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results from fieldwork in September - { rly October of 1985 and 1986.
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there long enough to acquire a significant amount of food.
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ABSTRACT

The general purpose of this two-year project was to quantify what
. proportion of the annual energy requirements of the Western Arctic bowhead

whale stock is provided by food resources located in the Eastern Alaskan
Beaufort

1.

2*

3*

Sea (Al~ska/Canada-border  to 144°W). Specific objectives were EO

Determine the concentra~ion  and distribution of the planktonic food
of bowhead whales in the Eastern Alaskan Beaufort Sea and correlate
with known oceanographic features.

Estimate the number of bowhead whales utilizing the Eastern Alaskan
Beaufort Sea as a feeding area during the summer and fall; observe
and document their feeding activities~ behavior and residence times.

Estimate the degree of utilization of available food resources in the
Eastern Alaskan Beaufort Sea by the Western Arctic bowhead whale
stock*

This final report is an integrated account of fieldwork done in September and
early October of 1985-86, along with previously available data.

Waker masses in the study area were studied by boat-based sampling and by
airborne and satelli~e remote sensing. After periods of easterly winds$ water
masses include (1) a nearshore band of relatively wa~ waters (2) an area of
colds high-salinity water over the inner shelf, with strong evidence of
upwelling~ and (3) an area of warmer, fresher, more turbid water (of Mackenzie
Bay origin) near and beyond the shelf break. After periods of west winds, the
waeer is more homogeneous~ with no coastal upwelling and less influence of the
warm Mackenzie Bay water. Fron~s and eddies were dete”cted at several
locations. In some years, including 19869 a subsurface mass of Bering Sea
water moves east into the study area near the shelf break.

Zooplankton  composition, biomass, distributions patchiness, and energy
content in September of both 1985 and 1986 were documented by boat-based
sampling from ehe nearshore zone out to the 200 m contour, In 1986, additional
samples were obtained across the full width of the Alaskan Beaufort Sea during
October, and near feeding bowhead whales in Sepeember. Most net sampling was
done with oblique bongo tows and by horizontal tows in plankton layers
identified by echosounding. Also, quantitative echosounding techniques,
calibrated by the bongo sampling, were used. Maximum zooplankton biomass
generally was in one or more thin layers in the 8-40 m depth zone. Biomass was
usually low in near-surface waters, and decreased with increasing distance
from shore. Copepods dominated the biomass. The highest biomasses of
zooplankt.on~ mainly the small copepod Limnocalanus  ma’crurusj were found near

—

bowhead whales feeding in nearshore waters in early September 1986.

The distribution, numbers and activities of bowhead whales were
determined by aerial surveys and behavioral observations from the aircraft.
I%otogrammetric methods were used to document
of identifiable individuals in feeding areas.
in 1986. Unusually few bowheads fed in the
autumn of 1985; 1986 was a more typical year.

whale sizes and the recurrence
Five bowheads were radio-tagged
study area in late summer and
Prior to the onset of westward
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migration, very few bowheads were in the study area in 1985, but about 50
subadult bowheads fed in nearshore waters at the SE corner of the study area
in 1986. In both years, numerous subadult bowheads fed along the Yukon shore
just east of the official study area in late August and September; some
recognizable individuals were there for at least 16 days. After active
migration began in mid September, adult and large subadult whales fed in the
middle-shelf portion of the study area in both years.

Analyses of carbon isotope ratios in zooplankton  and bowhead tissues
suggested that a significant amount of feeding is done outside the eastern
13eaufort Seas at least by subadult bowheads. Annual oscillations in isotope
content along the baleen were documented; these provide data on age and
feeding history. Bowheads apparently grow slower than previously believed.

The Western Arctic population of bowheads acquired a low percentage of
its total annual food and energy needs within the study area--probably <1% in
1985 and perhaps about 1.4% in 1986. In many parts of the study area,
zooplankton  biomass was too low for efficient feeding. However, zooplankton
biomasses in the nearshore feeding area studied in 1986 were similar to those
where bowheads feed in the Canadian Beaufort Sea. Although most individual
whales acquired little of their annual energy intake in the study area in
1985-863 many (if not all) did feed there briefly while migrating west. In
years like 1986, a minority of the individual bowheads remain in the Eastern
Alaskan Beaufort Sea long enough to acquire a significant amount of food.
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Execubive Summary xv

,

EXECUTIVE SUMMARY

Mos& members of the Western Arctic population of bowhead whales migrate
through the Alaskan Beaufort Sea during September and October while en route
from ~he main summer feeding grounds in the Canadian Beaufort Sea to the
wintering grounds in the Bering Sea. Some feeding occurs within the Alaskan
Beaufort Sea during late summer and early autumn. ~t. has been hypothesized
that this late summer feeding may be especially important EO bowheads because
they may not feed again for several mon~hs after leaving ~he Beaufort Sea, and
because the energy content of arctic zooplankton is high in late summer.

‘TO evaluate the possible effects of offshore oil exploration in the
Eastern Alaskan Beaufort Sea on bowhead whales, regulatory agencies considered
it necessary to evaluate the importance of the area to feeding bowheads. A
contract for a two-year field study of this question was awarded in 1985 by
the U.S. Minerals Management Service to LGL Ecological Research Associates.
The general purpose of the project was to quantify what proportion of the
annual energy requirements of ~he Western Arctic bowhead whale stock is
provided by food resources located in the Eastern Alaskan Beaufort Sea
(Alaska/Canada  border to 144”W). Specific objectives were to

1.

2*

3.

Determine the concentration and distribution of the planktonic  food
of bowhead whales in the Eastern Alaskan Beaufort Sea and correlate
with known oceanographic features.

EsEimate the number of bowhead whales utilizing the Eastern Alaskan
13eaufort  Sea as a feeding area during the summer and fall; observe
and document their feeding activities, behavior and residence &imes.

Estimate the degree of utilization of available food resources in the
Eastern Alaskan Beaufort Sea by the Western Arctic bowhead whale
Stocke

The .repor~ describes results of fieldwork in September and early October
of 1985 and 1986. A review of published and unpublished information was done
before the first field season; results of that review are also taken into
account.

Water Mass Distributions

Zooplankton availability was expected to be strongly related to physical
oceanographic factors. Consequently, it was necessary to study the water
masses within the study area at the times when zooplankton  and feeding whales
were studied. Water masses were studied by boat-based CTD and surface
sampling, and by airborne and satellite remote sensing.

Water masses in the study area can va-ry considerably from year to year,
and within years. The variability results from the peripheral location of the
study area relative to the sources of water masses originating in the
Mackenzie Bay area and in the Bering-Chukchi Sea region.
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The water column consists of three reasonably distinct zones: an upper
layer, the pycnocline,  and a lower layer. In the upper layer, extending from
the surface to depths of 4-12 m, there is little ver-tieal change in
temperature, salinity or density. However, temperature and salinity vary
considerably with location and time. The main pycnocline extends from the
bottom of the upper layer down to 15-32 m. Salinity and density increase and
temperature decreases with increasing depth. The lower layer, extending from
&he pycnocline to the sea bottom, has comparatively weak vertical gradients in
salinity and density, although there can be large temperature changes.

The characteristics of the lower layer differed between years. In
September 1985, the lower layer consisted exclusively of cold, saline Arctic
Surface Water (ASW), which originates at dep~hs of 0-200 m in the Arctic.Ocean
proper. In September 1986, ASW again formed part or all of the lower layer in
many areas. However, in 1986 a very prominent subsurface core of much warmer
Bering Sea Water (BSW) was present over the outer continental shelf and
continental slope. Maximum temperatures of 3-4°C were observed. The occurrence
of BSW within the study area is apparently rare, based on the limited previous
data from this area.

Within the pycnocline, water mass types were either (a) a mixture of the
deeper ASW with the overlying upper layer; or (b) Cold Halocline Water (CHW).
CHW originates as a mixture of ASW with the cold, fresh upper layer presene
during seasonal ice melt. CHW occurred most frequently in the western offshore
portion of the study area.

The influence of the massive freshwater outflow from the Mackenzie River
extends into the Eastern Alaskan study area to varying degrees. Warm, fresha
turbid water of Mackenzie Bay origin was often present in the upper layer over
the offshore portion of the study area, from the edge of the continental shelf
to abyssal depths. The influence of this Mackenzie plume was especially
prominent in early September 1985 as a result of an extended period of east
winds and heavy ice conditions east of the Mackenzie Delta.

Over the continental
layer over the middle and
the nearshore zone. The
itifluence. It occurred as

shelf inshore of Che Mackenzie plumes Ehe surface
inner shelf differed from that closer to shore in
nearshore water mass showed strong estuarine
a thin~ narrow discontinuous band of turbid water

along the coast in both 1985 and 1986. The areal exten~ of this water type was
larger in 1986 than 1985. Beneath the thin surface layers cold saline Arctic
Water was found within 5-15 m of the surface. Over most of the continental
shelf between the nearshore zone and the Mackenzie plume, the upper layer was
characterized by cold (<1.5-2.5eC)  saline Arctic water. In 1986, this cold
surface water over the inner and middle shelf was generally confined to areas
west of 142”W; the upper layer over the eastern portions of the inner and
middle shelf was much warmer (2.5-5.O”C).

CTD and nutrient data provided strong evidence of coastal upwelling in
the inner shelf zone during- the 5-10 Sep~ember 1985 period, but ‘not in-the
10-19 September
more consistent

1986 period. This difference was to be expected, given Ehe
easterly winds in 1985.
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The distribution of water masses and sea-ice changed markedly in mid-late
September of both 1985 and 1986, as a result of strong northwest or west
winds. Following the strong winds ~ water of Mackenzie Bay origin was no longer
identifiable in the Eastern Alaskan Beaufort Sea. High levels of vertical
mixing had resulted in coolerj more salines and more homogeneous surface
wa~er, Norehwest winds in mid-September 1985 brought much ice into the study
area; west winds in 1986 had much less effect on ice.

Large scale fronts occur in most years within the study area. One front
occurs along the inshore side of the warma less saline Mackenzie Bay water
near the shelf break. This front is strongest in the eastern part of the study
area. Another front separates turbid nearshore waeers from cooler and clearer
inner shelf waters. Other large scale fronts were more ephemerals differing
considerably between 1985 and 1986. Airborne and satellite remote sensing
suggested Chat meanders and eddies, likely of offshore Ori,gi.n$ were present
within the cold, saline surface waters over Che inner shelf. Typical
diameters, as resolved in satellite imagery, ranged up to 10-15 km. Intense
fronts over spatial scales as small as a few hundred
higher resolution sampling from the aircraft and boat.

Zooplankton and Hydroacoustics

Zooplankton composition, biomass, distribution,

meters were detected by

patchiness, and energy
content were documented by boat-based sampling along broad-scale transects
ex~ending from shore to about the 200 m contour. We comple~ed 2* of ~hese
transects in 1985 and 4 in 1986, At 2-5 stations along each transect,
zooplankton was sampled by oblique bongo tows and by horizontal tows guided to
plankton layers by echosounder. At some stations and depths in 1985, paired
bongo tows and Tucker t“rawls were performed to confirm Che effectiveness of
bongo tows in capturing large, fast-moving zooplankters. In addition,
quantitative echosounding  &echniques were used to determine the vertical
distribution of zooplankton  along the full length of all transects. The raw
echosounder results were converted to estimates “of actual zooplankton biomass
based on the relationship between echosounding  and nee sampling a& IocaEions
where both were done. In October 1986, additional icebreaker-based sampling
was done across the entire Alaskan Beaufort Sea (13arrow-Canadian borde~,
40-2000 m contour) to compare zooplankton in the main study area wieh tha~
farther west and north.

The intention in both years was to conduct broad-scale zooplankton
sampling early in September~ and to conduct fine-scale sampling near feeding
bowheads when and if the boat could reach feeding areas. In fact, bowheads did
not feed in ~he official study area during early-mid September 1985, and ice
prevented sampling near bowheads in late September 1985. In ~986 feeding
bowheads were present in the southeast part of the study area during early
September~ and fine-scale sampling was done near five groups of feeding
bowheads before broad-scale sampling commenced.

The group and species composition of the zooplankton in the Eastern
Alaskan Beaufort Sea was similar to that elsewhere along the Beaufort Sea
coast and in other arctic regions. However, relative abundances of some
species and groups vary between locations and years. Copepods dominated the
zooplankton  along the broad-scale transects during September 1985-86,
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representing 78 and 81% of the wet weight , respectively, and 87 and 98% of the
individual zooplankters. In October 1986, copepods accounted for 85% of the
individuals but only 24% of the biomass in the upper 50 m of the water column
over the mid-shelf and continental slope in our main study area.”

In September 1985, the large (>1.8 mm in length) copepods Calanus
hyperboreus andC_. ~ were the dominant contributors to total
zooplankton  biomass, while in September 1986 the small (<1.8 mm in length)
copepod Limnocalanus  macrurus was the dominant contributor. In both years,
Limnocalanus  dominated in nearshore waters and Calanus dominated farther
offshore; the zone with abundant Limnocalanus was more extensive in 1986. In
both years, euphausiids and mysids were most abundant near the bottom in
nearshore waters. Whether they also occurred in similar abundances near the
bottom farther offshore is not certain, since few near-bottom samples were
taken offshore. In October 1986, euphausiids were much more abundant farther
west, between Pt. Barrow and Prudhoe Bay, than in the official study area.

