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Abstract The offshore marine ecosystem of the Canadian
Beaufort Sea faces the double pressure of climate change
and industrialization. Polar cod (Boreogadus saida) is a
pivotal forage species in this ecosystem, accounting for
95 % of the pelagic fish assemblage. Its vertical distribu-
tion over the annual cycle remains poorly documented.
Hydroacoustic records from 2006 to 2012 were analysed to
test the hypothesis that age-0 polar cod segregate vertically
from larger congeners. Trawls and ichthyoplankton nets
validated the acoustic signal. Fish length, weight, and
biomass were estimated from new regressions of target
strength and weight on standard length. Polar cod were
vertically segregated by size in all months, with small age-
0 juveniles in the epipelagic (<100 m) layer and larger age-
1+ deeper in the water column. From December to March,
the biomass of age-1+ peaked in a mesopelagic layer
between 200 and 400 m. With increasing irradiance from
April to July, the mesopelagic layer deepened and extended
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to 600 m. Starting in July, age-0 polar cod formed an
epipelagic scattering layer that persisted until November.
From September onward, age-0 left the epipelagic layer to
join small age-14 in the upper mesopelagic layer. Low
biomass in the mesopelagic layer from February to
September likely resulted from large polar cod settling on
the seafloor to avoid diving marine mammals. Longer ice-
free seasons, warmer sea-surface temperatures, or an oil
spill at the surface would likely impact epipelagic age-0,
while mesopelagic age-1+ would be vulnerable to an
eventual oil plume spreading over and above the seafloor.

Keywords Vertical distribution - Ontogenic migrations -
Acoustics - Target strength - Diel vertical migrations

Introduction

Comprising over 95 % of the pelagic fish assemblage,
polar cod (Boreogadus saida) is by far the most abundant
fish in Arctic seas (Benoit et al. 2008; Fortier et al. 2015).
Age-14 polar cod are ubiquitous in Arctic waters and have
been observed in shallow coastal zones, in anfractuosities
in sea ice, at depth on the continental slope, and under the
ice offshore up to the North Pole (e.g. Welch et al. 1993;
Gradinger and Bluhm 2004; Benoit et al. 2010; Mecklen-
burg et al. 2011; David et al. in press). In the Beaufort Sea,
the polar cod ecosystem faces climate change and, poten-
tially, an increased risk of oil spills from exploration dril-
ling and increased navigation (Fortier et al. 2015). The
duration of the ice-free season has lengthened in the region
since the beginning of the century (Stroeve et al. 2012), and
the edge and slope of the Mackenzie shelf are targeted for
oil exploration. Documenting the offshore autecology of
polar cod over the annual cycle is critical to anticipate the
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impacts of climate change and anthropogenic activities on
the slope ecosystem.

Early acoustic surveys and visual observations during
the ice-free season showed polar cod to occur primarily as
widely dispersed individuals or, occasionally, in dense
schools in shallow coastal waters (e.g. Welch et al. 1992;
Crawford and Jorgenson 1993; Welch et al. 1993). Based
on a simple trophodynamics model, Welch et al. (1992)
calculated that, in the Canadian Archipelago, the biomass
of polar cod observed nearshore was circa 32 times too low
to satisfy the requirements of its marine mammal and
seabird predators and predicted that large aggregations
existed elsewhere. Recent studies in the Beaufort Sea
confirmed that age-14 polar cod form dense aggregations
at depth in deep embayments, canyons, and over the con-
tinental slope, during the ice-free season in August (Parker-
Stetter et al. 2011) and September (Crawford et al. 2012),
during the consolidation of the ice pack in October and
November (Benoit et al. 2014), and under the consolidated
ice cover from December to April (Benoit et al. 2008;
Geoffroy et al. 2011). The offshore distribution of adult
polar cod in late spring and summer (May—-July) and
variations in biomass over the annual cycle remain to be
described.

In Arctic seas influenced by large rivers, such as in the
Canadian Beaufort Sea, polar cod hatch in the surface layer
from January to July, often well before the maximum
availability of their zooplankton prey (Bouchard and For-
tier 2011). At around 30 mm in length, the young fish
metamorphose into adult-like age-0 juveniles and start
moving deeper in the water column (Ponomarenko 2000).
Polar cod are cannibalistic, the adult stages feeding occa-
sionally on the younger stages (e.g. Benoit et al. 2010;
Rand et al. 2013). It has been hypothesized that early
hatching enables the young fish to reach a minimum size
and the capacity to avoid predators before they join their
cannibalistic congeners in the deep Atlantic Layer to
overwinter (Bouchard and Fortier 2011). If offshore adult
cod remain at depth throughout the year including the
May-July period, larvae and age-0 juveniles distributed in
the surface layer from January to October would effec-
tively be protected from cannibalism until they migrate to
depth in October. Alternatively, Geoffroy et al. (2011)
hypothesized that age-14 polar cod leave their deep winter
refuge in spring to follow zooplankton prey such as the
copepods Calanus hyperboreus and Calanus glacialis as
they ascend to the surface layer to graze on ice algae and
phytoplankton. If so, the planktonic stages of polar cod
would be vulnerable to cannibalism during spring—summer.

In this study, we test the hypothesis that age-0 and age-
1+ polar cod are segregated vertically until the fall
migration of the age-0 juveniles from the surface layer to
depth. Acoustic records from 2006 to 2012 in the Canadian
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Beaufort Sea are combined to document the offshore ver-
tical distribution of polar cod size and biomass over the
annual cycle. In particular, we document the summer-fall
vertical migration of pelagic age-0 juveniles between July
and mid-October and estimate size and biomass from new
regressions of target strength (TS; dB re: 1 m?) on standard
length (SL) and wet weight (W) on SL.

