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O C E A N O G R A P H Y

Unexpected fish and squid in the central  
Arctic deep scattering layer
Pauline Snoeijs-Leijonmalm1*, Hauke Flores2, Serdar Sakinan3, Nicole Hildebrandt2, 
Anders Svenson4, Giulia Castellani2, Kim Vane2, Felix C. Mark2, Céline Heuzé5, 
Sandra Tippenhauer2, Barbara Niehoff2, Joakim Hjelm4, Jonas Hentati Sundberg4,  
Fokje L. Schaafsma3, Ronny Engelmann6, The EFICA-MOSAiC Team†

The retreating ice cover of the Central Arctic Ocean (CAO) fuels speculations on future fisheries. However, very 
little is known about the existence of harvestable fish stocks in this 3.3 million–square kilometer ecosystem 
around the North Pole. Crossing the Eurasian Basin, we documented an uninterrupted 3170-kilometer-long deep 
scattering layer (DSL) with zooplankton and small fish in the Atlantic water layer at 100- to 500-meter depth. Diel 
vertical migration of this central Arctic DSL was lacking most of the year when daily light variation was absent. 
Unexpectedly, the DSL also contained low abundances of Atlantic cod, along with lanternfish, armhook squid, 
and Arctic endemic ice cod. The Atlantic cod originated from Norwegian spawning grounds and had lived in Arctic 
water temperature for up to 6 years. The potential fish abundance was far below commercially sustainable levels and 
is expected to remain so because of the low productivity of the CAO.

INTRODUCTION
The Arctic region is the most rapidly warming part of Earth (1). As 
a consequence, the marine ecosystem around the North Pole, the 
Central Arctic Ocean (CAO), is in fast transition from a permanently 
to a seasonally ice-covered ocean (2). This implies a huge environ-
mental modification of Earth’s northernmost ecosystem, which 
consists of deep intercontinental basins and submarine ridges 
covering an area of 3.3 million km2 (Fig. 1A) (3). Increasing acces-
sibility to the CAO in the near future is expected to affect ecological 
and social dynamics, including the possible onset of commercial 
fisheries. However, the lack of data on pelagic fish stocks beneath 
the sea ice cover impedes any assessment of the sustainability of 
potential future fisheries in the CAO (4–6).

Since mesopelagic nekton (actively swimming organisms) plays 
a key role in controlling carbon flux and nutrient dynamics in other 
marine ecosystems (7), closing this knowledge gap for the CAO is 
crucial for predictions of future ecological change, as well as for 
conservation and resource management. Traditional fishery assess-
ments are based on trawling and hydroacoustics in combination. 
While trawled nets cannot be applied in the CAO today due to its 
up to ca. 3-m-thick ice cover, acoustic data collection is also 
problematic because hydroacoustic backscatter from organisms 
is distorted by the noise from icebreaking. Thus, as a result of 
uncompromising logistical difficulties in studying nekton and 
macrozooplankton, marine biological studies in the water column 
of the CAO have focused on lower trophic levels, from microbes to 
mesozooplankton.

The possibility of future resource exploitation in the high seas 
portion of the CAO (Fig. 1A), i.e., international waters outside 
national jurisdictions, is debated at national and international political 
levels. Usually, exploitation of newly accessible natural resources 
tends to precede scientific research and management measures, and 
internationally shared fish stocks in high seas are especially prone to 
overexploitation (8). However, taking a precautionary approach, 
nine countries and the European Union negotiated the Agreement to 
Prevent Unregulated High Seas Fisheries in the Central Arctic Ocean 
(www.fao.org/faolex/results/details/en/c/LEX-FAOC199323) that en-
tered into force on 25 June 2021. This agreement prevents any com-
mercial fishing for at least 16 years to come and puts “science first,” 
warranting scientific assessments of the status and distribution of pos-
sible fish stocks in the CAO and the ecosystem supporting them (9).

Horizontal zones with living organisms (zooplankton and 
nekton), so-called “deep scattering layers” (DSLs) detected as acous-
tic backscatter by an echosounder, are widespread in the World’s 
oceans (7, 10) and could be driven to the poles by climate change 
(11). Animals causing DSLs typically perform diel vertical migration 
(DVM) in response to diurnal changes in sunlight to avoid visual 
predators during the day. DVM is a fundamental component of 
the biological carbon pump that transports carbon from the atmo-
sphere and land runoff to the deep ocean (7, 10). Thus, oceans 
without a biological carbon pump would result in much higher 
carbon dioxide levels in Earth’s atmosphere than we have today. 
The first observations of the existence of a central Arctic DSL were 
made from the Swedish icebreaker Oden in summer 2016 (12). This 
DSL was situated at mesopelagic depths (300 to 600 m) in the Atlantic 
water layer of the CAO in summer and had its highest density 
around the North Pole. The 13 hydroacoustic stations studied were 
widespread in the CAO (Canada, Makarov, Amundsen, and 
Nansen Basins), but hydroacoustic measurements were limited to, 
on average, only 6 hours per station, and no fish were sampled. The 
central Arctic DSL could (partly) be a continuation of the mesopelagic 
DSL reported from the area immediately south of the CAO up to 
82.1°N (13–15) and across the entire Fram Strait at the Atlantic 
gateway to the Arctic Ocean (16).
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Besides anecdotal reports of unidentified pelagic fish from 
submarine windows in the 1950s and 1960s (17), fish observations 
in the CAO have been restricted to the sympagic (ice-associated) 
and benthic habitats. A well-known phenomenon is the occurrence 
of sympagic juvenile polar cod (Boreogadus saida) at the ocean 
surface (18, 19), while ice cod (Arctogadus glacialis) has rarely been 
reported from the same habitat down to 25 m of depth (18), as well 
as by seismic blasts set off at 15 m of depth on the edge of the CAO 
near the Chukchi Plateau (Fig. 1B) (20). There is some confusion 
about the vernacular names for these two Arctic endemic gadoids. 
This paper follows the translation of the scientific name into the 
vernacular name, i.e., “ice cod” for A. glacialis, and “polar cod” 
for B. saida, since “Arctic cod” is commonly used for Atlantic cod 
(Gadus morhua) belonging to the Arcto-Norwegian cod stock.

Some other commercial species inhabiting Arctic continental 
slope areas, such as Greenland halibut (Reinhardtius hippoglossoides) 
and beaked redfish (Sebastes mentella), are considered candidates 
for moving northward to the deep central Arctic basins with further 
climate change (6, 17). However, the probability of fish stocks to 

establish themselves in the CAO depends on factors such as food 
availability and possibilities for successful reproduction and re-
cruitment of juveniles, i.e., factors that at present are still unexplored 
for the CAO (21, 22). Fourteen other fish species reported from the 
CAO are noncommercial species living in and on muddy bottoms 
such as snailfishes (Liparidae) and eelpouts (Zoarcidae) (6). With 
respect to cephalopod nekton, only five individuals of the Boreo- 
Atlantic species armhook squid (Gonatus fabricii) have so far been 
reported from shallower water above ridges in the CAO, but not 
from the deep basins (Fig. 1B) (23, 24).

The international MOSAiC expedition (https://mosaic-expedition.org) 
with the German icebreaker Research Vessel Polarstern (https://
jlsrf.org/index.php/lsf/article/view/163/pdf_1) in 2019–2020 provided 
a unique possibility to collect continuous data over 8 months along a 
3170-km-long track crossing the Eurasian Basin of the CAO (Fig. 1). 
Since this was a drift expedition with the icebreaker moored to an 
ice floe, acoustic signals were not disturbed by icebreaking. We 
applied three field approaches to studying the mesopelagic nekton 
along this track: hydroacoustics, video recording, and stationary 

Fig. 1. Maps of the CAO. (A) Geographical map showing the 3170-km-long track during legs 1 to 3 of the MOSAiC expedition (orange line). The starting point for the 
acoustic measurements was at 85.1oN, 136.5°E (1 October 2019), and the end point was at 82.4°N, 8.3°E (27 May 2020). The yellow line represents the border of the CAO 
marine ecosystem as defined by the Arctic Council (3). The white line represents the border of the high seas portion of the Arctic Ocean, i.e., the area outside the Exclusive 
Economic Zones of the five coastal states. The background map was extracted from the International Bathymetric Chart of the Arctic Ocean, version 3.0 (70); bathymetric 
colors indicate meters below mean sea level. (B) Map of the CAO, showing the locations where fish were sampled (white circles, areas F1 to F3) or where fish and armhook 
squid were recorded on video (yellow circle, only fish; mixed yellow and green circle, both fish and squid; green circle, only squid), along the track [orange line, cf. (A)]. 
Station X, additional acoustic data collection (orange X) and additional fish sampled (white X) during leg 4 of the MOSAiC expedition at the Yermak Plateau south of the 
track. Triangles show all previously published records of pelagic nekton in the CAO (i.e., excluding sympagic polar cod at the sea surface and benthic species) and 
the recording year. The white triangles show all previously published records of ice cod in the upper 25-m water layer (18, 20). The pink and green triangles inside 
the CAO show all records of juvenile and adult armhook squid, respectively (23, 24, 52). The green triangles outside the CAO show video records of armhook squid in the 
Beaufort Sea (50).
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fish sampling. With this data collection, we aimed to seize the extent 
and the horizontal and vertical variability of the central Arctic DSL 
across the Eurasian Basin and to assess the distribution of fish and 
squid beneath the permanent pack ice of the CAO.