In September 1985-86, average zooplankton biomass was highest in the
nearshore and inner shelf areas (south of the 50 m contour)j and lower on the
outer shelf (north of the 50 m contour). Biomass in the intrusion of Bering
Sea Water over the outer shelf in 1986 was unremarkable. Biomass in the top 50
m over the continental slope (near 1800 m contour) was similar to that over
the outer shelf, and much higher than previously reported for the top 200 m of
the Arctic Ocean far offshore. Average zooplankton biomass in the top 50 m
within our study area was similar in both years~ about 200 mg/m3 (wet weight).
Our average biomasses  were similar to those over the continental shelf of Ehe
Canadian Beaufort Sea during late August and early ‘September 1985-86 (cA.
Bradstreet et al. 1987).

Hydroacoustic surveys showed that zooplankton distribution was patchy in
both years. .Patches tended to be more abundant in nearshore and inner shelf
waters (<45 m dee$) than over the outer shelf. Average zooplanktorn  biomass
within patches was also higher in nearshore and inner shelf areas than farther
offshore. Zooplankton patches often extended for several kilometers in the
horizontal plane, but usually were only 5-10 m thick. Patches along broad-
scale transects were typically more extensive in the horizontal plane in
September 1985 than in September 1986.

Feeding bowheads were present in nearshore waters in the SE corner of the
study “area (and to the east along the Yukon coast) in early September 1986. In
1986, average zooplankton biomass was higher at five whale feeding stations
than at corresponding control stations. Average biomass at our whale feeding
stations was similar to that at whale feeding stations farther east along the
Yukon coast (cf. Bradstreet et al. 1987). Bowheads usually feed in areas where
zooplankton b~mass is about 1-3 g/m3 at the depth of maximum biomass (mean 2
g/m3) . In all cases the higher zooplankton biomass at our whale feeding
stations was due to unusually high copepod biomass. The biomass of all other
zooplankters combined was similar at whale feeding and control stations.
Although major efforts were made to minimize the various biases normally
associated with zooplankton  samplingt 2 g/m3 is probably an underestimate of
mean biomass in the water filtered by bowheads.
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Limnocalanus macrurus was the dominant copepod at whale feeding locations
along both the Alaskan and the Yukon coasts. These small copepods, <2 mm in
length, can be filtered from the water by bowhead whales; ~. macrurus was a
=jor food item in the stomach of one bowhead taken near Kaktovik in September
1986.

Although dense layers of concentrated zooplankton were mos~ common in
nearshore waters, especially near feeding bowheads~ such layers did occur
farther offshore over &he continental shelf. Other taxa, usually Calanus,
dominated in these patches. Although these pa~ches were noc being used by
feeding bowheads during our zooplankton sampling periods, they presumably are
used at other times.

In September 1985-86, zooplankton biomass was very low in surface and
near-surface waters. The majority of zooplankters  were between the pycnocline
and a depth of 45 m, except at some nearshore ‘stations where the pycnocline
layer was continuous from a few meters depth to the bottom. Most zooplankters
were in one or more layers a few meters thick at mid-water or near-bottom
positions. This was Erue at whale feeding and control stations as well as
along broad-scale transects, Consistent with thisj almost all whales observed
feeding in the official study area fed in the water column, below the surface.

In September 1985, zooplankton biomass was slightly higher within than
outside frontal areas. In September 1986j.we found no such Erend. However, the
subsurface concentrations of zooplank~on tin nearshore feeding areas were in
cold saline waters overlain by much warner turbid waterj and inshore of areas
where subsurface waters were slightly warmer and less saline.

Copepods had a higher energy content per ,unit weight than other major
groups. Copepods contributed 90 and 89% of the total caloric content of ehe
zooplankton in 1985 and 1986~ respectively. Caloric content per gram of
zooplankton was higher in 1985 than in 1!3869 and higher in our study area Chan
in the Canadian Beaufort Sea about two weeks earlier. Along broad scale
transects, mean caloric content of the zooplankton in the top 50 mj on a ‘per
cubic meter’ basis, was similar in 1985 and 1986: 225 vs. 179 cal/m3,
respectively. At whale feeding stations , mean caloric content was much higherj
643 cal/m3 in the water column as a whole and 2132 cal/m3 in concentrated
layers of zooplankton.

Bowhead Distribution, Numbers and Activities

The distribution, numbers and activities of “bowheads were determined by
aerial surveys and behavioral observations from the aircraft. Photogramme&ric
methods were used co document whale sizes and recurrence of identifiable
individuals in feeding areas. Our observations were mainly in September, but
supplementary data were obtained from other studies before and afeer our field
periods. In 1986 we radio tagged five bowheads in. a further attempt to
document behavior and residence times at feeding areas.

A few bowheads were seen in the Eastern Alaskan study area by other
investigators during August 1985-86, most over the oueer continental shelf and
continental slope near the eastern edge of the study area. Bowheads fed along
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the Yukon coast just east of the study area in August of both years, but these
whales did not extend into Alaskan waters in August.

The 1985 migration through the study area began around 11 September, and
apparently peaked in late September after much ice was blown into the study
area. At least some of the whales migrating through mid-shelf waters in late
September fed briefly. Some bowheads continued to travel west through the
study area, in heavy ice conditions, during early to mid October 1985.

More whales were in the study area during early-mid September in 1986
than in 1985, including a concentration of feeding whales close to shore off
the Kongakut Delta in the southeast corner of the s~udy area. The latter area
was the westernmost of several feeding locations along the Yukon and Alaskan
coast. Westward migration began in early September 1986, and probably peaked
in late September. Migrating whales were closer to shore in mid- and late
September than in early September. Migration continued into October 1986,
after our fieldwork ended.

In 1985, raw density estimates from aerial surveys of the continental
shelf and slope zones were very low, only about 0.06 and 0.04 bowheads/100
~mz , respectively, during mid-late September. These figures are very
approximate because of the low number of sightings. In 1986, estimated
densities in the shelf zone during September (excluding the feeding area off
the Kongakut Delta) were considerably higher, ranging from 0.21 to 0.33
bowheads/100  kmz~ the eseimated raw density over the continental slope was
0.12 bowheads/100  kmz in early “September, but zero thereafter. Limited
coverage of the northern part of Che study area (depths >2000 m), mainly by
the Naval Ocean Sy”stems  Center, revealed no bowheads in either year; a few
bowheads have been seen there in earlier years.

Behavioral data indicated that only about 12-14% of the bowheads present
‘on-transece  r were potentially detectable during standard aerial surveys;
whales were submerged and invisible almost 90% of the time. Available data
from 1981-84 suggese that detectability of bowheads in and near our study area
was similarly low in those years. Detectability was apparently even lower for
whales in areas of heavy ice-covers e.g. in lace September 1985.

Even af~er allowance for the many whales present but undetectable during
aerial surveys, numbers in the study area in 1985 were very Iowj estimated as
<1oo, at all times during late summer and early autunin. Higher numbers,
estimated as 220-370, were present at various times in September 1986.
Utilization of the study area in August-October was estimated as about 4200
whale-days in 1985 and 13,000 whale-days in 1986. The 1985 value may be an
underestimate given that it is barely adequate to account for steady westward
migra&ion of a population of 4417 whales across the study area, and inadequate
if the population size is about 7200 as is now suspected.

Mother-calf pairs sighted within the study area during 1985-86 were
widely distributed geographically and temporally, as in previous years.

Many feeding bowheads lingered along the Yukon coast near Komakuk, 10-50
km east of the official study area, during late August and much of September
1985-86. Several recognizable whales photographed near Komakuk were
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rephotographed on later days and/or the next year. Within years, minimum
residence times averaged 7.6 d (n = 11), with a maximum documented period of
16 d. Most bowheads in this nearshore area were subadults 7-13 m long, but a
few adults were present. We radi.otagged five bowheads in this area in 1986;
three were detected on subsequent days after they had begun migrating west
through Alaskan waters.

The conc,entiration  of feeding whales near the Kongakut DelCa, in the
official sgudy area, during early September 1986 was apparently a westward
extension of the nearshore concentration farther east. Again, most whales
were subadults. Six individuals were rephotographed 1-2 d after first being
photographed, but the overall duration of feeding off Ehe Kongakut Delta was
briefer than that along the coast farther east.

Late September was the only time in 1985 when a concentration of feeding
bowheads was found within the study area. They fed about 30-40 km N and NE of
Kaktovik. Simila~ly,  many whales that were migrating through middle shelf
waters in mid-late September 1986 fed intermittently. In both years, whales
Ehat fed over the middle shelf during migration included many adults (some
with calves) as well as large subadults, but few small (<10 m) subadults.
These whales did not seem to linger in any one area for long; there were no
between-day reidentification at middle-shelf feeding sites. However, several
of these whales had been pho~ographed earlier in the season (or in previous
summers) in Canadian waters.

The behavior of bowbeads  feeding within and near the study area was
similar co that documented during previous studies in summer and early autumn.
Most bowheads feeding within the official study area fed below the surface,
consistent with the low abundance of zooplarikton  in surface waters. In
contrast, bowheads often fed at the surface along the Yukon coast. Almost no
near-bottom feeding was detected. Many of the bowheads observed within and ‘
just east of the official study area during 1985, and to a lesser exbent 1986,
were exposed to faint-moderate intensity noise pulses from distant seismic
vessels, Activities seemed normal despite this noise exposure. When bowheads
engaged in presumed water column feeding, net horizontal distances travelled
during single dives ranged from about O to 700 m, averaging about 300 m during
dives of average duration 15 min. Actual distances travelled underwater were
undoubtedly greater, thereby increasing the
filtered. During some observation sessions when
headings of the whales when they surfaced to
westward. This suggests that bowheads sometimes
westward as they fed.

potential volume of water
bowheads were feeding, the
breathe were predominantly
were migrating gradually

Observed feeding locations in and near the Eastern Alaskan Beaufort Sea
have differed between years. No one part of the study area has been identified
as a consistent feeding location. The study area is apparently near Che
western edge of the main summer feeding range. Prior to the start of active
westward migration~ feeding whales extend into the study area in some years
(like 19861 but not in all years. During the subsequent period of active
westward migration, considerable feeding takes place in the study area,
probably in all years. Utilization of the study area for feeding was less than
average in 1985. Utilization was considerably greater in 1986 than in 1985,
bue apparently not as ‘nigh as in some ocher years.
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Bowhead Whale Feeding: Allocation of Regional Habitat Importance
Based on Stable Isotope Abundances

The goal of the isotope work was to use the variations in natural
abundances of carbon isotopes in zooplankton and in bowhead whale tissue to
estimate the relative importances of various feeding areas, with emphasis on
estimating the amount of feeding in winter. In addition, the discovery of
regular variations in carbon isotope ratios along bowhead baleen has provided
a potential method for ageing young whales, which may provide insights into
life history. We analyzed baleen and/or tissue samples from 16 whales during
this projqct, ranging from yearlings to large adult animals. Muscle, blubber
and baleen from several other bowheads had been analyzed previously.

The ratio of stable carbon isotopes (C-13/C-12)  in zooplankton varied
across the range of bowhead whales. C-13 was more common in zooplankton  from
the western Beaufort Sea and (probably) northern Bering Sea than in
zooplankton from the central and eastern Beaufort Sea. As expected, there was
proportionately less C-13 in primary consumers (e.g. copepods) than in
omnivores or secondary consumers (e.g. euphausiids, chaetognaths, amphipods).

In young bowheads, the muscle and visceral fat contained relatively more
C-13 in spring than in autumn. If our small samples were representative, young
whales acquire a significant fraction of their annual food intake during the
late autumn-winter-early spring period while they are not in the eastern or
central Beaufort Sea.

In large bowheads, carbon isotope ratios in muscle and visceral fat were
similar in spring and autumn. The muscle was enriched in C-13 in both seasons,
suggesting that most of this carbon may not have come from the SE Beaufor&
Sea. The significance of these data is unclear, other than to suggest that
large whales ,tended  to feed in different areas and/or on different prey types
than small bowheads,.

The c-13/c-12 ratio oscillated along the baleen, with a spacing of >25
cm/oscillation early in life, and about 20 cm/oscillation in adults. In large
whales~ up to 20+ isotopic oscillations were present. The pattern of
oscillations was consistent along different baleen plat&s from the same whale.
Several types of evidence suggested that the oscillations along the plates
were annual. By counting the stable isotope oscillations along the baleen~
ages of young bowheads can be determined. After several years, wear at the tip
of the baleen prevents precise ageing, although a minimum age can still be
determined. The annual isotopic oscillations also correspond with structural
patterns visible along the baleen. Data acquired incidental to our objectives
showed thae, after the age of about 1 yearj total lengths of bowhead whales
increase at a slower rate than suggested previously. For example$ bowheads
that are 9 m long appear to be several years old.