Materials and methods
Study area and survey design

In 2006 and from 2009 to 2011, the icebreaker CCGS
Amundsen conducted acoustic surveys in late summer and
in the fall in the Canadian Beaufort Sea as part of her
annual scientific mission to the Arctic (Fig. 1). Acoustic
data were also recorded continuously from October 2007 to
August 2008, as the icebreaker navigated the ice pack of
the Amundsen Gulf during the Circumpolar Flaw Lead
System Study (Geoffroy et al. 2011). In 2012, acoustic
transects across the Mackenzie shelf and over the slope
from 20 to >1000 m were conducted from the fishing
vessel F/V Frosti (Fig. 1). The surveys generally took
place in summer and autumn (July—October; Table 1).
Over the years, the surveyed area covered roughly
415,500 km? (Fig. 1).

Three water layers are superimposed in the Canadian
southern Beaufort Sea: (1) the surface Polar-Mixed Layer
of variable temperature (PML; <20 m in summer and
<40 m in winter, S < 31.6); (2) the cold intermediate
Pacific Halocline (PH; ~40-200 m, 324 < § < 33.1,
—1.6 °C < T < 0 °C); and (3) the relatively warm deep
Atlantic Layer (AL; >200 m, 7 > 0 °C) (Carmack and
Macdonald 2002; McLaughlin et al. 2011). Conductivity—
temperature—depth (CTD) systems regularly deployed from
the Amundsen (SBE-911 plus®) and the Frosti (SBE-25
and SBE-19plusV2®) provided the temperature and salinity
profiles used to determine the coefficient of sound
absorption (Francois and Garrison 1982) and sound speed
(Mackenzie 1981) for acoustic calculations.

Hydroacoustic sampling

Hydroacoustic data at 38 and 120 kHz were continuously
recorded on both ships thanks to hull-mounted Simrad
EK60® split-beam echosounders with 7° acoustic beams.
Except for 2009, the systems were calibrated annually by
the standard sphere method (Simmonds and MacLennan
2005). Acoustic data collected in 2009 were not pooled
with the other years for the monthly TS and biomass cal-
culations. Pulse duration was set at 1024 ps, and ping rate
varied from 1 to 2 s (see Benoit et al. 2008; Geoffroy et al.
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Fig. 1 Bathymetric map of the study area with ship track (black line) and periods surveyed in each year. Red dots ichthyoplankton net tows;

green dots mid-water trawls; yellow dots demersal trawls

Table 1 Sampling periods, number of ichthyoplankton net and trawl deployments, and number of polar cod sampled in the epipelagic

(0100 m) and mesopelagic (200-600 m) layers by year

Year Start date End date Nets Mid-water Demersal Polar cod Polar cod
trawls trawls 0-100 m 200-600 m
(200-600 m)
2006 10 October 16 October 3 0 0 68 0
2007 15 October 31 December 24 0 0 29 0
2008 1 January 8 August 58 0 0 4002 0
2009 16 July 16 October 42 0 0 2073 0
2010 14 August 8 October 21 0 0 394 0
2011 12 August 3 October 25 0 0 684 0
2012 6 August 3 September 44 21 27 1579 5983

2011 for details). Power was set to 2 kW at 38 kHz and
500 W at 120 kHz, except in 2012 when the power at
120 kHz was reduced to 250 W.

In 2011, a Simrad SX90® fisheries sonar mounted in the
hull of the Amundsen was operated over 1418 km across

bathymetric areas ranging in bottom depth from 20
to >1000 m. Operating frequencies varied from 20 to
30 kHz by 1 kHz increment. This sonar can detect fish
schools in the surface layer (0—50 m) within a radius of up
to 2 km around the ship (Geoffroy et al. 2015).
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Fish sampling and processing

Age-0 (fish larvae and juveniles hatched in the sampling
year) and age-1+ fish were sampled to validate the
acoustical signal and calculate the regressions of TS on SL
and W on SL for size and biomass estimations (Fig. 1,
Table 1). A double-square net bearing two square-conical
nets (1-m? aperture, 500-pm mesh) and a rectangular mid-
water trawl (8-m? aperture, 1600-pum mesh) were deployed
from the Amundsen on 173 occasions between 2006 and
2011 to sample age-0 fish (details in Bouchard and Fortier
2011). In 2012, 44 ichthyoplankton samples were collected
with a bongo net (0.25-m> aperture, 500-pm mesh)
deployed from the Frosti (details in Walkusz et al. 2013).
Sampling depth varied from the surface to between 15 and
100 m from 2006 to 2011, and to between 55 and 350 m in
2012. Ichthyoplankton net deployments were distributed
over the study area (Fig. 1). Double oblique tows were
conducted on some occasions to increase the catch. Up to
25 polar cod larvae and juveniles per deployment were
photographed against a millimetre paper background and
measured fresh at sea. Being too light for accurate
weighing at sea, small fish were placed on blotting paper
for ~30 s and inserted individually in commercial Ziploc®
sealable plastic bags pre-weighed on a £0.001-g precision
balance and frozen at —80 °C. In the laboratory, each bag
containing a fish was thawed, dried, and re-weighed on the
same balance, and the weight of the pre-weighted bag was
subtracted to obtain W. Weighted larvae and juveniles as
small as 0.9 cm SL sampled in the eastern Canadian Arctic
in July and August 2013 were added in the regression of W
on SL to increase the range of values.

