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While sound scattering layers (SSLs) have been described previously from ice-covered

waters in the Arctic, the existence of a viable mesopelagic community that also

includes mesopelagic fishes in the Arctic has been questioned. In addition, it has been

hypothesized that vertical migration would hardly exist in these areas. We wanted to

check if deep scattering layers (DSLs) was found to the west and north of Svalbard

(79◦30
′

N−82◦10
′

N) during autumn 2015, and if present; whether organisms in such

DSLs undertook vertical migrations. Our null hypothesis was that there would be no

evidence of diel vertical migration. Multi-frequency acoustic observations by hull mounted

echo sounder (18, 38, and 120 kHz) revealed a DSL at depths ∼210–510m in areas

with bottom depths exceeding ∼600m. Investigating eight geographical locations that

differed with respect to time periods, light cycle and sea ice conditions, we show that

the deeper layer of DSL displayed a clear ascending movement during night time and

a descending movement during daytime. The high-light weighted mean depth (WMD)

(343–514m) with respect to backscattered energy was statistically deeper than the

low-light WMD (179–437m) for the locations studied. This behavior of the DSL was

found to be consistent both when the sun was continuously above the horizon and after

it started to set on 1 September, and both in open water and sea ice covered waters. The

WMD showed an increasing trend, while the nautical area backscattering strength from

the DSL showed a decreasing trend from south to north among the studied locations.

Hydrographic observations revealed that the diel migration was found in the lower

part of the north-flowing Atlantic Water, and was disconnected from the surface water

masses above the AtlanticWater during day and night. The organisms conducting vertical

migrations were studied by vertical and oblique hauls with zooplankton nets and pelagic

trawls. These data suggest that these organisms weremainly variousmesopelagic fishes,

some few larger fishes, large zooplankton like krill and amphipods, and various gelatinous

forms.

Keywords: Arctic Ocean, deep scattering layer, diel vertical migration, mesopelagic organisms, acoustics

INTRODUCTION

Deep Scattering Layers (DSLs) at depths from about 200m to about 1,000m, are a global
phenomenon (Hays, 2003; Irigoien et al., 2014). The term DSL comes from the fact that these layers
were first discovered by acoustic methods in 1942 (Eyring et al., 1948); and can be defined as a
group of organisms which scatter sound and appear as a continuous layer on an echo sounder where
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organisms cannot be individually resolved (Tont, 1976). The
DSLs normally consists of a variety of organisms, mostly
zooplankton and small fish, but due to their almost universal
phenomenon, the composition of a DSL may differ from area to
area (Tont, 1976). For the same reason, the depth ranges and the
extent of vertical migration of a DSL may also vary from area to
area.

Sound scattering layers (SSLs) have been detected and
described in the Central Arctic Ocean by echo sounders operating
at 12 and 100 kHz mounted at the ice station Fletcher’s Ice Island,
T-3 (Hunkins, 1965; Kutschale, 1969; Hansen and Dunbar, 1971).
These observations were made within the upper 200m of the
water column, and might not be called true DSLs in the current
meaning of the word, although the authors themselves use
this notation. The organisms producing the scattering layers
were speculated by Kutschale (1969) to be siphonophores, but
Hansen and Dunbar (1971) found that a thin layer at 50m
detected at 100 kHz was composed of the pteropod Spiratella
(now Limacina) helicina and a deeper layer detected on both
frequencies was thought to be due to Arctic cod (Arctogadus
glacialis).

DSLs are well described for many oceanic or deep fjordic
areas in the North Atlantic (Melle et al., 1993; Magnússon,
1996; Torgersen et al., 1997; Kaartvedt et al., 1998; Knutsen
and Serigstad, 2001; Sigurðsson et al., 2002; Kaartvedt, 2008;
Pepin, 2013). Normally, all or some of the organisms in these
layers move toward the surface at dusk and return to daytime
depths at dawn (Hays, 2003). This diel vertical migration of the
DSLs is thought to maximize feeding success of the mesopelagic
organisms whileminimizing their risk of being eaten (Hays, 2003;
Kaartvedt, 2008). Whatever reason for this migration behavior,
the cue regulating it is thought to be light (Clarke, 1971; Forward,
1976; Lampert, 1989; Brierley, 2014).

The light regime at high latitudes varies considerably among
seasons, in contrast to the light regimes found at lower latitudes,
which has almost total darkness during night and bright daylight
throughout the year. During winter, almost total darkness
dominates day and night, since the sun stays continuously below
the horizon, while during summer the sun stays continuously
above the horizon. Further, the incoming sunlight depends not
only on the duration of daylight, but also on cloud cover,
including fog frequently occurring in polar regions, and the sun
angle (the height of the sun above and below horizon). The
latter affects both the sunlight intensity above sea surface (more
light is attenuated between the top of the atmosphere and the
surface with low sun angles), as well as how much of the incident
sunlight that penetrates the air-water surface and enters the
ocean. Thus, there will be daily variation in light despite the sun
being constantly above the horizon.

Various organisms inhabiting the DSL are likely to have
different sensitivities to light and are affected to varying degrees
by the changes in the light regime (Clarke, 1971; Kampa, 1971;
Roe, 1983; Frank and Widder, 1999). This is clearly seen in
many areas where a fraction of the DSL moves toward the
surface during night while some organisms either remain at their
daytime depths or migrate only to a small degree (Roe et al., 1984;
Plueddemann and Pinkel, 1989; Wiebe et al., 1992; Heywood,

1996). However, it should also be noted that the ambient light
regime is not only affected by the surface irradiance and water
column optical properties, but also bioluminescence (cf. Cronin
et al., 2016), that can be particularly important during the Arctic
winter. Recently published work from this region show that
some organisms respond to even very weak variations in light
level, and mass-vertical migration during Arctic winter driven by
moonlight has been documented (Cohen et al., 2015; Last et al.,
2016). However, these studies have focused on zooplankton in the
upper 50m.