RESULTS
Hydroacoustic observations
Along the 8-month track of MOSAiC legs 1 to 3 (Fig. 1), we ob-
served a weak but consistent DSL at 100- to 500-m depth (Fig. 2) 
using an analytical threshold of −65 dB. The ship was continuously 
drifting with the sea ice, except during the last 10 days of the track 
when it was steaming to Svalbard. The backscatter from the DSL 
depicted acoustic tracks of individual targets with a target strength 
(TS) of −45 to −50 dB at 38 kHz, but in area F1 (Fig. 1B), echoes from 
larger objects (TS around −40 dB) were detected at an approximate 
rate of two objects passing under the ship per hour. These larger 
objects mainly occurred in the lower part of the DSL. The density of 
the DSL varied along the track (fig. S1). On the Siberian side of the 
Amundsen Basin, the daily mean nautical area scattering coeffi-
cient (sA) ± SD at 38 kHz was 1.19 ± 2.05 m2 nautical mile−2 from 
1 October 2019 to 22 February 2020 (n = 144 days). This is 18 times 
higher than that on the Fram Strait side of the Amundsen and 
Nansen Basins (0.07 ± 0.10 m2 nautical mile−2) between 23 February 
and 14 May (n = 82 days). We trust that the difference in sA be-
tween the two areas was not caused by an effect of water tempera-
ture on echosounder gain since the temperature difference between 
the two areas was negligible: from 1 October 2019 to 22 February 
2020 [46 conductivity, temperature, and depth (CTD) casts], mean 
temperature ± SD = −0.8° ± 1.0°C at 0- to 200-m depth and 

+1.2° ± 0.1°C at 200- to 500-m depth; from 23 February to 24 May 
2020 (14 CTD casts), −1.0° ± 1.0°C at 0 to 200 m and +1.2° ± 0.3°C 
at 200 to 500 m. The transition between the two areas was charac-
terized by an abrupt decrease in sA values near 88.6°N, 64.5°E. In the 
end of May, when the MOSAiC ice floe approached the inflow 
region of Atlantic water to the Arctic Basin near 83.3°N, 9.3°E, the 
sA suddenly rose by a factor of >1000 to values around 100 m2 
nautical mile−2. The density of the DSL in the CAO (Fig. 3, A and B), 
including that in the Atlantic inflow region (Fig. 3C), was much 
lower than that on the continental shelf as illustrated by hydro-
acoustic data from one station on the Yermak Plateau south of the 
studied track (station X; Figs. 1 and 3D).

The highest sA values were associated with water temperature 
above 0°C and salinity above 34 (Fig. 4), confirming that the DSL 
was located in the Atlantic water layer. We found two patterns in 
the vertical distribution of the DSL: (i) A distinct stable difference in 
DSL depth between the polar night when the sun never rises and the 
polar day when the sun never sets. The DSL was in the upper part of 
the Atlantic water layer (100 to 250 m) in the total darkness of the 
polar night between October and March, and it was in the lower 
part of the Atlantic water layer (300 to 500 m) in the constant light 
of the polar day in April to May (Fig. 2). Neither during the polar 
night nor during the polar day, there was any sign of DVM. (ii) A 
clear manifestation of DVM in the two brief (ca. 3 weeks long) 
twilight periods between the two high Arctic seasons with variation 
in sunlight within 1 day (in October and March) (Fig. 5).

Fish sampled in the DSL
We deployed 35 longlines and >300 fishing rods with three different 
hook sizes and two different baits (shrimp and squid) between 

Fig. 2. The central Arctic DSL and fish records along the track of MOSAiC legs 1 to 3 (data S1). The graph shows the vertical distribution of the nautical area scat-
tering coefficient (sA) in the water column at 11 to 600 m of depth between the starting point of the track (1 October 2019) and its end point (27 May 2020). Black vertical 
lines represent short periods with no acoustic data collection. The arrows denote the time when fish was sampled in the DSL (black arrows) or observed on video record-
ings with the FishCam (red arrows). The FishCam was deployed at 375 ± 1 m of depth from 23 October to 7 November 2019 and at 213 ± 2 m of depth between 12 December 
2019 and 11 March 2020. During other times along the track, the sea ice was too dynamic for deployment of the FishCam.
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28 October 2019 and 19 May 2020, covering the DSL depth range as 
measured by the echosounder on the day of deployment (table S1). 
We are confident that these fish did not follow the bait down but 
actually were living in the DSL because the 38-kHz acoustic data 
showed that no fish-sized organisms occurred in the water column 
above the DSL (Fig. 2). Together, this extensive effort yielded 15 
pelagic fish individuals from the DSL (Table 1). The fishing method 
did not affect catch success; eight fish were collected with longlines 
(table S1) and seven were collected with fishing rods. All fish were 
caught with the smallest hooks (Mustad 92247 Beak 4) and with 
squid as bait. Four of the fish were collected in October to November 
in area F1 (Figs. 1B and 2) in the central Amundsen Basin at 85.7°N 
to 86.0°N and 350 to 400 m of depth: three 43- to 68-cm-long Atlantic 
cod (Fig. 6, A to C) and one 33-cm-long ice cod (Fig. 6D). The 
other 11 fish were collected in May in area F3 (Figs. 1B and 2) in the 
inflow region of Atlantic water to the Arctic Basin near the Yermak 

Plateau at 82.4°N to 83.3°N and 150 to 400  m of depth. These 
included three 32- to 57-cm-long Atlantic cod (Fig. 6, E to G), six 
31- to 67-cm-long haddock (Melanogrammus aeglefinus), and two 
40- to 54-cm-long beaked redfish (S. mentella).

In addition to the 15 pelagic fish, one 25-cm-long black seasnail 
(Paraliparis bathybius), a deep water demersal (bottom-feeding) 
fish of no commercial interest, was collected with a 1-m-diameter 
150-m-mesh zooplankton ring net towed between 2000 and 200 m 
of depth at 87.5°N, 95.1°E (area F2; Figs. 1B and 2). Despite the large 
sampling effort, no pelagic fish were caught in the region with low 
backscatter on the Fram Strait side of the Amundsen and Nansen 
Basins (Figs. 1B and 2). However, in the water column above the 
Yermak Plateau (station X just south of the CAO; Fig. 1B), another 
42 fish were sampled in the DSL with longlines and fishing rods 
(33 haddock, 7 Atlantic cod, and 2 beaked redfish) during 
MOSAiC leg 4.

Fig. 3. Comparison of the density the central Arctic DSL in different regions along the track of MOSAiC legs 1 to 3. All four echograms include 1 hour of recording 
the nautical area scattering coefficient (sA) at 11 to 600 m of depth at 38 kHz. A red color (−50 to −40 dB) indicates larger (fish-sized) organisms or smaller organisms 
grouped together, and object size decreases from red via orange, yellow, and green to blue. (A) Area F1 in the central Amundsen Basin, 5 November to 6 November 2019, 
23:47 to 00:46 hours, 85.9°N, 117.9°E, showing a DSL at ca. 150 to 450 m. (B) Area F2 in the central Amundsen Basin, 1 February 2020, 15:16 to 16:15 hours, 87.4°N, 95.8°E, 
showing a very weak DSL at ca. 100 to 200 m. (C) Area F3 in the inflow region of Atlantic water to the Arctic Basin, 19 May 2020, 03:16 to 04:15 hours, 83.3°N, 08.8°E, showing 
a DSL at ca. 250 to 500 m with smaller aggregations of fish. (D) Continental shelf waters above the Yermak Plateau, 28 June 2020, 13:42 to 14:41 hours, 81.9°N, 09.4°E, 
(station X), showing a larger fish aggregation at ca. 200 m and a dense DSL at ca. 350 to 500 m.
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The length of the three Atlantic cod from area F1 in the central 
Amundsen Basin (55 ± 12 cm; Fig. 6, A to C) did not differ signifi-
cantly (t test, P = 0.17) from that of the three fish from area F3 in the 
inflow area of Atlantic water to the Arctic Basin (45  ±  12 cm; 
Fig. 6, E to G). Neither did the Fulton’s condition index (K) of 
the fish differ significantly (t test, P  =  0.27) between area F1 
(K = 0.72 ± 0.12) and area F3 (K = 0.82 ± 0.24).

