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Climate Variability, Oceanography, Bowhead Whale Distribution,
and Ifiupiat Subsistence Whaling near Barrow, Alaska

CARIN J. ASHJTAN,! STEPHEN R. BRAUND,? ROBERT G. CAMPBELL,? J.C. “CRAIG” GEORGE,* JACK KRUSE,?
WIESLAW MASLOWSKI,* SUE E. MOORE,” CRAIG R. NICOLSON,? STEPHEN R. OKKONEN,” BARRY F. SHERR,!?
EVELYN B. SHERR!?and YVETTE H. SPITZ"

(Received 17 March 2009, accepted in revised form 21 October 2009)

ABSTRACT. The annual migration of bowhead whales (Balaena mysticetus) past Barrow, Alaska, has provided subsistence
hunting to Ifiupiat for centuries. Bowheads recurrently feed on aggregations of zooplankton prey near Barrow in autumn. The
mechanisms that form these aggregations, and the associations between whales and oceanography, were investigated using field
sampling, retrospective analysis, and traditional knowledge interviews. Oceanographic and aerial surveys were conducted near
Barrow during August and September in 2005 and 2006. Multiple water masses were observed, and close coupling between
water mass type and biological characteristics was noted. Short-term variability in hydrography was associated with changes
in wind speed and direction that profoundly affected plankton taxonomic composition. Aggregations of ca. 50— 100 bowhead
whales were observed in early September of both years at locations consistent with traditional knowledge. Retrospective
analyses of records for 1984—-2004 also showed that annual aggregations of whales near Barrow were associated with wind
speed and direction. Euphausiids and copepods appear to be upwelled onto the Beaufort Sea shelf during E or SE winds. A
favorable feeding environment is produced when these plankton are retained and concentrated on the shelf by the prevailing
westward Beaufort Sea shelf currents that converge with the Alaska Coastal Current flowing to the northeast along the eastern
edge of Barrow Canyon.
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RESUME. La migration annuelle des baleines boréales (Balaena mysticetus) au-dela de Barrow, en Alaska, favorise la péche
de subsistance des Inupiats depuis des siécles. Les baleines boréales se nourrissent fréquemment d’agrégations de proie de
zooplancton pres de Barrow a ’automne. Les mécanismes qui forment ces agrégations, de méme que les associations entre les
baleines et ’océanographie, ont fait I'objet d’'une étude au moyen d’échantillonnages sur le terrain, d’analyses rétrospectives et
d’entretiens permettant de prélever des connaissances traditionnelles. Des levés océanographiques et aériens ont été effectués
pres de Barrow en aoit et en septembre des années 2005 et 2006. Des masses d’eau multiples ont été observées et un couplage
étroit entre le type de masse d’eau et les caractéristiques biologiques a été noté. La variabilité a court terme en matic¢re
d’hydrographie était liée a des changements relatifs a la vitesse et a I'orientation du vent qui avaient de fortes incidences sur
la composition taxonomique du plancton. Des agrégations d’environ 50 a 100 baleines boréales ont été observées au début
septembre des deux années a des emplacements cadrant avec les connaissances traditionnelles. Les analyses rétrospectives des
données recueillies de 1984 a 2004 ont également montré que les agrégations annuelles de baleines boréales pres de Barrow
étaient liées a la vitesse et a I'orientation du vent. Les euphausias et les copépodes semblaient remonter vers le plateau de la
mer de Beaufort lorsque les vents étaient de I’est ou du sud-est. Un milieu alimentaire favorable est créé lorsque le plancton est
retenu et concentré sur le plateau par les courants de direction ouest du plateau de la mer de Beaufort qui convergent avec le
courant cotier de I’Alaska s’écoulant vers le nord-est le long de la rive est du canyon de Barrow.
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INTRODUCTION

Offshore waters near Barrow, Alaska, are important migra-
tory and feeding habitat for bowhead whales (Balaena
mysticetus). The annual migration brings the whales north
along the coast of Alaska past Barrow during spring (April—
May) as they move from their overwintering grounds in
the northern Bering Sea to their summering grounds in
the Canadian Arctic (Moore and Reeves, 1993; Moore et
al., 2000). The westward and southward migration of the
whales in fall (September—October) again brings them past
Barrow (Moore et al., 2000; Quakenbush et al., in press).
The local community harvests bowhead whales at Barrow
during both spring and fall migrations to provide subsist-
ence food (Stoker and Krupnik, 1993). Archaeological evi-
dence indicates that whaling has been an important way of
life for the native peoples of the northern Alaskan coast for
centuries (Stanford, 1976; Hall et al., 1990; Krupnik and
Bogoslovskaya, 1999). Because the whales pause at Barrow
and other key locations to feed during their migrations, the
locations of the native villages (Barrow, Kaktovik) along
the northern Alaskan coast were probably selected for reli-
able and easy access to this important subsistence food
resource.

Although bowhead whales are known to feed near Bar-
row, the oceanographic conditions that produce a favorable
feeding environment for the whales were unknown. Bow-
head whales feed on zooplankton, especially copepods and
euphausiids (also called krill). Stomach contents of bow-
head whales harvested by native hunters at Barrow reveal
that both large copepods such as Calanus glacialis and C.
hyperboreus and euphausiids such as Thysanoessa iner-
mis and T. raschii are important components of the whales’
diet (Carroll et al., 1987; Lowry, 1993; Lowry and Sheffield,
2002; Lowry et al., 2004). To feed efficiently, baleen whales
such as the bowhead whale and the North Atlantic right
whale must feed in locations where aggregations of their
zooplankton prey occur in high densities (e.g., Mayo and
Marx, 1990; Kenney, 2001; Baumgartner and Mate, 2003;
Baumgartner et al., 2003). Such zooplankton aggregations
may result from either physical mechanisms (e.g., conver-
gence) or biological mechanisms (e.g., behavior).