An increasing number of studies have lately addressed how
climate change and particularly loss of sea ice and ocean warming
can affect the ecosystem of the Arctic Ocean (see Wassmann and
Reigstad, 2011; Varpe et al., 2015). With reduced areal ice cover
and ice thickness, light penetration is suggested to be a crucial
factor for the primary producers like phytoplankton and ice algae
(Mundy et al., 2009; Nicolaus et al., 2012, 2013). Furthermore, a
modified-light regime also has consequences for the secondary
producers that directly depend on algae as their primary-food
source (Ji et al., 2013). Light is also an important factor for
many deeper living organisms including those inhabiting the
DSL. In the high-Arctic, the continuous light of the midnight
sun may prevent DSL animals from vertically migrating to feed
in the productive surface waters. This is particularly evident
for mesopelagic fishes (Kaartvedt, 2008), but other types of
organisms that normally constitute the DSL elsewhere in the
North Atlantic could also be affected (see Melle et al., 1993;
Torgersen et al., 1997; Kaartvedt et al., 1998; Sigurðsson et al.,
2002).

Factors that restrict mesopelagic organisms’ diel vertical
migration and their potential feeding in the near surface waters,
will also affect the vertical flux of organic matter that initially
depends primarily on primary production and the types of
zooplankton grazers and the magnitude of feeding intensity in
the upper layers (Wassmann, 1998; Wassmann and Reigstad,
2011). Thus, an important pathway to bring organic matter to the
deeper part of the water column could be throttled, preventing
mesopelagic species from living in these areas since a 24-h
light regime may constrain light-dependent vertical migration
of such species, which gave rise to the “photoperiod constraint
hypothesis” (Kaartvedt, 2008). However, few studies of the
mesopelagic fauna in the deep oceans at high latitudes exist, so
neither the abundance nor themigration behavior of mesopelagic
fishes and plankton at high latitudes are well known. Also, the
consequences of a changing climate and light regime and how
it might impact species and trophic interactions is presently
another important unknown.

The results from the SI_ARCTIC 2014 and SI_ARCTIC
2015 surveys revealed that although less substantial in terms
of integrated acoustic backscatter than further south, a DSL
was found in the Northern Fram Strait and further to the
north of Svalbard at latitudes between 79 and 82◦N (Knutsen
et al., 2017; this manuscript). This finding corroborates previous
observations that scattering layers are present in high latitudes,
at least in summer (Hunkins, 1965; Kutschale, 1969; Hansen
and Dunbar, 1971). Here, we utilize data from the SI_ARCTIC
2015 survey to investigate whether this DSL performs a diel

Frontiers in Marine Science | www.frontiersin.org 2 October 2017 | Volume 4 | Article 332

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Gjøsæter et al. DVM of High Latitude DSL

vertical migration during summer and if differences in diel
vertical migration can be observed when contrasting regions
with fractional sea ice vs. open water, and regions experiencing
the midnight sun vs. regions where the midnight-sun period
has ended. The null hypothesis is that during continuous
daylight there is no evidence of diel vertical migration. We also
describe the composition of the DSL to establish the presence of
mesopelagic fishes.

MATERIALS AND METHODS

This study is based on the SI_ARCTIC 2015 survey (Ingvaldsen
et al., 2016) conducted with RV Helmer Hanssen from 19
August to 7 September 2015 in the eastern Fram Strait and
north of Svalbard (Figure 1). At eight deep-water locations, the
ship stayed within a relatively small area for almost 24 h or
more allowing for continuous observations of the mesopelagic
community at that location for a sufficient time to determine
whether the DSL undertook diel vertical migration (marked
in Figure 1). The eight locations differed with respect to sea
ice concentration and midnight-sun conditions, allowing for
investigating diel vertical migration in contrasting regimes.

Environmental Data
Visible light above sea level on a continuous basis was measured
with a LI-COR Model LI-1400 data logger with a LI-210SA

FIGURE 1 | Cruise tracks of R/V Helmer Hanssen during the SI_ARCTIC 2015

cruise. Locations where day/night differences in the depth of the weighted

mean acoustics data in the mesopelagic layer were compared are shown as

black lines and + show location of CTD casts used in this study. The arrows

point to eight locations: Sofia Deep N (SDN), Sofia Deep S (SDS), Yermak

Plateau (YP), Northern Fram Strait 1 (NFS 1), Northern Fram Strait 2 (NFS 2),

Northern Fram Strait 3 (NFS 3), Northern Fram Strait 4 (NFS 4), and Northern

Fram Strait 5 (NFS 5). The figure uses the AMSR2-Based Sea Ice

Concentrations on 30 August 2015 when the Helmer Hansen was conducting

work at the ice edge. The Sea Ice data were obtained from ftp://ftp-projects.

cen.uni-hamburg.de/seaice/AMSR2/3.125km/ (Kaleschke and Tian-Kunze

(2016). See Beitsch et al. (2014) for a description of the analysis procedures.

Photometric Sensor (Figure 2). The sensor was located above
the bridge on the upper deck of the ship where minimal
shading could occur as the ship moved around. A fraction
of the light incident on the sea surface is reflected, and the
degree of reflection depends on the solar elevation angle. To
obtain estimates of the amount of visible light entering the
ocean at the time and location of the eight study locations,
theoretical values of solar elevation angle were calculated using
the NOAA Solar Calculator (http://www.esrl.noaa.gov/gmd/
grad/solcalc/calcdetails.html) and the visible light penetrating
into the upper waters was calculated using So∗cos(90-solar
elevation angle), where So is the solar constant So= 1,360Wm−2

(Figure S1). The presence of sea ice; ice and snow cover thickness
and possibly air-filled brine channels (Lund-Hansen et al., 2015),
will considerably affect light transmittance to the water column
below. Thus, the amplitudes of the light variations in the surface
layers at locations affected by sea ice will be substantial less
than shown in Figure 2. Another issue not included in such
estimates is the light attenuation by depth, which depend on
several factors like the amount of Chlorophyll a and CDOM in
the water-column (cf. Kowalczuk et al., 2017). These parameters
are of prime importance for the in-situ light attenuation and
vary both regionally within the study region as well as seasonally
(Kowalczuk et al., 2017). However, the daily variation of these
parameters at a given location is expected to be small.