Population genetic analyses showed that of the six 3- to 6-year-old 
Atlantic cod from areas F1 and F3 (Fig. 6, A to C and E to G), five 
displayed the homozygotic Pan IBB genotypes of the North-East 
Arctic cod (NEAC), which spawns along the northern coast of 
Norway. One specimen sampled in area F3 near the Yermak Plateau 
(MOSAiC fish ID number FR10054) displayed the heterozygotic 
Pan IAB genotype, a hybrid between NEAC and Norwegian coastal 
cod (NCC) (Table 1).

Measurements of δ18O in otolith increments of the six Atlantic 
cod revealed different life-history temperature reconstructions in 
fish from the two areas F1 and F3 (Fig. 7A). Two of the fish sampled 
in area F1 (MOSAiC fish ID numbers FR10002 and FR10003) had 
been exposed to cold waters typical of the Barents Sea surface water 
(1° to 2°C) during their early life stages. Fish FR10002 experienced 
warmer waters (4° to 6°C) resembling waters of the southern 
Barents Sea or west of Svalbard at ages 1 to 3 but showed a rapid 
movement into cold Arctic waters (0° to 1°C) in its past year. Fish 
FR10003 remained in cold water within the range of the northern 
Barents Sea and the Atlantic water layer of the CAO (1° to 2°C) and 
moved to even colder Arctic water (0° to 1°C) in the year of capture. 
The third fish from area F1 (MOSAiC fish ID number FR10027) 
had started out at higher water temperatures (>8°C), suggesting 
advection from the southern Norwegian Sea to the Fram Strait with 
warm surface currents, and ended up in the temperature range of 

the Atlantic water layer of the CAO (1° to 2°C). In contrast, the 
three fish from area F3  in the inflow region of Atlantic water 
(MOSAiC fish ID numbers FR10054, FR10055, and FR10058) had 
followed warm surface currents through the Fram Strait into the 
colder Arctic Ocean during their life time, but there was no indica-
tion that they spent longer periods in Arctic waters below 2.5°C 
(Fig. 7A).

High numbers of prey items in the stomach and intestines of 
all six Atlantic cod from areas F1 and F3 (Table 2 and fig. S2) indi-
cated that these fish had ingested substantial amounts of food be-
fore they were sampled. Fish parts (scales, otoliths, and fish bones) 
were identified in four of the six Atlantic cod, and one of them con-
tained squid beaks. The guts of the three Atlantic cod from the central 
Amundsen Basin (area F1) contained between 22 and 172 Themisto 
spp., indicating a diet almost exclusively consisting of pelagic 
amphipods. Most of the Themisto spp. that could be identified to 
species level belonged to the Boreo-Atlantic species Themisto abyssorum. 
In the guts of Atlantic cod from the inflow region of Atlantic water 
to the Arctic Basin (area F3), Themisto spp. were also present, but 
they were not dominant (1 to 4 Themisto specimens per fish). Rather, 
all three fish from area F3 contained numerous chaetognath hooks, and 
fish FR10054 also contained pteropods, gelatinous hulls, and nu-
merous green aggregates resembling appendicularian houses, sug-
gesting a more varied diet than in the central Amundsen Basin 
(Table 2).

Animals observed in the DSL
Together, four confirmed fish detections were made from quantita-
tively analyzing 180 video recording hours from an ice-moored 
deep-sea camera (“FishCam”) in the DSL, during six 5-day periods 
between 23 October and 7 November 2019 (at 375 ± 1 m of depth and 

Fig. 4. The relationship between acoustic backscatter and water properties along the track of MOSAiC legs 1 to 3 (data S2). First, all sA values in the entire dataset 
were averaged over 3.5-day intervals and 10-m-depth regular grid covering the water column between 0 and 600 m. A 3.5-day time interval was used because the potential 
temperature and salinity data were obtained from 60 CTD casts made in 207 days between 23 October 2019 and 17 May 2020 (on average, one CTD cast in 3.5 days). 
A 10-m-depth interval was used to include a reasonable number of sA values within one grid. Then, the maximum sA was selected from the 80 to 120 mean sA values that 
were available for each 0.01 salinity interval between 32 and 35 practical salinity units (psu). One-meter binned temperature was interpolated between the surface and 
600-m depth onto the same salinity intervals. The gray shading shows the temperature-salinity envelope, i.e., for each salinity the maximum and minimum temperature 
values. A low-pass filter was applied using a salinity cutoff of 0.03 psu. Curved dashed lines show potential density (in kilograms per cubic meter). Water mass temperature 
salinity envelopes differentiated by solid gray lines represent polar surface water (PSW), Atlantic water or modified Atlantic water (AW/mAW), and Arctic intermediate 
water (AIW).
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between 12 December 2019 and 11 March 2020 (at 213 ± 2 m of 
depth) (Figs. 1B and 2 and Table 3). During other times along 
the 3170-km-long track, the sea ice was too dynamic for deploy-
ment of the FishCam. One of the four fish (8 March 2020, 88.0°N, 
25.5°E) was tentatively identified as the glacier lanternfish Benthosema 
glaciale (Figs. 2 and 6I and movie S1). The other three confirmed fish 
could not be identified to species level because they moved too fast. 
One of these fish was of the size of a lanternfish (ca. 5 cm), and the 
other two were larger (ca. 15 cm; Fig. 2). From their behavior in the 
periphery of the video recordings (movie S1), we conclude that 
they seemed to avoid the 6000-lumen (lm) white light-emitting 
diode (LED) lights of the FishCam. Numerous further potential 

fish detections by the FishCam could not be confirmed due to the 
brevity of their appearance in the video recordings.

Armhook squid was common in the DSL. We identified >50 
specimens on the video recordings, of which 36 by quantitatively 
analyzing 180 video recording hours (Figs. 1B and 6H and Table 3). 
The northernmost record was from 7 February 2020 at 87.6°N, 93.8°E, 
a depth of 214.6 m and a temperature of 1.1°C at a 4419-m-deep 
station in the central Amundsen Basin. Of these 36 squids, 33 were 
adults of different sizes, and three were juveniles. On the video 
recordings, the squids appeared very active and displayed various 
behaviors (movie S2). The frequency of the squid appearing in the video 
recordings decreased along the track, from six to seven individuals 

Fig. 5. Light-dependent DVM of the DSL in the CAO during the two seasonal twilight periods. (A) Three days with DVM during the transient phase with diel changes 
in light intensity when the polar day changed into the polar night in October 2019. The average geographical position was 85.0°N, 135.7°E, and the on-board time was 
Coordinated Universal Time (UTC) +7 hours. (B) Three days with DVM during the transient phase with diel changes in light intensity when the polar night changed into 
the polar day in March 2020. The average geographical position was 86.9°N, 13.4°E, and the on-board time was UTC +1 hour.
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per day in October to December to 2.4 per day in February, in concert 
with the weakening of the acoustic backscatter of the DSL (Fig. 2). 
In contrast to the fish, the armhook squid seemed to be attracted by 
the white camera lights. However, when getting very close to the light, 
they often released squid ink and tended to bump into the FishCam.