The complex oceanographic conditions near Barrow
include the juxtaposition of two oceanographic regions
(the Chukchi and Beaufort seas) and several diverse water
masses (Weingartner et al., 1998, 2005; Fig. 1). The pres-
ence of a submarine canyon (Barrow Canyon) just offshore
has strong impacts on local conditions (e.g., Aagaard and
Roach, 1990; Pickart et al., 2005). The dynamics of flow
within Barrow Canyon are highly variable (Miinchow and
Carmack, 1997; Signorini et al., 1997). During summer,
relatively warm, fresh water of Bering Sea and Chukchi

Sea origin (hereafter called Pacific Water, PW) is carried
along the northwestern Alaska coast by the Alaska Coastal
Current (Paquette and Bourke, 1974) and exits the Chuk-
chi Sea shelf through Barrow Canyon. Both observations
and numerical models have demonstrated that annual mean
transports of this warm, fresh Pacific Water into the north-
ern Chukchi Sea and along the Beaufort Sea shelf vary in
response to changes in atmospheric conditions associated
with the Arctic Oscillation and other long-period climatic
signals (Proshutinsky and Johnson, 1997, 2001; Thompson
and Wallace, 1998; Maslowski et al., 2000, 2001; Clement
et al., 2005; Woodgate and Aagaard, 2005; Woodgate et
al., 2005). Moreover, long-period variability in the north-
ward transport of Pacific Water introduces variability to
the fluxes of heat, salt, nutrients, and plankton to the Arctic
that, in turn, affect the Arctic ecosystem.

The water masses in the study region directly influence
the taxonomic composition of the zooplankton prey avail-
able to the bowhead whale. Large copepods such as C.
glacialis are found in both Arctic and Pacific waters. Pri-
marily from analysis of bird and mammal stomach contents,
euphausiids are known to be present near Barrow (e.g., Frost
and Lowry, 1984; Lowry et al., 2004). In general, however,
euphausiids are rare in the Western Arctic and may not
be endemic to that region (Johnson, 1958, 1963; Niebauer
and Schell, 1993; Schell et al., 1998) and thus must be car-
ried into the Arctic with Pacific Water. The abundance of
euphausiids and their availability as prey to the bowhead
whales near Barrow then depends on (1) the northward vol-
ume transport of Pacific Water, (2) the quantity of euphausi-
ids in the Pacific Water and their growth and survivorship
during their transit across the Chukchi Sea to the Barrow
region, (3) the transit time of such water and plankton from
the Bering Strait to Barrow, and (4) the existence of mecha-
nisms that aggregate euphausiids into dense prey patches.

During 2005 and 2006, we examined physical and bio-
logical oceanographic conditions and bowhead whale dis-
tributions on the shelf near Barrow, at the Beaufort Sea
shelf break, and across Barrow Canyon as part of a study
investigating environmental variability, oceanography,
bowhead whale distribution, and the success and resilience
of Ifiupiat subsistence whaling. This multidisciplinary study
involves a synthesis of oceanographic observations (includ-
ing whale distributions), biological and physical modeling
of the ice-ocean system, retrospective analyses of factors
such as whale distribution and whale prey selection relative
to predictions of the modeling effort, and local knowledge
of factors associated with whale distribution. Retrospective
analysis and local knowledge provide greater temporal con-
text for the observations and the associations found during
this two-year period of oceanographic and whale-distribu-
tion data collection. The hypotheses of the study were that
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FIG. 1. Major currents in the Chukchi and Beaufort seas. Bering Sea water
enters the region through the Bering Strait and flows north along three major
pathways (dark gray arrows). The Beaufort Gyre is located over the Canada
Basin (black dashed line). An eastward-flowing current (light gray arrow)
persists along the Beaufort Sea shelf.

1) bowhead whales congregate near Barrow in late summer
in response to the favorable feeding environment, 2) the
formation of whale prey aggregations depends on oceano-
graphic conditions that in turn depend on Arctic climate,
and 3) Inupiat subsistence whaling success depends on the
location and timing of the whale migration and local feed-
ing opportunities. Field surveys on the shelf near Barrow
took place in late summer—early fall of 2005 and 2006, and
traditional knowledge interviews with Barrow whale hunt-
ers were conducted during several trips to the community
in 2006. The oceanographic measurements from those
surveys are the only high—spatial resolution descriptions
to date of the physical and biological oceanography of the
Beaufort Sea shelf near Barrow, Alaska. Here we present
an overview of our key initial findings and explain why, in
spite of the range of variability in conditions in the human-
bowhead-cuphausiid-ocean system, whales are still reliably
present each fall for Barrow hunters. This presentation is
augmented by a related paper focusing on bowhead whale
distribution, behavior, and stomach contents (Moore et al.,
2010).

METHODS

Oceanographic fieldwork near Barrow, Alaska, was con-
ducted from mid-August to mid-September in 2005 and
2006. This period was chosen to be close to the westward
migration period of the bowhead whales yet conclude about
a week before the onset of Ifiupiat fall whaling at Barrow.

157 ° 156 ° 155° 154°

FIG. 2. Sampling locations from the 2005 and 2006 surveys. Solid lines:
Continuous sampling using the Acrobat and towed ADCP. Dots represent
the locations where additional sampling was done using the CTD/rosette and
nets. Transect 4 is identified. Contour lines show water depth in meters.