Temperature and salinity was measured using a Seabird 911+
CTD. The CTD was equipped with an oxygen sensor (SBE
43) and Seapoint sensors for measuring relative distribution
of fluorescence and turbidity. Water mass characteristics
(temperature, salinity, density, oxygen) were included to
investigate whether these parameters could influence the vertical
extension of the diel vertical migration (see e.g., Klevjer et al.,
2016), while fluorescence and turbidity in the epipelagial were
included to explore for differences in horizontal light attenuation
among the locations (see e.g., Kaartvedt et al., 1996). Chlorophyll
a has by a recent study been found to give a good representation
of light absorption in open leads and under ice water column in
this region (Kowalczuk et al., 2017).

Biological Data Collection
Samples of fish, micronekton, zooplankton, and phytoplankton
were collected with a variety of net systems including the
Åkra trawl (Valdemarsen and Misund, 1995), the MIK-Ring
Net (Munk, 1993; ICES, 2013), and the Macroplankton trawl
(Melle et al., 2006; Wenneck et al., 2008). A Multisampler
(an opening and closing device with three net bags and cod-
ends, Wenneck et al., 2008) was attached to the Åkra trawl
for three of the hauls, allowing the catches from up to three
depth intervals during each haul to be separated. The MIK-
Ring Net was towed horizontally in the DSL, either in a W-
shaped fashion or including the DSL during a single net oblique
tow (Wiebe et al., 2015) to provide a quantitative sample of
the larger macrozooplankton associated with the DSL. One haul
with a Macroplankton trawl was also made in the mesopelagic
layer. The trawls were used to obtain a qualitative and semi-
quantitative understanding of larger micronekton and fishes
that were present in the acoustic scattering structures observed.
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FIGURE 2 | Light levels determined from a LI-COR light data logger recorded during SI_ARCTIC 2015 survey. The eight named time periods where the diel vertical

migration studies were conducted are indicated by the black lines above the light data [Sofia Deep N (SDN), Sofia Deep S (SDS), Yermak Plateau (YP), Northern Fram

Strait 1 (NFS 1), Northern Fram Strait 2 (NFS 2), Northern Fram Strait 3 (NFS 3), Northern Fram Strait 4 (NFS 4), and Northern Fram Strait 5 (NFS 5)].

For the Åkra trawl catches total numbers and wet weight was
obtained for each taxonomic group or species being determined.
Lengths were recorded for all specimens in the catch, while
in addition weight, maturity stage, and stomach content were
determined for a subsample of the fish catch. Another subsample
of the invertebrate part of the catch was worked up to species
or genus if possible or to coarser groups like “Amphipoda”
or “Euphausiacea” and their numbers and weights determined
(±0.1 g). The Macroplankton trawl and MIK net catches were
worked up in a similar way after first determining total wet weight
of catch (kg). Normally, all larger fish and gelatinous zooplankton
were identified to nearest possible taxon, counted, and their
wet weight measured. Because of the scarcity of fish caught by
the two latter types of gear, individual lengths and wet weights
were normally obtained. The remaining invertebrate catch was
subsampled and worked up to nearest possible taxon and their
numbers andwet weight determined (±0.1 g). Catches fromÅkra
trawl hauls were standardized to kg nmi−1. The Macroplankton
trawl and MIK net catches were standardized to g m−3 using a
computed haul volume filtered.

Acoustic Data Collection
Acoustic data for estimation of the distribution and amount
of backscatter from the DSL (reverberation from scatterers
near the surface that were clearly separated from the DSL was
not included) were collected with calibrated EK60 split beam
echo sounder systems at the acoustic frequencies 18, 38, and
120 kHz all operated at 1ms pulse duration. The transducers
were mounted on a protruding instrument keel with transducer
faces ∼3m below the hull, usually ∼8.5m below the sea surface.
The echo integrator threshold in terms of volume backscattering
strength (Sv) in dB was set to−82 dB re 1m−1 (MacLennan et al.,

2002). Weaker backscattering than this set threshold will thus
not be included in the density estimation. In the upper ∼200m,
where the signal/noise ratio on the 120 kHz echo sounder is above
acceptable levels, the frequency response was based on all three
frequencies, while below this depth, only 18 and 38 kHz were
considered. The 38 kHz frequency was finally used to determine
the distribution and backscattered intensity of the DSL.

The noise level on the various echo sounder frequencies was
measured in deep water at several vessel speeds, as well as with
the propeller disconnected during stationary measurements. The
recorded noise level at 10.8 knots were −137, −161, and −152
dB re 1W, as directly measured by the Simrad EK60 in passive
mode at 18, 38, and 120 kHz systems. During station work, when
the propeller was still rotating, but with zero pitch, the noise
levels were −144, −164, and −155 dB re 1W. The noise levels
were also measured in passive mode at 8, 6, 4, and 2 knots.
These noise levels enable measurements of a weak scattering,
corresponding to Sv = −80 dB re 1 m−1, with 10 dB signal to
noise ratio at about 700m range at 18 kHz, 800m range at 38 kHz,
and 200m range at 120 kHz. The 18 and 38 kHz had more noise
at unfavorable propeller pitch, for example at 3–6 knots, while
the 120 kHz system was not affected by propeller noise, and had
the same sensitivity at all vessel speeds. Since the lower limit
of the DSL was mostly found above 600m, and the scattering
from weak scatterers approaching the lower integrator threshold
would be observable much deeper (750–800m) both during
survey speed 10–11 knots and during stationary vessel operation,
we concluded that the observed noise level was acceptable for this
study.

