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INTRODUCTION

The Barents Sea ecosystem includes the continen-
tal shelf bordering northern Norway and Russia, with
latitudes ranging from ca. 68 to 82° N, an area of
1.6 million km2, and an average depth of 230 m
(Fig. 1). Warm Atlantic water enters predominantly
from the southwest, while cold Arctic water domi-
nates in the northeast. The Barents Sea is inhabited
by a mixture of Arctic and Atlantic species, including
some of the world’s largest stocks of cod Gadus

morhua, capelin Mallotus villosus, and haddock
Melanogrammus aeglefinus, and is the main nursery
ground for the large stock of Norwegian spring-
spawning herring Clupea harengus (Olsen et al.
2010). Euphausiids (‘krill’) play a key role in the Bar-
ents Sea by channeling energy from primary pro -
ducers (phytoplankton) to cod, capelin, haddock,
herring, polar cod Boreogadus saida, and other pre -
dators of zooplankton (Skjoldal et al. 2004, Dolgov et
al. 2011). In particular, capelin is a key planktivore,
euphausiid consumer, and forage fish, with a trophic
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role that is further magnified by great variability in
its stock size (Johannesen et al. 2012). Capelin and
euphausiids have overlapping spatial distributions,
and when the capelin stock is large, capelin exert
high predation pressure on euphausiids, in particu-
lar, as well as on other zooplankton (Dalpadado &
Skjoldal 1996, Or lova et al. 2002, Dalpadado & Mow-
bray 2013). Both capelin and euphausiids are impor-
tant in the diets of Barents Sea minke whales Bal-
aenoptera acuto rostrata (Skaug et al. 1997, Haug et
al. 2002, Smout & Lindstrøm 2007) and perhaps of fin
whales B. physalus and humpback whales Megap -
tera novaeangliae as well (Jonsgård 1966, Chris-
tensen et al. 1992, Skern-Mauritzen et al. 2011).

The Barents Sea euphausiid community is repre-
sented by 6 species (Orlova et al. 2011). The most
abundant, Thysanoessa inermis, is predominantly a
herbivore; it dominates the central and northern Bar-

ents Sea and is thus available as a
principal food source to higher trophic
levels (Dalpadado & Skjoldal 1991,
1996, Drobysheva 1994). The neritic,
cold water- asso cia ted Thysanoessa
raschii dominates the south-eastern
part of the Barents Sea (Drobysheva
1994) and is less im portant as a food
source. Mega nycti phanes norvegica,
the largest species in terms of body
size, has historically been of minor im -
portance in terms of abundance and as
prey in the Barents Sea (though it is
abundant in the neighboring Norwe-
gian Sea ecosystem); it has be come
more common in the Barents Sea dur-
ing the warmer conditions of recent
years (Zhukova et al. 2009, Norwegian
Institute of Marine Research [IMR]
unpubl. data). The distribution of eu -
phausiids is generally characterized by
patchy areas of higher concentrations
in the central Barents Sea and around
Svalbard (Zhukova et al. 2009, Eriksen
& Dalpadado 2011, Skern-Mauritzen et
al. 2011). Annual changes in the abun-
dance and distribution of euphausiids
are thought to be driven by the amount
of inflow of Atlantic water from the
Norwegian Sea and by predation pres-
sure from capelin and other predators
(Dalpadado & Skjoldal 1996, Zhukova
et al. 2009, Dalpadado et al. 2012).

Two main time series of euphausiid
data from plankton net collections

exist in the Barents Sea. Euphausiids have been col-
lected since 2003 as part of a suite of biological and
physical observations made during multidisciplinary
Norwegian-Russian ecosystem surveys in the Bar-
ents Sea that occur from August to early October
(Olsen et al. 2011, Michalsen et al. 2013), taken
either as incidental catch in surface trawls for age-0
pelagic fishes (Eriksen & Dalpadado 2011) or occa-
sionally with depth-stratified MOCNESS samples
(Dalpadado & Skjoldal 1991, 1996, Dalpadado et al.
2012). In addition, there is a long time series (1952 to
the present) of euphausiid catches in late autumn to
winter using very small (0.2 m2, 0.564 mm mesh)
plankton nets attached to bottom trawls (Zhukova et
al. 2009, Orlova et al. 2011). Sampling euphausiids
with nets provides phy sical samples with high taxo-
nomic resolution. However, euphausiids may avoid
or be extruded from the meshes of various types of

14

Fig. 1. Barents Sea ecosystem survey area. Color shading indicates bottom
depth, and prevailing current flows are indicated by colored arrows. The
black dashed-line polygon indicates the approximate area covered by
 Norwegian vessels as part of the Barents Sea ecosystem survey, 2010−2012
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towed samplers (Clutter & Anraku 1968, Sameoto et
al. 1993, 2000, Wiebe et al. 2013), and the spatial res-
olution of sampling with these gear types is limited.
The sampling gear used in the Barents Sea time
series reported in Eriksen & Dalpadado (2011) and
Zhukova et al. (2009) is probably not optimal for cap-
turing euphausiids, and, due to these methodological
problems, knowledge of standing stock and distribu-
tion is limited (Eriksen & Dalpadado 2011).

In contrast to plankton nets, acoustic techniques
offer a higher sampling rate at a relatively coarser
taxonomic resolution by separating groups of ani-
mals of different sizes and frequency-dependent
acoustic properties; they are often used in tandem
with net or optical sampling to confirm size and spe-
cies composition of detected targets (Holliday &
Pieper 1995, Horne 2000, Simmonds & MacLennan
2005). If euphausiids can reliably be distinguished
from other zooplankton and from fish (especially fish
larvae/juveniles) on the basis of relative backscatter
response among multiple acoustic frequencies, these
techniques can provide high-resolution distribution
and abundance (or biomass) survey data for this
important group of zooplankton at a large spatial
scale (Korneliussen & Ona 2003, De Robertis et al.
2010). Acoustic surveys have been used to create
quantitative survey time series of euphausiid bio-
mass in the Antarctic (Euphausia superba; Brierley et
al. 1997, Hewitt & Demer 2000, Hewitt et al. 2004,
Reiss et al. 2008), and, more recently, in the Bering
Sea (Thysanoessa spp.; Ressler et al. 2012). Acoustic
studies in field (e.g. Kristensen & Dalen 1986, Klevjer
& Kaartvedt 2006, Calise 2009, Ferreira et al. 2012)
and experimental settings (Calise & Knutsen 2012)
have been conducted on the euphausiids M. nor -
vegica from Norwegian waters, but acoustic surveys
of Barents Sea euphausiids have not been conducted.

