with adult Atlantic cod
at the bottom (170-220 m) and smaller specimens in the
shallower waters (0—-50 m). Such vertical separation is also
reported for Atlantic cod along the Norwegian coastline,
known as the Norwegian Coastal Cod (NCC). Juvenile spec-
imens of this stock, which have a non-migratory lifestyle,
are known to settle in shallow waters of coastal areas and
fjords (Lgken et al. 1994). After 2 years, these specimens
start a vertical separation, and adult specimens can be found
in deeper waters of up to 500 m (Bakketeig and Bakketeig
2018). In NCC a connection between increasing genetic
differentiation and geographic distance has been shown by
Dahle et al. (2018).

Origin of specimens

In Kongsfjorden, hydrographic conditions and sea ice show
an inter-annual variability. Advection of seawater from the
WSC leads to generally increasing water temperatures and is
influencing food availability (Cottier et al. 2007; Hop et al.
2002, 2019; Hegseth et al. 2019). This might open an eco-
logical window of opportunity for the Atlantic cod to estab-
lish a permanent non-migratory population. Iversen (1934)
reported Atlantic cod in the spawning stage at Isfjorden bank
and around Bear Island during the last Arctic warm period
from 1920 to 1940. He also reported age class 0+ specimens
at Grgnfjorden on Svalbard and mentioned that sporadic
spawning seemed to occur close to Isfjorden and in the Bear
Island area. However, he stressed that the largest number of
Atlantic cod in Svalbard waters was likely associated with
the spawning grounds off the coast of Norway. Andrade
et al. (2020) suggest that a NEAC population has established
itself in Isfjorden and Kongsfjorden and that specimens in
Isfjorden show limited local movement which is typical for
NCC. NCC and NEAC both spawn at some adjacent loca-
tions along the Norwegian coast, and eggs and larvae can
be subject to the same processes of transport and dispersal
(Brander 2005). Therefore, eggs and larvae in Kongsfjorden
could be transported via the Norway Coastal Current and
WSC toward Svalbard and Kongsfjorden. Recent studies
by Spotowitz et al. (2022) show that specimens of NEAC
and NCC can be found in fjords on Svalbard. These NCC
specimens were found in age class 0+ and adult form and
showed genetic differences to NCC on the Norwegian coast.
This indicates a separation into a Svalbard CC population.
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Outlook

It is likely that the shallow water zone of Kongsfjorden can
provide a nursery and foraging habitat for Atlantic cod, ena-
bling growth rates comparable to conspecifics in the Barents
Sea, as described in Brander (2005). The origin of Atlantic
cod in Kongsfjorden is less clear than in the past because a
mix of NEAC, NCC, and potential local forms need to be
considered. For a better understanding of the current state
and further development of the Atlantic cod population in
Kongsfjorden, regular monitoring seems worthwhile. To
differentiate between populations of Atlantic cod a mix of
genetic and otolith analyses as applied in Spotowitz et al.
(2022) seems to be reasonable. Automated underwater
observatories with hydrographic sensors and camera systems
can additionally provide valuable contributions. They allow
year-round monitoring of local fish populations and may
allow assessing the influence of the hydrographic regime on
abundances. The sampling in shallow water and deep-water
zones should be coordinated for a holistic assessment of the
local fish communities, as it must be understood that the
data of this study are strictly limited to 0—12 m water depth.
Recent research has shown that the northward expansion of
Atlantic cod might also affect the Greenland shelf (Strand
et al. 2017). A reasonable effort in monitoring should be
conducted to clarify the origins of these specimens as it
might provide valuable insights into the change in Arctic
fish communities.
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