Prey items for both fish and squid predators were available in the 
Atlantic water layer. Amphipods, the main prey of the three Atlantic 
cod and the ice cod in the central Amundsen Basin (Table 2), were 
abundant in the DSL in October to November (Table 3). The FishCam 
recorded 35 to 120 amphipods per hour, while shrimps (decapods) 

Fig. 6. Fish and squid sampled or recorded on video along the track of MOSAiC legs 1 to 3. (A to C) Atlantic cod from area F1. (A) FR10002. (B) FR10003. (C) FR10027. 
(D) Ice cod from area F1, FR10029. (E to G) Atlantic cod from area F3. (E) FR10054. (F) FR10055. (G) FR10058. (H) Armhook squid recorded on video, 16 December 2019, 
86.6°N, 116.5°E; depth, 211.6 m; temperature, 1.14°C; estimated body length, ca. 20 to 30 cm (extracted from movie S2). (I) Lanternfish, cf. Benthosema glaciale, recorded 
on video 8 March 2020, 88.0°N, 25.5°E; depth, 214.2 m; temperature, 0.68°C; estimated body length, ca. 5 to 10 cm. (extracted from movie S1). The total length of the 
sampled fish (A to G) is indicated in the photographs. Numbers (FR10…) are MOSAiC fish ID numbers (cf. Table 1).

Fig. 7. Temperature reconstructions and potential migration pathways of Atlantic cod to the CAO (data S3). (A) Life-history temperature reconstructions for the six 
sampled Atlantic cod (G. morhua). The numbers in circles denote the birth year (0) and age at time of capture (3 to 6) for each individual fish. Three specimens were collected 
in area F1 in the central Amundsen Basin (MOSAiC fish ID numbers FR10002, FR10003, and FR10027, all with blue lines) and the other three in area F3 in the inflow region 
of Atlantic water to the Arctic Basin (MOSAiC fish ID numbers FR10054, FR10055, and FR10058, orange, red, and yellow lines). Ambient temperatures were reconstructed 
using δ18O values measured in summer (s) and winter (w) increments of otoliths. The colored bars show temperature ranges of different water masses in the Arctic Ocean, 
and potential source areas for identifying possible migration routes of the six individuals during their life history: CAO AW, Atlantic water in the CAO; AIW/AMW, Arctic 
intermediate water or Atlantic modified water. Regional temperature ranges (50 to 200 m): NBS, northern Barents Sea; SBS, southern Barents Sea; NNS, northern 
Norwegian Sea; WFS, West Fram Strait. (B) Potential migration pathways of the three Atlantic cod sampled in area F1 to the CAO (white arrows) based on the temperature 
reconstructions in (A). The green line represents the 3170-km-long track (cf. Fig. 1). The colored arrows show the circulation in the subsurface Atlantic and intermediate 
layers of the Arctic Ocean (26).
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were less abundant with only 1.4 to 3.6 per hour. Further along the 
track, from December to March, amphipods were less abundant 
(7 to 15 per hour), while decapods remained at a similar level (1.0 to 
2.7 per hour).

Overall, copepods, chaetognaths, and jellyfish dominated the 
zooplankton community in the central Arctic DSL as observed in 
the video recordings. Among the jellyfish, we identified three spe-
cies of siphonophores: Dimophyes arctica, Rudjakovia plicata, and 
Marrus orthocanna (Table 3, fig. S3, and movie S3). We focused on 
siphonophores because the two physonect species, R. plicata and 
M. orthocanna, have gas inclusions in their pneumatophores and 
could potentially contribute to acoustic backscatter. The two smaller 
species, D. arctica and R. plicata, were common with maxima of 
23 individuals of D. arctica passing the video camera per hour in 
December and 21 individuals of R. plicata per hour in March. 
M. orthocanna was not observed in four of the six time periods 
studied and was recorded at much lower frequencies: 0.4 and 
0.3 per hour in January and March, respectively (Table 3). R. plicata 
and M. orthocanna are similar in shape, but M. orthocanna was 
usually about two to five times the size of the up to ca. 15-cm-long 
R. plicata (fig. S3). Six in situ measurements of the pneumatophores 
in physonect siphonophores showed that the pneumatophore volume 
varied between 0.05 and 0.62 mm3 (means ± SD = 0.35 ± 0.24 mm3, 
n = 6) (fig. S4). Assuming that the gas inclusion volume is one-third 
of the pneumatophore volume (25), the gas inclusion would have a 
mean equivalent spherical diameter (ESD) of 0.57  ±  0.16  mm 
(table S2).

DISCUSSION
The central Arctic DSL
Our acoustic data constitute the first coherent scientific hydro-
acoustic survey crossing the CAO. The weak but consistent DSL 
along the 3170-km-long track agrees with the central Arctic DSL 
that was found in summer 2016 at 13 discrete hydroacoustic stations 
over a transect from 84.4°N in the Nansen Basin, across the North 
Pole (90.0°N), to 82.4°N in the Canada Basin (12). The depth inter-
val of our summer DSL (300 to 500 m) matched that of the central 
Arctic DSL observed in summer 2016. The signals consisted of 
acoustic tracks of individual targets indicative of small mesopelagic 
fish or smaller organisms grouped together. However, in area F1, 
we additionally observed (very few) tracks indicative of larger 
targets that possibly could be Atlantic cod or ice cod since we caught 
these species in this area. In the earlier study (12), it was hypothe-
sized that the acoustic tracks of individual targets in the central 
Arctic DSL represented polar cod and/or ice cod with an average 
body length of 15.4 cm. This might be the case, but, unfortunately, 
the two 15-cm-long fish observed in our video recordings could not 
be identified to species level. Possibly, the smallest hooks we used 
for deep line fishing were still too large for catching these small fish, 
or they were not hungry or interested in the bait presented. In both 
studies, the central Arctic DSL was confined to the Atlantic water 
layer, and it was notably weaker on the Fram Strait side of the 
Amundsen and Nansen Basins. This reduction in acoustic backscatter 
coincided with decreasing zooplankton and armhook squid abun-
dances in our video recordings and appeared to be closely related to 

Table 2. Prey items identified in the guts of the seven sampled codfishes. The presence of food items in a fish gut (stomach and intestines combined) is 
indicated by “X” for areas F1 and F3 (Fig. 1B). For photographs of prey items, see fig. S2. 

Area Area F1 (central Amundsen Basin) Area F3 (Atlantic inflow)

Fish species G. morhua G. morhua G. morhua A. glacialis G. morhua G. morhua G. morhua

MOSAiC fish ID number (cf. Table 1) FR10002 FR10003 FR10027 FR10029 FR10054 FR10055 FR10058

Phylum (group) Taxon or item

Cnidaria (Hydrozoa) Hydromedusae X

Crustacea (Copepoda) Metridia longa X

Crustacea (Amphipoda)

C. guilelmi X X X

Themisto spp. X X X X X X X

Eusirus holmii X

Other Amphipoda X X

Crustacea (Decapoda) Shrimp parts X X X X

Mollusca (Pteropoda)
Clione limacina X

Limacina sp. X

Mollusca (Cephalopoda) Squid beaks X

Chaetognatha 
(Sagittoidea) Chaetognath parts X X X

Chordata (Appendicularia) Appendicularia parts X

Chordata (Actinopterygii)
Fish parts (scales, 
otoliths, and fish 

bones)
X X X X X

Number of different prey 
items 2 2 3 5 8 8 3
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the cooling and freshening of the Atlantic water layer after mixing 
with cold Arctic water when approaching the outflow area from the 
Arctic Basin to the Atlantic Ocean (26, 27).

The DVM of the central Arctic DSL during the two short seasonal 
twilight periods agrees well with the general concept of synchro-
nized shifts in depth distribution of pelagic scatterers in response to 
diel changes in light availability (7, 10). Similar to our results, DVM 
of the zooplankton in the upper 90-m surface layer near Svalbard 
(79°N to 82°N) persists into the polar night as long as some sunlight 
was still reflected at the horizon (28). This signifies a high sensitivity 
of the pelagic community to very subtle changes in light availability. 
However, under the constant light conditions of the polar day and 
the polar night, we found that DVM ceased. The same phenomenon 
was previously observed for zooplankton in the upper 60-m surface 
layer during the polar night very close to the North Pole (89°N) 
(29). In summer, avoidance of visual predation by diving mammals 
may be a possible reason for the central Arctic DSL to remain at 
depths below 300 m. However, the depth of the DSL is still within 
the diving reach of ringed seals (30), beluga whales (31), and 
narwhals (32). Hence, the DSL could support the survival of 
mammals in the North Pole area, including the hypercarnivorous 

polar bear. Lunar vertical migration of the central Arctic DSL, with 
surface zooplankton sinking down to ca. 50 m at full moon (33), was 
not observed in our acoustic dataset but cannot be excluded until 
more detailed analyses of the surface water layer acoustics are made.