One potential application of data from high-resolu-
tion, large-scale acoustic surveys of euphausiid ab -
undance or biomass in the Barents Sea is in models of
the mesoscale interaction and predator−prey dyna -
mics of euphausiids and their predators. During late
summer feeding migrations in the northern Barents
Sea, baleen whales are thought to mainly feed on
capelin and euphausiids, though it is not clear
whether they exert a preference for one prey type
over the other (Lindstrøm et al. 1997, Skaug et al.
1997, Harbitz & Lindstrøm 2001, Lindstrøm & Haug
2001, Haug et al. 2002). Skern-Mauritzen et al. (2011)
created statistical models of minke, fin, and hump-
back whales in this system and hypothesized that
these animals were diet generalists rather than spe-
cialists, feeding on both pelagic fish (e.g. capelin)

and zooplankton prey (e.g. euphausiids) and there-
fore aggregating where both of these prey species
were abundant. However, because data on euphau-
siid abundance or biomass were not available at the
same resolution as data on pelagic fishes obtained
from acoustic-trawl surveys at the time of their study,
they were unable to test the relative importance of
euphausiids as a predictor of whale distribution.

Although the Barents Sea ecosystem surveys were
not specifically designed to map euphausiid distribu-
tion, the acoustic backscatter data from these surveys
are suitable for that purpose. Here, we use acoustic
back scatter data collected during 3 recent Barents
Sea ecosystem surveys (2010, 2011, and 2012) to
 create a high-resolution index of the distribution and
biomass of euphausiids. We show euphausiid back -
scatter distributions for the 3 yr, and compare our
results to euphausiid biomass and distribution from
net catches. Finally, we add these euphausiid data as
an addi tional covariate to the whale distribution
models of Skern-Mauritzen et al. (2011) to (1) test the
hypothesis that these animals aggregate where eu -
phausiids are abundant, which would be consistent
with the previously proposed predator−prey rela -
tionship, and (2) evaluate the relative importance of
both euphausiids and capelin as drivers of whale
 distributions.

MATERIALS AND METHODS

Description of data sets

The data analyzed here were collected during 3
recent Barents Sea ecosystem surveys using combi-
nations of 4 Norwegian survey vessels, as follows: (1)
‘Johan Hjort’, ‘G.O. Sars’, and ‘Helmer Hanssen’, 23
August to 23 September 2010; (2) ‘Johan Hjort’,
‘Christina E.’, and ‘Helmer Hanssen’, 9 August to 30
September 2011; and (3) ‘Johan Hjort’, ‘G.O. Sars’,
and ‘Helmer Hanssen’, 16 August to 28 September
2012. Data from all vessels were combined for the
analysis in each year, assuming that together they
constituted one synoptic survey of the study area.
More details concerning these surveys are available
from Olsen et al. (2011) and Michalsen et al. (2013).
Here, we focus principally on acoustic data and net
sampling of euphausiids collected in the Norwegian
sector of the Barents Sea (Fig. 1). Simrad EK601 sci-
entific echo sounders (Kongsberg Maritime AS) with
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transducers located on retractable centerboards at 6
to 8 m depth were used to continuously collect
acoustic back scatter data along predetermined sur-
vey transects. The frequencies used included 18, 38,
70, 120, 200, and 333 kHz, allowing the backscatter
frequency response of euphausiids to be observed;
the available frequencies varied by vessel and sur-
vey. Echo sounders were calibrated using a standard
sphere (Foote et al. 1987). Average sound speed and
acous tic absorption values from conductivity-temper-
ature-depth (CTD) casts were used for acoustic data
processing. Sampling rate varied with bottom depth,
but was nominally 4 pings s−1, and vessel speed along
survey transects was typically 8 to 12 knots (4 to
6 m s−1). The bottom depth on most transects was
between 50 and 400 m. Net samples of plankton in -
cluding euphausiids were collected with a MOC-
NESS (multiple opening-closing net environmental
sensing system; Wiebe et al. 1975) with 1 m2 mouth
area, 0.180 mm mesh, up to 8 nets, towed at 1.5 to
2 knots (0.8 to 1 m s−1) and a single-net macroplank-
ton trawl with 36 m2 mouth area and 3 mm mesh
towed at 2 to 3 knots (1 to 1.5 m s−1) (Heino et al.
2011, W. Melle et al. unpubl.) that was not used in
pre vious ecosystem surveys. We did not use inciden -
tal euphausiid catch from surface trawls for age-0
 pe lagic fishes (Eriksen & Dalpadado 2011), nor from
very small plankton nets not designed to capture
large zooplankton such as euphausiids quantitatively.

Acoustic data processing and classification

Data were processed using Echoview (Myriax) and
Matlab (The Mathworks) software packages. Range-
dependent background noise and signal-to-noise
ratio (SNR) were estimated for 120 kHz and higher
frequencies using the method of De Robertis & Hig-
ginbottom (2007). For 18 kHz, noise from transducer
ringing and possibly reverberation within the re tract -
able centerboard (E. Ona, IMR, pers. comm.) present
at shorter ranges (20 to 50 m) was regressed on
depth, and the resulting fit was used to compute SNR
of the observed volume backscatter data (Sv), as in
De Robertis et al. (2010). It was assumed that 38 and
70 kHz Sv had a >10 dB SNR at the ranges analyzed
here (De Robertis & Higgin bottom 2007). A bottom
offset of 2 m from the depth of the average sounder-
detected bottom echo at all available frequencies
was used to ensure the exclusion of any backscatter
from the seafloor (a small amount of euphausiid
backscatter very close to the seafloor may have
sometimes been excluded as well); data were sub -

sequently screened for unusually large values that
could indicate integration of the bottom echo. Since
the vessel-mounted echosounders likely underesti-
mate euphausiid backscatter during nighttime due to
vertical migration toward the surface, above the
transducers (Ressler et al. 2012), back scatter data
collected at night were excluded from this analysis.
Only data collected while a vessel was moving along
survey transects (and not those collec ted during sta-
tion operations) were used.