Multi-frequency scrutinization and target strength analysis
were conducted daily with the Large Scale Survey System (LSSS)
post-processing system (Korneliussen et al., 2006, 2016), which
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also was used for exporting files for subsequent analysis. The
interpretations were made per standard procedures where the
total backscatter was split into target categories (see ICES, 2015;
Korneliussen et al., 2016). However, for studying the vertical
movement of the DSL, the total backscattering values were used,
that means that we did not rely on the values allotted to the
various acoustic categories when calculating the WMD of the
DSL. The processing involved manual removal of unwanted
acoustic noise from e.g., trawl sensors during trawl operations.
The weather conditions were favorable to very good during the
entire survey, and since the vessel has a drop instrument keel, air
bubble attenuation or bubble drop-out were practically absent.
Cavitation noise only occurred when the vessel abruptly was
stopped for a station and other acoustic instrumentation, like the
ADCP, was synchronized by an external trigger system, leaving
the EK60 as a master. The scrutinized acoustic backscattering
data in the echo sounder output were in the form of sA, Nautical
area scattering coefficient (NASC) in standard units; (m2 nmi−2–
MacLennan et al., 2002). They were integrated to 10-m depth bins
from below the hull mounted 38 kHz transducer (∼15m depth)
to below 700m. For data obtained during station work, the
following work-flowwas applied; the processing was done in ping
mode, were all pings were shown and used for density estimation,
and the selection of at least one valid 10-min period within each
hour was done manually due to the variable noise levels during
station work. Specifically, the echogram over 1 h period, covering
1,800–3,600 pings was analyzed in pingmode, and scrutinized for
noise; removing manually echoes from the CTD, the TS-Probe
or vertically deployed nets. Then, a measurement box of 10 min’
duration and 800m depth were placed in a noise-free area of the
echogram, while the rest of the echogram was deleted from the
analysis using the “exclude region” tool. So, for each hour, one
noise-free 10-min period was selected as a representative sub-
set of acoustic data for that particular time-period. This density
estimation was then based on 300–600 ping averages, depending
on the bottom depths, and hence ping rates, in the area.

Methods
Acoustic recordings at 38 kHz from eight locations were analyzed
from 23–24 August, 30 August, 1 September, and 2–3 September
(Figure 1). The first two recordings (23–24 August) were
obtained from the Sofia Deep in waters with 20–80% sea ice
coverage, the third at the Yermak Plateau (30 August) in ice-
free waters, but close to the ice edge, while the last five (1 and
2–3 September) were recorded in open water further south on
a transect in the northern Fram Strait. The WMD of the DSL
was used to determine the mean depth of the DSL taking into
account the acoustic backscattering for each depth bin. For each
time interval WMD was computed using the following equation:

WMD =

N∑

j=1

zjsAj (DSL)/
N∑

j=1

sAj (DSL)

where zj is the depth of depth bin j, sAj is the NASC value for that
depth interval, and N is the number of depth intervals.

The LI-COR light sensor data were used to examine the
relationship between the visible light on the sea surface (“surface

irradiance”; Figure 2) and movements of the DSL. A boxplot of
the light data was used to determine themedian light level and the
25th and 75th percentiles for each time period (or part selected
for analysis) within the eight acoustic measurement events. The
times where light levels were at or below the 25th percentile
or at or above the 75th percentile were used to determine the
times used to select the NASC data for comparison of the vertical
distribution of between low-light levels and high-light levels. This
procedure was used to avoid the transition periods in light levels.
TheWMD in the four acoustic records was examined statistically.
Paired t-tests were used to compare high-light and low-light
depths.

RESULTS

Light Conditions
The level of visible light measured on the upper deck during the
whole survey showed that there was substantial 24-h variation in
light level at these latitudes (Figure 2). The solar elevation based
on latitude and time of the locations showed that the height of
the sun varied about 20◦ within a 24-h cycle (Figure S1). The
elevation changes resulted in only a portion of the observed
24-h variation in the observed visible light at the sea surface.
The variation in maximum light between days was even larger
due largely to changes in cloud cover. The differences in solar
angle among the localities were small, although the sun was
below horizon about 5 h during the last five acoustic recording
events in northern Fram Strait (1st and 2–3rd September,
Table 1).

Acoustic Backscattering and Vertical
Location of the DSL
The acoustic backscattering from the DSL was generally low,
with sA from about 5 m2 nmi−2 at the northernmost station to
about 25–30 m2 nmi−2 at the southernmost station (Table 1).
The low sA is supported by the sparseness of the trawl catches
in the DSL (see next section). At Sofia Deep S (23 August),
the DSL vertical extent was from about 150m to about 720m
(Tables 1, 2), and the average WMD was 392m depth (Table 1,
Figure 3A). At Sofia Deep N (24 August), the vertical extent of
the DSL and the averageWMDwas rather similar (Figure 3B). At
the Yermak Plateau (30 August), total vertical extent of the DSL
was from 180 to 660m, the sA was 7.4 and the average WMD
464m (Tables 1, 2, Figure 3C). In the westernmost part of the
northern Fram Strait (1–2 September), the DSL occurred from
100 to 210m to about 510–620m (Tables 1, 2, Figure 3D). For
the rest of the northern Fram Strait section (2–3 September),
the vertical extent of the DSL was broader and upper limit was
even shallower, from about 70–80 to 510–610m depth (Tables 1,
2, Figure 3E-H). The sA in this region was from 26 to 32 m2

nmi−2 and the average WMD was from 280 to 325m. When
looking at the study region as a whole, all locations demonstrate
a DSL at depths of 210–510m (Table 1). However, the upper
and lower limits of the DSL show considerable variation with
shallowest upper DSL limit at 70m and deepest lower DSL limit
at 720m.
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Characterization of the DSL from Trawl and
Net Catches
An analysis of the catch in the Åkra trawl hauls set in the
mesopelagic layer revealed that a few fish and plankton groups
were caught at depths between 300 and 600m over bottom depths
of more than 900m (Table S1). Although the Multisampler
was attached to the trawl, the catch of a Cyanea capillata in
a tow from 345 to 434m, a species normally encountered in
more shallow water, suggests that organisms might in some
cases be retained in the main part of the trawl and enter the
Multisampler codend at a later stage. The catch composition
should, therefore, be interpreted with some caution. The species
Arctozenus risso, Boreogadus saida, and Sebastes mentella were
identified, and among lanternfishes Benthosema glaciale and
Lampanyctus macdonaldi were present. Among plankton, the
krill speciesMeganyctiphanes norvegica and Thysanoessa inermis,
the amphipods Themisto libellula and Gammarus wilkitzkii, the
deep-water shrimp Sergestes arcticus, and the Scyphomedusae
Perifylla perifylla and C. capillata were identified to species level.
The catches targeting the DSL were extremely sparse (Table S1),
probably reflecting the low concentration of organisms at these
depths, but also a result of smaller organisms passing through
the large mesh trawl netting, which is primarily designed to catch
fish.