Even if we provide evidence that the central Arctic DSL does 
contain fish, based on a combination of acoustics, visual observa-
tions, and fish samples, our data do not allow a detailed estimate of 
the density and biomass of particular fish species. The visual obser-
vations and samples are too few for such estimations, and acoustic 
signals resembling those of small mesopelagic fish may also be partly 
caused by the gas-filled pneumatophores of physonect siphonophores 
(25, 34). Backscatter from siphonophores would, in our data, be 
primarily attributed to the small (up to ca. 15 cm) species R. plicata 
and, to a minor extent, to the (in our analyses) very rare larger spe-
cies M. orthocanna. The latter is able to reach a colony length of up 
to 2 to 3 m (35), but the specimens we observed in the FishCam 
video recordings were much smaller (usually <30 cm). On the basis 
of the in situ measured mean pneumatophore gas inclusion size of 
0.57-mm ESD, we argue that the contribution of backscatter from 
siphonophores to our acoustic dataset is probably only marginal. The 
acoustic tracks of individual targets indicative of small mesopelagic 

Table 3. Abundance of nekton and selected zooplankton analyzed in the video recordings (data S4). Data were analyzed for six periods, each containing 
five successive days with uninterrupted video data collection, divided over the time period that the FishCam delivered data. The dominant zooplankton groups 
in all video recordings were copepods, chaetognaths, and jellyfish (not counted). Only zooplankton groups relevant for the present study were included in the 
quantitative analyses of the video recordings. These consisted of siphonophores (fig. S3) because some species (R. plicata and M. orthocanna) may contribute to 
acoustic backscatter, and amphipods and decapods because these were the dominant zooplankton food items identified in the fish guts (Table 2). 

Time period 24–28 Oct 2019 2–6 Nov 2019 13–17 Dec 2020 17–21 Jan 2020 5–9 Feb 2020 6–10 Mar 2020

Average geographical position

Average latitude (decimal °N) 85.48 85.91 86.61 87.45 87.64 87.96

Average longitude (decimal °E) 127.43 119.87 117.30 97.87 93.84 26.02

Average water depth (m) 4370 4315 4403 4030 4319 3722

Environmental data (calculated from the daily means ± SD, n = 5 days)

Deployment depth (m) 375.0 ± 1.1 375.2 ± 0.9 214.0 ± 1.4 213.8 ± 1.5 214.6 ± 0.1 213.3 ± 1.5

Drift speed ice floe (knots) 0.21 ± 0.09 0.22 ± 0.06 0.19 ± 0.10 0.19 ± 0.10 0.15 ± 0.04 0.28 ± 0.08

Water temperature (°C) 1.39 ± 0.02 1.33 ± 0.01 1.17 ± 0.02 1.13 ± 0.01 1.13 ± 0.01 0.61 ± 0.08

Salinity (psu) 30.3 ± 0.0 30.2 ± 0.0 30.0 ± 0.0 29.9 ± 0.0 29.9 ± 0.0 29.4 ± 0.1

Nautical area scattering 
coefficient (sA) 4.65 ± 3.07 7.90 ± 1.98 0.07 ± 0.07 0.45 ± 0.26 0.33 ± 0.20 0.06 ± 0.09

Number of organisms per screen 50–100 25–100 50–100 25–50 10–50 <10

Abundance nekton (fish and squid), average number of observations per hour of video recording

Number of hours analyzed 40 40 40 20 20 20

Fish 0.00 0.00 0.05 0.00 0.05 0.05

G. fabricii (armhook squid) 0.25 0.30 0.28 0.20 0.10 0.00

Abundance zooplankton, average number of observations per hour of video recording

Number of hours analyzed 10 10 10 10 10 10

D. arctica (siphonophore) 8.4 6.7 23.4 17.4 11.5 3.0

R. plicata (siphonophore) 2.0 0.8 5.8 7.6 8.2 21.3

M. orthocanna (siphonophore) 0.0 0.0 0.0 0.4 0.0 0.3

Amphipods 120.4 35.3 6.9 15.4 13.2 12.3

Decapods 1.4 3.6 1.2 1.0 2.7 2.4

Ratio amphipods/
siphonophores 11.6 4.7 0.2 0.6 0.7 0.5
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fish had a TS between −45 and −50 dB at 38 kHz. According to a 
theoretical model, a pneumatophore gas inclusion of 0.57 ESD would 
at 38 kHz have a TS of ca. −70 at 200-m depth and −85 dB at 500-m 
depth (12), i.e., below our analytical threshold of −65 dB. The 38-kHz 
backscatter strength of abundant zooplankton other than siphono-
phores was always below −65 dB. This applies also to armhook 
squid. Because of lack of gas inclusions and only a soft chitinous pen 
embedded in its body tissue, the squid would give much weaker 
echoes at 38 kHz than a similar-sized swim-bladdered fish. The 
predicted TS of a 10-cm-long squid in the mesopelagic zone would 
be around −80 dB, that of a 16.5-cm-long medusa would be around 
−90 dB, and that of a 1-cm euphausiid or a 1.5-mm copepod below 
would be around −120 dB (34). Hence, the expected TS at 38 kHz 
from squid and zooplankton was most likely too weak to obscure 
the backscatter of small mesopelagic fish.

The Atlantic water layer: A suitable habitat for pelagic 
nekton in the CAO
The unexpected occurrence of Atlantic cod and lanternfish and the 
unexpectedly wide distribution of armhook squid in the deepest 
Arctic Ocean Basin (the Amundsen Basin) suggest that the CAO 
may host many more Atlantic species than assumed before. This is 
possible because the Atlantic water layer provides a continuous 
pelagic habitat with suitable environmental conditions (temperature, 
>0°C) and food for the animals living in the central Arctic DSL, as 
well as connectivity between the deep Arctic basins. The circulation 
of Arctic water in the CAO can be seen as an extension of the Atlan-
tic habitat into the CAO in-between two colder (temperature, <0°C) 
upper and lower Arctic water layers. The Atlantic water layer is an 
integral part of ocean circulation in both the Eurasian and Amerasian 
Basins, but the two-branched inflow of warm and saline Atlantic 
water is roughly 12 km3  s−1 (26), more than 10 times larger in 
volume than the Pacific inflow to the CAO. Hence, the Atlantic 
water circulation can be considered a “vein of life” stretching from 
the Fram Strait and northern Barents Sea through all deep basins of 
the CAO. We showed that large aggregations of Atlantic predatory 
fish species (Atlantic cod, haddock, and beaked redfish) were stand-
ing at the Yermack Plateau near the Fram Strait gateway in May to 
June and partly enter the CAO with the Atlantic inflow. It is then 
not unlikely that these fish end up in the CAO with the Atlantic 
water circulation north of the Barents, Kara, and Laptev Seas, 
respectively, as we showed for Atlantic cod. We report here the 
northernmost records of three large Atlantic predatory fish, one Arctic 
endemic planktivorous/piscivorous fish, and one small Atlantic 
planktivorous fish typical of mesopelagic DSLs.

Atlantic cod
We sampled three healthy Atlantic cod in the central Amundsen 
Basin. This establishes that the Atlantic cod can migrate into the 
Arctic Basin as far as 86°N and 126°E, considerably extending its 
previously known northernmost and easternmost distribution 
limits. The earlier reported northernmost distribution of Atlantic 
cod is from around 77.3°N in Northeast (NE) Greenland waters 
(36) and 82.0°N in the northern Barents Sea (22), while its eastern-
most distribution includes single specimens found in the south-
western Kara Sea (around 70°E) during warm years (37). Two of the 
three Atlantic cod we sampled had a typical length at age (38, 39). 
However, the one fish that had been exposed to Arctic temperatures 
for its entire 6-year life time (FR10003) was 11 cm shorter than the 

other 6-year Atlantic cod (FR10027) that had spent only 2 years in 
Arctic temperatures, suggesting slower growth in colder tempera-
tures. In all three Atlantic cod, the Fulton’s condition index (K) was 
within the range known for Atlantic cod in the North Atlantic (40), 
exposing no indication of any prolonged resource limitation. This 
circumstance was confirmed by their well-filled guts, demonstrat-
ing that they survived by feeding on amphipods and small fish. An 
expansion of the Norwegian spawning stock of this Boreo-Atlantic 
species to the deep Arctic basins was so far not considered possible 
as the Atlantic cod was considered strictly shelf-associated (22, 41), 
i.e., it was assumed that a sojourn in the CAO would imply death. 
However, it was recently demonstrated that Atlantic cod can leave 
the shelf for an epipelagic life in the Fram Strait (42), and our results 
show that this species is able to survive outside the continental-shelf 
habitat even in the CAO.