Euphausiids of the sizes and species present in this
system are relatively weak acoustic targets (ca. −70
to −90 dB at 120 kHz; e.g. Greenlaw 1979, Kristensen
& Dalen 1986, Klevjer & Kaartvedt 2006, Calise &
Knutsen 2012, Smith et al. 2013), so SNR ratio re -
quirements for acoustic classification are demanding.
Particularly at frequencies above 120 kHz, signal
attenuation increases substantially with range and
lowers SNR (Korneliussen 2000, De Robertis & Hig-
ginbottom 2007); at the lowest frequency, 18 kHz
transducer ringing at short ranges and multiple bot-
tom echoes also lowered SNR. In this data set, 38 and
120 kHz were the only acoustic frequencies that (1)
were common to all vessels and survey years and (2)
had a SNR consistently >10 dB over the ranges ana-
lyzed here. Thus, only the difference between Sv at
120 and 38 kHz (ΔSv,120−38 = Sv,120 − Sv,38) was used for
classification of euphausiid backscatter.

Euphausiid backscatter was classified (Fig. 2) using
the method described in detail by De Robertis et al.
(2010) and Ressler et al. (2012). Briefly, acoustic vol-
ume backscatter data (Sv, dB re 1 m−1) were averaged
into 5 ping by 5 m cells, and then the Z-score defined
as

(1)

was computed for each cell l, where μ120−38,euph and
σ120−38,euph are the mean and standard deviation of
ΔSv,120−38, respectively, collected at locations and
depths where pure catches of euphausiids had been
obtained.

Cells containing backscatter with a SNR > 10 dB
were classified as follows:

(2)

where Zthresh is the threshold value used to provision-
ally classify the cell as euphausiids. We have used
Zthresh = 2, which will include observations within
approximately 2 standard deviations of μ120−38,euph.

Provisional classifications as Z120−38,euph were sub-
sequently smoothed by computing the mean at a
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coarser cell resolution, 0.5 nautical miles (nmi; 926 m)
by 20 m, and then applying Eq. (2) using a Zthresh

of 1.5. This effectively allowed backscatter to be
 clas sified as euphausiids only when the frequency
responses of other nearby cells were also consistent
with euphausiids (cf. De Robertis et al. 2010). Finally,
Sv,euph at 120 kHz in these larger 0.5 nmi by 20 m cells
was integrated using an Sv threshold of −80 dB, and
Sv,euph was vertically integrated over the water col-
umn and expressed as sA,euph (m2 nmi−2) for each
0.5 nmi EDSU (elementary distance sampling unit). A
weighted water-column average of Z120−38,euph was
computed for each EDSU, using the euphausiid
backscatter in each 0.5 nmi by 20 m cell as the

weights; these values were examined to evaluate the
consistency of backscatter classification within and
among surveys.

Frequency response of euphausiids

Targeted net sampling of suspected euphausiid
scattering layers for purposes of verification and em -
pirical determination of acoustic frequency response
was not a regular part of 2010−2012 ecosystem sur-
veys, and only one such tow was conducted with
the new macroplankton trawl by RV ‘Johan Hjort’ in
2011. The frequency response of euphausiids sam-
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Fig. 2. Illustration of the methodology. (a) The frequency response from the trawl path of the targeted macroplankton trawl
conducted during the 2011 survey with RV ‘Johan Hjort’ is shown as red circles. Blue diamonds and solid black line indicate
the frequency response from 27 tows whose catches were comprised almost entirely of Thysanoessa spp. euphausiids (De
Robertis et al. 2010); the dotted lines indicate ±1σeuph. μ120−38,euph and σ120−38,euph are used when calculating Z120−38,euph. (b,c)
Echograms (acoustic backscatter by depth along a survey transect) showing Sv,120 and Sv,38 respectively; white color indicates
Sv below the color scale minimum. (d) The difference between Sv at 2 frequencies, ΔSv,120−38. Backscatter very close to the
transducer and below the seafloor (indicated by a green line) has been excluded in this echogram; black color within the water
column indicates where the signal-to-noise ratio (SNR) of Sv,120 is <10. Note that some euphausiid-like backscatter between
200 m and the seafloor is excluded due to low SNR. (e) Z120−38,euph, the Z-score used for classifying the euphausiid backscatter.
(f) Sv,120 echogram masked using a Z120−38,euph threshold of 1.5 to produce an echogram showing euphausiid backscatter, Sv,euph
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pled by this trawl was analyzed by computing the
mean ΔSv,18−38, ΔSv,120−38, and ΔSv,200−38, from the path
of the trawl, using the 5 m by 5 ping block averages
with >10 dB SNR as the unit of sampling. A more
extensive data set collected on euphausiids of the
same genus from the Bering Sea and analyzed in the
same manner (De Robertis et al. 2010) was (1) eva -
luated for consistency with backscatter from the
trawl path of this single 2011 targeted macroplank-
ton trawl and (2) used to provide μ120−38,euph and
σ120−38,euph for the acoustic classification procedure
(Fig. 2).

Comparison with euphausiid biomass from
 MOCNESS sampling

MOCNESS tows were made at a limited number of
predetermined stations during the 2010, 2011, and
2012 surveys. MOCNESS catches were divided into 2
halves: one half was preserved in seawater-buffered
4% formalin for analysis of species composition and
abundance at the IMR laboratory, and the other half
was used for biomass estimation. The half sampled
for biomass was fractionated successively through 3
sieves: 2 mm, 1 mm, and 180 µm. The content on
each sieve was briefly rinsed with freshwater (to
remove salt) and transferred to pre-weighed alu-
minium trays. The biomass, species, and size compo-
sition of euphausiids reported here is for animals
sorted from the >2 mm fraction and analyzed on
board. The weight of euphausiids was obtained after
drying these animals at 60°C for a minimum of 24 h
(until the weight was constant). Results were ex -
pressed as dry weight biomass per square meter of
water column (g m−2) by taking into account the vol-
ume of water filtered through each depth-stratified
net sample and vertically integrating over all nets.

