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KEYWORDS Summary Over recent decades, the Arctic region has been subjected to rapid climate change
Arctic fish; stemming from global warming. The advance of Atlantic waters to high latitudes is notable. The
Multifrequency increased abundance of fish, such as cod (Gadus morhua) and haddock (Melanogrammus
acoustics; aeglefinus), has been reported near the western coast of Spitsbergen and entering fjords together
West Spitsbergen with Atlantic waters. This study used multifrequency acoustics to measure fish distribution and

abundance in 2013—2014 in two Arctic fjords, the colder Hornsund, which is typically of Arctic
character, and the warmer Kongsfjorden, which is more of Atlantic character. The study revealed
a bimodal fish size distribution with larger fish in the deep parts of fjords, and smaller fish
distributed in more shallow waters. An evident increase in the abundance of large fish, most
probably Atlantic cod, was observed in Hornsund and especially in Kongsfjorden in 2014 in
comparison to 2013. The intense inflow of Atlantic water on the shelf in 2014 is suggested as the
explanation for this phenomenon.
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1. Introduction
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et al., 2015). The warmer Atlantic waters of the West
Spitsbergen Current have shifted northward (Walczowski
et al., 2012; Walczowski, 2014). Consequently, there has
been a shift in ecological zones. The occurrence of increased
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abundance of fish such as cod (Gadus morhua) and haddock
(Melanogrammus aeglefinus) (Eriksen et al., 2015; Renaud
et al., 2012), and most recently Atlantic mackerel (Scomber
scombrus) (Berge et al., 2015), have been reported near the
western coast of Spitsbergen and in fjords. Furthermore, sub-
Arctic species such as capelin (Mollotus villosus) have extend
their distribution further north in warm years (Hop and Gjgsae-
ter, 2013). The increasing temperature in Svalbard fjords
supports the survival of fish species that are not typically
Arctic during the winter and provides better feeding condi-
tions during summer and autumn. Fossheim et al. (2015) and
Haug et al. (2017) recently documented the rapid northward
shift in the distribution of boreal fish communities in the
Barents Sea because of warming, and concluded that climate
warming is inducing structural change over large spatial scales
at high latitudes leading to a borealization of fish communities
in the Arctic. Similar conclusions can be drawn from a pub-
lication by Misund et al. (2016) who analyzed detailed data on
fisheries activity in the Svalbard zone since 1980 to show how
fisheries for different species have developed as the Arctic ice
sheet retreats and new waters open up for boreal fish species.
The results clearly indicate a northward trend in landings of
many fish species. All of these changes in hydrological condi-
tions and fish community structure are expected to have
significant consequences, mostly stemming from increased
risk of predation and food competition, for typically Arctic
species like the polar cod (Boreogadus saida) (Benoit et al.,
2014; Berge et al., 2015; Christiansen et al., 2012; Geoffroy
et al., 2011; Hop and Gjesaeter, 2013; Renaud et al., 2012).

This study focused on fish as a key component of
the marine ecosystem. Fish distribution and abundance were
measured in two hydrologically different Arctic fjords, the
colder Hornsund and the warmer Kongsfjorden. The main
measurement tool was acoustics (3-frequency echo sounder)
supported by net catches.

2. Study area

This study was conducted in two West Spitsbergen fjords,
Hornsund and Kongsfjorden, during cruises of r/v Oceania in
the summer seasons of 2013 and 2014, as a part of the GAME
(Growing of the Arctic Marine Ecosystem) project. Spitsber-
gen is the largest island of the Svalbard archipelago located
north of Norway. The area is influenced by two water masses.
Hornsund is regarded as a cold fjord, under the influence of
the South Cape Current, while Kongsfjorden is influenced by
warmer Atlantic waters carried by the West Spitsbergen
Current. The area of Hornsund is 275 km?, its volume is
25.7 km3, and its maximum depth is 260 m. The area of
Kongsfjorden is 209 km?, its volume is 40.5 km3, and its
maximum depth is 394 m. In addition to differences in tem-
perature, significant differences in fish prey species compo-
sition and size structure (Westawski et al., 2006) are also
observed between Hornsund and Kongsfjorden.