Oceanographic Sampling

Oceanographic sampling was conducted from the 43’
R/V Annika Marie along transects oriented orthogonally to
the coast or to Barrow Canyon. Transects extended from the
nearshore to across the Canyon or to ~150 m depth along
the Beaufort Sea shelf break (Fig. 2), although ice limited
the offshore extent of sampling on some lines and dates
in 2006. The actual distribution of ice and the location of
the ice edge varied markedly from day to day during the
sampling period. On the outbound portion of each transect,
an Acrobat towed undulating vehicle (Sea Sciences, Inc),
equipped with a SeaBird 49 conductivity-temperature-
depth (CTD) sensor and a Wetlabs Eco-Triplet (chlorophyll
and colored dissolved organic material (CDOM) fluoro-
meters, optical backscatter sensor) acquired real-time
measurements of water column temperature, salinity,
chlorophyll fluorescence, CDOM fluorescence, and opti-
cal backscatter (suspended sediment proxy) from the near-
surface (1 m) to a few meters off the bottom, or to a maxi-
mum depth of 60 m (Table 1). Inter-profile distance was
~150 m over the shallow shelf and ~1 km seaward of the
shelfbreak. Water column velocity and relative acoustic
backscatter were measured using an RD Instruments 300
kHz broad-band Acoustic Doppler Current Profiler (ADCP)
with bottom tracking mounted on a BioSonics acoustic sled
that was towed at ~1 m depth (Table 1). The ADCP mal-
functioned during the 2005 survey, so few data were col-
lected. Relative backscatter was calculated according to the
method of Deines (1999).

Water column parameters such as temperature were plot-
ted as a function of along-track latitude and depth when the
boat reached the offshore end of each transect. Locations of
fronts and high chlorophyll fluorescence features noted in
the plots were targeted for discrete sampling on the inbound
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TABLE 1. Summary of parameters measured during the oceanographic fieldwork. Parameters are organized by the instrument or

equipment used. Depths sampled are also noted.

Instrument/Equipment

Parameters Measured

Depth Range

Acrobat
optical backscatter

Acoustic Doppler Current Profiler (ADCP)
backscatter

Sea-Bird CTD, Fluorometer, Rosette
fluorescence

» Water collected for chlorophyll a, nutrients,

» Temperature, salinity, pressure (depth), chlorophyll
a fluorescence, colored dissolved organic material,

» Water column velocity and relative acoustic

» Temperature, salinity, pressure, chlorophyll a

* Near-surface (1 m) to near bottom or to 60 m
maximum depth

* Near surface to ~150 m maximum depth

* Surface to near-bottom, no maximum depth

*0,10,and 40 m

photosynthetic picoplankton abundance

Plankton Net (150 pm mesh) * Mesozooplankton abundance

* Surface to near-bottom

portion of the transect using a CTD system and plankton
nets. A Sea-Bird 19+ CTD equipped with a Wet-Labs Wet-
Star fluorometer was used to measure temperature, salin-
ity, and fluorescence at depths below the Acrobat profiling
depths (Table 1). A SeaBird autofire rosette was used to
collect water for analyses of chlorophyll @, nutrient con-
centrations, and photosynthetic picoplankton abundances.
The rosette system frequently failed to fire, so water also
was collected using Niskin bottles deployed on a hand line.
Water was collected at 1 m, 10 m, and 40 m depths in 2005,
but usually only at 1 m and 10 m depths in 2006. Plankton
samples were collected at selected locations using a plank-
ton net (60 cm diameter, 5:1 length-to-width ratio), equipped
with 150 pm mesh, a flow meter, and a time-depth recorder
to determine actual sampling depth (Table 1).

Chlorophyll a concentrations were analyzed just after
water collection. The filters were extracted in 6 ml of 90%
acetone in 13 x 100 mm glass culture tubes at -20°C for 18
to 24 hours. At the end of the extraction period, the filter
was carefully removed from each tube, and the chloro-
phyll a concentration determined using a calibrated Turner
Designs fluorometer. A solid chlorophyll a standard was
used to check for fluorometer drift at the beginning of each
reading of chlorophyll a samples. Extracted chlorophyll val-
ues were used to ground-truth the chlorophyll fluorescence
sensors on the Acrobat and the CTD.

Nutrient samples were frozen just after collection. The
nutrient analyses were performed using a hybrid Technicon
AutoAnalyzer II™ and Alpkem RFA300™ gsystem, follow-
ing protocols modified from Gordon et al. (1995). Standard
curves with four different concentrations were run daily at
the beginning and end of each run. Fresh standards were
made prior to each run by diluting a primary standard with
low-nutrient surface seawater. Triplicate de-ionized water
blanks were analyzed at the beginning and end of each run
to correct for any baseline shifts. In this protocol, the coef-
ficients of variation for duplicates are typically less than
1% at low nutrient concentrations (Fleischbein et al., 1999),
while at high nutrient concentrations, coefficients of varia-
tion are 2—3% for nitrate and silicate (Corwith and Wheeler,
2002). Water samples for measuring the abundance of

photosynthetic picoplankton smaller than 5 pm by flow
cytometry were collected and then frozen at -80°C. In the
laboratory, samples were thawed and kept on ice in a dark
container until subsamples of 500 ul were enumerated on
a Becton—Dickinson FACSCalibur™ flow cytometer with
a 488 nm laser (Sherr et al., 2005). Populations of coccoid
cyanobacteria and of photosynthetic eukaryotes were dis-
tinguished by differences in side light scatter (SSC) and by
fluorescence in orange (cyanobacteria) and in red (eukaryo-
tic phytoplankton) wavelengths. Mesozooplankton samples
were collected using oblique tows of a 0.6 m diameter ring
net equipped with 150 um mesh, a flow meter, and a time-
depth recorder. Because days are very long in August and
September at this latitude, most samples were collected dur-
ing daylight hours. Daylight collection, and the use of a ring
net, likely resulted in underestimating euphausiid absolute
abundances. However, relative abundances should be con-
sistent throughout the two years of sampling.