The trawler Frosti sampled age-14 polar cod in 2012
(Fig. 1). Four subsurface tows (<40 m) were conducted with
an Enzenhofer and Hume mid-water trawl (3 x 3 m aper-
ture; codend mesh = 0.63 cm). A larger Cosmos-Swan 260
mid-water otter trawl (headrope = 41.4 m, 1.27-cm codend
mesh, Thyborgn Type 2 Standard 5.12 m” steel doors) was
deployed on 17 occasions at water depths ranging from 38 to
420 m, including four casts at depths < 65 m. The mid-
water trawls were towed at 3 knots for 20-25 min. Demersal
polar cod were sampled with a modified Atlantic Western
ITA (headrope = 22.86 m, footrope = 21.23 m, 1.27-cm
codend mesh, Thyborgn Type 2 Standard 5.12 m® steel
doors) and a beam trawl (headrope = 4.27 m, foo-
trope = 4.27 m, 0.95-cm codend mesh). Adult fish were
initially identified to the lowest taxonomic level possible,
and polar cod from a random subsample were measured and
weighted fresh before freezing at —50 °C for the later
confirmation of identification in the laboratory.
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Hydroacoustic data processing

For consistency, the acoustic data collected from the Frosti
and the Amundsen were processed with the same protocol
using Echoview® 5.3. The echograms were visually scruti-
nized to correct bottom detection by the sounder and to
discard noise and signals from other deployed instruments.
The top 13.5 m of the water column and the first metre above
the bottom were excluded from the analysis. Time-varied
gain (TVG) profiles were inserted based on the average
sound speed (¢ in m sfl) and absorption coefficient (« in
dB mfl) calculated from the closest CTD cast. A time-var-
ied threshold (TVT = 20logR + 2a R — 140, where R is the
range from the transducer) was added in the 38 and 120 kHz
echograms to offset noise amplification at depth by the TVG.

High fish densities sometimes result in multiple target
detections, which overestimate target strength (TS), fish size,
and biomass (Sawada et al. 1993; Gauthier and Rose 2001).
TS analysis was conducted on the 38-kHz data using the
Echoview single-echo detection algorithm for split-beam
echosounder (method 2: threshold applied on targets after
compensation for their position in the beam) followed by the
application of the Echoview fish-tracking algorithm (e.g.
Benoit et al. 2014). The fish-tracking algorithm identifies
and retains only single echoes that can be tracked over
several pings, thus filtering out most superimposed echoes
from multiple targets. As a starting point, the parameteri-
zation of the two algorithms was set as recommended in
previous studies (Parker-Stetter et al. 2009; Rudstam et al.
2009; Benoit et al. 2014). A minimum TS threshold varying
from —80 to —65 dB excluded most zooplankton targets.
For each day, this threshold was defined as the limit between
the lowest two TS distributions corresponding to zoo-
plankton and fish, respectively (Fig. 2). An upper threshold
of —43 dB (corresponding to a 35-cm polar cod based on
Eq. 1) was used to avoid including the signal of any larger
fish species potentially occurring in the area. The parameters
for the two algorithms (given in Online Resources 1 and 2)
were then further fine-tuned to minimize multiple target
detections by reducing the number of outliers at the upper
end of the resulting TS frequency distribution.

To validate that our approach limited multiple target
detections, TS estimated using the fish-tracking algorithm
were compared to TS estimated using the Sawada Index, a
recognized approach to minimize multiple target detections
(Sawada et al. 1993; Gauthier and Rose 2001). In this
approach, TS are calculated only within regions of the
echogram with a Sawada Index (number of fish in effective
reverberation volume) < 0.04, where the probability of
multiple target detections is low. The comparison was
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Fig. 2 Example for 12 October 2006 of the daily TS frequency
distributions used to determine the minimum threshold for TS
analysis, indicated by the arrow. In this case, TS < 65 and >65 dB
are attributed to zooplankton and fish, respectively

conducted for echograms recorded over one full week in
winter (March 2008) and summer (August 2012).

Locations where age-0 and age-14- polar cod represented
>90 % of catches in ichthyoplankton nets or mid-water
trawls were used to calculate the regression of TS on SL
(Parker-Stetter et al. 2011). For ichthyoplankton net
deployments, TS of all fish detected from 13.5 m to the
maximum sampling depth of the net for a period covering
approximately 1 h around net deployment were averaged (in
m? and thereafter transformed in dB). The same method was
used for age-14- polar cod sampled by mid-water trawls in
2012, except that only the TS of fish within +25 m depth
range of the sampling depth were averaged to prevent the
inclusion of different length classes, as polar cod tend to
stratify vertically by length (Benoit et al. 2014). Ichthy-
oplankton net deployments deeper than 200 m and trawl net
deployments shallower than 200 m were discarded from the
TS analysis to prevent any bias resulting from the selectivity
of the different samplers. Stations where the echosounder
did not successfully detect individual fish were also dis-
carded. A linear regression of mean TS on log;( of the mean
SL of polar cod sampled in the corresponding hauls was then
calculated to transform the backscatter signal into fish size
(Foote 1987; Simmonds and MacLennan 2005).

Estimation of biomass

The echograms were gridded in echo-integration cells
0.25 nm long by 3 m deep. The difference in mean volume

backscattering strength (AMVBS) between corresponding
echo-integration cells at 120 and 38 kHz was used to dis-
criminate pelagic fish from aggregations of large zoo-
plankton (e.g. Geoffroy et al. 2011). Minimum and
maximum thresholds of AMVBS ,,_;35 Were, respectively,
set to —10 and 5 dB to isolate the signal of polar cod
(Benoit et al. 2014). Echo-integration cells with a volume
backscattering strength (S,; dB re: 1 m~ ') above —40 dB,
which is above the maximum S, of the densest winter
aggregations observed, were discarded from the analysis as
they likely resulted from bottom or noise detections that
were not identified during visual inspection.

Mid-water trawls were deployed in August and early
September only. Hence, mean acoustic TS rather than trawl
catches was used to estimate biomass and its vertical dis-
tribution over the annual cycle. Because the size of pelagic
polar cod increases with depth (Benoit et al. 2008, 2014),
for each year, the monthly mean acoustic TS (in m* and
thereafter transformed in dB) was calculated for successive
50-m strata from the surface downward. The density of
polar cod (p, in fish m—) within each 3-m-deep echo-in-
tegration cell was then estimated from the mean detected
TS value for each stratum using the nautical area
backscattering coefficient (NASC in m? nm>) at 38 kHz
(Parker-Stetter et al. 2009):

B NASC
4 x 10T x 18522 x 3

A regression of wet weight (W in g) on SL (cm) for
5860 polar cod sampled in nets, mid-water trawls, and
demersal trawls was calculated in the form log,,(W) =
ar + by -logo(SL) + ¢ to reduce the variance at larger
sizes. The residual value ¢ was assumed to be normal i.i.d.,
and af and by are constants for one species. The regression
was thereafter transformed in the more standard form W =
ar - SLPr (Simmonds and MacLennan 2003). The regression
of TS on SL allowed estimating the size of the average fish
within each 50-m-deep stratum and was combined with the
new regression of W on SL to estimate the weight of the
average fish within each stratum. Mean polar cod biomass
(B in g-m™>) within each echo-integration cell was then
estimated:

B=py, W

Py

As no single target could be detected beyond 600 m, the
average TS for the 550-600 m layer was used to estimate
polar cod biomass in the deeper layers.