The MIK and Macroplankton trawl catches (Table S2) show
that key macrozooplankters were Hydromedusae of different
species, of which Aglantha digitale was particularly important,
but in deeper tows the arrow worms (Chaetognatha) became
more important. Another group of importance in terms of
standardized catch weight, but also certainly underestimated
due to the Macroplankton trawl mesh size [∼4mm], was the
large copepods (Calanus hyperboreus, Paraeuchata sp). Groups
known to have a higher swimming capacity, (the amphipods
Themisto abyssorum and T. libellula and the krill M. norvegica,
Thysanoessa longicaudata, and T. inermis) were also among
the most important in terms of catch weight. These animals
may more effectively avoid capture by the sampling gear than
for instance the hydromedusa and the chaetognaths, and to
some extent are underestimated in the catches (Table S2). The
mesopelagic fish B. glaciale was also caught regularly in the deep
MIK hauls, but in quite low numbers, as they are probably rare,
but also capable of avoidance (Kaartvedt et al., 2012).

Weighted Mean Depth (WMD) in Relation to
Environmental Parameters
The sampling from two locations in the Sofia Deep was
conducted in 20–80% sea ice coverage and the midnight sun
(24 h of sunlight, Table 1, Figures 3A,B). The northernmost
location had an almost three times stronger light difference
compared to the southernmost location (25.2 kLUX as compared
to 9.2 kLUX), but substantially smaller WMD range (67m as
compared to 151m, Table 2, Figures 3A,B). This might be due
to less light transparency at the northernmost location due to
heavier sea ice as well as higher fluorescence levels in the upper
100m (Table 1, Figure S2 and Table S3). The median difference
between high-light and low-light WMD show that there is no
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FIGURE 3 | Light levels and vertical distribution of scrutinized acoustic DSL NASC data assessed as originating from backscattering from mesopelagic organisms

(two upper panels), and box plots of the depths of the high-light and low-light depths of weighted mean value of scrutinized DSL backscattering at 38 k3Hz (two

lower panels). Panels (a–h) denote the eight locations visited (see text for details).
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TABLE 2 | Weighted mean depth (m) statistics for the four time periods.

Light kLUX Min 25th Median 75th Max Median

level difference difference (m)

WEIGHTED MEAN DEPTH STATISTICS

SOFIA DEEP N, 24 AUGUST 2015

Low-light 25.2 321 330 356 360 362 67

High-light 391 407 424 452 480

SOFIA DEEP S, 23 AUGUST 2015

Low-light 9.2 341 346 362 367 369 151

High-light 402 430 514 536 544

YERMAK PLATEAU, 30 AUGUST 2015

Low-light 42.5 399 402 437 448 475 27

High-light 452 458 465 468 476

NORTHERN FRAM STRAIT 1, 1 SEPTEMBER 2015

Low-light 14.1 318 319 333 34445 365 63

High-light 371 388 397 40494 418

NORTHERN FRAM STRAIT 2, 2 SEPTEMBER 2015

Low-light 12.8 309 317 331 34482 353 37

High-light 368 368 368 36909 369

NORTHERN FRAM STRAIT 3, 2 SEPTEMBER 2015

Low-light 12.8 176 177 179 20551 214 189

High-light 350 359 368 36866 369

NORTHERN FRAM STRAIT 4, 3 SEPTEMBER 2015

Low-light 12.9 197 201 212 22940 235 131

High-light 328 331 343 34901 351

NORTHERN FRAM STRAIT 5, 3 SEPTEMBER 2015

Low-light 24.7 244 244 246 26364 269 148

High-light 337 351 395 39579 396

overlap in the median boxplot values and the low-light and
high-light WMDs (Figures 3A,B). Also interesting is that the
difference in WMD range is due to differences in the maximum
depth; the WMD both locations is at about 350–360m depth
during low light, but with larger differences during high-light
(Table 2, Figure 4).

The sampling from the Yermak Plateau were conducted at
the ice edge during the midnight sun (24 h of sunlight, Table 1,
Figure 3C). This location had the highest light difference among
the samples (42.5 kLUX), but the lowest WMD range (27m,
Table 2). The fluorescence and turbidity in the upper 100m were
somewhat average indicating that the light absorption should be
about the same as at the other localities (Table S3). It is also worth
noting that the light conditions were quite variable (Figure 3C)
and the most intense light, causing the high light difference, only
occurred for a short period.

In northern Fram Strait, five localities were sampled (Table 1,
Figures 3D–H). All of them were sampled in open water and
after the midnight sun had set (19 h of sunlight). Four of
the localities showed light differences of 12–14 kLUX, while
one showed a higher light difference (24.7 kLUX) which was
comparable to the northernmost locality in the Sofia Deep. The
range of the WMD varied substantially, between 37 and 189m,
and with no obvious link either toward light level difference or
fluorescence or turbidity (Table 2 and Table S3). However, there

were clear differences in vertical migration when comparing the
localities across the longitudinal gradient (Figure 4). While the
localities in the western part showed WMD spanning a range of
37–64m, the localities in the eastern part showedWMD over the
131–189m depth range.

Compared to the localities further north, the DSL in the
northern Fram Strait occurred shallower, although it clearly did
not reach the surface layers (Table 2, Figure 4). In contrast to the
Sofia Deep localities, all localities in northern Fram Strait showed
WMD approaching approximately the same lower depth level at
high light (343–397m), while the upper levels during low light
were more variable.