Usually, both the inbound and outbound legs of each
transect were sampled on a given sampling “day” (some
days extended to ~20 hours in length). In 2005, the transect
lines were sampled over a period of 21 days. However, in
2006 a synoptic survey of Lines 1—-5, sampled from west
to east, was conducted over a period of 2.5 days, using the
Acrobat towed vehicle and the towed ADCP. Also in 2006,
Transect Line 4 was sampled on three different dates, per-
mitting description of the variability on time scales of days
and weeks.

Aerial Surveys

In 2005 and 2006, whale distributions were documented
by aerial surveys conducted along the oceanographic sam-
pling transect lines. Surveys were flown at over 1000 m alti-
tude in a high-wing aircraft equipped with bubble windows
that provided experienced observers a 90° viewing range
from the horizon to the transect line. The number and loca-
tions of all marine mammals seen were logged on an onboard
computer. Subsequently, bowhead whale distribution was
mapped relative to bathymetry and integrated with stomach
content and whaling data, as described in Moore et al. (2010).
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Traditional Knowledge Interviews

Traditional knowledge interviews with members of whal-
ing crews were conducted in Barrow in February, March,
April, and December of 2006. A list of active whalers from
the North Slope Borough Department of Wildlife Manage-
ment was used to identify knowledgeable bowhead whale
hunters; those whalers subsequently were asked for the
names of other active and knowledgeable bowhead whale
hunters. We interviewed a total of 41 Ifiupiat whale hunters,
all of whom had been captains, co-captains, or crewmem-
bers on fall Barrow whaling crews. Twenty-six of the whal-
ers were captains or co-captains, and the remaining 15 were
crew members. Partial interviews were conducted with an
additional 27 Barrow hunters, who provided mapped infor-
mation, bringing the total number of interviews with Barrow
residents to 68. An interview guide was used during inter-
views. Interview topics were designed to complement the
research being conducted by the oceanographers. A whaler’s
set of knowledge develops over time through repeated obser-
vation and from information passed on by knowledgeable
elders. Thus, researchers asked respondents to provide life-
time knowledge and observations. Interview topics included
(1) factors affecting fall bowhead whale hunting decisions
and success, (2) bowhead whale hunting locations, (3) areas
of bowhead whale aggregation during fall months, (4) bow-
head whale migratory patterns, (5) bowhead whale feeding
grounds; (6) prey fields and windrows, and (7) winds and
currents associated with the above topics.

Respondents read and signed an informed consent form
before the interview began. Two researchers were present
for each interview. One study team member conducted
the interview and recorded geographic information on an
acetate sheet positioned over a 1:250000 U.S. Geological
Survey (USGS) map. A second team member took detailed
notes on the respondents’ comments using a laptop compu-
ter. Study team members entered the features recorded on
the acetate overlays and the associated notes into an Access
database designed for the project. All geographic features
were digitized using ArcGIS software. The Access database
was linked to the GIS database so that the GIS staff could
develop maps by querying specific feature information.

Retrospective Analysis

Since the fieldwork encompassed only two years, analy-
ses of past environmental conditions, bowhead whale dis-
tribution, and whaling records were undertaken to put the
results of the 2005 and 2006 field seasons into a broader
temporal context. Annual data sets included wind records
from Barrow (K. Taylor, pers. comm. 2007), bowhead
whale distributions in September and October for the years
1984-2004 from the Bowhead Whale Aerial Survey Project
(BWASP) (J. Clarke, pers. comm. 2009; http:/www.mms.
gov/alaska/ess/bwasp/xbwasp.htm), and whaling records
(start/end dates of whaling season, whaling strike loca-
tions and dates) compiled for the period 1985—-2004 by the

Alaska Eskimo Whaling Commission and the North Slope
Borough Department of Wildlife Management.

RESULTS
Oceanographic Sampling and Whale Distributions

Three principal water masses were observed across the
study region (Fig. 3). Cold, salty Winter Water (WW) orig-
inates in the Bering and Chukchi seas when seawater is
cooled to near freezing during the previous winter. Cold,
fresh Melt Water (MW) derives from melting sea ice. Pacific
Water (PW) is characterized by relatively warm tempera-
tures and intermediate salinities due to summertime warm-
ing of Bering/Chukchi-origin coastal waters. Considerable
between-year and shorter-term variability in the physical
and biological conditions on the shelf was observed in 2005
and 2006, as demonstrated in the water masses present
(Fig. 3) and in sections from across transect line 4 (Fig. 4).
Interannual variability was driven by large-scale atmos-
pheric and ocean circulation patterns that in turn influenced
ice conditions and water mass distributions. During 2005,
virtually no sea ice was present in the region, while in 2006
ice cover and MW were far more extensive and varied
markedly with wind speed and direction. By contrast, much
more PW was present in 2005 than in 2006. Temperatures
and salinities were higher and fluorescence (chlorophyll)
was lower in 2005 than in 2006. The highest temperature
measured was ~8°C in 2005 but only ~4°C in 2006 (both in
Barrow Canyon). The water column was highly stratified in
2006, particularly on 22 August, with very fresh water in
the upper water column from sea ice melt associated with
the extensive sea-ice cover.

Shorter-term variability was associated with changes
in wind speed and direction, as demonstrated by the nota-
ble changes in physical and biological distributions on the
time scale of days during 2006 (Figs. 4 and 5). Northeast-
erly winds blowing prior to and during the sampling on
22 August promoted upwelling in Barrow Canyon (note
domed isotherms and isohalines in the upper 20 m centered
near 71.60°-71.65° N) and associated higher levels of chlo-
rophyll fluorescence. In contrast, sampling on 29 August
occurred during and after weak winds. Stratification was
much reduced because the lesser quantity of sea ice melt
water allowed dense, saltier water to intrude onto the shal-
low shelf. The reduced stratification probably also contrib-
uted to low chlorophyll concentrations along the transect.