The carbon present at each point along a baleen plate is a sample of the
carbon in the energy source in use by the whale when that part of the baleen
was formed. Thus, the baleen provides a multi-year temporal record of feeding,
representing 20+ years in large whales. The C-13-depleted baleen laid down in
summer was consistent with the isotopic composi~ion of zooplankton in the
eastern Beaufort Sea, The C-13-enriched baleen laid down in winter was
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qualitatively consistent with the elevated C-13 content of zooplankton in the
western Beaufort Sea and probably the northern Bering Sea. However, the degree
of C-13 enrichment in winter baleen was greater than expected based on the
geographic shift in isotopic coneent of any one prey type. Winter baleen may
incorporate carbon from omnivores or secondary consumers e.g. euphausiids  or
amphipodsj in which C-13 is further enriched.

The limited datia on isotopic composition of zooplankton in the northern
Bering Sea do noe allow a reliable dis~inc~ion  of carbon from the western
Beaufort Sea, Chukchi Sea and Bering Sea. Thus, it is not possible to say how
much of the carbon in ‘winter baleen~ comes from feeding in the Bering Sea as
opposed to mobilization of energy stored during late autumn farther north.

The baleen of most young bowheads showed a decrease in overall C-13
content in the first 6-8 years of life , accompanied by increased amplitudes of
the seasonal oscillation in isotopic content. The specific causes of these
changes are uncertain. The transition from dependence on mother’s milk to
independent feeding may be partly responsible, Other possibilities are year to
year changes in feeding areas andior a postulated increase in the filtration
efficiency of the lengthening baleen. Either factor could result ina shift in
the diet toward smaller prey items like copepods, which are depleted of C-13.

Overall, the results .sugges&  that small bowheads acquire a significant
amount of eqergy from feeding in areas west of the Eastern Alaskan Beaufort
Sea, How much of this energy is acquired in winter in Ehe Bering Sea vs.
autumn or spring in the western Beaufort Sea or Chukchi Sea is unknown. The
results from large whales are more difficult to interpret, but Ehey may obtain
much of their energy from somewhere other than the south-central and
southeastern Beaufort Sea. Isotopic analyses of selected additional .samples of
bowhead tissue and zooplankton  could clarify these points.

Energetic of Bowheads

There have been several attemp~s to calculate the theore~ical energy
requirements and feeding rates of bowhead whales. We have reviewed these
a~Eempts and have prepared updaeed estimates based on curren~ knowledge of
bowhead sizes, length-weight relationships, physiology, groweh races,
population composition and other factors. Energy requirements of bowhead
whales are- still somewhat uncertain. However, iie
bowheads are generally consistent with what is known
Also, most of the different methods for calculating
results. Food requirements and food availability
sufficient accuracy to warrant comparison.

ap-parent  energy needs of
about other large whales.
energy needs give similar
can be estimated with

One uncertain~y  affecting Ehe energetic analysis has been the unknown
amount of feeding in winter and during migration around western Alaska. The
carbon isotope results suggest that there may be a significant amount of
feeding outside the Beaufort Sea, at least by subadults (see above). Thusj
most of our calculations assume a high feeding rate for 130 d in summer and
early autumn, and a lower feeding rate (30% of daily maintenance rate) for
the rest of the year. Other feeding scenarios are also considered.
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The annual food requirement for a population of 4417 bowheads is
estimated to be about 421,000 MT (metric tons), with broad confidence limits.
This value is higher than some previous estimates, primarily because the
caloric content of zoopla.nkton  in the Beaufort Sea, on a wet weight basis, is
lower than assumed in some previous analyses. Numerous other refinements in
the estimation process are described in this report. If the population size is
about 7200 whales rather than about 4417, their food requirement would be
about 690,000 MT/yr.

Bowheads must feed in areas where the biomass of zooplankton exceeds the
average biomass in the Beaufort Sea, which is about 0.2 g/m3 (wet weight).
Theoretical calculations indicate that an average bowhead must feed ac
loca&ions where average zooplankton biomass is at least 2+ g/m3 if it is to
acquire its annual food requirement in 130 d feeding for 16 h/d. The average
prey biomass at summer feeding locations would need to be 2 g/m3 if 30% of
daily maintenance requirements were met by supplementary feeding during the
rest of the year. These theoretical figures are generally consistent with the
observed mean zooplankton biomass at bowhead feeding sites (2 g/m3 at depth of
maximum biomass), especially if allowance is made for the fact that the
observed values are probably underestimates of the food consumed by whales.

Required prey biomasses, on a ‘per cubic meterl basis, appear to be
similar for subadults and adult males but higher for adule females. This
assumes that subadults grow at the slow rate implied by analyses of baleen.
Required prey biomasses for subadults  would be about 21% higher if they grew
at the faster rate previously assumed. The apparent slow groweh rate may be an
adaptation to the relatively low zooplankton biomasses available in the
Beaufort Sea.

Integration

The ‘Integration’ section draws together the results from the various
disciplinary sections in order to evaluate the energetic importance of the
Eastern Alaskan Beaufort Sea to the Western Arctic stock of bowhead whales.
This section also discusses” the feeding locations thae were identified within
the study area; feeding in other areas during various ~easons; and the
possible effects of industrial activities on feeding bowheads.

The eotal amount of zooplankton  in the top 50 m of the water column
within the Eastern Alaskan study area was estima~ed  as about 150~000 MT in
late summer. Of this, about 75jO00 MT was over the continental shelf where
most bowhead feeding occurs. Thus$ zooplankton in the study area represented .s
significance percentage of the annual population requirement of about 421,000
MT for 4417 bowheads. However, of the 75,000 MT over the continental shelf,
only aboue 8100 MT (1985) or 1100 MT (1986) was, at any one time, in
concentrations sufficiently dense to pemit economical feeding by bowheads.
These amounts are very small percentages of the annual population requirement.

The estimated whale-days of utilization figures for 1985 (4200 whale-d)
and 1986 (13,000 whale-d) also indicate that the Western Arctic bowhead
population acquired very little of its annual food requirement in the study
area in those years. If these bowheads fed in water with an average of 2 g/m~
of zooplankton for 12 h/d at a swimming speed of 5 km/h, they would have
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consumed only about 2000 MT in 1985 and 6060 MT in 1986. This consumption
represents only 0.5% and 1.4%, respectively, of the estimated annual food
requirement of 4417 bowheads (421,000 MT). These estimates are approximate,
bue the percentages would remain low even if prey consumption were several
Eimes higher due to errors in the assumptions or to more intensive utilization
of the study area in certain years. The percentages would be even lower if
population size is about 7200 with an annual prey requirement of about 690,000
MT.

In some years, like 1986, a small number of bowheads feed in the sbudy
area for at least several days-- longer than the population average. If a
subadult bowhead spent 10 days feeding for 16 h/d in water with 2 g/m3 of
zooplankton ~ it would consume about 6-8% of its es~imated annual food
requirement. Some whales probably find prey concentrations exceeding 2 g/m3,
and ic is possible (although unproven) that a few whales may feed in the study
area for more than 10 d in some years. If so, those few individuals could
obtain an appreciable fraction of their annual food in the study area.

The relative amounts of feeding in the Canadian vs. Eastern Alaskan
Beaufort Sea are not known precisely, but Canadian waters clearly are much
more important, Most Western Arctic bowheads are in the Canadian Beaufort Sea
for at least 34-4 mo. In contrast, an average bowhead apparently feeds for no
more than a few days in the Eastern Alaskan Beaufort Sea (estimated as roughly
1-2 d in 1985 and 3-4 d in 1986).

Some feeding by bowheads occurs in late autumn, winder and spring west of
our study area. Carbon isotope ratios in zooplankeon and bowhead tissues
suggest that this feeding may be more extensive than formerly thought, at
least in subadult bowheads. Present uncertainly about the amount of feeding in
these seasons is an important limitation in understanding food requirements in
the Beaufort Sea as a whole. liowever~ it has little effect on conclusions
about the importance of the Eastern Alaskan Beaufort Sea.

For the population as a whole, the results indicate that the null
hypothesis can be accepted:

Food resources consumed in the Eastern Alaskan Beaufort Sea
do noe contribute significantly to the annual energy needs of
the Western Arctic bowhead stock.

An analogous conclusion can be drawn for most individual bowheads in most
years. However, in some years a few animals that feed in the study area for
longer than others may acquire a significant fraction of their annual energy
needs in the study area.

IE is unlikely that accidental oil spills would have a significant or
lasting effect on zooplankton in the study area, or on Che availability of
zooplankton to bowheads. If any effects of these types did occur, they would
be most likely to occur in a nearshore feeding area.

Disturbance caused by occasional vessel traffic or seismic exploration
may displace bowheads temporarily, but is unlikely to exclude Chem from
important feeding areas. Continuous or repeated disturbance in a feeding area
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would be more likely to displace whales. Feeding sites in offshore waters are
likely quite transient, so ongoing disturbance at a single offshore site is
unlikely to have a major effect on feeding. Nearshore feeding sites are more
consistent, and ongoing disturbance in nearshore waters is more likely to
prevent use of a feeding location.
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INTRODUCTION AND OBJECTIVES*

Most individuals of the Western Arctic (= Bering Sea) population of
bowhead whales, Balaena mysticetus,. spend the period from May or June to
September or October in the Beaufort Sea. During this period they are believed
to consume most of the food needed for the entire year. Bowheads, like other
baleen whales, are believed to consume little food in winters although this
point. is not proven in the case of bowheads.

Offshore exploration for oil and gas has been underway in the eas~ern
(Canadian) part of the Beaufort Sea for more than a decade, The main area of
offshore drilling is near the center of the summer range of Western Arctic
bowheads. In Alaskan waters, there has been much geophysical exploration for
potential oil-bearing structures,
of Chese industrial activities on

and some offshore drilling. Possible effects
bowheads are of much interest.

Background

Most bowheads spend the summer in Canadian parts of the Beaufort Sea
(Richardson et al. 1985a, 1987). However, in some years some bowheads are
present in the eastern part of the Alaskan Beaufort  Sea for “much of the
summer. It is possible that some bowheads do noe travel east into the Canadian
13eaufort in certain years (Ljungblad e.t al. 1983). Parts of the Alaskan
Beaufort Sea may be important as feeding areas for these individuals..

In additions the western edge of the main summer feeding range is in or
near the Eastern Alaskan Beaufort Sea (Fig. Is inset). In some years,
considerable numbers of feeding bowheads occur in that area. This is
particularly true in September, when many bowheads have begun a gradual
westward movement but are still feeding much of the time. There is
zooplankEon-- mainly copepods and euphausiids--in the stomachs of almost all
bowheads harvested in autumn at Kaktovik, a community bordering the Eastern
Alaskan Beaufort  Sea (Lowry and Frost 1984; Lowry et al. 1987). Some feeding
occurs farbher west, but feeding frequency seems to decrease as bowheads move
west through the Alaskan Beaufort Sea during autumn (Ljungblad et al. 1986a).

Feeding in late summer and autumn may be especially important to
bowheads. This, may be the last major feeding period for several months if
bowheads, like other baleen whales, do little feeding in winter. Also, the
biomass and energy coneent of arctic zooplankton  are higher in late summer and
autumn than at other times of year (Lee 1974; Percy and Fife 1981).

Government agencies that regulate offshore exploration  for and
development of oil and gas are required to assess whether those activities are
likely to harm endangered marine mammals such as the bowhead whale. The U.S.
National Marine Fisheries Service and the U.S. Minerals Management Service
(MMS) have concluded that additional information is desirable to allow a
detailed assessment of the possible effects of offshore industrial activities
on bowheads that feed in the Alaskan Beaufort Sea.

* By W. John Richardson, LGL Ltd.
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FIGURE 1. Study area for the LGL/MMS bowhead feeding project. Inset:
Generalized pattern of seasonal movement of the Western Arctic population of
bowhead whales.



Consequently, MMS planned a two-year field study of the importance of the
Eastern Alaskan Beaufort Sea (Fig. 1) to feeding bowhead whales. That area was
chosen because feeding seems to be more frequent and prolonged there than
farther west. A contract for the study was awarded to LGL Ecological Research
Associates Inc. in mid-July of 1985. Field work was conducted in September and
early October of 1985 and 1986.

Objectives of Overall Project

The general purpose of the two-year project was to quantify what
proportion of the energy requirement of the Western Arctic bowhead whale stock
is provided by food obtained from the Eastern Alaskan Beaufort Sea. To do
this, the main factors considered were

- numbers, activities and residence Cimes of bowhead whales in the area;
- prey identity, availability, distribution, patchiness, and energy

content$ along with the oceanographic factors controlling these
attributes of the prey;
amount of prey (and of energy) consumed by the various categories of
bowheads that fed in the study area (immatures, adult males and
females, etc.);, and

- toeal energy needs of individual bowheads and of the population.

MM itemized the specific objectives of the study as follows:

Determine the concentration and distribution of the planktonic food of
bowhead whales in the Eastern Alaskan Beaufort Sea and correlate with
known oceanographic features.

Estimate the number of bowhead whales utilizing the Eastern Alaskan
Beaufort Sea as a feeding area during the summer and fall; observe and
document their feeding activities, behavior and residence times,

Estimate the degree of utilization of
Eastern Alaskan Beaufort Sea by the
stock.

Test Che following null hypothesis:

available food resources in the
Western Arctic bowhead whale

Food resources consumed in the Eastern Alaskan Bea9fort Sea
do not contribute significantly to the annual energy
requirements of the Western Arctic bowhead whale stock.