The median difference between high-light and low-light
WMD calculated from the acoustic data showed that at all
locations except for the Yermak Plateau there was no overlap
in the median boxplot values and the low-light and high-light
WMDs (Figure 3). A paired t-test of the differences between low-
light and high-light depths for the eight comparisons showed
the high-light depths were significantly deeper than the low-
light depths (p < 0.001). There was, however, no significant
statistical relationship between the difference in incident light
and the difference in WMD during low-light and high-light
periods (Table 2, Figure 4).

Mean hydrographic parameters across the layers where diel
vertical migration was taking place show that the variation in
WMD occurred in depth layers with mean temperatures ranging
from 1.21 to 3.75◦C, with salinities above 34.9 and densities
above 27.7 kg m−3 (Table 1, Figure 4). All these values, including
all minimum values (Table S3), are within the definition of
Atlantic Water (0◦C < T, 34.9 < S; derived from Rudels et al.,
2005). Thus, the observed diel vertical migration seems to be
confined to themiddle or lower part of the AtlanticWater despite
no obvious environmental constraints or gradients (in water
mass characteristics, vertical layering, or oxygen) regulating the
vertical extent of the migration (Figure 4).

DISCUSSION

The DSL is a ubiquitous feature of most of the world’s oceans
and visible on nearly all ship’s echo sounders (Tont, 1976; Cade
and Benoit-Bird, 2014; Irigoien et al., 2014). Mesopelagic fishes
are the main contributors to the scatterers that inhabit the
twilight zone between 200 and 1,000m depth. In the oceanic
regions of North Atlantic the DSL is a well-known feature
(Melle et al., 1993; Magnússon, 1996; Torgersen et al., 1997;
Sigurðsson et al., 2002; Pepin, 2013; St. John et al., 2016).
Several of these investigators show that the horizontal and
vertical extension as well as acoustic magnitude or density
of this mesopelagic layer can vary considerably depending on
region, season, water mass characteristics, and time of day.
Light conditions at the surface and ocean transparency that
modifies light penetration into deep water, are factors that
has been documented to be of crucial importance for vertical
distribution of mesopelagic scatterers and diel vertical migration
behavior (Dickson, 1972 and references therein; Norheim et al.,
2016).
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FIGURE 4 | Vertical profiles of temperatures (black line), salinity (green line), and oxygen content (red line) at the eight locations where diel vertical migration of the DSL

was studied. The extent of the WMD is shaded on each figure.

Arctic Deep-Scattering Layers Past and
Present
Contrasting the situation at lower latitudes, the presence of DSLs
in the Arctic is not well documented. Hunkins (1965) described
a scattering layer observed from Fletcher’s Ice Island (T-3), a
drifting research station in the central Arctic Ocean. It was
present during the summer months at depths 50–200m, and no
diel pattern could be seen. During winter and spring the layer
disappeared. Hansen and Dunbar (1971) analyzed data from
the same ice island observatory, but in addition to the 12 kHz
echo sounder operated by Hunkins they used an echo sounder
operated at 100 kHz and could locate an additional SSL at shallow
depths. By sampling in the relevant depths, they concluded that
this layer consisted of the pteropod Spiratella (now Limacina)
helicina. They were not able to catch any organisms from the
deeper layer detected on both frequencies, but speculated that
this layer consisted of the arctic gadoid A. glacialis, a species
they occasionally caught from surface waters through holes in the
ice. The DSLs detected under the multi-year ice in the Central
Arctic Ocean revealed two important features that distinguish
this layer from that observed in the non-polar oceans. The arctic
layer occurred atmoderately shallow depths and exhibited annual
rather than diel cycles.

During the present study between latitudes 79◦40′ and 82◦10′,
where the bottom depth was mostly>1,000m and the sea surface
was partly ice covered, a DSL having a low backscattering was
present and was populated with various fish and zooplankton
species. TheDSLwas always present from 210 to 510mdepth, but
the upper and lower limits of the DSL varied geographically. The
DSL performed a diel vertical migration between the high-light
and low-light periods of day when the sun was above the horizon
24 h and when it started to set at night. The observed differences
in WMD of the DSL between high-light and low-light conditions
were rather small among the eight locations where data were
analyzed; from 27 to 189m, which is less than in most areas
where diel vertical migration has been studied. The reason for
the rather restricted range with respect to diel vertical migration

could reflect the limited difference between light conditions day
and night compared to lower latitudes.

Our results showed that diel vertical migration occurred in
all eight localities sampled in this study; in open water after the
midnight sun had set in northern Fram Strait, at the ice edge
at the Yermak Plateau during the midnight-sun period, and in
sea ice covered (20–80% sea ice concentration) waters in the
Sofia Deep also during the midnight-sun period (Tables 1, 2,
Figure 3). The diel vertical migration showed, however, large
variations among the localities. Some of these differences seemed
to be linked to differences in light penetration due to sea ice and
high fluorescence levels in the upper water layers, while other
were not. The results also showed clear differences in vertical
migration when comparing the localities across a longitudinal
gradient in the northern Fram Strait; localities in the eastern
part spanned a substantial larger WMD range than the localities
in the western part (Figures 3, 4). The DSL in the eastern part,
which is closer to the shelf break, was dominated by larger fishes
(including cod) as compared to further west (Knutsen et al.,
2017, Table S1). Larger fishes also migrate on daily cycles, and
e.g., cod migrations can span ranges up to 250m (e.g., Godø
and Michalsen, 2000; Michalsen et al., 2013). Thus, it is possible
or even likely that the differences in diel migration across the
northern Fram Strait section is linked to differences in species
composition.