Coupling between water masses and biological (e.g.,
plankton abundance and type) and chemical (nutrient) char-
acteristics was observed in both years. The most striking
pattern was the absence of coccoid cyanobacteria in any
of the water column samples collected in 2006 (Fig. 6).
Although water samples were collected only in the upper
10 m in 2006, comparison of the temperature-salinity-
plankton diagrams from the two years reveals that coc-
coid cyanobacteria were present in most water masses in
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FIG. 3. Temperature-salinity diagrams from transects across Barrow Canyon in 2005 and 2006. Letters indicate dominant water masses: Pacific Water (PW),
Melt Water (MW), and Winter Water (WW). Similar water masses were found across all transects. Lines of constant sigma-t (density) also are shown.
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Wind Speed (m/s)

Wind Speed (m/s)

FIG. 5. Wind vectors recorded at Barrow, Alaska, during the field sampling in 2005 and 2006. For wind direction, north is up. Shaded regions indicate dates on
which whales were first sighted for each year.
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FIG. 6. Relation of temperature and salinity characteristics to photosynthetic picoplankton (coccoid cyanobacteria) and diatom abundance and nutrient
concentrations for all water samples collected in both study years. Black crosses indicate temperature and salinity of water samples in which no picoplankton
were observed. Black dots on color plots indicate abundances or concentrations that exceeded the color scale.

2005, not just the deep types, so that the absence of coccoid
cyanobacteria in 2006 cannot be ascribed simply to sam-
pling differences (note that very little PW was sampled dur-
ing the water collections in 2006). Coccoid cyanobacteria

were most abundant in PW in 2005. These organisms may
be a tracer of PW in the Western Arctic. Diatoms were most
abundant in PW and in the deeper (10—40 m) WW, with
very low abundances in the limited MW in 2005 but much
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FIG. 7. Temperature, chlorophyll, and optical backscatter at 7 m depth across the study region. Data were collected using the Acrobat towed vehicle. The straight
white lines plotted over the contours are the track lines. Bathymetry lines show the 20, 50, 100, and 200 m isobaths.

higher abundances in MW in 2006. The latter abundances
may have been associated with the high stratification in
regions with melt water. Nutrient concentrations, repre-
sented here by nitrate and nitrite, were highest in the deeper
WW for both years, likely as a result of regeneration over
the winter, and also were elevated in the MW in 2006. Very
low nitrite and nitrate concentrations were seen in PW.

Considerable complexity was observed in the spatial
distribution of physical and biological properties (Fig. 7).
Although the time scales over which the surveys were con-
ducted differed between the two years (3 weeks in 2005 vs.
4.0 days in 2006), some similarities in general distributions
were observed. Warmer water was observed over Barrow
Canyon in both years, with colder water on the shelf. Water
temperature in Barrow Canyon was much higher in 2005
than in 2006, reflecting the presence of a more distinct PW
mass in the region during 2005. Chlorophyll concentrations
were greater in 2006, especially in Barrow Canyon, likely
because of increased stratification due to ice melt and ele-
vated nutrients in the upper water column (Fig. 6) in that
year. Elevated chlorophyll was also observed near shore in
both years in association with outlets from Elson Lagoon.
Optical backscatter in 2005 was extremely high offshore
of the Elson Lagoon barrier islands because of the elevated
sediment load in the water there.

Despite the differences in ocean conditions, bowhead
whales arrived suddenly in early September of both years
and were observed at locations that likely were related to
availability of their prey (Fig. 8; Moore et al., 2010). On 8
September 2005, over 100 whales were observed near the
sediment plume (Fig. 7) along the barrier islands of Elson
Lagoon. Large (juvenile and adult) euphausiids were found

inside of Elson Lagoon, with high concentrations at the
western end, and also in moderate concentrations just out-
side the lagoon, in the region where whales had been feed-
ing (Fig. 9). A smaller aggregation of whales was also seen
in Barrow Canyon. Winds were from the southeast on 5-7
September (upwelling-favorable for Beaufort Sea shelf)
and from the southwest on the day of the whale sightings
(Fig. 5). Large euphausiids were also observed by the ocea-
nographic field team on 13 September 2005 during south-
easterly winds. They were washed up along the beaches
inside the western end of the lagoon, which is consistent
with Barrow whale hunters’ observations of krill on the
southwest shore of Elson Lagoon. In 2006, whales were
first sighted on 4 September, on the Beaufort Sea shelf near
the 20 m isobath north of the Elson Lagoon barrier islands
and just south of where the ice edge was located on that day
(Fig. 8). Observations during aerial surveys and from local
boats indicate that whales remained on the shelf and can-
yon slope north and northeast of Point Barrow for at least
three days. These observations again were made during a
period of winds from the southern quadrant that followed
an extended period of upwelling-favorable winds from the
southeast. In contrast to the late August conditions, high
relative acoustic backscatter throughout the water column
and elevated large euphausiid concentrations were present
on the shelf immediately after the arrival of the whales and
these wind events (Figs. 9 and 10). Bowhead whales were
observed feeding in the region, where large euphausiids
were abundant, on both 4 and 5 September 2006, and net
sampling near the whales confirmed the presence of juve-
nile and adult euphausiids at those locations (Fig. 9d). Large
euphausiids and high backscatter extended eastward to at
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FIG. 8. Distributions of bowhead whales from aircraft surveys in 2005 (red stars) and 2006 (yellow stars).

least 15 km east of Point Barrow. Before the arrival of the
whales and the upwelling winds, large euphausiids were
scarce or absent at most locations on the shelf although the
much smaller furcilia were present at many locations sam-
pled when whales were not present.