Table 1 summarizes the various objectives, data needs, and possible data
sources. Virtually all study components- listed ‘in Table 1 were in~luded in Che
research. Data available in the literature and from unpublished sources were
also used where possible and necessary (LGL and Arctic Sciences 1985). Results
from previous studies and from related concurrent studies (e.g. Bradstreet and
Fissel 1986; Ljungblad et al. 1986c; Bradstreet et al. 1987) were importan~ in
addressing. questions that required a broader temporal or spatial perspective
than could be accained from two seasons of fieldwork within our relatively
small study area.
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Objective 1 required usto determine the availability of zooplankton
within the study area during late summer and early autumn. The primary
requirements were CO document the biomass of zooplankton  present at different
IocaCions and depths, and to determine how zooplankton availability was
related go water mass characteristics. Previous studies in and near the study
area had provided data on the species and numbers of zooplankters present, but
not on their biomass, caloric contents or patchiness. Data on average
zooplankton  biomass were needed to calculate the total amount of food present
in the study area. Data on the zooplank~on  biomass within pa~ches of
concentrated plankton were needed to estimate Ehe amount of food Chat a
bowhead mi.gh~ consume by filtering a given amount of water within areas of
peak zooplankton abundance. Bowheads were expected to concentrate their
feeding wiehin such areas. Data on the caloric conten~ of Che zooplankton  were
needed to translate biomass figures into estimates of energy content.

Objective 2 required us to determine the numbers and activities of
bowheads within the study area. Previous aerial survey projec&s had documented
the seasonal  occurrence of bowheads in the study areas and the relative
numbers of whales present at different locations and Eimes. However, there had
been no previous a~tempts to determine absolute numbers present in the area.
TO determine absolute numbers, correction factors were developed to account
for the many whales below the surface, or missed for other reasons, during
aerial surveys. To develop Ehese correction factors, data on the
gurfacing/diving  cycles of whales within the study area were collected. To
meet the overall objectives~ we also needed to determine how long certain
specific whales fed within the study areaa i.e. eheir reiidence times.
Furthermore ~ we needed to es~imate how much feeding was done by an average
whale within the study area , and where in the water column t%e whales fed.

Objective 3 involved estimating bowhead utilization of available food
resources within the study area. This was approached using the resul~s from
‘the zooplankton and whale studies conducted EO meet objectives 1 and 2. The
amount of water that bowheads filter within the study area can be estimated
(roughly) based on the observed numbers of whales and their feeding behavior.
The results of the zooplankton studies were used to es~imaee the biomass and
energy content of the zooplankton  that bowheads consumed. These results were
them compared with the estimated amount of zooplankton present.

The overall null hypothesis tested during the project was that food
consumed by bowheads in ttie Eastern Alaskan Beaufort Sea does not contribute
significantly to the annual energy needs of the Western Arctic bowhead stock.
The results acquired under objective 3 provided the estimate of food consumed
within the study area. The annual energy needs of the population were
estimated by theoretical and indirect methods. No direct measurements of the
energy requirements of bowheads (or other baleen whales] have been made~ and
there is no practical way to obgai,n such measurements a~ present. However,
indirect and theoretical estimates of annual energy needs of bowheads can be
made by several methods. The ‘l%nergetics  of Bowheads’ section of this report
describes our application of those methods to bowheads,  The results are
compared with one another and with similar analyses for other species of
baleen whales to evaluate their likely reliability. Based on the estimates o%
(a) food acquired within the study area, and (b) the annual energy needs of
the population ~ we evaluate the correctness of the null hypothesis.
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Approach

To meet these objectives, the 1985 and 1986 field programs included two
main tasks: (1) studies of zooplankton and the physical and biological
processes that affect zooplankton; and (2) studies of the use of the Eastern
Alaskan lleaufort Sea by bowheads. Each task included several subtasks.

Studies of zoopl.ankton and their supporting processes included the
following components:

- hydroacoustic surveys to determine zooplankton  distribution and
relative biomass in various areas and positions in the water column;

- net sampling at selected stations and depths to determine actual
numbers, biomass and species composi~ion, and to provide zooplankecm
samples for size-frequency, calorimetry, and other analyses;

- boat-based measurements of water temperature, salinity, and
chlorophyll;

- aerial remote sensing of water temperature~ chlorophyll and sediment
content on a near-synoptic basis; and

- digital processing of satellite imagery to acquire synoptic data on sea
surface temperature and water color on cloud-free days.

Each of these types of work was conducted on a broad-scale basis during both
years of study, and on a fine-scale basis around feeding bowheads in 1986.
(Feeding bowheads were very scarce within the official study area in 1985.)

Studies of bowhead whales also included several. components:

- aerial and boat surveys of distri.bution~ numbers, and movemen~s;
- observations of feeding behavior and other activities;
- photogrammetric studies of population composition and residence times

of identifiable individuals in feeding areas;
- x’adio tagging of whales to study residence times~ movements and ocher

aspects of behavior.

The first three of these techniques were applied successfully in both years;
radio tagging wai successful in 1986.

Study Area

The official study area was the eastern part of the Alaskan Beaufort Sea,
from longitude 144”W east to the approximate eastern edge of the zone whose
jurisdiction is in dispute between the U.S.A. and Canada (Fig. 1). The StU~Y
area extended from the cease of northeastern Alaska north to Iaritude 71”30$N.
More specifically, the eastern edge of the official study area was defined as
a straight line from (a) the intersection of 141”00’W  and the coast bo (b)
71”30’N, 139”05’W. This area encompasses about 25,470 km2. Of this, 33% is
over the continental shelf, 0-200 m deep; 30% is over the continental slope,
200-2000 m deep; and 37% is far offshore, >2000 m deep. During late summer and
early autumn of previous years, bowhead whales have been seen in all three of
these depth strata.
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We planned &o conduct most of our work in the southern 2/3 of the study
areas i.e. in the continental shelf and slope zones (depths 0-200 m and
200-2000 m), with emphasis on the former. There were several reasons:

1. Previous sightings of feeding bowheads within the study area have all
been in the shelf zone (LGL and Arctic Sciences 1985; Ljungblad et al.
1986a).

2. Ice cover and other logistical problems for boa~ operations were
expected ~o increase with increasing distance from shore.

3. Offshore oil exploration in the study area will begin in shallow
waters oh the continental shelf.

The Naval Ocean Sys&ems Center (NOSC), which also studied bowheads for
MMS in 1985-86, conducted occasional aerial surveys north of the 2000 m
contour~ and provided the data for our use. If NOSC had detected bowheads far
offshorea we were prepared to initiate aerial work there. In actuality, NOSC
did not detect bowheads far offshore, and we did not work north of the 2000 m
contour in either year.

In both years, we conducted some work just to the east of the official
study area, between it and Herschel Island (Fig. 1). In 1985, few whales were
found in any part of the official study area until. late September. However,
bowheads were present and feeding along the Yukon coast 20-40 km east, of the

official study area during much of September 1985. Consequently our aerial
work was extended east to that area. During lat~ September 1985$ some bowheads
did feed within the official study areas and they were studied during the
latter part of the 1985 field season. In 1986, bowheads fed more commonly
wi~hin the official study area, ,as well as just to the east. Most of our 1986
work was within the official study area, but we conducted some aerial and
boat-based work east as far as Herschel Island.

Field Season

Choice of the field period for this project involved a number of
unpredictable factors and trade-offs. The duration of each year’s field
program had to be limited to about 25 d of boat-based work and 27 d of
aircraft work for budgetary reasons. It was recognized that, during some
years, bowhead whales occur in the study area from early August to mid
October. However, even in years when some whales are present in August, peak
utilization does noe occur until mid September (Ljungblad et al. 1986bjc). A
further factor that affected scheduling was the expected occurrence of pack
and new ice. Pack ice could limit or prevent boat-based work at any time
during summer or autumn. Despite the fact that bowheads usually do not eater
the study area in large numbers until mid Sep~ember, it was considered
ill-advised to commence a 25-d boat program later than 1 September$ given that
freeze-up often begins in late September.

Consequently, the field seasons for this project were scheduled to be
about 1-25 September for boat work and about 1-27 September for aircraft. work.
In fact, the 1985 boat work ended on 20 September after pack ice moved into
most of the study area and new ice began EO form rapidly. Because bowheads
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were present in the study area in late September 1985 and because the early
termination of boat work had eased funding constraints, the 1985 aircraft work
was extended until 3 October. In 1986, weather and ice conditions were
unusually favorable. The aircraft and the primary boat both operated
throughout their scheduled field periods during September 1986.

Additional data on zooplankton in the Alaskan Beaufort Sea were obtained
during the ‘Polar Star’ icebreaker cruise in October 1986. The primary purpose
of this cruise was to conduct a NOM physical oceanography study. However,
personnel from the present project were able to obtain zooplankton  samples
froq the ‘Polar Star$ on 4-17 October.

Additional data on utilization of the study area by bowhead whales in
1985-86 came from other aircraft conducting ‘whale surveys. NOSC conducted
surveys in the Alaskan Beaufort Sea, including our study area, from early
August to mid October 1985 (Ljungblad et al. 1986c), and from mid August to
early October 1986 (NOSC in prep.). Other LGL projects also provided survey
coverage in or near our study area from late August to mid October 1985 (Davis
et al. 1986b; Evans and Holdsworth 1986; McLaren et al. 1986), and early
September to early October 1986 (Evans et al. in prep.). Results from these
other projects are taken into account here.

Boat Logistics

.~”e ‘Annika,Marie’, a 13-m research vessel based at Prudhoe Bay, was
chartered -in both 1985 and 1986. This boat conducted broad-scale surveys of
zooplankton within, the shelf zone, using hydroacoustic (ectiosounding)
techniques as well as conventional net sampling. When concentrations of
feeding whales occurred within the study area, the boat was also used ta
determine the fine-scale. distribution of plankton near the feeding whales.
Water temperature, salinity, and chlorophyll were measured during both broad-
and fine-scale. sampling. During 1985, the same boat was used a’s a base for
attempts to radio tag whales within feeding concentrations; during 1986 a
separate smaller boat was available for the radio tagging.

In 1985, broad-scale sampling was conducted from 4 to 18 September along
three onshore-offshore transects between Kaktovik and Demarcation Bay. Work
was interrupted by bad weather on 9 and 15-17 September, and by engine faiLure
on 11-13 September. Very few bowhead whales were in the study area during this
ice free period. Hence, almost all of the 1985 boat time was devoted to broad
scale zooplankton and hydroacoustic surveys, along with associated physical
measurements. In the absence of concentrations of feeding whales, it was noc
possible to conduct fine-scale zooplankton sampling around feeding bowheads,
or to radio tag bowheads”. A storm on 15-17 September 1985
into mos”t of the study area. Thereafter$ new ice began to
nearshore lead through which the vessel had to return west
19-20 September, the vessel returned to Prudhoe Bay; ice
study area deteriorated further after 20 September.

brought heavy ice
form in the narrow
to Prudhoe Bay. On
conditions in the

In 1986, whales were already feeding in and just east of the official
study area when the boat arrived on 3 September. From 4 to 7 september~  we
conducted fine-scale sampling around feeding whales. From then until the end
of the charter period, the boat crew sampled along all four of the planned
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broad-scale transects extending from nearshore waters out to the 200 m
concour, Weather conditions were remarkably favorable until 20 September in
1986, there was very little ice, and there were no mechanical problems.

In 1986, a second smaller boat, an 8-m Munson, was made available by NOAA
and Ml&$ for use by our radio tagging crew, It was co be used from 1 ~0 25
September. Although &his vessel was delayed in reaching the study area, it was
used there on 9-25 September 1986, and five bowheads were radio tagged.

As noted above, additional zooplankton sampling was conducted from the
U.S. Coast Guard icebreaker ‘Polar Star’ on 4-17 October 1986. This work was
designed to obtain zooplankton samples (a) from far-offshore parts of the
official study area that could no! be reached with the ‘Annika Maries, and (b)
from areas west of the official study area.

Aircraft Logistics

The aircraft program was designed to de~ermine the distribution, numbers
and activities of bowheads within the study area. The aircraft crew also
obeained calibrated vertical photographs of bowheads~ from which whale sizes
and residence times of identifiable animals were determined. During era.nsect
surveys within the first half of each field period, the aircraft carried
aerial remote sensing equipment that measured waeer temperature and color. The
aircraft crew also monitored for radio tagged whales.

A Twin Otter aircraft (DHC-6-300)  on full-time charter for ehe project
was based at Kaktovik from 4 September to 3 Oceober, 1985 and from 2 to 28
September 1986. The aircraft was equipped with bubble windows to facilitate
observations, a GNS 500A Very Low Frequency navigation system, a ventral
camera port for vertical photography of whales , and antennae and receivers for
monitoring sonobuoys and radio ~ags. One or more flights were made on every
day when weather allowed. We made totals of 26 and 36 offshore flights in 1985
and 1986$ respectively, plus several additional flights to calibrate equipment
and ~ in 1986$ to transport fuel for the radio telemetry boat. Total offshore
flight hours were 99.4 h in ~985 aud 129.9 h in 1986. We were grounded by bad
weather$ i.e. some combination of fog~ low ceilings and high sea states on 12
of 29 days in 1985, but on only 3 of 25 days in 1986. The latter is a
remarkably low ratio for this area and season.