Relationships between Scattering Layers,
Environmental Constraints, and Advection
Earlier studies have shown that, in addition to light, temperature
and oxygen are important factors regulating diel vertical
migration (e.g., Klevjer et al., 2016). Our results indicated
that although there are no obvious environmental constraints
(in water mass characteristics, vertical layering, or oxygen)
regulating the vertical extent of the migration (Figure 4), the
WMD seems to be confined to the middle or lower part of
the Atlantic Water. In the eastern part of the Norwegian Sea, a
DSL has been observed in association with the Atlantic Water
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flowing north along the Norwegian coast (Melle et al., 1993;
Torgersen et al., 1997; Dale et al., 1999; Knutsen and Serigstad,
2001; Siegelman-Charbit and Planque, 2016). It seems likely that
the migrating animals we observed are organisms that passively
follow theWest Spitsbergen Current transporting Atlantic Water
northwards toward the Arctic Ocean.

When flowing northwards through Fram Strait and toward
the region north of Svalbard the Atlantic Water cools and
freshens, particularly in the upper 600m, due to heat loss
to the atmosphere, ice melt and by intrusions of cold, brine
enriched water sinking from the Svalbard shelf (e.g., Rudels
et al., 2005). When the layer increases in density and deepens
when going northwards the organisms follow. This could
explain the deeper location of the DSL on the Yermak
Plateau and Sofia Deep compared to the northern Fram Strait
(Figures 3, 4). We hypothesize that the organisms inhabiting
the DSL in the study area are passively advected with the
Atlantic Water. Using an advection velocity of 0.05–0.1m s−1,
the advection time from e.g., 68◦N in the eastern part of the
Norwegian Sea (∼1,500 km upstream) is 6–12 months, and
if located in the core of the swift West Spitsbergen Current
(velocities near 0.2–0.3m s−1) it is only 2–3 months. The
DSL deepens northwards, but the organisms maintain their
migration behavior resulting in diel vertical migration across
a deep (∼350 to 500m) layer north of Svalbard, completely
disconnected from the surface layer. Whether the diel vertical
migration still serves the purpose of seeking favorable feeding
conditions under low predation risk, giving these organisms an
advantage over non-migrating organisms, or is just a remnant
of this ecological adaptation from their more southern origin,
is unknown.

Current knowledge suggests that there exists a north-south
gradient both with respect to species composition and abundance
of organism that constitute the DSL in the eastern North-
Atlantic. The samples obtained with the Åkra trawl, the
Macroplankton trawl, and the MIK net contained mesopelagic
fishes species but in very small quantities (Tables S1, S2).
The invertebrate portion of the DSL was not very different
from that reported further south (Melle et al., 1993; Torgersen
et al., 1997; Knutsen and Serigstad, 2001), but the vertical
extension of the DSL, the integrated backscatter (NASC), a
proxy for biomass contained in the DSL, and the extent of
vertical migration was smaller in these northern areas compared
to what has been reported from more southern parts of the
Norwegian Sea (Melle et al., 1993; Torgersen et al., 1997;
Knutsen and Serigstad, 2001) and from the western North-
Atlantic (Magnússon, 1996; Sigurðsson et al., 2002; Anderson
et al., 2005).

Diel Vertical Migration Patterns
Diel vertical migration among organisms has been described
previously under Arctic summer conditions. For instance,
Rabindranath et al. (2011) described diel vertical migration in
the upper 50m of copepods (three Calanus species andMetridia
longa) at six locations to the north and northwest of Svalbard
(latitudes 79–81◦N) during August 2008. These stations were
found in fjords and over the shelf and were too shallow to

have a DSL. A diel light cycle was clearly observed despite
midnight-sun conditions, and while net-determined depth-
stratified abundance did not reveal any significant difference
between day and night, acoustic data with 25m vertical
resolution resulted in significant differences between day and
night backscatter strength vs. depth across all stations. In
contrast, Blachowiak-Samolyk et al. (2006) postulated, based on
their studies in the Barents Sea marginal ice zone (latitudes
76–77◦N) and a comprehensive literature survey, that common
zooplankton taxa do not perform diel vertical migration under
the midnight sun. Neither study area was deep enough to have
a DSL, and consequently cannot be directly compared to the
present study.

Siegelman-Charbit and Planque (2016), using data from four
acoustic surveys in the central and northern Norwegian Sea,
concluded that the DSL observed at all four surveys performed
daily migration patterns similar to those reported in other
regions. They did not analyze any biological samples from those
surveys and the composition of the DSL in their study area
is therefore not known. However, they report on average sA-
values from the mesopelagic layer from the four surveys (three
in August and one in May), which ranged from 81 to 215,
decreasing from south to north. Their northernmost survey was
conducted in a region just south of where our southernmost
observations were made. Our results fit well with the results
from these more southerly regions of the Norwegian Sea that
show acoustic energy from the mesopelagic layer decreases with
increasing latitude. Knutsen et al. (2017) also observed this
pattern of DSL backscattering intensity decreasing from the
south-eastern Norwegian Sea region to Arctic waters north of
Svalbard. This pattern agrees with ≪photoperiod constraint
hypothesis≫ (Kaartvedt, 2008).

There are apparently quite large differences east-west in the
northern Atlantic Ocean with regard to the composition of
the mesopelagic community. In the Irminger Sea Sigurðsson
et al. (2002) report on a very diverse mesopelagic community
that included eight species of myctophids. In addition, the
mesopelagic layer there extended to depths of more than
800m with a total vertical extension of up to 450m, which
is substantial compared to the eastern Norwegian Sea (cf.
Melle et al., 1993; Torgersen et al., 1997). In the eastern
Norwegian Sea, the DSL also consisted of far fewer species
of which the most important were krill (M. norvegica),
mesopelagic fish (Maurolicus muelleri, B. glaciale), shrimps
(S. arcticus, Pasiphaea multidenta,Hymenodora glaciale), and the
Scyphozoan (Periphylla periphylla; Melle et al., 1993; Torgersen
et al., 1997; Knutsen and Serigstad, 2001), but also included blue
whiting (Micromesistius poutassou). An important difference in
species composition between the earlier studies in the south-
eastern Norwegian Sea is the nearly complete absence of blue
whiting and Mueller’s pearlside (M. muelleri) found during this
study in the Svalbard region and confirmed by Knutsen et al.
(2017).