Retrospective Analysis and Traditional Knowledge
Interviews

A comparison of wind direction and number of whales
in each sighting near Barrow during BWASP aerial surveys
(September—October, 1984-2004) showed that the mean
size of whale groups was significantly larger on days when
winds were from the south compared to any other direc-
tion except the north (ANOVA, p < 0.001; least significant
difference post-hoc test, a = 0.05). Mean whale group size
on north-wind days did not differ significantly compared
to days with winds from another direction (Fig. 11a). Anal-
ysis of the wind direction averaged over the two to three
days preceding each observation indicated that mean size
of whale groups was significantly larger following peri-
ods of winds from the southeast (ANOVA, p < 0.001; least

significant difference post-hoc test, o = 0.05), which favored
upwelling of euphausiids onto the Beaufort Sea shelf from
along the shelf-break. These wind-whale associations were
consistent with the wind directions observed at the times of
arrival of the whales during the field seasons of 2005 and
2006.

Whales were hunted successfully at Barrow every fall
from 1985 to 2004, except in 1986 (Table 2). The hunting
season typically began in late September, with the start
date agreed upon by the local whalers, although occasion-
ally (e.g., in 1992 and 1995) whales were landed as early as
the end of August or the first week of September. The mean
length of the fall hunt is 19 + 15 days (mean + SD, n = 19
years), but there is significant variation between years (sea-
son length ranges from a few days up to over five weeks).
On average, a whale was landed every two days during the
fall hunting season from 1985 to 2004. Therefore, for the
past several decades whales have been reliably present, and
hunted, at Barrow every fall. In most years, whales were
present near Barrow for at least two weeks (n = 14 years out
of 20); since 1992, whales have been present for six weeks
or longer. Despite the recurrent and predictable availability
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FIG. 9. Distributions of euphausiid furcilia (A, B) and juveniles/adults (C, D) before and after the arrival of bowhead whales at Barrow. Filled circles indicate
locations sampled in 2005; diamonds indicate locations sampled in 2006; color indicates concentration at each location. Small black cross symbols indicate

sampling locations where no euphausiids were collected.

of bowheads each fall, the total number of bowhead whales
landed during the fall hunting season varies considera-
bly from year to year (Table 2). The low fall harvest totals
before 1992 were primarily due to an annual quota imposed
by the International Whaling Commission in 1979, but even
since that quota was significantly increased in 1992, the fall
harvest has been variable and bimodal, with one mode cen-
tered on ~five whales per year and the other at ~ 20 whales
per year (Fig. 12). After 1992, in those years with a low
fall total, the spring hunt had supplied a good number of
whales. Conversely the four years of high fall harvest totals
(with the one exception of 1997) were all years in which

the spring hunt had been relatively unsuccessful, and the
community was therefore still in need of whale meat. The
flexibility to hunt in both seasons is therefore an important
aspect of the resilience of the subsistence system.

Barrow whale hunters indicated in interviews that bow-
head whales are often seen along the barrier islands bound-
ing Elson Lagoon and on the Beaufort Sea shelf to the N
and NE of Point Barrow, along the eastern edge of Barrow
Canyon (Fig. 13). Most bowhead whale strikes during hunt-
ing (146/166, or 88%) coincide spatially with these loca-
tions, although some occurred over Barrow Canyon to the
west. Barrow whale hunters reported observing bowhead
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FIG. 10. Average relative acoustic backscatter (decibels) in the upper 3—20 m from all 2006 surveys (A) before whales arrived and (B) after arrival of whales on

the shelf.

o)y must be rich with feed for bowhead whales since feeding
1 A bowhead whales are also observed at those locations. Few
O 5 whale hunters reported seeing bowhead whales inside Elson
'(IN) 1 Lagoon, and none identified Elson Lagoon itself as a feed-
o 4 ing ground.
3 i
2.
Q) DISCUSSION
S 2
O < These two years of oceanographic and whale distribution
= | data, together with the retrospective analysis and traditional
1 knowledge, demonstrate that the formation of a bowhead
whale feeding area near Barrow (1) is recurrent, (2) results
0 from a particular combination of environmental factors that
act synergistically to promote whale prey aggregations, (3)
7 is persistently used by the whales despite the major dif-
] B ferences in the oceanographic environment observed dur-
o 6 ing our two years of intensive field study, and (4) provides
N important and reliable fall bowhead hunting opportunities
(g_ 5’: for the Ifiupiat residents of Barrow.
S 4 ] Local availability of bowhead whale prey, particularly
o™ euphausiids, on the shelf near Barrow is tied to wind-driven
O 35 circulation. Although they did not provide specific informa-
% ] tion about the relationship between wind and the availabil-
D 2] ity of bowhead whale prey, Barrow hunters agreed that the
= ] locations of windrows and prey fields are directly related to
14 wind direction. At least two mechanisms appear to be oper-
1 ating in concert. The first occurs under upwelling winds,
0 when euphausiids are advected onto the Beaufort Sea shelf

W SW S SE E NE N NW
Wind Direction

FIG. 11. Whale group size as a function of wind direction A) on the day
of each BWASP observation and B) averaged over 2-3 days prior to each
BWASP observation. Standard errors are shown above bars.

whales milling around or feeding in front of the barrier
islands. Fronts N and NE of Point Barrow and outside the
barrier islands, described by the whale hunters as areas
where murky and clear water or two different currents meet,

from the Beaufort Sea slope (during winds from the E or
SE) or perhaps from Barrow Canyon (during winds from
the N or NE) and are distributed across the Beaufort Sea
shelf (Fig. 14; Okkonen et al., 2009). When winds are weak
or from the S or SW, the Alaska Coastal Current runs
tightly along the eastern edge of Barrow Canyon, and east-
ward intrusion of warm PW from Barrow Canyon onto the
western Beaufort Sea shelf inhibits the local off-shelf move-
ment of water and euphausiids. Since the prevailing current
on the Beaufort Sea shelf is to the northwest, euphausiids
are further concentrated in the triangular region bounded
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TABLE 2. Interannual variability in fall whale harvest, reported start of whale presence at Barrow from hunting strike data and BWASP
data (154—157° W), and number of days each year from 1 September to 31 October with wind conditions suitable for hunting. The length
of the fall hunting season is based on the dates of the first and last reported whale strikes and may therefore be a slight underestimate.
The actual date on which hunting begins in a given year is sometimes a few days earlier than the first whale strike.