3. Material and methods

3.1. Survey design

Since Arctic expeditions are multidisciplinary, their scientific
programs are very extensive and time-consuming, which

means that the time planned for specific tasks is severely
limited. The typical acoustic survey design for fish distribu-
tion and abundance estimation (e.g., systematic zig-zag)
could not, therefore, be implemented, and it was necessary
to reduce the cruise track to a few sections. Acoustic surveys
were carried out together with continuous CTD measure-
ments. The main transect was planned along the fjord axis
extending from the mouth of the fjord to the easternmost
glacier, with two or three additional transverse transects
(Fig. 1a and b). A total of 66.7 nautical miles of acoustic
transects were sampled in Hornsund (40.6 nmi in 2013 and
26.1 nmi in 2014), while in Kongsfjorden the measurements
covered 53.7 nmi (27 nmi in 2013 and 26.7 nmi in 2014).

The technical specifications of concurrent CTD and acous-
tic surveys limited the ship speed to 3—4 knots. The speed
was further reduced to 1—2 knots when ice floes appeared in
the fjords.

3.2. Data acquisition

Acoustic data were collected with a Simrad EK60 split-beam
echo sounder operating at frequencies of 70, 120, and
200 kHz, and all three transducers with 7 degrees beam angle
at —3 dB. Acoustic transducers were mounted on a rigid
frame attached to the broadside of the vessel, approximately
1 m below the sea surface. All three echo sounders used a
256 ps pulse length, with 525, 200, and 120 W of power,
respectively. The ping rate was set to 2 s~ and pulse trans-
mission was synchronized for each transmitter. Calibration
was performed before the first season (2013) using the
standard target method (Foote et al., 1987). Acoustic signals
were collected with dedicated Simrad ER60 software and
stored digitally in raw format for later analysis in Echoview
and Matlab.

Fish were collected at two stations in Kongsfjorden (at
depths of 134 m and 52 m) between September 29 and Octo-
ber 4, 2013 during a cruise of the r/v Helmer Hanssen using a
bottom Campelen 1800 shrimp trawl (Fey and Westawski, in
this issue). The horizontal and vertical openings were 17 m
and 4-5m, respectively, and the door spread was about
45-50 m. The mesh size was 80 mm in the front and
22 mm in the cod end. The gear was towed at the bottom
for approximately 10—15 min, at 3 knots. More than 600 spe-
cimens of polar cod in the size range 6.1—24.3 cm and several
individuals of other small pelagic species were measured
(+1cm) and weighed (+1g). The only fish collected in
Hornsund were small demersal species and larvae caught
in a Tucker Trawl and several epibenthic sledge hauls in
August 2015.

3.3. Data pre-processing

Acoustic data were pre-processed in Echoview software
(Sonardata Pty Ltd.), which automatically delivered the
values of Sy (volume backscattering strength) integrated into
selected cells (distance by depth). Fish biomass calculations
were based on 70 and 120 kHz records, while 200 kHz echoes
were contaminated by the interfering ADCP signals and had
to be neglected. Multi-frequency analysis required all fre-
quency data to be unbiased from any noise (Korneliussen,
2000). A special algorithm for noise removal was developed
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and applied. To remove spike noise, the samples in each ping
were compared to the same-range samples in the previous
and following pings. If the ping-to-ping difference was
greater than 10 dB, the value of the sample was replaced
with the value of the previous sample. The threshold of 10 dB
was determined after visual inspection of echograms before
and after spike removal. “Second bottom reflections” were
removed. Finally, the difference between volume backscat-
tering strength recorded at 120 and 70 kHz, Sy 120 — Sv,70, Was
used to discern fish from other scatterers, mainly zooplank-
ton. Based on the fact that in the range of 70—120 kHz fish
with swim bladder scatter more sound at a lower frequency
than at a higher one (Pedersen and Korneliussen, 2009) and
that scattering on zooplankton shows a reverse tendency, all
the samples with the difference Sy, 120 — Sy,;70 > 0 were clas-
sified as “no fish” and were removed from the 70 kHz echo-
gram.