Inter-annual variability
For each month, acoustic records from all years (except

2009 because the echosounder was not calibrated) were
combined to document the vertical distribution of polar cod
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TS and biomass over the annual cycle. To assess inter-
annual variability, the mean monthly TS in each 50-m-deep
stratum was compared (one-way ANOVA and Tukey’s
honest significant difference test) among years for those
months sampled in more than 1 year (July, August,
September, and October; Table 1). Residuals for the month
of August were not normally distributed, and a nonpara-
metric Kruskal-Wallis test was used.

Results

An epipelagic layer of age-0 and a mesopelagic layer
of age-1+ polar cod

The overwintering expedition of the Amundsen in
2007-2008 provided a near-complete annual record of the
vertical distribution of pelagic fish in SE Beaufort Sea from
mid-October 2007 to early August 2008 (Table 1). Two
distinct scattering layers were observed: an epipelagic layer
within the 0- to 100-m depth interval and a mesopelagic
layer distributed primarily in the 200- to 600-m interval
(Fig. 3). The 217 ichthyoplankton nets deployed within the
epipelagic layer (<100 m) from 2006 to 2012 captured
7334 age-0 polar cod (Fig. 4a) that represented 93 % of the

i
(UL A
Nov. 1 Nov. 15 Dec. 1

I
Oct. 16 Dec. 15

Depth (m)

0 (NN LULLLILILIIgL]

7899 fish sampled. The 8 mid-water trawl hauls in the 0- to
100-m layer captured 1506 fish, which included 1486 age-0
polar cod <5.5 cm and nine age-1 polar cod 5.5-7.5 cm
long (Fig. 4b). No age-2 4 polar cod (>9 cm) were sam-
pled in the epipelagic layer. The remainder of the epipe-
lagic fish assemblage included the early stages of benthic
fish species, mainly Liparidae and Cottidae. Polar cod also
dominated the nearly monospecific mesopelagic layer.
Ninety-five % of the 1142 fish captured between 200 and
420 m in 13 mid-water otter trawl deployments were polar
cod 2.5-16.3 cm long (Fig. 4c). The 27 demersal trawls
deployed over bottom depths ranging from 200 to 600 m
yielded 4899 polar cod 3.1-21.8 cm long (Fig. 4d).

The epipelagic layer was absent or weak from January to
early May, started to form in mid-May, and was fully
developed by early August (Fig. 3). By then, age-0 polar
cod exhibited clear diel vertical migrations (DVM) within
the PML, distributing around 50 m depth in daytime and
moving closer to the surface at night (Fig. 3, red outline).
From late August to early October, the amplitude of the
DVM increased, taking some age-0 polar cod beyond the
100 m depth into the PH and, ultimately, in contact with
the mesopelagic layer of age-14 polar cod (outlined in
Online Resource 3). By December, the epipelagic layer had
disappeared (Fig. 3).

‘omr
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AL

Jan. 1 Jan. 15

50

100

300

500

Mar. 15 Apr.1 Apr.15 May 1 May 15
Fig. 3 S, at 38 kHz during the overwintering expedition of the
Amundsen from 15 October 2007 to 8 August 2008. Note the different
depth scales for the 0- to 100-m and 100- to 600-m layers. Areas
below the bottom or with no acoustic data are in black. Each tick on

the time axis corresponds to noon local time. The approximate depth
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The mesopelagic layer of age-14 polar cod persisted
year round. The fish were distributed from ~ 100 m to the
seafloor in winter and at depths >200 m in other seasons
(Fig. 3). The echo of the mesopelagic layer increased

progressively from December onward to reach a maximum
over January—February—March and then declined in May
(Fig. 3). Age-1+ polar cod performed DVM within the
deep AL from the end of August until mid-May.

The fisheries sonar did not detect a shoal or school of
fish in the surface layer over 1418 km of survey in August—
September 2011. On seven occasions, dense shoals were
observed ascending into the PML when age-14 polar cod
formed a dense mesopelagic layer in January and February
2008 (see Online Resource 4 for an example).

Fish-tracking algorithm versus Sawada Index

Mean TS calculated by the fish-tracking algorithm were
slightly lower than by the Sawada Index: —58.8 versus
—57.7 dB, respectively, from 13 to 19 March 2008, and
—56.4 versus —54.4 dB from 7 to 13 August 2012. Pooling
the 2 weeks, the fish-tracking algorithm identified 70,151
single targets compared to 2,606,658 using the Sawada
Index.

The vertical distribution of TS and acoustically
estimated fish size by month

The logarithmic regression of TS (dB) on SL (cm)
explained 55 % of the variance in TS (Eq. 1 and Fig. 5).

TS = 14.33 log,(SL) — 65.13 (1)

Between 1 and 5 cm SL, the sampled locations tended to
cluster above or below the regression line (Fig. 5). For a
given length, the mean time of day, sampling date, and
sampling depth were not significantly different between
both clusters, suggesting that clustering was unrelated to
these variables (Wilcoxon signed-rank test; p > 0.17).