Report Organization

This report is an integrated and self contained account of the results
from the 1985 and 1986 field programs, along with a review of earlier
Iieerature and data. Some additional details concerning pre-1985 and 1985 data
appear in an earlier literature review (LGL and Arctic Sciences 1985) and in
our repore on the 1985 field program (Richardson [cd.] 19869. However, all
results important to the objectives of this stmdy are presented here.

The first major section of this report describes the wa~er mass
characteristics in and near the study area during the 1985 and 1986 study
periods. It also includes the most relevant pre-1985 historical data. These
physical data are important in understanding the distribution of the
zooplardcton prey of bowheads. The ‘Water Masses’ section is based on
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traditional boat-based measurements plus airborne and satellite remote sensing
techniques. This section was written by subcontractors D.B. Fissel, J.R. Marko
and J.R. Birch of Arctic Sciences Ltd., and G.A. Borstad, D.N. Truax and R.
Kerr of G.A. Borstad Associates Ltd.

The second section documents the zooplankton  during the 1985-86 study
periods. Both net samples and quantitative hydroacoustic data are considered.
This section provides the first systematic data on the biomass, patchiness and
caloric content of zooplankton within the study area. The zooplankton near
feeding whales is compared with that elsewhere in the study area. Comparisons
are made with the results of a closely related study conducted in the Canadian
Beaufort Sea in 1985-86 (Bradstreet and Fissel 1986; Bradstreet et al. 1987).
Zooplankton  data collected over a broader area of the Alaskan Beaufort Sea in
October 1986 are also described for comparative purposes. This section was
written by W.B. Griffiths and D.H. Thomson of LGL, and G.E. Johnson of
subcontractor BioSonics Inc.

The third section describes the seasonal distribution of bowheads in and
near the study area in the 1985-86 study periods, the number of whales
present, the behavioral activities of these whales, and the sizes, residence
times and movements of some individuals. Selected historical data from surveys
during 1979-84 are also summarized to place the 1985-86 data into a broader
perspective. This section was written by W.J. Richardson and G.W. Miller of
LGL, and B. Wtirsig of Moss Landing Marine Labs.

The fourth section describes an attempt to determine the. amount” of
bowhead feeding in the Beaufort Sea vs. elsewhere in the bowhead’s range. This
work, by D.M. Schell, S.M. Saupe and N. Haubenstock  of the University of
Alaska, is based on analyses of the isotopic composition of the tissues of
bowheads and their zooplankton prey. The isotopic composition of zooplankton
appears to vary geographically, and this variation may serve as a tracer of
regional feeding dependencies. An important by-product of this work was the
development of a method for determining the approximate ages of many bowheads
based on the isotopic content of Eheir baleen,

The fifth section, by D.H. Thomson of LGL, outlines our current
understanding of the annual energy needs~of bowheads, and the extent to which
these requirements were met within our study area in 1985-86.

The sixth section, by D.H. Thomson and W.J. Richardson of LGL, is
entitled ‘Integration’. It draws together the various types of data acquired
in the study. A ~Conclusions’ section completes the main text.

Bibliographic details for references cited in all sections are given in a
single ‘Literature Cited’ section. Appendices 1-3 of this report, along with
Appendix 3 of Richardson (ed.$ 1986), contain the raw data from the 1985-86
zooplankton sampling. Detailed results of the radio telemetry work appear in
Appendix 4.
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WAT’ER MASS DISTRIBUTIONS*

Introduction and Objectives

As part of the study of the importance of Ehe
Sea to feeding bowhead whales, sponsored by the

Eastern Alaskan Beaufort
U.S. Minerals Management

Service, Che relevant physical oceanographic features of the area were
investigated. Initially, previous oceanographic and available satellite data
were reviewed and analyzed (Fissel et al. 1985). In September of 1985 and
1986, a field program was conducted to map and analyze the spatial
distributions of physical oceanographic properties. The physical
oceanographic observations were obtained concurrently with the biological
components of the study~ described later in this report.

Information about physical oceanographic conditions was needed because
zooplankton, the primary food source for bowhead whales, are affected bY
physical as well as biological processes. Based on previous s!mdies
elsewhere, zooplankton  abundance in the study area was expected ‘co be highly
variable, both horizontally and vertically, and bowhead whales were expected
eo concentrate their feeding in the denser patches of zooplankbon.
Consequently, it was necessary to determine the factors that affect the local
abundance of zooplank~on. Mechanisms that concentrate zooplankton,  and their
relationships to physical processes, are not well understood. However,
physical processes are known to affect zooplanktorn in two general ways:

1. Through enhancement of primary productivity, which increases the food
SVpply for zooplankton. This could occur~ for example, by means of
upwelling of nutrient-rich water into the active surface layer from
depth;

2. Through generation of convergence mechanisms (fronts and eddies)$
which serve co concentrate zooplanktoa directly.

Pl?ical Mechanisms for Zooplankton Concentration

Primary production can be enhanced by upwelling processes, which
replenish the nutrients in the mixed layer of the ocean. If the upwelling  and
enhanced primary production are sufficiently prolonged~ growth of zooplankton
stocks can also be enhanced as a result of the upwelling. Upwelling  due to
wind-driven transport away from coastlines has been observed over the Alaskan
shelf (Hufford 1974; Aagaard 1981). Upwelling  at fast- and pack-ice edges
(Buckley et al. 1979; Niebauer 1982; Johannessen  et al. 1983) could also be
important in the Eastern Alaskan Beaufort Sea.

Given the relatively long lifetime of most zooplankeers,  zooplankton
concentrations often develop when existing zooplankton become concentrated
ra~her than through enhanced zooplankton growth. Several physical processes
are capable of concentrating zooplanktone Oceanic fronts be~ween adjoining

* By David B. Fissel, John R. Marko and J. Rick Birch of Arctic Sciences Led.
and Gary A. Borstad, Dawson N. Truax and Randy Kerr of G.A. Borstad
Associates Ltd.
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water masses of dissimilar properties are often associated with convergent
flow patterns. Fronts and eddies occur over spatial scales as small as tens
of ‘meters, usually associated with areas where differing water masses abut.
Such fronts are recognizable at the surface by lines of flotsam or change in
sea state, and are often the sites of intense biological activity (Bowman and
Esaias 1978; Parsons et al. 1977). Factors conducive to the formation of
oceanic fronts include the presence of water masses of differing
characteristics, complicated coastal morphology (lagoons, barrier islands,
points), steeply sloping bottom topography along the shelf break, and periodic
coastal upwelling. All of these factors are known or suspected to occur in
the study area. Tidal fronts and associated tide-forced internal waves may
also generate surface slicks and concentrate zooplankton (Shanks 1983). This
phenomenon requires a shelf, pycnocline and tides; all are present in the
Beaufort Sea. Tides and tidal currents are; in fact, weak in most parts of
the Beaufort Sea and zooplankton concentration is more likely to be affected
through the internal waves generated by other non-tidal currents. Another
process of potential importance in producing convergence zones is wind-induced
Langmuir circulation cells, occurring as vertically-oriented vortices within
the surface layer.

In the southeastern Beaufort Sea, the wind is the principal force
affecting the hydrographic regime. It governs the location of the Mackenzie
River plume and its associated front, current directions, and the location and
intensity of localized upwelling (Thomson et al. 1986). It is suspected that
wind ~ through its effects on the advection of differing water masses in the
southeas~ern Beaufort Sea, may affect patterns of zooplankton abundance “and$
indirectly, the distribution of bowhea”d whales in the Canadian Beaufort Sea.

These effects may extend west into the Alaskan Beaufort Sea. Wind
direction and speed appear to have a large effect on circulation patterns in
the nearshore and inner shelf portion of the Alaskan Beaufort Sea (Aagaard
1978). Wind could affect the locations of fronts, eddies and upwellings, and
thus alter zooplankton distribution in the study area.

Literature Review and Analysis of Previous Data.

Prior to the 1985 and 1986’ field studies, physical processes that could
influence the abundance of zooplankton in the study area during the late
summer-early autumn period were examined through a literature review and
analyses of available oceanographic data (Fissel et al. 1985). Some of these
pre-1985 data are summarized in the ‘Physical Setting’ and ‘Results’ sections
of this report. The data utilized in that review consisted of (a) existing
oceanographic data collected during ship-based cruises to the study akea from
1950-1978, and (b) digital satellite imagery from late summer over the years
1980-1984,

The literature review demonstrated that large-scale upwelling  occurs
frequently within the study area. This was demonstrated by (a) upward tilting
of salinity contours along nearshore-offshore oceanographic transects, and (b)
the presence of cold surface waters along the eastern Alaskan and Yukon
coastlines as detected from satelli-te imagery. Both observations are
consistent with the occurrence of classical coastal upwelling driven by
easterly winds, the dominant wind direction within the region. Upwelling
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along ice edges may also be important, but no direct evidence was available
document the existence of this process.

13

to

During the literature review, we used satellite data to identify
large-scale fronts, i.e. sharp gradients in Temperature or turbidiey over
horizon~al scales ~1 km. In the Eastern Alaskan Beaufort Sea, large-scale
fronts were most common when there was westward adveetion of warm waters from
Mackenzie Bay along the outer edge of the continental shelf and over the
eontinen~al slope. Fronts were also observed in the nearshore zone, within
5 km of the coastline, due to freshwater discharge from local rivers or
lagoons. Fronts may also occur near melting sea-ice, although these fronts
were difficult to examine due to lack of suitable shipboard data or satellite
imagery (Fissel et al. 1985).

Field Measurement Programs: 1985 and 1986

The physical data collected during the 1985 and 1986 field programs were
intended to provide further information on the oceanographic processes
described above, and to assist in interpreting simultaneous observations of
zooplankton and bowhead whales. Using satellite images and airborne remote
sensing techniques, the synoptic distributions of surface oceanographic
features throughout the study area were mapped. Horizontal and vertical
profiles of temperature and salinity were acquired by boat-based sampling
along oceanographic transects. Coordinated boat- and aircraft-based sampling
provided information on smaller spatial scales than had been available
previously. The concurrent measurements of zooplankton  abundance and phy~ical
oceanographic data were designed to permit testing of the hypotheses that
zooplankton aggregations tend to occur in specific water masses~ and in or
near fronts , eddies and areas of upwelling.

This ‘Water Masses’ section of the report presents a thorough description
of the water mass distributions in the Eastern Alaskan Beaufort Sea for the
period when that area is used most intensively by bowhead whales (late summer
and early fall). The description is derived from the 1985 and 1986 data, as
well as the historical review of Fissel et al. (1985).

Physical’ Setting

This subsection describes the main physical” characteristics of ehe
Eastern Alaskan Beaufort Sea. It is based mainly on our review of pre-1985
data (Fissel et al. 1985), but it includes a summary of ice and wind patterns
in 1985-86. This subsection is intended to provide background material
helpful in understanding the later presentation of our detailed results from
1985-86.

Bathymetry and Oceanographic Regimes

The study area (Fig. 2) includes the easternmost portion of the Alaskan
Beaufort Sea, from east of Demarcation Bay (141°W) to west of KakCovik
(144°wl. It extends from the coast north to 71°30’N, an area approaching
abyssal depths. The bathymeery is important in characterizing the water
properties and circulation of this region (Aagaard 1978).
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FIGURE 2. A map of the Beaufort Sea, showing the study area, major
bathymetric features and important rivers.

FIGURE
(after

3. Extreme and median positions of the pack-ice edge in late summer
Brewer et al. 1977).
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‘The nearshore
partially contained

zone (depths
by chains of

exposed shallow water etnbayments.

0-10 m) consis~s of extensive shallows,
barrier islands but interspersed with more
This nearshore zone is 4 to 12 km wide.

The continental shelf zone extends seaward from the 10 m isobath to the
shelf break, where the offshore slope increases abruptly. The shelf zone
ranges in width from 25 to 55 km. In the study area, the outer boundary of
the continental shelf roughly coincides with the 50 m isobath. From the shelf
break 50 the 2000 m isobath is the continental slope zone, which iS
characterized by a much larger bottom slope than occurs in the adjoining
zones. The continental slope zone has a width of 60 km in the study area.
Prominent canyon-like indentations likely influence the circulation paceerns.
It is in this zone that imporeant lateral exchanges occur between the waters
of che offshore and shallower regions (Aagaard et al. 1978).

Beyond the 2000 m isobath, the waters deepen less rapidly. At depths of
3500 m or more, the bottom becomes comparatively featureless over the abyssal
depths of the Canada Basin of the Arctic Ocean.

Regional Sea-Ice Patterns

Sea-ice is also a major determinant of oceanographic conditions in this
area. Landfast ice occurs along the coast; it forms in late September or
early October and deteriorates in June near major river estuaries. Breakup
and dispersal of the coastal band of Iandfast ice is usually complece by mid-
July. In contrast, Che offshore portion of the ice covers the Arctic pack-
ice~ is composed .of both multi-year and first-year ice floes and sometimes
includes ice islands. The pack-ice generally retreats during the summer
monthss its southern edge forming the northern boundary of open water after
the break-up of the landfast ice (Fig. 3). Year-to-year variations in wind
and current patterns cause variations in the location of the pack-ice edge.
This, in turn, results in major annual differences in the expanses of
open-water and in the duration of the open-water season.