Diel vertical migration in shallow or deep marine ecosystems
pertain to the migration behavior of a range of organisms,
having different life history strategies, and for which internal
state and external factors can also act to modify migration
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patterns (Kaartvedt, 2010; Sogawa et al., 2016). Moreover, diel
vertical migration is often explained as a trade-off between
feeding and predation risk near the surface (Mauchline, 1980;
Gibbons, 1993; De Robertis, 2002; Pearre, 2003; Kaartvedt,
2010). Many organisms that constitute DSLs, from krill and
mesopelagic shrimps (Kaartvedt et al., 1988; Giske et al., 1990), to
mesopelagic fishes of various types (Melle et al., 1993; Torgersen
et al., 1997; Knutsen and Serigstad, 2001) display diel vertical
migration, and quite certainly these migrations are linked to
the ambient light environment and possibly light is also the
proximate cue for the onset of vertical migration. This has been
demonstrated on several occasions (see Norheim et al., 2016 and
references therein), who observed that variation in migration
amplitude is consistent with a behavior whereby the organisms
constituting the DSL keep their ambient light intensities within a
particular range. Thus, the smaller amplitude of DVM at higher
latitudes observed in this study is likely due to the limited
day and night difference in light conditions compared to low
latitudes.

Relation to Larger Predators
In the high Arctic as during the present study with a near 24-h
light regime, the abundance of larger pelagic fish predators in the
surface waters were limited, although frequent sightings of baleen
whales, possibly feeding on schooling krill and amphipods,
and dense registrations of copepods (see Knutsen et al., 2017),
were recorded. It is however, difficult to assess the predation
risk for migrating mesopelagics here, compared to regions
further south. The ambient light regime on the other hand, is
extreme during the Arctic summer months and very different
compared to lower latitudes, with sharp day-night differences
in light irradiance. Despite a 24-h light regime, with the sun
mostly above the horizon during the current investigations, diel
vertical migration was still evident. However, the organisms
constituting the DSL did not seem to migrate all the way
to the surface layers, rather their migration seems arrested at
intermediate depths (cf. Figure 4, Table 2). This could indicate
that the organisms in the DSL, for some reason do not reach
the potentially better foraging areas closer to the surface. The
depth at which they seem arrested could coincide with an
underwater light level that the animals do not transcend (cf.
Norheim et al., 2016) and could explain the limited diel vertical
migrations, but we have unfortunately no in situ light data that
can support such an interpretation. Also, since no mesopelagic
fishes were caught in the shallow hauls in the upper 0–60m
irrespective of time of day, it seems a fair interpretation that
mesopelagic migrants avoid the near surface layer in this region.
Thus, the results of the present study seem to support the
proposed “photoperiod constraint hypothesis” (Kaartvedt, 2008),
suggesting that high night light intensities in summer at high
latitudes limit options for safe foraging in upper layers at
night.

CONCLUSIONS

While the presence of scattering layers has been documented
further north, in an area permanently covered with ice, those

scattering layers where found at shallower depths (20–200m,
Hunkins, 1965; Hansen and Dunbar, 1971) and might not
qualify for the term DSL. Here, we demonstrate that a DSL
at depths of 210–510m exists at the Atlantic gateway to
the Arctic Ocean, also extending into ice-covered waters. We
also demonstrate that diel vertical migration is a feature of
this DSL with WMDs of the DSL varying between 27 and
189m even when the sun is above the horizon for 24 h Thus,
our null-hypothesis: during continuous daylight there is no
evidence of diel vertical migration, is rejected. Further, our
results corroborate earlier findings that there is a gradual
decrease in species richness, vertical extension, biomass, and
amount of diel vertical migration with increasing latitude in
the Northeast Atlantic-Norwegian Sea—Fram Strait (Torgersen
et al., 1997; Norheim et al., 2016; Siegelman-Charbit and
Planque, 2016; Knutsen et al., 2017). The findings agree
with the “photoperiod constraint hypothesis” (Kaartvedt, 2008),
but given the data currently available, it is not possible to
definitively ascribe the low biomass and the modest diel vertical
migration of the DSL to the light regime. Our findings show
that even in this extreme environment, ice-covered during
large parts of the year and with an Arctic light regime, the
environmental and biological conditions allow for the existence
of a DSL. How consistent this feature is over time and area
in terms of biomass and species composition remains to
be revealed.

DSL dynamics have been shown to be highly variable, and
further studies need to be undertaken to make a comprehensive
investigation on differences in species composition relative to
environmental parameters. This should include either long
periods of sampling at a single site including observations
of prey-predator occurrence as well as physical characteristics
of the water column, or repeated studies over a number of
years and light conditions. Traditional sampling techniques
could be applied, but also complementary novel approaches
like acoustic and video probe systems (Godø et al., 2014),
towed underwater multisensor vehicles with acoustic sensors (cf.
Knutsen et al., 2013), and new trawl technology (DeepVison,
Rosen et al., 2013; Underwood et al., 2014). These systems
can all be operated close to or within the DSL and could
increase our knowledge of the organism constituting the DSL,
and how the composition and abundance of these vary over time
and regionally within the Arctic Ocean. Also, to investigate in
detail what species were performing vertical migrations, depth-
stratified biological sampling as well as continuous biological
sampling through a 24-h cycle should be conducted. The
deep-water ecosystem of the Arctic is currently one of the
greatest unknowns in our understanding of the region and
particularly how it could respond to ongoing changes in
the epipelagial, affected by increased warming and a reduced
sea-ice cover.
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Figure S1 | Theoretical daily cycle of solar elevation above/below the horizon at

the date and location of the experiments: Sofia Deep N and Sofia Deep S (at

81◦45′N) on 24 August and 23 August, Yermak Plateau (at 80◦55′N) on 30

August, and in Northern Fram Strait (78◦40′N) on 1, 2, and 3 September 2015.

Figure S2 | Vertical profiles of fluorescence (black line) and turbidity (blue line),

both measured with Seapoint sensors on the CTD, in the upper 200m at the eight

locations where diel vertical migration of the DSL was studied. Note a different

fluorescence scale for the profile from Sofia Deep N compared to the others.
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