Polar cod were vertically segregated by size throughout
the year, with TS, and hence SL, increasing from the sur-
face to depth (Fig. 6). Typically in a given month, the
average TS was minimum (<—55 dB) in the epipelagic
layer (0-100 m), increased with depth over the 100- to
400-m interval to reach maximum values below 400 m
(Fig. 6). From April to July, the mean TS near the surface
(0-50 m) was —65.1 dB (n = 191,085), which corre-
sponded to 1-cm-long polar cod (Eq. 1). From July to
September, mean TS in the 0- to 50-m depth interval
increased to —55.3 dB (n = 49,854, corresponding SL =
4.9 cm) and declined progressively thereafter. Except in
July, when the mean TS remained below —51.8 dB, rela-
tively large polar cod (mean TS = —48.23 dB, n =
22,006, corresponding SL = 15 cm) were detected below
~300 m from April to January (Fig. 6). Mean TS below
300 m was —50.1 dB (n = 5471, corresponding SL =
11.2 cm) in February. Despite strong aggregations at depth
in March (Fig. 3), only a few single TS corresponding to
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area sampled by ichthyoplankton nets or mid-water trawls on the
mean SL of polar cod in the net/trawl collections (see “Materials and
methods”). Error bars give the standard error. Regression lines used
in previous studies are presented for comparison

small fish were obtained below 300 m (mean TS =
—55.7 dB, n = 12, corresponding SL = 4.6 cm).

For 50-m depth strata, mean TS for the months of July,
August, September, and October did not differ significantly
between years (p > 0.05) despite different sampling areas
and local fish densities, confirming that the data could be
pooled by month. Results from the ANOVA and the
Kruskal-Wallis test concurred.

The vertical distribution of estimated polar cod
biomass over the annual cycle

The power regression of W (g) on SL (cm) for 5860 polar
cod was (Fig. 7):

W = 0.0055 (sL)*"* (2)

From December to March, most of the biomass was
concentrated in a relatively shallow mesopelagic layer
from 200 to 400 m (Fig. 8). From April to July, the
mesopelagic layer deepened and extended to the seafloor at
600 m (Fig. 8). Starting in August and until November,
deeper regions were surveyed and some biomass was
detected between 600 m and the bottom. A secondary peak
in biomass developed in July in the epipelagic layer at
depth <200 m and persisted until September before dis-
appearing in October, as the biomass within the mesope-
lagic layer started increasing.

Except in April, the vertically integrated biomass of age-
1+ in the mesopelagic layer was low (4.7 to 26.1 g m™?)
from February to September (Fig. 8). Biomass was
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relatively high (69.6-96.8 g m~2) from October to January
and in April. The biomass of age-0 in the epipelagic layer
(0-100 m) increased from June (0.06 g rnfz) to September
(2.38 g m~?) and then decreased over October—January to
nearly zero values from January until May (Fig. 8).

Discussion
Acoustical estimates of polar cod size and biomass

Polar cod largely dominate the assemblage of pelagic fish
in the Beaufort Sea (e.g. 97 %, Benoit et al. 2008; 99 %,
Parker-Stetter et al. 2011). In the present study, sampling
by plankton nets and mid-water trawls confirmed that age-0
polar cod made up the vast majority (94 %) of fish in the
epipelagic scattering layer. The mesopelagic layer was
sampled by mid-water trawl at only 13 locations on the
Mackenzie shelf and slope in 2012, but the catch compo-
sition was similar to earlier reports (Benoit et al. 2008;
Parker-Stetter et al. 2011; Fortier et al. 2015), with age-1+
polar cod strongly dominating the fish assemblage (95 %)
followed by similar-sized snailfish and sculpins. We con-
clude that polar cod made up ~95 % of the pelagic fish
detected by acoustics throughout the years and regions
surveyed.

A lower mean TS (by 1.1 dB in March and 2 dB in
August) and 37-fold fewer single detections indicated that
the fish-tracking algorithm was at least as efficient as the
Sawada Index approach at eliminating multiple target
detections. Using the fish-tracking algorithm with a similar
parameterization as in Benoit et al. (2014) likely limited
multiple target detections, but perhaps at the potential cost
of eliminating some of the larger polar cod from the
analysis. Thus, the polar cod biomasses presented here
based on mean TS are deemed conservative. Crawford and
Jorgensen (1996) observed acoustic shading within dense
(up to 307 fish m—) polar cod schools. In the present
study, fish density within aggregations remained
<35 fish m™ and acoustic shading was probably negligi-
ble. TS from single targets were available only from the
periphery of the denser winter aggregations, which may or
may not be representative of the TS within the aggrega-
tions. Admittedly, our estimates of the biomass of these
winter aggregations could be biased one way or the other.

A high signal-to-noise ratio (SNR) is required for reli-
able TS measurements, but the SNR diminishes with depth
due to the amplification of noise by the TVG. Hence, the
TS detection threshold increases with depth (Kieser et al.
2005). Variations in local sound absorption, background
noise levels, and SNR conditions can significantly affect
the TS detection threshold. For instance, polar cod <2.3 cm
were not detected beyond 200 m when background noise
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Fig. 6 Box-and-whisker plots of the TS (fop x-axis) of polar cod by the number of single targets identified by the fish-tracking algorithm.
month and by 50-m-deep intervals. The black vertical line is the The lower x-axis provides the SL of polar cod corresponding to TS
mean, the left and right boundaries of the box are the 25 and 75 based on Eq. 1

percentiles, and the whiskers are the 0 and 100 percentiles. n indicates

level was —156 dB re: 1 m? at 1 m (—60 dB; Online (2014) conducted TS measurements on polar cod down to
Resource 5 and Eq. 1). The elimination of smaller targets =~ 500 m and large polar cod were increasingly frequent with
at depth resulted in a bias that could partly explain the  depth in trammel nets deployed under the ice in the winter
increase in mean TS with depth (Fig. 6) and possibly  of 2004 (Benoit et al. 2008). In the present study, less than
resulted in an overestimation of SL and biomass in the 5 % of the fish captured in the mesopelagic layer were
mesopelagic layer. Using similar methods, Benoit et al. <2.5 cm and the mean SL of the polar cod captured in the
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Fig. 7 Regression of wet weight (W) on standard length (SL) for
polar cod sampled from 2006 to 2012 (black dots) and in 2013 (green
dots). Regressions of polar cod W on notochord length (NL) or fork
length (FL) used in previous studies are indicated for comparison

21 mid-water trawl deployments significantly increased
with sampling depth from near the surface to 400 m
(0.00938 x Depth + 3.48, ? = 0.75, p < 0.001; Online
Resource 6). We thus conclude that, notwithstanding the
uncertainties inherent to hydroacoustic estimates of fish
size and biomass at depth, the increase in fish size with
depth measured acoustically is real and not solely an
artefact caused by discarding smaller targets or by more
frequent multiple detections. At depths >600 m, the SNR
was likely too low to allow single-target detections and the
uncertainties in biomass estimates were consequently
higher. Moreover, areas deeper than 600 m were only
surveyed from August to November, which prevented
documenting the complete annual cycle of biomass at these
depths.