1985 Sea-Ice Patterns,--The offshore retreat of the pack ice followed Ehe
normal pattern in the Eastern Alaskan study area~ but was unusually late in
the easternmost portion of the Canadian T3eaufort  Sea. As a result, unusually
severe ice conditions were experienced in the Canadian Beaufort Sea,
particularly off the Tuktoyaktulc  Peninsula and near the mouth of Amundsen Gulf
(longitudes 125QW-1340W). Ice conditions in that eastern area were worse
during July to September 1985 than during any other summer (aside from 1974)
from 1971 to 1985. Only in 1974 did ice conditions limit the open water area
to smaller values.

In contrast to the unusually severe ice conditions farther east, the
offshore retreat of the pack-ice edge from the easeern Alaskan and Yukon
eoas~lines  followed the typical climatic patterns beginning in early August
(see Fig. 2-5 in Fissel et al. 1986, p. 13-16]. From mid-August to
mid-September, the area of open water exceeded median values expected for this
time of year. Under &he influence of strong west winds from 14-23 September
1985, the pack ice moved shoreward. This greatly reduced ehe amount of open
water off eastern Alaska in late September 1985. Aside from the possible
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effects of this ice on biological processes, it also curtailed our boat-based
and satellite observations of the water characteristics.

1986 Sea Ice Patterns.--Off eastern Alaska, sea-ice conditions during the
summer of 1986 were again fairly typical of those over the last 15 years.
Local clearing of coastal sea-ice was well underway by early July (Fig. 4A) in
regions adjoining the Mackenzie River delta and at the entrance to Amundsen
Gulf (the so-called Cape Bathurst Polynya; Smith and Rigby 1981). Open water
also appeared off the Alaskan coast near the Sagavanirktok, Kuparuk, and
Colville River estuaries. Dispersal and melting of sea-ice floes continued
throughout August (Fig. 4C, 4D). By mid-August, most of the broad continental
shelf of the Canadian Beaufort Sea was clear of sea-ice. The open wa~er area
extended west to 146°W~ with the exception of a band of scattered floes 10 to
50 km off eastern Alaska.

In September, the location of the pack ice edge remained largely
unchanged from August, between 71*N and 72°N, (Fig, 5A, 5B). During
mid-September, higher concentrations of sea-ice floes moved southeast into the
extensive area of open water in the Eastern Alaskan Beaufort Sea. These
intruding ice floes generally remained west of 143”W, and to the east open
water extended over 200 km from shore. By the end of September (Fig. SC),
scattered ice (2 to 8 tenths) occupied much of the Eastern Alaskan region,
with extensive open water west of 145°W and east of Herschel Island. By
mid-October (Fig. 5D), much new sea-ice had formed, particularly in the
Eastern Alaskan and Mackenzie Bay regions.

Weather Patterns

Historical Wind Patterns.--Wind is the dominant mechanism driving the
circulation of the nearshore and inner shelf zones. Continuous wind
measurements, spanning a 35-year period, are available within the study area
at Barter Island (Kalctovik). These data reveal that coastal winds blow
predominantly in two directions: from ENE-E (55-100°T) 35% of the time, and
from WSW-W (235-280”T)  23% of the time (Fig. 6). The mean wind speed is
approximately equal (6-7 m/s) for both wind directions.

The coastal winds in the Beaufort Sea become progressively less dominated
by easterly winds with increasing distance east from Point Barrow. At Point
Barrow, the most frequent wind direction is easterly for all seasons. During
summer, when west winds are most common, they occur only half as frequently at
Barrow as at Barter Island (Fig. 6). In the Canadian Beaufort Sea, by
comparison, east and W-NW winds are similar in frequency during summer.

Coastal winds are modified by mesoscale atmospheric effects (K020 1979;
Kozo and Robe 1986), mountain barrier baroclinicity  (orographic effects), and
sea breezes. The Brooks Range, which is within 100 km of the coast, enhances
local westerly winds (Schwerdtfeger  1974). This effect is most pronounced
during winter when the atmosphere is very stable. However, in an unusually
prolonged period of west winds in August and September 1983, orographic
effects of the Brooks Range extended at least 50 km offshore through the study
area (Kozo and Robe 1986).
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Sea breezes, driven by differential solar heating of the land and ocean
during summer , occur daily over reduced spatial scales. Kozo (1984) estimates
that sea breezes can significantly alter the synoptic winds up to 20 km
offshore. The effects of the sea-breeze forcing are (1) to maintain a
westward alongshore surface current as much as 20 km offshore, which promotes
lagoon flushi~g even during periods of weak
produce wind-driven current shears about 20
to synoptic wind conditions occurs; and (3)
within 20 km of the coast (Kozo 1984).

opposing (westerly) wind; (2) to
km offshore where the transition
to mask synoptic wind directions

1985 Wind Patterns.--Weather data from Barter Island revealed that the
prevailing wind was easterly in August and September 1985 (Fig. 7), in
agreement with the climatic normals for the Eastern Alaskan Beaufort Sea
(Fig. 6).

The easterly winds were occasionally interrupted by periods of west to
northwest winds associated with the passage of low pressure weather systems
from west to east through the Beaufort Sea. Five well-defined westerly wind
events occurred in August-September 1985: 8-9 Aug$ 15-17 Aug, 4-6 Sept, 14-17
Sept and 19-22 Sept. Of these, the two events during mid-September were of
unusually large intensity and duration. For two days (16-17 Sept) strong
northwest winds blew consistently at 15-20 m/s. Following a 1 d interval of
weak winds, moderate west to northwest winds again developed for 3 d (19-22
Sept) at 6 to 15 m/s.

. . .
1986 Wind Patterns.--In general , winds during the first half of September

1986 were weaker and less consistently from the east than during the
corresponding period of 1985. Winds from ‘late August through the first half
of September 1986 were generally light and variable, punctuated by the
occasional significant wind event (Fig. 8). On August 22-24, strong northwest
winds reached speeds of 15 m/s. A shorter period of east winds occurred on
28-29 August , with speeds up to 14 m/s. From 30 August to 16 September, winds
at Barter Island were weak to moderate, never exceeding 10 m/s. The winds
blew predominantly from the east, although occasionally WNW and NW winds
occurred, most noticeably on 12-13 September. On 16 September 1986 there was
a short period of relatively intense northwest winds, followed by weak winds
over the next few days. Beginning on 20 September , winds intensified greatly;
there were strong west winds on 20-21 September (up to 17 m/s) and 23-25
September (up to 15 m/s).

River Discharges

Fresh water entering the study area from rivers can exert an important
influence on water properties and circulation patterns in estuaries and
adjoining regions, Of the seven largest rivers draining into the Beaufort Sea
along the mainland coast (Table 2), the Mackenzie River contributes well over
80% of the total river discharge. The Mackenzie River has a mean annual
discharge of 3.04 x 1010 m3, approximately 30 times greater than the Colville
River, the largest Alaskan river. These rivers are located approximately
200-300 km on either side of the study area.
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Table 2. Summary of available hydrological information available for major
rivers flowing into the Beaufort Sea. Note thaE no information
could be IocaEed for the Canning and Kongakut Rivers.

Mean Estimated Discharge
Longitude Drainage Annual (m3/s)  -

of Coastal Area Discharge
Rive r Discharge (103 k m2) (106m3) Maximum late August

Colvi.lleb 15005 ~ 19000 ? ~

Kuparukbgc 149 8.1 ? 2,000 80 -
Sagavanirktokc  ~d 148 5.7 ~ 550 150
Canning 145 ? ? ? ~
Kongakut 141.8 ? ? ? ~
Firtha 139*5 5.8 124 773 60
Mackenziea

133-137 1,800 30,400 34,000 13,500

Information Sources:
a Environment Canada (1980) - Histor. Streamflow  Summary to 1979, Yukon and

N.weT.
b Walker (1975).
c Carlson et ale (1977).
d Britch ee al, (1983).

The only major river that drains directly into the study area is the
Kongakut River. It is one of the smaller Alaskan rivers. Unfortunately,
discharge measurements on the Alaskan rivers are sparse, making comparisons of
mean and maximum discharge levels uncertain.

The Mackenzie River differs greatly from other rivers in the region in
terms of the seasonal discharge cycle and ehe total volume discharged. The
Hackenzie River drains a very.large area including some climatically temperate
portions of western Canada, while the drainage basins of the ocher rivers are
located entirely in permafrost zones. AS a result, a large proportion of the
toeal annual discharge of the Alaskan rivers results from snow and ice melt
during freshet. Walker (1975) estimated that 60% of the Colville Riverts
annual discharge occurs during a 3-week period from late May to mid-June. By
comparison, only 20 to 25% of the total discharge from the Mackenzie River
occurs during the 3 weeks of maximum discharge from mid-May to late June.
Because of this disparity in the seasonal discharge patterns, the proportion
of freshwater input due to &he Mackenzie River is even larger during the
summer months than during the freshet period of late spring.

Water Mass Characteristics

The water column of the Arctic Ocean can be divided into three layers,
each defined according to a range of temperatures and salinities: the Arctic
Water Mass (extending to depths of about 200 m); the Atlantic Water Mass (200
to 900 m); and Ehe Arctic Bottom Water (900 m to bot~om). These water masses
are illustrated on a typical deep ocean profile (Fig. 9). As all three water
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FIGURE 9 s Two typical vertical profiles of temperature and salinity in the
deep water of the Beaufort Sea (after Milne and Herlinveaux, undated).
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masses are cold, their densities are almost solely determined by salinity.
For a vertically stable distribution, salinity must increase with depth
although temperature can either increase or decrease. In this report,
salinity is given in practical salinity units or psu. One psu is very nearly
one part per thousands as defined by Lewis (1981).

The mos~ variable temperatures and salinities occur within the upper
portion of the Arctic Water Mass, especially in areas close to shore. Far
offshore where the ice retreats only briefly, if at all~ the surface salinity
is typically near 30 psu and temperatures are near the freezing point of
seawater (-1.6°C at 30 psu). Over Ehe continental shelf and in the nearshore
zones much larger ranges of surface salinities and Temperatures occur. Here,
the ice can retreae for several weeks in summer allowing solar insolation and
river runoff to affect surface water properties.

The greatest changes, relative to water in the offshore region, occur in
t’he shallow lagoons inshore of the barrier islands. In July and August,
surface Temperatures of 10”C or more have been. reported within coastal
lagoons, with salinities 10-30 psu (Envirosphere 1984). Even lower salinities
occur near river mouths during runoff.

In portions of the nearshore zone outside lagoons, the warm, fresher
water occurs as a thin surface layer (typically 3-5 m deep). Beneath this
layer, a sharp density interface known as a pycnocline  separates the upper
layer from colder more saline water with offshore temperature and salinity
characteristics. As summer progresses, ehe upper layer cools and becomes more
saline due to mixing~ reduced solar insolation, and the reduced river and air
temperatures. By the end of summer, the upper layer temperatures are
generally 2°C or less, and salinities 15 to 25 psu. As ice begins to form
along the coast, the salinity and temperature of the nearshore waters re~urn
Eo chose of the offshore waters.

‘The ranges of salinities and temperatures in the Arctic Water Mass narrow
with increasing depth in the water column. On the basis of the WEBSEC cruises
(Western Beaufort Sea Ecological Cruise) of 1971-72 (Hufford et al. 1974),
salinities at 5-30 m depths have a summer range of 25-31 psu. In winter,
salinities generally increase to 30-33 psu due to the absence of ice melk and
land runoff. Summer temperatures extend from the freezing point to 6°C and
2.5QC at 10 m and 50 m depths, respectively.

The decreasing variability of water properties with increasing depth
makes it possible to detect sublayers of the Arctic Water Mass on the basis of
their temperatures and salinities. These sublayers  originate in adjacent seas
and are advected into the western Beaufort Sea. In some cases, these
sublayers may extend to the surface but cannot be detected due to the high
spatial and temporal variability of the surface layer.

Mountain (1974) identified two Arctic Waeer Mass sublayers near the shelf
break in the western Beaufort Sea. These sublayers, designated the Alaskan
Coastal Waters and Bering Sea Waters, are warm--up to 5-10”c. Salinities are
31.5 psu or less in the Alaskan Coastal sublayer and near 32 psu in the Bering
Sea Water. These water masses have been used as tracers of the coastal
current that moves northeast past Point Barrow (Hufford 1973, 1974; Mountain
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1974; Paquette and Bourke 1974). Estimates of the minimum eastward and
inshore extent of this current may be made from Figure 10. Due to mixing with
colder waters, Alaskan Coastal Waters and Bering Sea Waters lose their
distinctive heat content as they are advected eastward. Within the Eastern
Alaskan study. area9 they are often difficult to recognize (see ‘Results:
Subsurface Distributions$). The sublayers are summer phenomena. By late
winter the elevated temperatures are generally completely eroded by heat
diffusion and cooling of the water column, associated with ice growth.

Upwelling of subsurface water on the inner continental shelf alsc
markedly alters the properties of shelf water. In particular, Hufford (1974)
observed that strong east winds result in cooling and in raised salinity and
nutrient levels in continental shelf waters. These changes reflect admixture
of the continental shelf waters with the deeper waters of the continental
slope (Fig. 11). Upwelling  and other processes that modify water masses are
discussed in more detail in the ‘Results - Subsurface Distributions’
subsection.
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Circulation Patterns

FIGURE 11. Vertical cross-sections
of salinity~ dissolved oxygen and
phosphate, obtained during WEBSEC,
8-10 August 1972 (after Hufford
1974) o The upward tilt of contours
from right to left is+ indicative of
coastal upwelling.