In contrast to armhook squid (24), there is no evidence of a 
spawning population of Atlantic cod in the CAO. Rather, it must be 
assumed that the three specimens we sampled were immigrants 
because they were part of the NEAC stock. This population spawns 
along the coast of northern Norway, from where larvae and juveniles 
are advected to the Barents Sea or the Fram Strait west of Svalbard 
(43). On the basis of our life-history temperature reconstructions, 
we suggest two potential migration pathways of Atlantic cod from 
the known spawning areas of the NEAC stock into the CAO 
(Fig. 7B): (i) through the Barents Sea, as shown by persistent cold 
Arctic temperature exposure in fish FR10003, and (ii) through 
warmer waters west of Svalbard, as shown by the temperature 
profiles of fish FR10002 and FR10027. These two routes could 
support an Atlantic cod population in the CAO depending entirely 
on continuous immigration, as long as sufficient prey is available 
to sustain it.

Ice cod
The Arctic endemic ice cod we sampled at 85.9°N in the central 
Amundsen Basin could be expected this far north as this species has 
excellent adaptations to the cold Arctic environment (44). What is, 
however, notable with our observation is that it occurred far away 
from land at 350-m depth over a 4410-m-deep ocean basin because 
it has been assumed that ice cod is a shelf-associated species (45). 
On the Pacific side, sympagic ice cod has previously been caught at 
the edge of the CAO near the Mendeleyev Ridge by seismic blasts at 
ca. 15-m depth from the American drift station “Charlie” (77.1°N, 
December 1959) (20) and by baited hooks, nets, and a short gaff in 
the upper 25-m water column from the Soviet drift station “SP-16” 
(81.2°N, March 1969) (18). On the Atlantic side, ice cod has been 
reported from the area north of Svalbard up to 81.4°N (45) and up 
to 81.5°N in the North-East Water Polynya off NE Greenland (46). 
In the latter area, ice cod was the most abundant fish species, repre-
senting 44% of all fish caught, and was strictly planktivorous (46). 
The guts of our ice cod contained zooplankton but also some fish 
body parts, confirming earlier observations that ice cod is not 
strictly planktivorous and at a slightly higher trophic level than its 
relative the polar cod (47).

Lanternfish
Another northernmost record was established for a lanternfish 
(Myctophidae), tentatively identified from the video recording as 
glacier lanternfish. Myctophydae are small bioluminescent fish 
that typically occur in DSLs worldwide, where they contribute to a 

D
ow

nloaded from
 https://w

w
w

.science.org at Sw
edish U

niversity of A
gricultural Sciences on June 30, 2022



Snoeijs-Leijonmalm et al., Sci. Adv. 8, eabj7536 (2022)     18 February 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

12 of 17

large proportion of the biomass (7). They were thought to inhabit 
all oceans except the Arctic (48). However, two species, glacier 
lanternfish and rakery beaconlamp (Lampanyctus macdonaldi), have 
recently been reported from DSLs at the marginal ice zone north of 
Svalbard up to 81.6°N (13, 14). Our record from the Atlantic water 
layer at 88.0°N suggests that lanternfish can potentially occur up to 
the North Pole.

Haddock and beaked redfish
While our records of Atlantic cod extend far into the Eurasian 
Basin, we sampled two other large predatory fish species, haddock 
and beaked redfish, in the inflow area of Atlantic water to the Arctic 
Basin up to 83.3°N. This is further north than their known distribu-
tions of up to 81.2°N at the southern Yermak Plateau and around 
82.0°N in the northern Barents Sea (22, 42, 49). These two species 
were sampled, together with Atlantic cod, in combination with high 
acoustic backscatter in the inflow area and even higher backscatter 
at 81.9°N (station X) above the Yermak Plateau. High backscatter 
on the Yermak Plateau was also recorded in the first half of 
June 2017 (15). These data indicate that an overflow of northward 
migrating fish, standing at the gateway to the Arctic Ocean (at least 
in May to June), could constitute a source of Atlantic fish migrating 
into the CAO. With this in mind, it would not be unexpected if had-
dock and beaked redfish could sustain in the central Arctic DSL 
similar to Atlantic cod.

Armhook squid
Besides expected and unexpected fish, we found that the central 
Arctic DSL also hosts healthy armhook squid, and we conclude that 
squid probably constitutes a substantial part of the largely unknown 
nekton community of the CAO. On the Arctic shelves, armhook 
squid is the most abundant cephalopod (35, 50, 51). The habitat of 
our specimens was the central Arctic DSL over the >4000-m-deep 
Amundsen Basin at least up to 87.6°N, while the five previously 
recorded armhook squid in the CAO were found associated with 
submarine ridge areas. One 1.5-cm juvenile armhook squid was 
found in a plankton net tow at 500 to 300 m of depth on the 
Lomonosov Ridge (81.1°N; 1995) (Fig. 1B) (23). The other four pre-
viously recorded specimens were young and adult individuals from 
the Mendeleyev Ridge (79.6°N; 1962) and the Lomonosov Ridge 
(84.1° and 87.2°N; 1963 and 1968) (Fig. 1B) (24, 52). It is unknown at 
which depth these four specimens were living because they were 
found (half) dead floating at the water surface in ice holes. One of 
the ice hole squids was a postspawning female, demonstrating that 
this species is able to reproduce in the CAO (24). This latter obser-
vation, together with our records of >50 armhook squids in different 
life stages, suggests that a spawning population of this species in-
habits the CAO.

Ecological role of mesopelagic nekton in the CAO
The vertical carbon flux from the euphotic zone to deeper water 
driven by mesopelagic nekton (as part of the biological carbon pump) 
is very low in the CAO. This can be concluded from the combina-
tion of low acoustic backscatter and short twilight DVM time 
windows that characterizes the central Arctic DSL, in comparison 
with the much higher DSL backscatter and year-round DVM re-
ported from other oceans (7, 53). On the other hand, our results 
also disclose that the CAO does not differ much from all other 
oceans with respect to food web structure. We do not only confirm 

the widespread distribution of the central Arctic DSL dominated by 
a mixture of zooplankton, cephalopods, and small mesopelagic fish, 
but we also found that an additional trophic level, large predatory 
nekton (Atlantic cod and armhook squid), is part of the pelagic food 
web of the CAO. However, the contribution of large predatory 
nekton to food web dynamics in the CAO remains to be quantified.

The marine ecosystems of the Arctic Ocean, including the CAO, 
are net beneficiaries of nutrients and biomass produced elsewhere 
by advection through the Pacific and Atlantic gateways (54). Ad-
vected Atlantic zooplankton contributes substantially to both the 
number of species and the zooplankton biomass found in the 
Eurasian Basin (54, 55). Large migratory predators can be expected 
to follow this food source. Thus, despite low primary production of 
the CAO ecosystem, the central Arctic DSL in the Atlantic water 
layer may constitute a widespread niche with so far underestimated 
food supply, supporting low abundances of predatory fish and 
squid. Our stomach analyses revealed that macrozooplankton and 
small mesopelagic fish in the DSL constitute a key carbon source 
for these large pelagic predators. These findings close a prominent 
knowledge gap regarding the pelagic food web beneath the perma-
nent pack ice of the CAO (5, 6) and warrant a revision of the 
conceptual paradigms of carbon flux and ecosystem structure in 
the CAO.

At northern latitudes, matches between prey quantity and 
quality are crucial. The pelagic amphipods Themisto spp. and 
Cyclocaris guilelmi are predominantly carnivorous predators during 
both summer and winter in the Calanus-based Arctic food web (56) 
and provide lipid-rich food to the fish in the Atlantic water layer of 
the CAO. We show that amphipods are abundant in the DSL and 
that they are consumed by the fish living there. However, an open 
question is still how a visual predator, such as Atlantic cod, can sur-
vive the polar night in the CAO because foraging success is expected 
to be reduced in total darkness (57). Since the condition and gut 
content of the Atlantic cods from the central Amundsen Basin indi-
cated that they were not starving in November, it seems not likely 
that darkness would limit the distribution of Atlantic cod in the 
CAO. Similarly, diet analyses of Atlantic and Arctic fish from the 
Svalbard area have shown that gadoids (Atlantic cod, haddock, and 
polar cod) are well capable of capturing pelagic prey during the 
polar night (28). This raises the question as to how species known to 
be visual predators during other times of the year are able to find 
their prey in darkness. One answer could be bioluminescence. 
However, the main prey found in our cod stomachs (T. abyssorum) 
is reportedly nonluminescent (58).