MOCNESS nets were never targeted on acoustic
scattering layers from euphausiids or any other taxa,
and thus were not appropriate for empirically deter-
mining the frequency response of single taxa as in De
Robertis et al. (2010). However, we were able to com-
pare the spatial pattern of vertically integrated
euphausiid biomass from MOCNESS samples to
the spatial distribution of sA,euph, hypothesizing that
sA,euph at a given location would be a good index
of euphausiid biomass there. Daytime sA,euph values
were averaged within 5 nmi of each nighttime MOC-
NESS station in each Barents Sea ecosystem survey
data set for which the acoustic analysis was available
(2010, 2011, and 2012); for example, daytime sA,euph

used for the average might correspond to the location

of a MOCNESS tow conducted during station work
on the previous night. sA,euph from daytime was com-
pared with MOCNESS catch biomass (g m−2) from
nighttime tows because these are the diel periods
when each method is most effective: net avoidance
by euphausiids is likely to be most severe during
daytime (Clutter & Anraku 1968, Smith 1991, Same -
oto et al. 1993, 2000, Coyle & Pinchuk 2002, Wiebe et
al. 2013), and, as noted previously, acoustic methods
may underestimate euphausiid backscatter at night
(Ressler et al. 2012). A functional regression (which
allows for error in both series; Ricker 1973) was fit to
the data to assess the null hypothesis of no relation-
ship between the 2 series.

Modeling the spatial distribution of whales

The euphausiid backscatter observations obtained
with the method outlined above were used as an
additional predictor in an existing model framework
for the spatial distribution of whales in the Barents
Sea (cf. Skern-Mauritzen et al. 2011). Routine eco -
system survey data collection methods for determin-
ing the abundance and distribution of baleen whales
and their pelagic fish prey are described in more
detail elsewhere (Olsen et al. 2011, Skern-Mauritzen
et al. 2011) and are only briefly summarized here.
The number and position of all marine mammals
including baleen whales within ±45° of the vessel
track were recorded by 2 visual observers on the
bridge of each vessel, as sighting conditions permit-
ted during Barents Sea ecosystem surveys (visibility
and sea state were recorded continuously). Also, the
distribution of acoustic backscatter from pelagic
fishes such as capelin, herring, polar cod, and blue
whiting Micromesistius poutassou was determined
by trained analysts using standard survey proce-
dures, including visual scru tiny of acoustic backscat-
ter data and the species and size composition from
targeted pelagic trawl catches. Following Skern-
Mauritzen et al. (2011), whale sigh tings (in number
km−1; total no. of sightings in our study—minke
whales: n = 271; humpback whales: n = 619; fin
whales: n = 234) and acoustic back scatter densities of
prey species (euphausiids [contributed by this study],
capelin, herring, polar cod, and blue whiting; sA,
m2 nmi−2) from 2010 to 2012 were summarized into
grid cells of 50 × 50 km for  statistical modeling. To
better visualize the general spatial distribution of the
whales and each potential prey covariate, general-
ized additive mixed models (GAMMs) were sepa-
rately fit for each species in the form of:
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Dij ∼ factor(yearj) + s(depthij) + s(Xij,Yij) + eij (3)

and predictions from these models were then dis-
played on maps of the Barents Sea. For the whales,
Dij represents the number of whales observed within
grid cell i in year j in models assuming that the error
term eij followed a Poisson distribution. For the prey
species, Dij represents loge-transformed average
acoustic densities within grid cell i in year j in models
assuming that eij followed a normal error distribution.
In terms of explanatory variables, yearj is a random
factor to adjust for annual variation in average spe-
cies density, s(depthij) is a smooth (spline) function of
bottom depth in meters at the center of each grid cell,
and s(Xij,Yij) is a smooth function of the interaction
between X and Y coordinates (in the Lambert equal
area projection), which corresponds to the average
spatial pattern present across all years of the data set.
Additional covariates in the whale models included
linear effects of effort (distance in meters along the
transect covered by whale observers), Beaufort sea
state (BSS) (excluding BSS > 5; WMO 2012) and visi-
bility (distance in m), to take into account observation
conditions. These analyses were repeated using 10 ×
10 km grid cells, but this change of scale did not alter
any results, so the 50 km cells are used in the remain-
der of the paper. The selected models were used to
predict the averaged prey and whale distributions
across the study years onto a grid of the study area.

Subsequently, whale densities in the 50 km grid
cells were modeled as a response to prey densities, to
investigate if the whales were significantly aggregat-
ing on specific prey species. Observations of euphau-
siid backscatter developed in this study allowed this
important prey taxon to be included in these models
for the first time. These GAMMs were of the form:

Yij ∼ factor(yearj) + effortij + visibilityij + BSSij

+ s(depthij) + s(euphausiidsij) + s(polar codij) (4)
+ s(capelinij) + s(blue whitingij) + s(Xij,Yij) + eij

where Yij represents the number of whales observed
in grid cell i and year j, and modeled as linear effects
of BSS, visibility, effort, and smooth functions of bot-
tom depth, average prey densities in grid cell i and
year j, and the interaction between X and Y coordi-
nates, as suming that the error term eij followed a
Poisson distrib ution. Year was entered as a random
factor to ac count for variation in annually averaged
whale densities. Models in the form of Eq. (4) were
initially fit both with and without the s(Xij,Yij) term.
We found that inclusion of this term removed both
spatial trends in residuals and the over-dispersion

observed in models without the spatial term (disper-
sion factors > 1.5): s(Xij,Yij) serves as a proxy for other
processes unaccounted for in the models that also
influence the whale distributions. The shape of the
functional relationships between prey and whales
were unaffected by the inclusion of the s(Xij,Yij) term.
Model results presented in this paper therefore
include the s(Xij,Yij) term. These analyses were also
repeated using 10 × 10 km grid cells, but again this
change of scale did not alter any results.

Finally, to further investigate the relative influence
of capelin and euphausiids as prey, we fit a model
that included a term for an interaction between the
densities of these taxa when the main effects of these
taxa were significant. A smooth interaction term
s(euphausiidsij, capelinij) was used in place of sepa-
rate terms for main effects of these prey species, and
had the following form:

Yij ∼ factor(yearj) + effortij + visibilityij + BSSij

+ s(depthij) + s(euphausiidsij, capelinij) (5)
+ s(polar codij) + s(blue whitingij) + s(Xij,Yij) + eij

where Yij represents the number of whales observed
in grid cell i and year j, and modeled as linear effects
of effort, BSS, visibility, and smooth functions of
depth, average densities of krill and capelin in grid
cell i and year j, and the interaction between X and Y
coordinates, assuming that the error term eij followed
a Poisson distribution. Year was entered as a random
factor to account for variation in annually averaged
whale densities (e.g. due to changing numbers of
whales migrating in and out of the area).