Avoidance of sampling gears by the largest polar cod
could explain the significantly lower biomass derived from
the trawls (W. Walkusz; unpublished data) compared to
acoustic biomass estimates. Hence, the importance of
complementing biomass estimates based on trawls with
acoustic estimates based on the relationship between TS
and fish length (Williams et al. 2015). Different regressions
of TS on length have been used to estimate polar cod
biomass (Anonymous 1988; Mamylov 1999; Parker-Stetter
et al. 2011). In the present study, the distribution of polar
cod into two nearly monospecific age-segregated layers
provided ideal conditions to relate TS and length (Warner
et al. 2002). The new regression presented here is based on
the insonification of fish during 106 net/trawl deployments
(Fig. 5). It explains 55 % of the variation in TS and is very
close to the regression calculated by Mamylov (1999). The
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bimodal distribution of variance around the regression
curve, with TS-SL points falling either well above or well
below the regression, may reflect some bimodal orientation
of the fish (head/tail on versus top/side on) in the acoustic
beam (Gauthier and Horne 2004). Fishing gear avoidance
by large individuals and the ensuing underestimation of
average length possibly moved the regression curve to the
left, resulting in conservative estimates of SL and biomass.

In the epipelagic layer, the ranges of mean TS (—66.1 to
—54.4 dB; Fig.6) and SL estimated from Eq. 1
(0.9-5.6 cm) were consistent with the range of SL of age-0
polar cod sampled by plankton nets in the 0- to 100-m
stratum (0.4-8.5 cm, with most fish under 6 cm, Fig. 4a).
Interestingly, when polar cod grow from 0.64 to 0.72 cm,
the proportion of larvae with an inflated swim bladder
increases from 2 to 65 % (Aronovich et al. 1975).
Underdeveloped or insufficiently inflated swim bladders
may explain that most fish 0.4 to <0.9 cm sampled by
plankton nets in the epipelagic layer either escaped
detection by the echosounder or were classified as weaker
zooplankton targets (Fig. 2), possibly resulting in some
underestimation of biomass within the epipelagic layer
from May to July. As well, polar cod larvae (average
SL = 1.37 cm) concentrate in the 0- to 10-m layer during
the summer months (Bouchard et al. in press) and the
acoustic blind zone over the top 13.5 m certainly con-
tributed to underestimating the epipelagic biomass of age-0
fish. Otherwise, the similarity of the SL ranges estimated
by nets and acoustics for the epipelagic layer suggests that
plankton nets efficiently sampled young fish and that the
proposed TS-SL regression is accurate for age-0 polar cod.

The polar cod sampled in August and early September
by mid-water trawls in the mesopelagic layer were smaller
(mean SL = 6.8 cm) than the average length in August
estimated acoustically for that layer (mean TS of
—51.3 dB, corresponding SL = 9.2 cm), suggesting trawl
avoidance. Polar cod caught in demersal trawls deployed in
the same region in 2012 were larger than in the mid-water
trawls (Fig. 4c, d), indicating that bigger individuals
remained near the seafloor, thus avoiding the mid-water
trawls.

Previous regressions of polar cod weight on notochord
length (NL, Ponomarenko 2000) or fork length (FL, Craig
et al. 1982; Matley et al. 2013) have been published. All
these equations, including the one in this study, yield
similar weight for fish <10 cm (Fig. 7). The Ponomarenko
(2000) W-NL equation for Barents, Kara, and White Seas
polar cod generally underestimates the weight of Beaufort
Sea fish in the range 10-15 cm, while our equation over-
estimates weight in fish >15 cm. The W-FL regressions
reported by Craig et al. (1982) for the American Beaufort
Sea and by Matley et al. (2013) for the Canadian Archi-
pelago underestimate the weight of Canadian Beaufort Sea
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Fig. 8 Biomass of polar cod Biomass (gm?)
(g m™?) averaged per month 0.0 0.1 02 0.3 0.4 05 000 001 002 003 004 005 006
and 50-m depth intervals. o4 ! ! ! ! ] L : : : : L

0-100 m:0.057gm

Integrated biomass (g m~?) in
the epipelagic (0—100 m) and
mesopelagic (2004 m) layers is
also indicated. Note the
different biomass scales in
different months. Black arrows
point to depth intervals where
biomass was close to zero. The
stippled horizontal line
indicates the maximum depth
surveyed in a given month
(£50 m)

polar cod at length >10 cm (Fig. 7). Some of the dis-
crepancy may stem from their measurement of FL rather
than the shorter SL used here.

The vertical distribution of polar cod length
and biomass over the year in the Beaufort Sea

At a 230-m-deep station in the landfast ice of Franklin Bay
(Fig. 1), the progressive build-up of a dense aggregation of
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polar cod over winter months resulted in vertically inte-
grated biomasses reaching 55 kg m™~ in April (Benoit

et al. 2008). By comparison, biomass within winter
aggregations of polar cod over the slope attained a maxi-

mum of no more than 0.732 kg m~2 in February (Geoffroy
et al. 2011). Both studies focused on peak biomass within

dense winter aggregations and used the TS to length

regression of Anonymous (1988), which, according to our
results, overestimates the length of polar cod (Fig. 5).
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Aware of these potential limitations, Benoit et al. (2008)
emphasized the need to test the validity of the TS analysis,
based on in situ measurements with split-beam target-
tracking techniques. Using these techniques and new TS-
SL and W-SL regressions, we report here much lower
biomasses (0.01-0.1 kg m~2, Fig. 8) averaged by months
over regions with and without aggregations.