The effectiveness of the algorithm for removing noise and
zooplankton contributions was tested by calculating the
differences in ASy between backscattering strength before
and after correction. This was performed at 0.1 nmi intervals
for all longitudinal and transverse transects in both fjords and
seasons. An example is presented in Fig. 2 showing the
histogram of AS, for Kongsfjorden in the 2014 season. The
median of this distribution is 1.69 dB. Considerably higher
median values of ASy were obtained for the three other

median = 1.69
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%

Figure 2 Histogram of differences between raw and corrected
values of backscattering strength Sy — Sy,1 obtained in Kongs-
fjorden in 2014.
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Acoustic transects in West Spitsbergen fjords: (a) Kongsfjorden (north) and (b) Hornsund (south).

cases: 6.37 for Kongsfjorden2013, 3.79 for Hornsund2013,
and 2.76 for Hornsund'2014. This was probably the result of
the more serious contamination (mainly electrical) of the
echo signals obtained.

3.4. Computational algorithms for fish
abundance, biomass concentration, total fish
biomass

The volume backscattering strength is the logarithmic mea-
sure of the volume backscattering coefficient. They are
related as follows (Medwin and Clay, 1998):

(Sv) = 10log(sy). (1)

In the case of bimodal fish size distribution, the back-
scattering coefficient can be expressed as (Simmonds and
MacLennan, 2005):

Sv =Sva1 +Sva = (f1 +f2)sv, (2)

where f; and f, — weighting coefficients; f;+f,=1 and
numerical concentration of the ith fish size class (Nakken
and Dommasnes, 1977):

(sva) _ ¢ (V)
(obsi) ' (obsi)’
where oy is the backscattering cross section of individual
fish.

Biomass concentration estimates were derived by
multiplying numerical concentration by the mean weight
of acoustically detected fish of the ith size class:

Mi = Npisn iWi. 4)

Nfishi = (3)

The weight-length dependence for fish was adopted as:
W(L) = AL®, (5)

where W is fish weight in g, L is fish length in cm. A = 0.008,
B=3.05 for Atlantic cod was taken from the literature
(Wigley et al., 2003). These values for polar cod were based
on our own trawl catch and were calculated with linear
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regression at A = 0.005, B = 3.04, R =0.98. The length of the
analyzed fish was in the range of 6.1—24.3 cm.

Calculating fish target strength TS was done with Echo-
view single echo detection and the fish tracking tool. The fish
tracking criteria were as follows: minimum number of single
targets in a track — 3; minimum number of pings in track — 3;
maximum gap between single targets — 2. This delivered the
TS distribution, and its depth dependence. When there was
bimodal TS distribution, weighting coefficients f{ and f,
(expression (2)) were determined.

The fish target strength dependence on fish length was
adopted as:

TS(L) = mlog(L) + b, (6)

where L is fish length in cm, m =21.8, b = —72.7 dB for polar
cod (Benoit et al., 2008) and m = 20, b = —68.9 dB for Atlantic
cod (Simmonds and MacLennan, 2005), which were the two
most abundant species occurring in the study area.

Because target strength is equivalent to fish length, the
size of individuals or the dominant size of the fish could be
determined.

The fish biomass for each integration interval was deter-
mined using the relationship between the weight of fish and
its length (5) and between TS and fish length (6).

Volume backscattering strength values Sy extracted from
the cleaned 70kHz data, integrated horizontally over
0.5 nmi and vertically by 5m depth layers, were used to
visualize the depth distribution of fish biomass along each
transect.