The circulation of the nearshore zone is dominated by local wind forcing.
Current studies have been conducted within the nearshore zone in coastal
embayments and lagoons along the length of the Alaskan coastline {e.g.
Matthews 1979, 1981; Mungall et al. 1979; Britch et al. 1983), including one
study in the Eastern Alaskan Beaufort Sea (Hachmeister  and Vinelli 1984). The
results consistently demonstrate that nearshore surface waters move at 2 to 4%
of the surface wind speed during summer. This motion and its corresponding
high variability are greatly reduced by che solid winter ice cover (Aagaard
1981]. Howeverj even in summer when the relationship between local winds and
near-surface currents is clear~ complicated current responses have been noted,
particularly in areas of complex bathymetry and/or strong vertical
stratification.

l?arther from the coast, within the inner and middle shelf zone (depths
10-50 m), much less information on circulation is available due to
inaccessibility from land bases and more variable ice conditions. The limited
available data indicate that currents result primarily from local wind
forcing. There have been no observations of any major circulation patterns
that persist over time scales significantly in excess of wind durations.
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The major residual, non-locally wind-driven surface circulation features
of the western Beaufort Sea are a current that flows east past Point Barrow,
roughly following the shelf-break, and westward currents farther offshore
associated with the Beaufort Gyre (Fig. 12). The eastward current, dubbed the
Beaufort Undercurrent by Aagaard (1984), begins as a strong flow northward
from Bering Strait and along the eastern edge of the Chukchi Sea (Fig. 12).
The Beaufort Undercurrent appears to be associated with the eastward advection
of Bering Sea Water along the shelf edge, described above, but the
Undercurrent extends much farther east, having been measured regularly in the
Canadian Beaufort Sea east to 129°W. Near the mouth of Barrow Canyon the flow
turns east following the inner edge of the continental slope. This east
current contains plankton characteristic of the Pacific Ocean (Johnson 1956)
and it also has salinities characteristic of the Pacific. Hufford (1973)
found evidence that these eastward flows extended beyond 156°W in 12 out of 17
years, and in some years may have reachedBarter Island (143*W). Calculations
based on water mass data (Mountain 1974) indicated that speeds of this flow
ranged up to 50 cm/s just north of the shelf break.

More recently, subsurface current measurements have been made over the
outer shelf and continental slope (depths 60-225 m) between 146°W and 152”W
(Aagaard and Haugen 1977; Aagaard 1981). Results from current meters at
depths of 34 m or more indicated the usual alignment of the currents with the
local bathymetric contours and the occurrence of relatively strong flows in
both directions. Net flows were increasingly eastward at increasing depth.
Typical mean speeds were 10 cm/s for depths in excess of 100 m, but were much
reduced near the surface due to the effects of the prevailing easterly winds.
Large depth-independent flows having speeds over 40 cm/s sometimes occur over
periods of several days.

Farther offshore, the flow is dominated by the clockwise circulation of
the Beaufort Gyre in the Canadian Basin of the Arctic Ocean (Fig. 12). This
gyre is centered near 75°N, 145°W, near the mean high of atmospheric pressure,
and the driving force is believed to be the mean wind field (Campbell 1965;
Gait 1973). The mean drift speed of the gyre is 2 to 3 cm/s westward over the
abyssal plain of the Canadian Basin, based on the calculations of Kusunoki
(1962) and Newton (1973) and the ice drift observations of Sater (1969), The
speed of the gyral movements can be larger, particularly at the periphery
where the gyre extends over the outer porEion of the continental slope.
Newton (1973) estimated that flow speeds can reach 5 to 10 cm/s at the
southern rim.of the gyre over the western Beaufort Sea.

Tidal Heights and Currents

The astronomical diurnal and semi-diurnal tidal heights and tidal
currents are small in the Beaufort Sea. The tides are mixed, mainly
semi-diurnal in composition, with mean ranges of 10 to 30 cm (Aagaard et al.
1978). Tidal currents are correspondingly weak: Aagaard (1978) reports tidal
currents over the inner continental slope of 2 to 4 cm/s for the M25 S2, K1
and 01 constituents. On the inner shelf, Aagaard and Haugen (1977) reported
weaker tidal flows with no constituents having amplitudes in excess of 2 cm/s.
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.
Tidal currents can be considerably stronger under

within the study area. For example, at the constricted
special circumstances
entrances to lagoons,

tidal flows of 50 cm/s have been measured (Hachmeister and Vinelli 1984).
Internal waves can also result in stronger flows at semi-diurnal tidal periods
(or shorter periods). These can occur in areas where ice melt or river runoff
produces thin, fresh layers overlying denser seawater.

Methods, 1985-86

Airborne Remote Sensin~

Survey Procedures,--The airborne remote sensing instrumentation was
mounted in the Twin Otter aircraft chartered by the project in both 1985 and
1986. The equipment was used during bowhead surveys oRly during the first
half of September, when the study area was almost entirely ice free. The
increase in ice concentrations during the middle of September, particularly in
1985, would have limited the effectiveness of airborne remote sensing of water
characteristics in the latter half of September.

The instruments measured water temperature and water color at the surface
below the aircraft. The water color data provided information about both
turbidity and chlorophyll content (details given later). Data on water
temperature and color were acquired in three situations:

1. Most systematic data were acquired during four stratified random
surveys to determine the distribution and number of bowhead whales in
the s~udy area during early-mid September of 1985-86. The standard
route consisted of 13 transects oriented NNE-SSW from the shore to
the 200 m depth contour (average spacing 10.6 km), plus eight N-S
transects between the 200 and 2000 m “depth contours (average spacing
18.5 km). Figure 25 on p. 60, shows the transect locations. In
1985, the first survey was on 5-6 September (nearshore lines only,
due to persistent fog offshore); the second was on 12-13 September.
In 1986 the two surveys were on 4-5 and 11-15 September.

2. On several dates each year, the aircraft flew along the broad-scale
transects being occupied by the boat on those days (see Fig. 16 on p.
40). The primary purpose was to calibrate the airborne instruments
against temperature, chlorophyll and secchi measurements obtained
from the boat. On 6 September 1986 the aircraft flew along three
NNE-SSW transects in the Canadian Beaufort east of Herschel Island,
where the M.V. ‘Ivik’ was making oceanographic transects (Bradstreet
et al. 1987). These lines provided calibration data in warmer and
more turbid waters than were present in the Eastern Alaskan Beaufort,
Sea.

3. On some other occasions while the aircraft searched for whales for
purposes of behavioral observation and photogrammetry, the remote
sensing instruments were used. Occasionally a small grid of
transects was flown over and near a concentration of feeding whales.
These ‘non-systematic’ data were used to examine inshore
oceanographic features on 4-6 and 10 September 1986.
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Airspeed was 200 km/h while the aircraft flew along’ transects. Aircraft
altitude was 153 m during the 5-6 September 1985 survey, 305 m during all -
other systematic surveys, and 153-457 m on other occasions. Observers aboard
che aircraft noted sea state, ice conditions, and visible water mass
discontinuities. Aircraft position was recorded frequently using a GNS 500A
VU? navigation system, Airborne remote sensing data were sometimes acquired
under overcast conditions (e.g. 5-6 Sept 1985; 4, 7, 9, 11 Sept 1986) when
satellite remoee sensing was impossible. This technique also provided water
color measurements of much greater sensitivity than did the satellite,

Water Color Sensing. --The water color measurements derived from the
aircraft were made with a custom built research spectrometer using techniques
developed by and for the Canadian Department of ~isheries and Oc_eans at. ‘the
Institute of Ocean Sciences, Sidney, B.C., Canada (Neville and Gower 1977;
Borstad et al. 1981; 130rstad and Cower 1984; Borstad 1985; Fissel et al,
1986) . For a compleke description of the theory of the measurements and of
the instrument, the reader is referred to these publications and the
references therein.

Reflectance spectra calculated every 1 to 8 seconds (longer under heavy
overcast skies) were corrected for a mean atmospheric scattering contribution
appropriate to the ‘aircraft altitude, and for an additive signal from surface
reflection, mist and whitecaps. The latter additive signal was assumed CO be
white, Its magnitude was calculated on the assumption that the corrected
reflectance at 780 nm was zero, The continuous computations of ~he various
chlorophyll and turbidity indicesa corrected as just described, were plotted
against time on strip charts. The data were later transferred to maps.

The acceptance angle of the spectrometer is small (0.17” x 0.7°) and from
150 m altitude its instantaneous footprint on the sea surface is about 0.44 x
1.8 m. However, this is smeared by the forward veloci~y  of the aircraft
(about 55 m/s). Hence, ‘the survey data are for narrow strips 50 to ’400 m
long, depending on the integration Eime and aircraft ground speed.

On the maps of water color and temperature as derived from airborne
remote sensing data (e.g. Fig. 23)i isopleehs were drawn between adjacent
transects to connect areas with similar values. We attempted to present the
data with similar spatial resolution in the along-shore and offshore
directions. Hence, some small-scale features (<1-2 km) evident along single
or adjacent transects were not mapped, since features of this size occurring
between transects could have been missed.

The remote color measurements need to be calibrated using in situ
measurements. Surface chlorophyll data from the 1985 boat-based s~pling
indicated that chlorophyll a levels were below 1 mg/m~ almost everywhere, and
below 0.5 at most locations.– The only values above 1 mg/m3 were within a few
kilometers of shore off Kaktovik. Similarly, Lhe Fluorescence Line Height
(FLH) index from the airborne remote sensing indicated that chlorophyll
concentrations were low everywhere. Hence, the color variations that we
observed were caused largely. by varia~ions in amount of suspended inorganic
materials rather than chlorophyll. Surface reflectance at a wavelength of 640
nm (R640 index) has been used in previous studies (Borstad 1985; Fissel et al.
1986) as a measure of suspended organic materials. A rela’cionship between
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R640 and secchi transparency was evident from the 1985 and 1986 data (Fig.
13). Because the number of simultaneous measurements was small, all
comparisons for which good aircraft data were available are shown, including
some for which the time interval between the two measurements is as long as 48
hours. We assume that for most of the study area, horizontal advection and
real spatial variability are responsible for disagreements between the two
measurements. The vertical bars indicate the variability in the airborne data
within 20 s (approximately 1 km) on either side of the location of the
boat-based measurement.

The factors most limiting the amount of good quality da~a were the low
sun angle in September, the rapidly changing illumination late in the day, and
the very low reflectance over most of the study area. It was not possible to
do all flying at mid-day, when conditions for airborne remote sensing were
most favorable. Although visibility sometimes was still adequate for whale
observations until sunset, the noise on the spectrometer increased rapidly
after about 17:00 local solar time. At sun elevations below about 10-15°, the
fraction of the incident light entering the water prior to reflection
decreases, and for any given particle content the signal returned to the
spectrometer is greatly decreased. The combination of an increase in the
surface-reflected component and the decrease in signal strength usuallv
prevented collecting useful data
days. On heavily overcast days,
about 16:00 h.

When flights extended to

.
after about 17:30 local solar time on clear
conditions usually became unacceptable after

sunset, the last portion of the data was
unusable. In ~ost cases the survey flights were made from east to west and

.- the area north of Barter Island was surveyed latest in the day. Measurement
problems in that area were compounded because the water there was clear with
low signal levels.

Airborne’ Radiation Thermometer. --Sea surface temperature was measured
using a Barnes ‘Precision Radiation Thermometer PRT-5, a commercial radiometer
that measures the 10-12 micron thermal infrared radiation from the ocean using
a chopped, temperature stabilized thermistor. The instrument has a 2° field
of view$ and therefore an instantaneous footprint of about 5 m diameter fr6m
150 m altitude and 10 m from 300 m altitude. Its practical accuracy is about
& 0.5 Co.

Comparisons of the radiometer data with sea surface temperatures (SST)
measured from the boat are presented in Figure 14. In 1985, a line with the
same slope as the lab calibration fits the 6 September data to within about ~
0.25 Co. Most boat-based data collected at ocher times (5, 7 and ~ Sept),
when plotted against radiometer data from the same places on 6 September3  also
fall near the line; this suggests that there was relatively little change in
the geographic pattern of temperatures during this period. No boa~-based
temperature data were available at the time of the 12 and 13 September 1985
aerial survey. We used the calibration line shown in Figure 14 for those days
“also, although we expect larger errors because of different atmospheric
conditions. In 1986, measured SST was well correlated with the radiometer
values from corresponding places and times (Fig. 14) but the radiometer signal
resolution was reduced due to instrument problems. In 1986, useful
temperature data were obtained on 4, 5, 6, 10, 11, 14 and 15 September.
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Satellite Data

General Description of Satellite Data Types and Sources.--More extensive
synoptic views of the overall distribution of surface water temperature and
turb-idity  were obtained from images produced by the Advance-d Very High
Resolution Radiometers (AVHRR)  on the polar-orbiting NOAA series of satellites
[NOAA-6, 7, 8 or 9]. These images are obtained in digital computer-compatible
tape form in each of five separate bands within the wavelength range 580-
12,500 nm. As transmitted by the satellite, images consist of arrays of
10-bit numbers representing the instruments response to radiation. Each
value represents the radiation from a pixel or picture element. A pixel is
the minimum-resolvable portion of t,he earth~s surface, and for a NOAA
satellite is about 1.2 km2 in area. Each image consists of successive
scanning lines or strips aligned perpendicular to the projec!cion of the
satellite orbit onto the earthks surface. Each strip contains 2048 pixels.
One image is formed for each band of wavelengths sensed by the satellite.