Benoit et al. (2010) proposed that large polar cod dis-
tribute close to the bottom in winter to limit predation by
deep-diving mature ringed seals (Pusa hispida) that target
the lipid-rich livers of the largest fish. Based on photo-
synthetically active radiation at the surface, Geoffroy et al.
(2011) further linked the deepening of the distribution of
polar cod from December to April to the vernal increase in
irradiance that provides visual predators such as ringed
seals and belugas (Delphinapterus leucas; see Asselin et al.
2011) with increasing light to catch polar cod at depth. We
suspect that from February to September, with the excep-
tion of April, most large polar cod remained near the
seafloor to avoid marine mammal predators and were dis-
tributed too close to the bottom for the echosounder to
detect them, resulting in low monthly biomass estimates.
This is confirmed for February, March, and July when the
TS of fish in the insonified water column diminished
(Fig. 6). With rapidly declining irradiance and vulnerabil-
ity to visual predators in September—October, large polar
cod left the seafloor (Fig. 6), resulting in large biomasses
being detected by the echosounder in the mesopelagic layer
(Fig. 8). This colonization of the AL in September—Octo-
ber coincided with the descent of the large CV stages and
females of C. hyperboreus to depths >200 m at the end of
summer (Darnis and Fortier 2014). Of course, other factors
may have contributed to variations in monthly estimates of
biomass, such as the frequency of encounters with aggre-
gations along the ship track, the dense congregation of
large fish that can prevent their detection by the fish-
tracking algorithm, and the depth of the region surveyed in
a given month.

Consistent with the hypothesis of Geoffroy et al. (2011),
the intriguing peak in biomass in April (Fig. 8) could be
linked to large polar cod leaving their seafloor habitat to
pursue C. hyperboreus and C. glacialis prey as they ascend
from the deep Atlantic Layer (AL) and Pacific Halocline
(PH) towards the Polar-Mixed Layer (PML) (Darnis and
Fortier 2014). Some age-14+ were seen rising briefly into
the epipelagic layer in late April, possibly due to predation
by larger congeners or marine mammals within the
aggregations, but otherwise no significant concentrations of
adult polar cod were detected above 100 m in spring—
summer (Fig. 3). As well, only nine age-1 and no age-
2 4 were captured in the 8 mid-water trawls deployed in
the epipelagic layer (065 m) in August and early
September. Finally, no schooling adults were detected in
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the surface layer by the SX90 fisheries sonar over the
1418 km surveyed from August to October 2011 across
bottom depths ranging from 20 to > 1000 m. Hence, the
brief excursion of age-1+4 in the epipelagic layer in late
April differed little from similar events linked to the DVM
of polar cod in winter months (Fig. 3), and there was no
indication that the large polar cod briefly leaving the bot-
tom in April reached the PML and remained therein during
the spring and summer months. We conclude that age-1-+
polar cod seldom move into the offshore epipelagic layer
over the annual cycle.

The fall migration of age-0 polar cod to depth

In the Barents Sea region, age-0 polar cod 3.5-5.0 cm in
length descended to deeper levels in August—September
but remained in the water column until late September
(Ponomarenko 2000). Age-0 started to occur in the near-
bottom layers with increasing frequency in November and
December. In the present study, clear DVM started in mid-
July—early August in the epipelagic layer (Fig. 3, red out-
line), when TS within the 50- to 100-m stratum reached
roughly —58 dB, corresponding to polar cod 3 cm long
that became fully motile after metamorphosis. In Septem-
ber and October, the amplitude of the DVM increased, and
age-0 with a TS of —54.5 dB (5.5 cm) progressively joined
their conspecifics in the PH (see the echogram in Online
Resource 3). As observed in the Barents Sea region
(Ponomarenko 2000), the biomass of migrating age-0 in the
epipelagic layer peaked in September (Fig. 8). According
to the length—age relationship SL,, = 9.353 + 0.182
agedays (* = 0.803, n = 102, Bouchard and Fortier 2011),
these 3- to 5.5-cm SL polar cod were 113-251 d old in
September and their hatching period, from January to May,
agrees with previous reports (Bouchard and Fortier 2011,
Bouchard et al. in press).

Age-0 polar cod >2.5 cm obtain 92 % of their carbon
uptake from copepodite prey (primarily C. hyperboreus, C.
glacialis, Metridia longa, and Pseudocalanus spp.), and
prey size increases with fish length (Falardeau et al. 2014).
As they grow in late summer and fall, age-0 polar cod in
the epipelagic layer become increasingly conspicuous to
seabird predators (Sogard 1997; Matley et al. 2012). The
clear DVM exhibited from August to October indicate that
age-0 polar cod fed in the surface layer at night and des-
cended in daytime to avoid visual predators. As the surface
layer emptied of copepod prey in November, with, for
instance, the density of C. hyperboreus decreasing to <5
ind m™> (Darnis and Fortier 2014), the DVM blurred and
age-0 remained at depth (Online Resource 3). Hence, as
prey abundance declines and vulnerability to visual
predators increases, the changing balance of risk against
benefits for a growing age-0 polar cod likely triggers the
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end of the DVM and the onset of the ontogenetic migration
out of the epipelagic layer.