Sy values obtained for the entire water column were
integrated horizontally over 0.1 nmi to determine fish con-
centration, abundance, and total biomass. Sampled volume
was also calculated in each interval, so the product of
biomass concentration and sampled volume resulted in the
total mass of fish. Finally, the sum of biomass calculated for
all transects of the fjord and the knowledge of the total fjord
volume permitted approximating the total tonnage of fish in
the fjord.

4. Results and discussion

Target strength distribution determined for each fjord and
each year using the fish tracking tool combined with target
strength dependence on fish length permitted finding the
dominant fish size in any specific situation. In the first
research season (2013), in Hornsund, unimodal TS distribu-
tion was obtained (Fig. 3a), while in Kongsfjorden analogous
distribution was bimodal, with a relatively high number of
small fish in comparison to large ones (Fig. 4a).

Hornsund was dominated by fish with a TS mean = —
54.12dB (fish length =~7.1 cm) occurring to a depth of
200 m (Fig. 3b). In Kongsfjorden, the TS mean of small
fish = —54.87 dB, which corresponded to a L =2 6.6 cm, while
the TS mean for large fish = —32.89 dB, which corresponded
to L =80 cm. Small fish, most likely polar cod, with TS < —
45 dB, occurred in shallow layers to a depth of 200 m, while
large Atlantic cod with TS > —40 dB occupied the lower part
of the water column below 200 m.

This situation changed radically in summer 2014, when
very large Atlantic cod with TS > —40 dB (up to 1 min length)
appeared in Hornsund (Fig. 5a), and the proportions of the TS

a Hornsund 2013
15 . . .

10

% share

E
€20
300 - . . ; : .
70 -60 -50 -40 -30
TS [dB]
Figure 3  (a) TS distribution obtained for Hornsund in 2013. (b)

Depth distribution of TS values measured in Hornsund in 2013.
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Figure 4 (a) TS distribution obtained for Kongsfjorden in 2013.
(b) Depth distribution of TS values measured in Kongsfjorden in
2013.

bimodal distribution in Kongsfjorden changed with large fish
predominating in number over small ones (Fig. 6a). Large fish
also appeared in more shallow water than they had a year
earlier (Fig. 6b).

Generally, except for the first season (2013) with hardly
any large fish in Hornsund, bimodal TS distributions were the
most common, with distinct local maximums of small and
large fish.

The mean values of TS for one or both modes are pre-
sented in Table 1. They were used in fish abundance compu-
tations (formulae 2 and 3).

Because of fish mobility, we decided to apply the general
TS distribution, which was universal for the entire fjord in
each season, in the final computations instead of separate TS
distributions for individual transects.
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(b) Depth distribution of TS values measured in Hornsund in 2014.
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(b) Depth distribution of TS values measured in Kongsfjorden in
2014.

Fig. 7a presents an example of fish biomass distribution in
the external transverse transect of Kongsfjorden in 2014. The
maximum biomass is concentrated in the deep water of
the fjord, and a distinct fish layer exists at a depth of

100 m. The dependence of fish target strength on depth
for the same transect is presented in Fig. 7b. Deep-water
fish are probably large Atlantic cod grazing close to the
bottom. Comparisons with trawl catch data indicate that
the small fish are mainly polar cod with an admixture of
capelin, while the large fish are Atlantic cod with an admix-
ture of haddock.

TS means calculated for the individual modes can be
attributed to the dominant size of fish in clusters. According
to formula (6), small fish TS values correspond to a fish length
of 7—8 cm. Minimum TS values (—70 dB) correspond to a fish
length of 1 cm. The polar cod in the current study measured
to determine the relationship TS(L) were caught in Septem-
ber 2013, and they were all longer than 6.1 cm. Nevertheless,
during the polar expedition of 2015, polar cods as short as
13—23 mm were caught in the upper 20 m water layer.