Climate change and possible future fisheries
At first sight, our records of Atlantic cod in the central Amundsen 
Basin provide no evidence of a recent expansion of this species into 
the CAO with climate change. The circulation of the comparatively 
warm and salty Atlantic water in the CAO (26, 27) has existed for at 
least 14 million years (59), and the absence of Atlantic cod from the 
CAO in the past cannot be proven. However, we cannot exclude the 
possibility that connectivity between the CAO and Atlantic species 
(Atlantic cod, haddock, beaked redfish, and probably others) has 
only recently emerged as a result of “Atlantification” of the Arctic 
shelf seas, i.e., the northward expansion of Atlantic species distribu-
tions with climate change. Many fish species have recently shifted 
hundreds of kilometers northward in the Barents Sea and Fram 
Strait area (22, 49). These northward expansions can be coupled to 
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the substantially greater role for Atlantic inflows to the Arctic Basin 
due to recent ice reductions, weakening of the halocline, and 
shoaling of the Atlantic water layer, which has allowed progressively 
deeper winter ventilation in the ocean interior in the eastern 
Eurasian Basin (60, 61).

Climate change may thus trigger or increase the immigration of 
Atlantic nekton into the CAO. However, even if more Atlantic prey 
would be advected through increased inflow (e.g., T. abyssorum) 
together with the nekton, the capacity of the CAO ecosystem to 
support larger fish stocks is without doubt rather limited. On the 
shelves, the northward expansion of Atlantic fish communities is 
fueled by increasing primary production (62). In the CAO, annual 
net primary production is, on average, only 13 g of C m−2 year−1 
(63). There is no indication of a substantial increase in the biolog-
ical productivity of the CAO between 1991 and 2015 (64), and a 
potential future increase in productivity is expected to remain low 
in the CAO due to stratification-induced nutrient limitation (65). 
Therefore, we expect that the CAO can support only a low biomass 
of Atlantic fish compared to adjacent Arctic shelf seas such as the 
Barents Sea. This fish biomass is not expected to become high 
enough to support any sustainable commercial fishery in the CAO.  
Thus, despite their potential ecological relevance, fish stocks in the 
CAO will likely remain economically irrelevant—at least during the 
coming decades while the summer ice cover continues to withdraw. 
The here reported new findings highlight that scientific knowledge 
about the CAO ecosystem still holds large gaps. Therefore, we 
strongly recommend maintaining the present science first policy 
under international protection (9), before considering any harvesting 
of living resources in the high seas portion of the CAO.

MATERIALS AND METHODS
Hydroacoustics
We continuously collected water column acoustic backscatter data 
along the track between 1 October 2019 and 27 May 2020 using 
a Simrad EK60/80 echosounder and five transducers mounted at 
11-m depth on the hull of the ship. This paper reports the results 
from the 38-kHz Simrad ES38B, the main frequency used for fish 
studies. This transducer was operated in continuous wave mode 
and pulse length 1.024 ms, 15 pulses min−1. The data were 
logged directly onto large storage arrays in the Simrad raw format. 
Throughout the 8-month drift track, we inspected the accuracy of 
the data collection several times per day. On 27 April 2020, we 
calibrated the equipment according to standard procedures (66) 
through the ship’s moon pool using a standard tungsten carbide 
sphere (38.1 mm) with the aid of an underwater remotely operated 
vehicle (ROV). Sound velocity was determined from a CTD cast 
(SBE-911 plus). We regularly inspected the surface of the transducer 
using an ROV with high-definition (HD) cameras. Sporadic noise 
due to interferences from instruments running temporarily on the 
MOSAiC ice floe (e.g., portable Wide-Band Autonomous Trans-
ceivers) and backscatter traces of other equipment temporarily 
operated from the ship (e.g., bottom profiler) were removed using 
the Echoview 10 postprocessing software. For further processing, the 
38-kHz samples were averaged over 60 s × 0.25 m using Echoview’s 
“resample” algorithm. For characterization of the acoustic backscatter 
from swim-bladdered fish, a lower threshold of −65 dB was applied 
to the data before echo integration. Backscatter from the interface 
layer between water masses was also removed from the analysis.

Video recordings
We used a deep-sea video system (FishCam, MacArtney Germany 
GmbH, Kiel, Germany) to optically monitor the DSL. The FishCam 
was deployed to detect nekton and physonect siphonophores 
generating acoustic signals that can be confused with those of 
swim-bladdered fish. The FishCam consisted of a frame with a mini 
CTD monitoring salinity, temperature, and depth every 10 s; two 
Luxus High-Power LED lamps of 6000  lm each; and two HD 
Internet Protocol cameras, one looking sideward and one looking 
downward into the water column. The system was moored from the 
ice about 500 m from the ship and connected to a personal computer 
on the ship running the PortVis (Serial Port and Video Stream 
Visualizer) software, version 2.1. The deployment depth slightly 
varied depending on water currents and the drift speed of the 
MOSAiC ice floe. The mean depth (±SD) was 375 ± 1 m (range, 369 
to 376 m; n  =  130,631 mini-CTD depth measurements) in the 
lower part of the Atlantic water layer between 23 October and 
7 November 2019 and—after the DSL had shifted upward within 
the Atlantic water layer in the polar night—at 213 ± 2 m (range, 194 
to 215 m; n = 692,723) between 12 December 2019 and 11 March 
2020. During deployment of the FishCam, there were times that 
electricity and data cables temporarily broke off because of exces-
sive ice dynamics or animal disturbance, and from 7 November to 
12 December 2019 and 11 March to 27 May 2020, the sea ice was too 
dynamic for deployment of the FishCam, and no data exist for these 
time periods.

Video data analysis
Divided over the operation time of the FishCam, six periods of five 
successive days without disturbances were selected for detailed 
analysis of the video recordings. Together, 180 video recording 
hours were studied in real-time mode because the nekton moved 
very fast and could be missed even at double speed. Nekton was 
observed within ca. 0 to 3  m from the camera objective, and 
zooplankton was observed within ca. 0.0 to 0.6 m. The drift speed 
of the MOSAiC ice floe was variable, and most of the smaller 
zooplankton (e.g., copepods and small jellyfish) was unrecognizable 
at higher drift speed. The quantitative analyses (number of individ-
uals passing the camera per hour) were made for those organisms 
that were relevant for the present study: nekton, siphonophores 
(some of which give acoustic backscatter), and amphipods and 
decapods (as food items for the nekton). Each of these organism 
groups has group-typical continual movements that could easily be 
recognized on the video recordings. During operation of the 
FishCam, the camera lights were turned on 10 s after the cameras 
were turned on to observe whether any animals would flee the light, 
but during the detailed analyses of the video recordings, no organ-
isms were observed to flee as a result of turning on the lights. We 
also tested whether different light:dark periods (5:55, 15:15, and 
55:5 min) would influence the occurrence of the organisms in the 
recordings. This was not the case: All species mentioned in the 
present study (Table 3) turned up in the video recordings indepen-
dent of the length of the light:dark periods.

Fish sampling
We deployed 35 longlines and >300 fishing rods to sample fish 
(table S1). The longlines generally covered the whole DSL between 
200 and 475  m of depth with baited hooks. The longlines were 
lowered into the water from a hole in the sea ice with a 200-m 
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Dyneema line carrying a weight at its lower end. The longline itself 
consisted of a 275-m-long fishing line with weights. Together, the 
weights attached to the longline added up to ca. 1.5 kg. To target a 
wide range of potential fish species and sizes, we applied three 
different standard salt water hook sizes: “large”  =  Owner Mutu 
Light 5114-5/0, “medium”  =  Owner Mutu Light 5114-3/0, and 
“small”  =  Mustad 92247 Beak 4. Shrimp (Pandalus borealis) and 
squid (Ilex sp.) were used as bait. The three hook sizes and two bait 
types were used 1.8 m apart in the sequence “large hook/shrimp, 
medium hook/shrimp, small hook/shrimp, large hook/squid, medium 
hook/squid, small hook/squid”, thus covering 10.8 m of the longline 
length. This sequence was repeated throughout the depth of the 
DSL as seen on the echosounder. The longlines were deployed for 
ca. 24 hours before retrieval. The fishing rods were equipped with 
600- to 700-m longlines and the same hook sizes and baits as the 
longlines.