Several studies have documented the presence of polar
cod <2 years of age in sea ice anfractuosities, indicating
that some individuals are sympagic early in the life cycle
(e.g. Lgnne and Gulliksen 1989; Gradinger and Bluhm
2004; Melnikov and Chernova 2013). However, our results
show that the majority of age-0 hatched in the epipelagic
layer in winter and spring (January—May) had descended
into the PH and AL at depths >100 m by the end of
October (Fig. 8). The residual biomass (0.64 g mfz) of
age-0 in the epipelagic layer in November that soon dis-
appeared in December (0.01 g m~?) would correspond to
late hatchers in June and early July (Bouchard and Fortier
2011; Bouchard et al. in press). The decreasing mean TS
within the epipelagic layer in the fall (Fig. 6) supports the
idea that while large early hatchers descended to deeper
layers, small late hatchers remained in the surface layer.
We hypothesize that these late hatchers recruit to the ice
cover as the ice consolidates in November and later des-
cend to the AL to join the mesopelagic fish layer once the
ice starts to melt in summer. The highly variable surface
circulation and the eastward Beaufort shelf-break jet often
carry ice flows over the shelf and in the shallow Canadian
Archipelago (Carmack and Macdonald 2002; Pickart
2004). As this ice melts in summer, ice-associated polar
cod would become pelagic, possibly forming the schools
and shoals detected in coastal areas of the inner shelf and
Archipelago (Crawford and Jorgenson 1993; Welch et al.
1993; Parker-Stetter et al. 2011; Matley et al. 2013).
Advection of the buoyant eggs or planktonic larvae and
juveniles in shallow areas (Melnikov and Chernova 2013),
before their descent in autumn, may also contribute to
coastal schools. Such mechanisms would explain the
ubiquitous but sparsely distributed immature age-1+4 polar
cod over the Canadian Beaufort Sea shelf (Majewski et al.
2013; Walkusz et al. 2013). Young polar cod dispersed in
shallow areas would migrate offshore after reaching sexual
maturity at age 2 or 3 (Craig et al. 1982) where they would
join the mesopelagic fish layer in the AL to reproduce.

The vertical segregation of polar cod by size
in the Beaufort Sea

In winter in Franklin Bay, age-14 polar cod were dis-
tributed in the lower PH from 140 m to the bottom at
230 m, in waters corresponding to slope water (Benoit
et al. 2008). Relatively small fish (11.6-15 cm, 4-25 g)
spanned the entire 140- to 225-m interval, whereas longer
and heavier fish (15-25.5 cm, 25-95 g) were found only at
depth >180 m, increasing in number with depth (Benoit
et al. 2010). Our results confirm that polar cod distribute
deeper in the PH and the AL with increasing size. In

addition, the resolution achieved with acoustical estimates
of TS illustrates the remarkable vertical segregation of
polar cod by size over the entire annual cycle (Fig. 6). The
regular increase in TS with depth in all months indicates
that for most polar cod, the migration from the epipelagic
layer to the near-bottom AL is a protracted process
unfolding over the first several years of the 7-year lifespan.
Such progressive ontogenetic migration results in a clear
segregation of the age/size classes over depth (Fig. 6). The
vertical co-occurrence of fish of roughly the same length in
a given depth strata would strongly limit cannibalism, a
conclusion consistent with the observation that fish repre-
sent less than 8 % of the diet of pelagic polar cod (Rand
et al. 2013).

Implications: the vulnerability of polar cod to longer
ice-free seasons and potential oil spills
in the offshore Beaufort Sea

Over the past decade, the Beaufort Sea ecosystem has
experienced an extension of the ice-free seasons, with ice
break-up as early as May and ice pack consolidation in
November or December (Markus et al. 2009; Stroeve et al.
2012). The increased solar irradiation of the surface waters
resulted in higher sea-surface temperatures in spring and
summer (Wood et al. 2013), during the growth season of
age-0 epipelagic polar cod. Warmer temperature acceler-
ates the growth of polar cod larvae and juveniles (Bouchard
and Fortier 2011), which can improve recruitment (e.g.
Portner et al. 2001). Longer ice-free seasons may also
result in increased predation of the epipelagic larvae and
juveniles by sea birds. Based on the present results, we
would predict that climate-induced modification of the ice
and temperature regimes in the surface layer will impact
first and most directly the epipelagic larval and juvenile
stages of polar cod, their planktonic food, and their
predators. While age-0 and age- 1+ inhabiting the ice cover
and the inner shelf and Archipelago (Crawford and Jor-
genson 1993; Welch et al. 1993; Parker-Stetter et al. 2011;
Matley et al. 2013) would also be impacted, polar cod
occupying the mesopelagic layer offshore would be less
affected.

Offshore exploration for oil in the Canadian Arctic
Ocean targets the shelf break and slope of the Beaufort Sea
where lease blocks have been awarded in 2007. Hydro-
carbons at concentrations typical of those measured in
areas affected by a spill depress the routine metabolism of
polar cod, induce DNA damage, and can be lethal (e.g.
Christiansen et al. 2010; Nahrgang et al. 2010). Age-0
polar cod in the epipelagic layer are widely distributed on
and off the Mackenzie shelf (M. Geoffroy, unpublished
data). Based on modelling studies, oil spilled at the surface
or raising to the surface from a point source on the slope in
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summer could propagate in the Amundsen Gulf eastward
and over much of the Canadian and US Beaufort Sea to the
west (Schroeder Gearon et al. 2014), potentially impacting
age-0 polar cod over much of its distribution.
Observations and modelling studies indicate that the
injection of dispersant in the oil raising from a well blow-
out at the seafloor can result in the horizontal dispersion of
a plume of highly toxic dispersant/oil bubbles that can
remain trapped at depth for years (e.g. Paris et al. 2012;
Dietrich et al. 2014). In the offshore Beaufort Sea, such a
plume propagating in the 200- to 400-m interval from
December to June would expose age-1+ polar cod to dis-
persed hydrocarbons for several months. From August to
November, the mesopelagic polar cod would be vulnerable
to plumes in the 200-800 + m interval (Fig. 8). Coupled
biological-physical models incorporating the ontogenetic
changes in the vertical distribution reported here are nee-
ded to anticipate the impacts of longer ice-free seasons and
potential oil spill scenarios on polar cod and its ecosystem.
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