The GAMMs described above were run in R
 (Version 2.15.2, R Developent Core Team 2012),
using the gamm4 package (Wood & Scheipl 2013). A
backward selection procedure, by removing the least
non-significant variables (assuming a significance
level of 0.05), was applied to identify the best models.
Furthermore, the AIC (Akaike information criterion)
was used to compare the  models resulting from
Eqs. (4) & (5).

RESULTS

Frequency response of euphausiids

The frequency response from the targeted Barents
Sea macroplankton trawl (Fig. 2, top panel), whose
catch was almost entirely composed of Thysanoessa
inermis, was very close to the empirical frequency
response obtained for Thysanoessa spp. euphausiids
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10 to 30 mm in length from the Bering Sea (De Rober-
tis et al. 2010). In the absence of an extensive data set
of targeted trawl catches and backscatter from the
Barents Sea, this supports our contention that it is
reasonable to use μ120−38,euph and σ120−38,euph from
De Robertis et al. (2010) for classification of euphau-
siid backscatter from these surveys. This frequency
pair provides a large contrast in expected frequency
response for euphausiids (ca. 14 dB). When the back -
scatter data from the 2011 macroplankton trawl were
classified in this way, the resulting echogram of
Sv,euph appeared to reasonably isolate the scattering
from the targeted euphausiid layer (Fig. 2b−f).

Spatial distribution of euphausiid backscatter

Euphausiid backscatter was found throughout the
surveyed area, with patches of both very low and
very high density (Fig. 3a−c), including high values

clustered in the northern survey area and around
Svalbard. Average Z120−38,euph indicated that much of
the backscatter was within 1 SD of the expected
euphausiid frequency response (Fig. 3d−f), indica-
ting consistency of Sv,euph classifications with the
ground-truthed empirical data set, both within the
surveyed area and among years (average Z120−38,euph

among 3 surveys was 0.965, SD = 0.029).

Comparison with MOCNESS catches

A fine-scale, quantitative comparison of sA,euph with
vertically integrated euphausiid biomass (g m−2) from
MOCNESS samples showed a positive and statisti-
cally significant relationship (r2 = 0.39, p = 0.0134, n =
15 after the removal of 1 outlier). The variability in
this regression is substantial (Fig. 4) and may be a
function of factors such as spatial differences in aver-
age euphausiid size that are not accounted for in the
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Fig. 3. (a−c) Distribution of sA,euph (m2 nmi−2) in 2010, 2011, and 2012 (from left to right). Of note are the patchiness of the
 distribution and the concentration of high values in the northern part of the survey area. (d−f) Weighted average Z120−38,euph in
each elementary distance sampling unit. Color indicates Z120-38,euph value, while bubble size is scaled by sA,euph. These data 

indicate a good match with expected ΔSv,120−38 where large amounts of sA,euph were detected
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fit; thus, caution is required in associating measured
backscatter with a particular level of biomass. How-
ever, this relationship is consistent with the notion
that sA,euph from this analysis provides a relative in -
dex of euphausiid biomass.

Euphausiids were the main large crustacean zoo-
plankton (>2 mm) in MOCNESS catches from 2010 to
2012. Based on the same MOCNESS samples used in
Fig. 4, dominant euphausiid taxa included Thysa-
noessa spp. (median 79% of euphausiids by number,
mainly T. inermis and T. longicaudata), with an aver-
age length of 15.3 mm (SD = 3.9) and Mega nycti -
phanes norvegica (median 4% by number; mean
length of 26.4 mm, SD = 8.7). Amphipods Themisto
spp. in the Barents Sea may be of a roughly similar
size (Dalpadado & Skjoldal 1991, 1996, Dalpadado et
al. 2001, Dalpadado 2002) and could be acoustically
confused with euphausiids, but their abundance and
biomass is typically far lower than that of euphausiids
throughout most of the sampled area (cf. Dalpadado
& Skjoldal 1991, 1996, Dalpadado et al. 2001, Dal-
padado 2002, Skern-Mauritzen et al. 2011). This has
been particularly true during recent years in the Bar-
ents Sea, when warmer than average conditions were

characterized by a reduction in southward in trusion
of Arctic waters and in the abundance of one of the
major amphipod species in the Barents Sea, Themisto
libellula (Dalpadado et al. 2012). MOCNESS data
from 2010 to 2012 (tows used in Fig. 4) confirm that
integrated euphausiid biomass (g m−2) was about 11
times higher than amphipod biomass, on average.
Though it is possible that amphipods could have con-
tributed to sA,euph in some areas, we are confident in
our interpretation of backscatter classified using the
methods described here, i.e. that it principally repre-
sents euphausiids and that its use as a measure of the
availability of an important type of baleen whale prey
is appropriate to our hypo thesis.

Euphausiid backscatter as a predictor of baleen
whale distribution

The predicted average distributions of baleen
whales, euphausiids, capelin, and other potential
prey of whales across the study years (made using
GAMMs in the form of Eq. 3) are shown in Fig. 5. For
all species, the prediction models included depth and
s(Xij,Yij) (Tables 1−3), and, for whales, the models
also included observer effort, BSS, and visibility data
(Tables 1 & 3). At a survey-wide scale, there were
some similarities in the average distribution pattern
across the study years of sA,euph and the baleen
whales (Fig. 5). High densities of all 3 whale species
were observed in the northern part of the study area,
where dense patches of euphausiids were present
(Fig. 5). In particular, high densities of fin and minke
whales were observed in areas with high average
euphausiid densities, stretching from these northern
areas and southeast to Bear Island at the southern
end of Svalbard Bank (Figs. 1 & 5). The selected mod-
els of baleen whale densities as functions of prey
densities indicated significant spatial associations
between humpback and fin whales and euphausiids,
between all 3 whale species and capelin, and be -
tween fin and minke whales and polar cod, whereas
no associations with blue whiting were found
(Table 3). Models with prey covariates (Table 3)
showed significant improvements in the deviance
explained (6 to 9% increase) and the AIC score
(ΔAIC of 66 to 193; Burnham & Anderson 1998) over
models that did not include prey (Table 1). Fin whale
densities were positively and linearly asso ciated with
euphausiid backscatter densities, where as hump-
back whale densities showed a bimodal  distribution
relative to euphausiid backscatter densities (Fig. 6).
We are cautious in interpreting this  bimodality, given
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Fig. 4. Vertically integrated biomass of euphausiids Thysa-
noessa spp. from nighttime MOCNESS tows (dry weight,
g m−2) is regressed on average vertically integrated daytime
euphausiid backscatter (sA,euph, m2 nmi−2) from elementary
distance sampling units within 5 nmi of the haul location.
Squares, diamonds, and circles indicate data from 2010,
2011, and 2012, respectively. Gray line: regression with all
data; black line and r2 value: regression excluding the 

circled outlier
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Humpback whales
(no. km–1)