The combination of acoustic methods and net-captured fish
analysis suggests that the dominant species observed during
this study was polar cod. Although significant differences in
polar cod vertical distribution can occur depending on time
of year, area, and environmental conditions such as food
availability, the presence of predators, or light intensity
(Benoit et al., 2010), the general pattern of smaller specimens
occurring in shallow waters and large ones distributed in
deeper layers is the most common for this species (Benoit
etal., 2010, 2014, Falk-Petersen et al., 1986). This pattern of
size-dependent vertical distribution was found in the present
work in both 2013 and 2014. However, fish size differences
among different depths are related not only to the behaviour
(e.g., migrations) of polar cod, the most common species in
Svalbard fjords, but also to the presence of other speciesin the
same water masses. The large fish measuring up to 1m
observed in the present research must have been Atlantic
cod. Although its presence in Svalbard fjords is not surprising
(Renaud et al., 2012), especially in Kongsfjorden which is
under strong Atlantic water influence, this is still not an
ordinary situation.

The total fish biomass estimated for 2014 was 35 tonnes in
Hornsund and 241 tonnes in Kongsfjorden, and the fish density
was 1.4 x 103 gm~> and 6 x 1073 gm~3, respectively. The
abundance of Atlantic cod in Spitsbergen fjords in 2014 com-
pared to that in 2013 was related to the intense influx of
Atlantic water on the shelf in that year. The water tempera-
ture in both fjords was higher than the long-term average
(2001—2015) by almost 1.5 degrees, and Atlantic water had
the greatest reach in this period. It filled almost the entire
water column in Kongsfjorden, from 20 m down to 250 m
(Prominska et al., 2017). The northward expansion of
the distribution of large predatory species such as Atlantic
cod is a consequence of the warming observed in the Arctic

Table 1 Weighting coefficients f and mean TS for small and large fish in both fjords in both years.
Area/year Small fish Large fish

fi TS fa TS,
Hornsund'2013 1 —54.12 0
Hornsund'2014 0.823 —52.66 0.177 —35.69
Kongsfjorden2013 0.914 —54.87 0.086 —32.89
Kongsfjorden2014 0.237 —53.79 0.763 —32.51




590

depth [m]

J. Szczucka et al./Oceanologia 59 (2017) 585—591

fish density
g/1000 m3

b TS [dB]
0 —
) :-....- .._...: e . : .5 . . -20
50 - . "
. . ' -30
100, T e gmar B, R 4
E - am e gl . . -40
£ 150 I : .
g a
200 - . -50
$ V' v
250 e, e, b - -60
300 L 1 S aers e
1 2 3 4

distance [nmi]

Figure 7

(a) Fish biomass along the external transverse transect of Kongsfjorden in 2014. Sy integrated horizontally over 0.5 nmi and

vertically by 5 m depths. (b) Fish target strength vs depth for the same transect.

that is leading to structural changes in and the borealization
of fish communities (Fossheim et al., 2015). The consequences
of these changes are difficult to predict because of the
complexity of the processes such as increasing food competi-
tion and predation (Hop and Gjgsaeter, 2013; Renaud et al.,
2012) among typical Arctic species like polar cod and incoming
species like Atlantic cod, haddock, mackerel, and capelin.
The intensity and mechanisms of competition and predation
will vary significantly not only among fjords, but also at
different times of the year. It should be remembered that
these mechanisms also involve higher level predators such as
birds and mammals, and polar cod is an important, valuable
food source in this food chain component (Crawford and
Jorgenson, 1996; Harter et al., 2013; Weslawski et al., 1994).

To sum up, the results presented here provide another
example of size-related differences in the vertical distribu-
tion of polar cod, and the northern migration of typical
Atlantic species such as Atlantic cod into Svalbard fjords
as a consequence of environmental warming and the inflow
of warm Atlantic waters into fjords.
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