Fish sample elaboration
The fish were photographed with a digital camera immediately after 
retrieval on board. We measured the total length (the length of the 
fish from the tip of the mouth to the end of the tail fin) and standard 
length (the length of the fish from the tip of the mouth to the end of 
the spine) to the nearest millimeter below. The fresh weight of the 
fish was measured with a scale (Kern) with a precision of 0.01 g. 
Subsequently, we sampled fin clips, otoliths, and fish organs for later 
analyses. The fin clips, stomachs, and intestines were preserved in 
molecular-grade ethanol, and the otoliths were air-dried and stored 
in Eppendorf tubes at 4°C. After extraction of all inner organs, we 
measured the eviscerated weight. Fulton’s condition index (K) was cal-
culated as K = 100 x FW/(TL)3, where FW represents the fresh weight 
with all organs (in grams) and TL is the total length (in centimeters).

Fish age determination
Otolith sections were made by breaking the otoliths through the 
core and embedding both pieces in VISCOVOSS GTS polyester 
resin. Sections of 0.5 mm were cut with a double-bladed diamond 
saw at the end of each otolith break line. Two otolith sections were 
recovered from each otolith, where feasible, and glued to a glass 
slide. High-resolution photographs of the otoliths were taken under 
a stereo microscope (Leica M205) connected to a digital imaging 
system based on the software Leica Application Suite, version 4.12. 
On the basis of the sequence of translucent and opaque “rings,” we 
determined the age of the fish by blind reading performed by two 
independent age readers.

Fish gut content analysis
Before microscopic analysis, the ethanol-preserved fish stomach 
and intestines were opened with a scalpel, and the content was 
rinsed through a 30-m gauze. The gut content was identified to the 
lowest possible taxon and enumerated using a stereo microscope 
(Leica M205) connected to a digital imaging system based on the 
software Leica Application Suite, version 4.12. We produced high- 
resolution photographs of animals, amphipod telsons, and any con-
spicuous items in the samples. A minimum number of prey items in 
each fish gut (stomach and intestines combined) was estimated for 
several prey taxa. Numbers of amphipods were recorded by adding 
the numbers of complete animals and the numbers of identifiable 
amphipod pleons. Minimum fish numbers were estimated in terms 
of whole bodies plus the number of free otoliths divided by two. 

When only fish scales were present, a minimum number of one fish 
was assumed. Minimum numbers of chaetognaths were estimated 
on the basis of the number of complete heads.

Atlantic cod stock identification
High-quality DNA of fin clips of the six Atlantic cod (MOSAiC fish 
ID numbers FR10002, FR10003, FR10027, FR10054, FR10055, and 
FR10058) and one ice cod specimen as outgroup (FR10029) was 
extracted using QIAGEN’s DNeasy Blood & Tissue kit (QIAGEN, 
Germany) after initial proteinase K digestion and grinding with a 
Teflon pestle. Polymerase chain reaction (PCR) was conducted 
following a fixed protocol (67). We used a universal forward primer 
(PanI-2-PIG-F): 5′- GTTTCTTTGACAGCGCTTGGCAAATGAA; 
and specific reverse primers: a Pan IA–specific 5′FAM-labeled 
reverse primer (PanIA-FAM-R), 5′-GCT TAAGCAGATATCG-
CAGTAGTTTC; and a Pan IB–specific 5′HEX-labeled reverse primer 
(PanIB-HEX-R), 5′-TTAAGCAGATCTCGCAGTAGTTTT. PCR con-
ditions comprised: 200-m deoxynucleotide triphosphates, 300 nm 
of each primer, 0.2 U of 5′Taq polymerase (Eppendorf, Germany), 
10 × 5′ PCR buffer (Eppendorf, Germany), and 30 to 70 ng of 
genomic DNA. PCR was run using initial denaturation at 94°C for 
5 min, 94°C for 10 s, 60°C for 10 s, and 72°C for 30 s. The program 
was run for 30 cycles. PCR products were diluted 1:100 in HiDi for-
mamide (Applied Biosystems, ABI) including a 1:100 dilution of the 
GeneScan 500 ROX Size Standard (ABI) and run on an ABI PRISM 
3130 XL Genetic Analyzer (ABI). Sequence analysis was performed 
using ABI’s Genemapper software (v4.0, ABI). The six specimens 
of Atlantic cod were allocated to the respective Atlantic cod stocks 
(North East Arctic cod, NEAC, NCC, and their hybrids) by allele spe-
cific PCR analysis of the pantophysin I (Pan I) locus (68). The 
Pan IB allele is predominant in the NEAC stock, while Pan IA dom-
inates in the NCC stock.

Atlantic cod life-history temperature reconstructions
From the otolith sections used for fish age determination, opaque 
and translucent areas corresponding to summer and winter incre-
ments, respectively, were micromilled with a 0.8-mm diamond 
encrusted drill bit to a depth of 100 m. Otolith powder from each 
increment was analyzed for δ18O and δ13C values on a Thermo 
Fisher 253 Plus gas isotope mass spectrometer connected to a Kiel 
IV automated carbonate preparation device at the MARUM, Center 
for Marine Environmental Sciences, University Bremen (Germany). 
Data were reported according to the usual delta notation versus a 
Vienna Pee Dee Belemnite (V-PDB) standard. The instrument was 
calibrated against the NBS 19 calcite standard. Over the measure-
ment period, the SDs of the house standard were 0.02 per mil 
(‰) for δ13C and 0.07‰ for δ18O. Otolith δ18O values were used to 
reconstruct ambient temperatures (T in °C) with an equation estab-
lished for Atlantic cod (69) in controlled experimental settings: 
T = (δC − δW) × 0.2−1 + 19.5, where δC is the otolith δ18O value and 
δW is the mean Atlantic water δ18O value of 0.2345‰ according 
to the Global Seawater Oxygen-18 Database, version 1.22 (https://
data.giss.nasa.gov/o18data). Potential migration pathways of Atlantic 
cod to the CAO were based on temperature reconstructions and known 
temperatures of different water masses.

Measurement of the pneumatophore size of siphonophores
For measuring the pneumatophore size of physonect siphonophores, 
we used high-resolution images that were taken in situ with the 
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optical plankton recorder “Lightframe On-sight Keyspecies Investi-
gation” (LOKI), iSiTEC, Bremerhaven, Germany. The LOKI consists 
of a plankton net (150-m mesh size, 0.28-m2 net opening covered 
by a 1-cm mesh net), which leads organisms and particles into a 
narrow flow-through chamber. Here, they are illuminated by a 
Power-LED flash (70000 lm) and photographed by a 6.1 MPix black- 
and-white charge-coupled device camera (Prosilica GT 2750, Allied 
Vision Technologies GmbH, Stadtroda, Germany) at a maximum 
rate of 19.8 frames per second (fps). A connected computer unit im-
mediately scans the photographs for objects (software “LOKIRecorder,” 
Medea AV, Germany) and saves images of encountered objects. 
The LOKI was deployed 15 times between 10 November 2019 and 
20 February 2020 through an ice hole on the starboard side of the 
ship at a speed of 0.5 m s−1 to a maximum depth of 1000 m. The 
frame rate of the camera varied between 2 and 19.8 fps. Five of the 
images showed physonect siphonophores with a visible and measurable 
pneumatophore. A sixth pneumatophore image occurring in an 
LOKI cast from Fram Strait taken after 27 May 2020 was used as 
well. The size of the pneumatophores was measured using the GNU 
Image Manipulation Program GIMP (www.gimp.org) and con-
verted into square millimeters using the camera’s conversion factor 
of 1029.8 pixels cm−1. The pneumatophores were observed from the 
side and apparently had a trapezoid to elliptical shape and a length:width 
ratio of ca. 1:2. The pneumatophore volume (V) was calculated as-
suming an overall ellipsoid shape according to the formula: V = 4/3 
× (W/2)2 × L/2, where W is the width (diameter) and L is the length.

CTD data processing and quality check
A CTD probe was operated twice per week from the surface to 
4000-m depth. The CTD was equipped with the standard SBE911plus 
setup including double sensors for temperature and conductivity. 
The CTD data were checked for spikes manually, using the standard, 
SBEDataProcessing-based, routines at the Alfred Wegener Institute, 
Germany. The accuracy of the temperature data is better than 
±0.01°C. The accuracy of the salinity data is better than ±0.01. 
Throughout this study, we used practical salinity and potential tem-
perature referred to the ocean surface; both were derived using the 
TEOS-10 GSW (www.teos-10.org/software.htm) toolbox software.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj7536
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