0
0 – 0.18
0.18 – 0.35
0.35 – 0.53
0.53 – 0.89
0.89 – 1.59
1.59 – 2.83
2.83 – 4.78
4.78 – 8.15
8.15 – 45.16

–1.05 – 1.21
1.21 – 1.57
1.57 – 1.89
1.89 – 2.08
2.08 – 2.40
2.40 – 2.79
2.79 – 3.11
3.11 – 3.41
3.41 – 3.98
3.98 – 4.42

Blue whiting
loge(sA) (m2 nmi–2)

–0.76 – 0.21
0.21 – 0.52
0.52 – 0.94
0.94 – 1.18
1.18 – 1.59
1.59 – 2.22
2.22 – 2.60
2.60 – 3.10
3.10 – 3.33
3.33 – 3.82

Polar cod
loge(sA) (m2 nmi–2)
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0.10 – 0.20
0.20 – 0.31
0.31 – 0.41
0.41 – 0.62
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1.51 – 1.94
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loge(sA) (m2 nmi–2)

–1.02 – –0.07
–0.07 – 0.06
0.06 – 0.37
0.37 – 1.26
1.26 – 2.03
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Fig. 5. Predicted density distributions of 3 baleen whale spe-
cies: (a) fin whale Balaenoptera physalus, (b) humpback
whale Mega ptera novaeangliae and (c) minke whale Bal-
aenoptera acutorostrata in numbers of animals per kilometer
and 4 potential prey species: (d) euphausiids Thysanoessa
spp., (e) blue whiting Micromesistius poutassou, (f) capelin
Mallotus villosus, and (g) polar cod Boreogadus saida in
loge-transformed acoustic backscatter (sA, m2 nmi−2). The
densities are predicted from generalized additive mixed
models in the form of Eq. (3). Darker colors indicate higher 

densities
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the flexibility of the GAMM, the potential for overfit-
ting, and the possibility that this shape could result in
part from the geographically limited distribution of
humpback whales relative to the distribution of krill

(Fig. 5). Thus, we mainly interpret this partial effect
to indicate that higher than average densities of
humpback whales were found in areas with high
euphausiid back scatter, and also that an overall
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Euphausiids Blue whiting Capelin Polar cod
edf F p edf F p edf F p edf F p

Depth 3.65 31.43 <0.001 3.36 27.3 <0.001 2.38 3.42 0.03 2.22 5.25 0.004
X,Y 22.96 7.78 <0.001 16.79 16.38 <0.001 24.07 43.92 <0.001 23.19 23.48 <0.001

Adj. R2 0.31 0.56 0.71 0.48

Predictor Minke whale Humpback whale Fin whale
edf F p edf F p edf F p

Effort 1 96.53 <0.001 1 33.32 <0.001 1 54.06 <0.001
BSS 1 14.77 <0.001 1 4.29 0.04 1 0.05 0.83
Visibility 1 46.95 <0.001 1 13.17 0.002 1 69.49 <0.001
Depth 1 5.74 0.01 1 5.19 0.023 2.4 25.89 <0.001
Euphausiids 1 1.10 0.29 3.91 99.44 <0.001 1 52.69 <0.001
Capelin 3.68 65.63 <0.001 3.92 69.01 <0.001 3.06 12.52 0.006
Polar cod 2.94 30.40 <0.001 1 0.2 0.65 3.33 9.22 0.04
Blue whiting 1 0.38 0.29 − − − 1 0.23 0.63
X,Y 20.11 203.49 <0.001 23.36 296.14 <0.001 22.89 178.01 <0.001

DE 0.63 0.71 0.41
AIC 648.02 680.35 763.17

Table 3. Balaenoptera acutorostrata, Megaptera novaeangliae, Balaenoptera physalus. Summary statistics for models of whale
densities as a function of prey densities. Covariates included survey effort (distance in meters along the transect covered by
whale observers), Beaufort sea state (BSS; 1−12), visibility (distance in meters), depth (m), acoustic backscatter from pelagic
fish prey (m2 nmi−2), euphausiid backscatter sA,euph (m2 nmi−2), and spatial location. edf: estimated degrees of freedom;
F: Fisher test of significance; p: the probability associated with F under the null hypothesis of no significant effect (values in
italics are not significant at the 0.05 level, and were not included in the final models); DE: deviance explained by the model; 

AIC: Akaike information criterion score

Minke whale Humpback whale Fin whale
edf F p edf F p edf F p

Effort 1 98.97 <0.001 1 20.6 <0.001 1 50.49 <0.001
BSS 1 2.49 0.11 1 0.6 0.44 1 3.31 0.07
Visibility 1 44.42 <0.001 1 19.07 0.001 1 55.23 <0.001
Depth 3.67 40.72 <0.001 1 41.44 0.001 3.65 31.37 <0.001
X,Y 23.63 224.12 <0.001 24.62 384.26 <0.001 22.49 185.45 <0.001

DE 0.55 0.62 0.35
AIC 780.86 873.68 829.01

Table 1. Balaenoptera acutorostrata, Megaptera novaeangliae, Balaenoptera physalus. Summary statistics for whale distribu-
tion models (Eq. 3). Covariates included survey effort (distance in meters along the transect covered by whale observers),
Beaufort sea state (BSS, 1−12), visibility (distance in meters), depth (m), and spatial location. edf: estimated degrees of free-
dom; F: Fisher test of significance; p: probability associated with F under the null hypothesis of no significant effect (values in
italics are not significant at the 0.05 level, and were not included in the final models); DE: deviance explained by the model; 

AIC: Akaike information criterion score

Table 2. Thysanoessa spp., Micromesistius poutassou, Mallotus villosus, Boreo gadus saida. Summary statistics for prey species
distribution models (Eq. 3) of pelagic fish prey (m2 nmi−2) and euphausiids sA,euph (m2 nmi−2), and spatial location. Covariates
included depth (m) and spatial location. edf: estimated degrees of freedom; F: Fisher test of significance; p: probability
 associated with F under the null hypothesis of no significant effect; Adj. R2: proportion of variance explained by the model
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 in crease in humpback whale densities co incided
with increasing euphausiid backscatter (Fig. 6). The
inclusion of euphausiid backscatter, in particular,
improved both deviance explained (4% increase)
and the AIC score (ΔAIC of 50 to 89) of models for fin
and humpback whales. No as sociation was found be -
tween minke whales and euphausiids (Table 3). All 3
whale species were positively associated with
capelin, although the functional form differed among
the whale species (Fig. 6). While minke and fin whale
densities generally increased with increasing cape -
lin densities, the densities of humpbacks increased

abruptly at lower capelin densities and remained sig-
nificantly above average across a large range of
capelin densities (Fig. 6). The densities of fin and
minke whales were generally negatively associated
with polar cod, whereas no association was found
between humpback whales and polar cod.