Spring hunt Fall hunt First fall First fall Approximate length Days with wind
Year (# whales) (# whales) whale landed BWASP sighting of fall hunt (days) < 6 m/s (Sept-Oct)
1985 4 1 10/13 10/1 1 34
1986 7 - - 10/12 - 32
1987 5 2 10/22 9/27 8 24
1988 8 3 9/15 10/12 3 33
1989 3 7 10/2 9/30 27 25
1990 6 5 10/1 10/9 22 21
1991 8 4 9/16 9/29 19 31
1992 2 20 8/31 10/15 44 33
1993 16 7 10/5 9/12 16 15
1994 15 1 10/1 10/8 1 39
1995 10 11 9/4 9/18 45 28
1996 5 19 9/10 9/12 17 37
1997 9 21 9/11 9/21 41 38
1998 9 16 9/19 9/13 19 37
1999 18 6 10/9 9/24 5 39
2000 5 13 9/25 9/2 14 35
2001 21 7 10/7 - 3 36
2002 3 19 9/30 8/25 26 32
2003 10 6 10/8 9/16 7 31
2004 7 15 9/18 9/5 37 32
5 | | | | |
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FIG. 12. Frequency histogram of total fall whale harvest at Barrow, Alaska,
1979-2001.

to the west by Barrow Canyon, to the N and E by the shelf
break front, and to the south by barrier islands of Elson
Lagoon. Retrospective analysis (Fig. 11) demonstrated that
large groups of whales tend to be observed in this triangu-
lar region when wind conditions promote aggregations of
euphausiids. This favorable feeding environment for bow-
head whales, in turn, affords a favorable hunting environ-
ment for local whalers (Fig. 13).

The second mechanism involves aggregation of
euphausiids in Elson Lagoon. Euphausiids that have been
transported onto the shelf in response to upwelling-favora-
ble (southeasterly-easterly) winds are carried into the shal-
low Elson Lagoon system by non-tidal currents associated
with winds from the east. This transport is demonstrated
by the presence of euphausiids in the lagoon following a

1 1 Bay /|
Wl Fall Bowhead Congregation Arra 150 km

. Fall Bowhead Harvest Area

FIG. 13. Fall bowhead congregation areas (in respondents’ lifetime up to
2006) and harvest locations (1988-2005). Color represents the number of
overlapping polygons of whale congregation areas (yellow = low, red = high)
reported by 35 respondents in interviews with 41 Barrow fall whalers. The
166 harvest locations shown are based on North Slope Borough Department
of Wildlife Management and Alaska Eskimo Whaling Commission data.
Locations are shown for landed whales with GPS coordinates or specific range
and bearing (location data prior to 1988 are not specific and are therefore not
displayed). Of the 166 harvest locations, 146 (88%) fall within the reported
whale congregation areas.

strong easterly wind (Figs. 5 and 9d) and the strong correla-
tions between wind direction and currents from moorings
deployed in Elson Lagoon inlets in August and Septem-
ber 2006 (Okkonen, 2008). Once the euphausiids are in the
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FIG. 14. Schematic diagram of the physical mechanisms that produce aggregations of euphausiids on the Beaufort Sea shelf to the NE of Point Barrow. Black
arrows show currents; gray arrows show winds. ACC is the Alaska Coastal Current.

lagoon, wind-driven currents carry them downwind, effec-
tively concentrating them at the windward end of the lagoon
(Fig. 9d). Water, euphausiids, and sediment then flow out
of the lagoon through the barrier island passages onto the
nearshore Beaufort Sea shelf. (Note the high abundance
of euphausiids at the western end of the lagoon in Fig. 9d
when whales were present.) Whales were observed out-
side of Elson Lagoon in 2005 (Fig. 8), following a period of
wind from the east, and whales frequently are observed out-
side of these passages by local whalers (Fig. 13). Together
these observations suggest that Elson Lagoon functions as a
euphausiid reservoir under certain wind conditions and that
the water and euphausiids flowing out of the lagoon dur-
ing those conditions provide a favorable feeding environ-
ment for the whales near the barrier islands. It is likely that
euphausiids aggregate along the front between the sediment
plume and the clearer shelf water where bowhead whales
have been recurrently observed to feed.

On a larger scale, if euphausiids are expatriates from the
northern Pacific and not endemic to the Chukchi and Beau-
fort seas, then euphausiid presence near Barrow is a func-
tion of their transport northward from the Pacific Ocean.
This transport in turn should be significantly affected by
interannual variability in the transport of Pacific Water,
which is influenced by large-scale atmospheric conditions
that drive mesoscale circulation. Physical modeling of the
two phases of the Arctic Oscillation (AO) has demonstrated
significant differences in the extent of Pacific Water pen-
etration onto the Beaufort Sea shelf and and into the Beau-
fort Sea; Pacific Water can reach as far east as Kaktovik,
Alaska, during the positive phase of the AO, but does not
move significantly past Barrow during the negative phase
(e.g., Maslowski et al., 2001). Under either condition, Pacific
Water, and hence euphausiids, should reach Barrow by fall
each year. Modeling of euphausiid transport scenarios has
demonstrated that euphausiids entering the Chukchi Sea
through the Bering Strait can reach Barrow in a period as
short as six months if entrained in the easternmost branch

of northward circulation or in the Alaska Coastal Current
(Berline et al., 2008). Hence, euphausiids can be a regularly
occurring prey item for bowhead whales at Barrow, at least
in autumn. Euphausiids frequently are the dominant prey of
bowhead whales (e.g., Frost and Lowry, 1984; Lowry et al.,
2004; Moore et al., 2010) and other marine mammals near
Barrow for much of the year. However, both their relative
rareness in the Western Arctic outside of the region near
Barrow and the presence of a persistent, fairly direct trans-
port mechanism between the Bering Sea and Barrow sup-
port the idea that euphausiids are not endemic to the region
but rather are expatriates (and hence cannot reproduce and
sustain a population).