Since fin whale and humpback whale models indi-
cated significant associations with both euphausiids
and capelin, densities for these whales were also mo -
deled using a euphausiid−capelin interaction term in
lieu of the corresponding main effects (Eq. 5); the mod-
els with the interaction term had slightly, but signifi-
cantly (ΔAIC of 3 to 6) lower AIC scores than the main
effects models (Eq. 4; Fig. 7), though the deviance ex-
plained did not change. In many res pects, the results
from these models differed little from the main effects
models; for both species, higher whale densities were
predicted at higher densities of euphausiids and
capelin (Fig. 7). This suggests that the positive effects
of euphausiids and capelin were in large part separate
and additive, and the amount of additional explanatory
power offered by the introduction of a higher order
model term was small. However, the euphausiid−
capelin interaction model results (Fig. 7, compare left
column with right column) did show some evidence of
high whale densities in areas where capelin were ab-
sent and euphausiids were present in high densities,
but not in areas where euphausiids were absent, even
if capelin were present in high densities. This could in-
dicate that the effect of euphausiids on whale density
was greater when capelin were scarce.

Finally, since capelin are also a predator of euphau-
siids, it might be expected that capelin densities and
euphausiid densities might be associated in this data
set. We tested this idea by adding euphausiid density
as a covariate to the capelin distribution model (e.g.
added s[euphausiidsij] in a model of capelin density of
the form of Eq. 3), and found that it was not a signifi-
cant model term (p > 0.05). The lack of a strong associ-
ation between euphausiid and capelin densities in
this data set is consistent with our interpretation of the
euphausiid and capelin effects as separate and addi-
tive covariates in the whale distribution models.

DISCUSSION

Interpretation of acoustic backscatter from
 euphausiids

The distribution of euphausiid backscatter was
patchy, but there were consistent areas of dense con-
centrations in the northern and central parts of the
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Fig. 6. Partial effect plots of vertically integrated backscatter
(sA) from (a) euphausiids Thysanoessa spp., (b) capelin Mal-
lotus villosus, and (c) polar cod Boreogadus saida on densities
of humpback whales Megaptera novaeangliae, minke whales
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on minke whales and polar cod on humpback whales were
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light grey line indicates mean whale density
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Fig. 7. Predictions of whale density for (a) fin whales Balaenoptera physalus and (b) humpback whales Megaptera novaean-
gliae as a function of the density of euphausiids Thysanoessa spp. and capelin Mallotus villosus, using models with an inter-
action term in lieu of main effects for euphausiids and capelin (left panels; Eq. 5), and models with main effects of euphausiids
and capelin only (right panels; Eq. 4). Darker color indicates relatively higher predicted whale densities at a given level of
euphausiid and capelin density in each model. AIC: Akaike information criterion score. The effect of euphausiids was not sig-
nificant in models of minke whales Balaenoptera acutorostrata, so models with interaction between euphausiids and capelin 

were not used
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Barents Sea. These patterns are broadly consistent
with the distribution of Barents Sea euphausiids in
the literature (Zhukova et al. 2009, Orlova et al. 2011,
Skern-Mauritzen et al. 2011, Dalpadado & Mowbray
2013). Spatial patterns in euphausiid backscatter ob -
served in 2010, 2011, and 2012 were correlated with
vertically integrated euphausiid biomass collected by
MOCNESS plankton nets. These results suggest that
euphausiid backscatter can be used as a proxy for
euphausiid biomass in the Barents Sea, as is being
done in other systems (e.g. Reiss et al. 2008, Ressler
et al. 2012, McQuinn et al. 2013). An acoustic ap -
proach to surveying euphausiid biomass and distri-
bution has a distinct advantage over other methods:
acoustic data provide a substantial increase in spatial
and vertical sampling resolution over the spacing
among net sample collections of euphausiids in the
Barents Sea ecosystem survey (Eriksen & Dalpadado
2011, Olsen et al. 2011, Skern-Mauritzen et al. 2011),
complementing the taxonomic resolution of net sam-
pling efforts at a modest increase in cost. A signifi-
cant amount of time is devoted to quality control and
analysis of acoustic backscatter and net sample data
for pelagic fishes (Olsen et al. 2011); the similar (but
smaller) additional effort required to improve collec-
tion of euphausiid acoustic survey data would in -
clude devoting survey time to the collection of tar-
geted net samples of acoustic backscatter from
euphausiids, additional quality control of all acoustic
frequencies used, and post-processing analysis time.
A large-scale, high-resolution survey of euphausiids
in the Barents Sea could improve the functional
understanding of the distribution and abundance of
both euphausiids and their predators, including large
whales (as we have shown here), seabirds, and com-
mercially important fishes (Dolgov et al. 2011).

Since acoustical properties of euphausiids (or any
organism) may vary with size, species, and environ-
mental conditions (e.g. Kristensen & Dalen 1986,
McQuinn et al. 2013, Smith et al. 2013), using the
backscatter frequency response of euphausiids from
the Bering Sea to classify the Barents Sea acoustic
data could have introduced error into our index of
euphausiid biomass. However, we suspect this error
was small in our study, because in both of these sea-
sonally ice-covered, high-latitude ecosystems the
dominant euphausiid species and size spectra are
similar, and the limited frequency response infor -
mation we had for Barents Sea euphausiids was
 consistent with the Bering Sea data we used for clas-
sification. The larger euphausiid species Mega nycti -
phanes norvegica is not present in the Bering Sea,
but it was typically a very small fraction by number of

the euphausiids in the data set analyzed here. Future
work in the Barents Sea would benefit from addi-
tional ground-truthing of euphausiid backscatter lay-
ers using appropriate nets and/or optical samplers.
Length and species composition data obtained from
these sources would reduce uncertainty in the inter-
pretation of backscatter patterns by providing addi-
tional verification of and possibly improvements to
the acoustic classification.