To date, climate variability does not appear to have sig-
nificantly affected the presence of a favorable feeding envi-
ronment for the bowhead whale at Barrow. Although these
inferences about the predictable annual presence of high
prey concentrations (and consequent high probability of
bowhead presence) come from only two years of detailed
field observations, they are further supported by our analy-
sis of more than two decades of whale harvest data (1979—
2006) and up to 20 years of aerial survey data (1984—2004).

Fall whaling success depends on a suite of environmental
and social factors. Environmental factors include availabil-
ity of whales, weather suitable for safe hunting (e.g., wind
speed; George et al., 2003), the presence of whales and their
location relative to shore (distance, bearing) and in known
places, local ice cover (Moore and Laidre, 2006), and air
temperatures cool enough to prevent spoilage of meat dur-
ing butchering. Social factors include local demand for sub-
sistence meat; the number of whaling captains and crews
active in a given season; community and institutional pol-
icy decisions, such as the determination of the start date of
whaling by the local whaling captains’ association and the
whaling quota set by the International Whaling Commis-
sion; and local search-and-rescue capabilities.

Three factors explain much of the variability in the
total fall harvest from 1980 to 2005. First, the total annual
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demand for meat, although relatively constant, can some-
times be substantially met by the spring hunt (as in 1993
or 1999, and in contrast to years like 1992 and 2002, when
the spring harvest essentially failed because of adverse
ice conditions). Second, in 1979, the International Whal-
ing Commission instituted a quota restricting the number
of allowable strikes. Although this quota has been raised
in recent years as the population has increased, it consid-
erably suppressed total harvest numbers from 1979 to the
mid-1990s, when it was set too low to meet the communi-
ty’s need for whale meat. Third, local wind conditions must
be suitable for hunting. Analysis of daily wind data from
Barrow shows that 86% of fall whales were landed on days
when the 24-hour daily speed was less than 6 m/s, and that
no whales were ever landed when daily average wind speed
exceeded 10 m/s. Since daily average wind speed in Sep-
tember and October was more than 6 m/s for 48.6% of the
time and more than 10 m/s for 12.1% of the time, this quan-
titative wind speed analysis confirms local hunters’ knowl-
edge about the importance of safe wind conditions (George
et al., 2003). A particularly windy fall may limit the number
of days on which whales can be safely hunted. A relaxation
of wind is necessary both for whaling safety and for the for-
mation of whale prey aggregations.

Will Ifiupiat whale hunting at Barrow continue to be suc-
cessful? For the past two decades and at present, the window
of opportunity for fall whaling at Barrow (from the third
week in September to early or mid October) has been suffi-
ciently long that enough days with good weather and suita-
bly located whales have coincided, allowing Barrow hunters
to achieve their annual quota. However, future weather con-
ditions might worsen if wind patterns are altered by cli-
mate change. In addition, whale migration pathways could
be altered in the future because of changes in whale prey
availability (from oceanographic, sea-ice, or marine eco-
system changes) or because whales avoid the Barrow region
in response to human activity (such as offshore oil drill-
ing, increased ship traffic, or an oil spill downstream in the
Chukchi Sea or locally on the Beaufort Sea shelf). Under
any of these conditions, whaling could become more dan-
gerous and difficult and might be less successful. During
interviews, Barrow hunters reported having to travel farther
from Barrow to harvest bowhead whales when barge activ-
ity deflected the whales from shore. Hunters stressed that
whales should be harvested closer to the community so that
the meat does not spoil during the tow back to shore. Alter-
natively, climate change could result in greater transport
of Pacific Water, and euphausiids, to the Barrow region,
thereby enhancing the feeding opportunities for bowhead
whales near Barrow and potentially extending the period
during which bowhead whales are present in the fall.

SUMMARY

Significant interannual and shorter-term variability
was observed in oceanography, weather (wind), fall whale

harvest success, and the dates and length of the bowhead
harvest season. During the two years (2005 and 2006) of
our intensive oceanographic fieldwork, interannual vari-
ability related to larger-scale climate affected water mass
characteristics and associated biological and chemical prop-
erties. Shorter-term variability was driven by wind speed
and direction, with dramatic impacts on the distribution
and abundance of plankton, particularly bowhead whale
prey (euphausiids). Despite these interannual differences in
ocean conditions, bowhead whales reached Barrow during
their fall migration in early September of both field years.
Retrospective analyses showed that between 1985 and
2004, whales had reached Barrow as early as August 25.
Transport of euphausiids from the Pacific Ocean to Barrow
in the large-scale circulation, coupled with local wind forc-
ing, provides at least two mechanisms by which euphausi-
ids are concentrated on the western Beaufort Sea shelf near
Barrow, resulting in a predictable and abundant food sup-
ply for the bowhead whales during their migration. Because
the development of this feeding region and the arrival of the
whales appear to persist despite ongoing climate variability,
the fall whale harvest by the Ifiupiat community at Barrow
should be relatively resilient to climate change. The whale
harvest at Barrow could, however, be particularly vulnera-
ble to anthropogenic activities such as ship traffic, oil devel-
opment, or an oil spill.
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