Prediction of baleen whale distribution

The potential utility of large-scale, high-resolution,
and high-coverage data on euphausiid distribution
was demonstrated by significant improvement in the
predictive power of GAMM models of baleen whales
when these data were included. All 3 whale species
appeared to have higher densities in the northern
part of the survey area and were distributed in a sim-
ilar manner to both euphausiids and capelin (Fig. 5),
consistent with what was reported by Skern-Mau-
ritzen et al. (2011). Here, we were able to take advan-
tage of the better spatial coverage of the euphausiid
acoustic backscatter data from this study to examine
these relationships with pelagic prey at the meso -
scale (10 and 50 km grids) as well, which was not
previously possible using only net sample euphausiid
data. After controlling for depth, location, observa-
tion conditions, and the densities of several potential
prey taxa, we found that fin whale densities were
positively and linearly associated with euphausiid
backscatter, and higher than average densities of
humpbacks were found in areas with high euphau-
siid backscatter (Fig. 6). This suggests that both of
these whale species aggregate in areas where eu -
phausiids are abundant. No association was found
between minke whales and euphausiids. Of the 3
whale species studied, minke whales may be the
most piscivorous (Haug et al. 1995), and the lack of
association with euphausiids during our study could
be explained by the stronger association between
minke whales and capelin. Alternatively, Benoit-Bird
et al. (2013) have suggested that sometimes other
characteristics of prey distribution (e.g. patch charac-
teristics, maximum density) are more important than
average prey density in predator−prey relationships;
it is possible that this is true for minke whales and
euphausiid density as measured here. The density of
capelin had a positive effect on all 3 whale species,
while polar cod and blue whiting had negative or
non-significant effects on whale densities. This is
consistent with the hypothesis that capelin are key
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prey for all 3 whale species during late summer in the
northern Barents Sea.

Baleen whale diets likely exhibit interannual, sea-
sonal, and spatial variability (Haug et al. 2002), but it
is clear that capelin and euphausiids are the main
prey for baleen whales during late summer in the
northern Barents Sea, and are more important than
pelagic gadoids (Lindstrøm et al. 1997, Harbitz &
Lindstrøm 2001, Lindstrøm & Haug 2001, Skern-
Mauritzen et al. 2011). The relative importance of
capelin and euphausiids and the influence of prey
availability on distribution are difficult to determine
(Harbitz & Lindstrøm 2001, Lindstrøm & Haug 2001,
Haug et al. 2002). It has been suggested that minke
whales might switch from capelin to euphausiids
when capelin become less readily available (Skaug
et al. 1997, Haug et al. 2002). Smout & Lindstrøm
(2007) advocated development of models of foraging
whales as a function of their prey distributions, to
improve our understanding of functional foraging
responses. Skern-Mauritzen et al. (2011) modeled
baleen whale distribution during late summer and
found ecosystem-scale associations between baleen
whales, capelin, and euphausiids, but were not able
to test the relative importance of capelin and
euphausiids on whale distribution at the mesoscale.
The positive association between minke whales and
capelin in these models is consistent with the hypo -
thesis that capelin are preferred prey, with euphausi-
ids taken on an opportunistic basis without a strong
effect on minke distribution during this time of year.
For fin and humpback whales, we propose that our
main effect models are the most parsimonious expla-
nation of whale−prey associations in this data set,
indicating that these animals prefer to forage where
both prey are abundant and available. However,
there was some evidence that euphausiid backscat-
ter had a stronger effect upon whale density when
capelin were unavailable or at low densities. If
euphausiids are somewhat more widely distributed,
less patchy, and less able to avoid predators than
capelin (a schooling forage fish), perhaps they are
more easily obtainable as prey for these whales.

Diets, prey preferences, and foraging behavior of
baleen whales are a continuing subject of investiga-
tion in other ecosystems as well. Large crustacean
zooplankton (e.g. euphausiids) and schooling forage
fish (e.g. capelin) have long been considered key prey
taxa (Thompson 1940, Jonsgård 1966, Nemoto 1970).
In the Gulf of Alaska, humpback whales prey on eu-
phausiids, copepods, capelin, and herring, and may
be more likely to eat fish when available (Witte veen
et al. 2015, A. M. McCarthy, Alaska Fisheries Science

Center, NOAA, pers. comm.); Witteveen et al. (2015)
suggested that, although both fin and humpback
whales were capable of taking the same prey, differ-
ences in their foraging behavior in this system sug-
gested prey partitioning. In the Bering Sea, Sigler et
al. (2012) reported that humpback whales were asso-
ciated with persistent concentrations of euphausiids.
A. E. Zerbini et al. (Alaska Fisheries Science Center,
NOAA, unpubl. data) found that fin, humpback, and
minke whales in the Bering Sea were significantly as-
sociated with euphausiid densities, and that the asso-
ciation of minke whales and euphausiids was the
weakest of the 3 whale species, similar to observations
from our study. Although a preference for fish over
zooplankton (when available) is often suspected for
baleen whales, inferred foraging preferences for zoo-
plankton and fish vary spatially and seasonally for the
same species, consistent with the notion of these
whales as flexible, opportunistic predators.

Conclusions

Analysis of multifrequency acoustic backscatter
data from the Barents Sea during the period from
2010 to 2012 suggests that acoustic surveys of
euphausiid distribution and biomass are feasible.
Acoustic backscatter classified as euphausiids was
significantly correlated with euphausiid biomass in
MOCNESS net catches; combining acoustic and net
sampling methods could produce a large-scale index
of abundance, biomass, and distribution with high
taxonomic and spatial resolution. These data proved
useful in fitting multiple regression models of the dis-
tribution of fin, humpback, and minke whales, which
are all euphausiid predators. Euphausiids and cape -
lin were both significant predictors of baleen whale
density. All 3 whale species appear to be opportunis-
tic predators, with capelin a more important predic-
tor of minke whale distribution, and euphausiids and
capelin both significant predictors of fin and hump-
back whale distributions.
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