Ideally, the two NOAA satellites normally in operaeion allow the
observation of events on time scales as short as a few hours. Each satellite
passes over the study area at least 2-3 times per day during daylight hours,
and each pass covers a wide swath (2500 km). In cloudy areas such as the
Beaufort Sea, usable imagery is not obtained nearly this often, and only one
image per day is routinely archived. However$ the availability of numerous
daily overpasses greatly increases the likelihood of obtaining data from any
particular area during occasional periods of clear viewing.

In this study, we used images obtained in bands 1 and 4, which correspond
to visible wavelengths (580-680 nm) and ‘thermal’ infrared wavelengths
(10,500-11,300 rim), respectively. Band 1 radiance levels (energy per unit
time per unit area) are primarily associated with scattering of solar
radiation from the uppermost portion of the ocean. Because band 1 reflectance
is approximately proportional to the concentration of light-scattering
particulate in the upper portion of the waeer column, band 1 AVHRR images Can

be used to estimate surface turbidity levels.

Radiances in band 4 and in the other ‘thermal’ infrared wavelength bands
(3 and 5), on the other hand, are mainly attributable to energy radiated by
the sea surface, as opposed to scattering of solar energy. Hence, the
radiance in these bands is closely related to sea surface temperature.

Digital images either used or considered for use in this study were
obtained from five sources:

1, Environmental Data Information Services (EDIS), U.S. Dept. of
Commerce, CapiCol Heights, Maryland;

2. The Arctic Weather Centre, Atmospheric Environment Service, Edmonton,
Alberta;

3. National Environmental Satellite Data Information Service (NESDIS),
Field Station, Gilmore Creek, Alaska;
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4. The Prince Albert, Saskatchewan (PASS), receiving station of the
Canada Centre for Remote Sensing;

5. The Remote Sensing Centre of the University British Columbia (UBC),
Vancouver, British Columbia.

As part of the initial literature review phase of this study, eight
satellite image pairs from late August and September of 1980-84 were ”selected
and analyzed (Fissel et al. 1985). Two of these images (26 Aug 1983 and 13
Sept 1984) have been reprocessed and are presented below.

For 1985, four pairs of images are considered here (Table 3). Although
additional images would ‘have improved our ability to follow events, the
availability of three images from the particularly cloudy month of September
1985 was fortuitous. The images were obtained during two easterly wind events
(28 Aug; 13 Sept) and after two westerly wind events (18 and 22 Sept).

For 1986, six pairs of NOAA-9 satellite imagery (Table 3) were analyzed,
although only four are presented completely in the report. The earliest
image, for 26 August 1986, was obtained immediately following the passage of a
major northwesterly storm; most of the study area was obscured by cloud.
Clouds persisted until 6 September when data were obtained throughout
virtually all of the study area. Good viewing conditions persisted on 8 and
10 September. Throughout the first ten days of September 1986, winds were
weak and variable, and blew predominant~y from the east. Following a brief
period of moderate west- and northwest winds on 12-13 September, another good
satellite image was obtained on 14 September. Following’periods of west winds

Table 3. Satellite imagery used in this report. The imagery was obtained from
the Gilmore Creek field station of the National Environmental
Satellite Data Information Service (NESDIS), the Remote Sensing
Centre of the University of British Columbia (UBC), and &he Prince
Albert, Saskatchewan, receiving station (PASS).

Satellite Orbit Date Time Source

NOAA-7
NOAA-8

NOAA-9
NOAA-9
NOAA-9
NOAA-9

NOAA-9
NOAA-9
NOW-9
NOAA-9
NOAA-9
NOAA-9

11206 26 Aug 1983
16640 ’13 Sept 1984

3660 28 Aug 1985
3886 13 Sept 1985

-3956 18 Sept 1985
4013 22 Sept 1985

8781 26 Aug 1986
8936 6 Sept 1986
8964 8 Sept 1986
8992 10 Sept 1986
8992 14 Sept 1986
9218 26 Sept 1986

21:21Z
23:09z

21:35z
22:20Z

~
22:1OZ

22:07Z
22:03Z
21:14z
21:19Z
22:17Z
21:50Z

PASS
UBC

UBC
UBC
UBC
NESDIS

UBC
UBC
UBC
UBC
UBC
UBC



Water Masses 37

during the passage of major storms from 20 to 25 September, the final 1986
satellite data were obtained on 26 September.

Methods of Satellite Data Analysis. --The digital tape images were
processed using the facilities of the Imaging Processing Laboratory at the
Institute of Ocean Sciences, Sidney, B.C., in a manner similar to that
described in previous studies of bowhead whale habitats (Borsead 1985; Fissel
et al. 1986; Thomson et al. 1986). These facilities allow the production of
computer graphic representations of the matrix of radiance values associated
with individual surface pixels in each distinct wavelength band. The correct
position of each pixel was established on an equirectangular projection using
imge rectification programs and recognizable coastal landmarks. The absolute
geometric accuracy is
Eastern Alaskan study
to 136°W.) because of
surface waters within

estimated as approximately 2 km. In addition to the
region, the rectified area included Mackenzie Bay (east
the influence of water from the Mackenzie River on

the Eastern Alaskan Beaufort Sea.

Our image processing procedure involved the combined use of the Band 1
and Band 4 images to identify pixels whose high radiance values in both bands
indicated obstruction by cloud and/or ice. (Note: high radiance values in
bands 1 and 4 correspond to high values of turbidity and to cold temperatures,
respectively. In contrast, dark or low radiance areas on these band 1 and 4
images are associated with clear and warm water, respectively. ) Pixels
containing ice or cloud were depicted in white on the resulting color images.
Land areas were depicted in black and a latitude-longitude grid was
superimposed. Pixel radiances in open-water cloud-free areas were represented
as 6 color-coded categories. As in earlier studies (Thomson et al. 1986), the
magnitudes and ranges of variation of the band 1 radiance in the studied areas
were only about 15% of the corresponding band 4 quantities. As a result,
surface spatial details were most clearly extracted from the thermal infrared
data. To display these details
4 data.

~ we often prepared two maps from the same band
One map used 6 colors to represent the range of band 4 variation

acrosq the entire region that we examined (Mackenzie Bay plus the study area).
The second map provided a finer subdivision of the range of band 4 values
within the Eastern Alaskan Beaufort Sea. For Ehe data obtained at two day
intervals on 6, 8 and 10 September 1986, the temperature (band 4) data were
presented in a special display showing the continental shelf portion of ~he
study area (Fig. 33 on p. 73). A much finer subdivision of the range of band
4 values was used to show small scale surface features within the inshore
portions of the study area, where whales were feeding and zooplankton  was
being sampled during the same period.

Calibration of the Satellite Imagery.--In 19863 calibration of the
sate~~ite data was facilitated by the extensive set of boat-based
oceanographic measurements obtained from 4-19 September in this study.
FurEher oceanographic measurements were available from the bowhead food
availability study being conducted concurrently in the Canadian Beaufort Sea,
off Ehe Yukon coast (5-8 Sept 1986, Bradstreet et al. 1987). In 1985, the
available oceanographic data were much less extensive, and complete
calibration of the satellite data was not possible.
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Direct xneasurements’of temperature and turbidity (as indicated by secchi
depth values) were obtained within several hours of the times of the 6, 8, 10
and 14 September 1986 imagery. Through comparisons of the boat- and
satellite-based data (Fig. 15), calibration formulae were derived for the
temperature (band 4) and turbidity (band 1) satellite measurements. For
temperature, a linear dependence of pixel level on sea-surface temperature was
assumed; the linear fit was derived through a least squares linear regression
algorithm from 13 data values obtained on 6, 8 and 10 September 1986. Only
oceanographic data obtained within 6 h of the satellite pass were used in
computing the regression line. In both the 10 and 14 September imagery, a
systematic bias was inferred for both the band 1 and band 4 “measurements,
corresponding to the widespread occurrence of a light haze. I%ior to
calibration the band 4 data were corrected by subtracting 13 bits from the
data, equivalent to an upward temperature shift of .approximately 1.5 Co. The
accuracy of the temperature measurements derived from satellite data is
estimated to be $ 1.0 Co for the 6, 8 and 10 September imagery. For other
1986 imagery and all pre-1986 data, temperature uncertainties could be larger
due to the lack of sufficient simultaneous calibration data.

Band 1 satellite data were compared with boat-based secchi depth
measurements to derive a calibration curve (fitted by eye). The band 1
satellite data provided low sensitivity for detecting changes in turbidity
within the study area, where most secchi depth measurements were 3 to 20 m,
corresponding to a range of only 4 bits in the band 1 values. The accuracy of.-
the band 1 (visible) satellite data in estimating secchi depths is roughly k 3
m at secchi depths exceeding 5 m, and t 1 m for more turbid waters having
secchi depths of 5 m or less.

Boat-Based Data, 1985

The primary physical oceanographic data collected from the boat in 1985
were temperature-salinity (T/S) measurements along three transect lines.
Frequent surface T/S measurements were acquired using a Hydrolab 4021, and a
lesser number of vertical profiles were obtained with an Applied Microsystems
CTD-12 .

Surface T/S Data, 1985. --Measurements of surface temperature and salinity
were obtained from the vessel ‘Annika Marie’ at 67 stations along three
transect lines (Fig. 16A). The Hydrolab 4021 employs a thermistor for
temperature measurement and a 4-electrode conductivity cell. Conductivity
measurements are Automatically and internally adjusted to produce values
referenced to 25°C. The manufacturer provides the following estimates of
accuracy: temperature, * ().2 C“; conductivity, t 2.0 mmho/cm,  using the 200 K

scale.

Surface measurements were obtained during three distinct intervals. On
5-6 September 1985, 29 sets of observations were collected along Eransect 1.
On 7-10 September 1985, 27 sets of observations were obtained on transect 2.
Eleven additional sets of observations were collected along transect 4 on 18
September 1985.
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Surface water samples collected from the boat. were later analyzed on a
sal.inometer. Comparison of these salinities with those obtained by the
Hydrolab indicate that the Hydrolab readings were consistently too large by
1,55 eo 1.85 psu (Fig. 17A). Consequently, all surface salinity data from
1985 presented in this report have been reduced by 1.7 PSU. No similar check
was possible for the Hydrolab  temperatures~ but most values agreed to within
* 0.5 co of the surface temperatures from the CTD-12 profiles (Fissel et al.
1986, p. ~~). In view of the large time delay between measurements from the
two different instruments, the agreement was considered satisfactory and
likely within the expected accuracy of both instruments.

T/S Profiles, 1985. --Vertical profiles of temperatu~e -and salinity were
made at 13 stations in 1985 (Fig. 16A), although the staeion 12 data were
unretrievable. The Applied Micrasystem CTD-12 records internally on magnetic
tape using five channels (Pressure, Temperature~  Conductivity~  Temperature~
Conductivity), repeating sequentially. Each measurement requires 0.56 s, with
each 5-channel scan taking 3 s. Vertical separations between successive
temperature and conductivity measurements range from 0.1 to 1.0 m, according
to the lowering rate of the instrument.

The data were transferred to the Arctic Sciences Ltd. PDP 11/24 computer
for processing. Obvious spikes were removed through manual editing of the
data. Only the data obtained from the downcast, which has the bese sensor
response, were used for each site. Interpolated values of pressure and
cemperacure were computed so that all data, including conductivity, represent
the same depth during each raw data scan. The raw values were then converted
into engineering units (Pressure - dbar, Temperature - “C, Conductivity
ratio), applying calibration data obtained on 16 March 1984. The pressures
were then adjusted so that the initial readings of each cast occurred at
1 dbar. Salinities were computed using the Practical Salinity Scale 1978
(Lewis 1981). Sigma-t, or reduced density, was calculated (Millero and
Poisson 1981) as

Sigma-t = (density - 1) x 103.
Sound speed and the freezing point temperature (Millero 1978) were also
computed. .

The manufacturer provides the following estimates for the accuracy of the
CTD-12: temperature, + 0.02 C“; conductivity, & 0.03 psu equivalent salinity.
NO reversing bottles were used for field checks on the calibration. The
surface temperature data of the CT13-12 and the Hydrolab generally agreed to
within * 0.5 Co. No check was possible for salinity data as the surface
samples collected for laboratory salinometer determination were not collected
at the same time as the CTD profile. From previous experience with’ the
CTD-12 , the resolution may approach k 0.03 psu; however, the accuracy is
typically on the order of ~ 0.1 psu.

Boat-based Data, 1986

Surface T/S Data, 1986. --Measurements of surface temperature and salinity
were obtained from the vessel ‘Annika Mariel at 156 locations in total,
including 112 sites located on the four broad-scale boat transects occupied in
1986 (Fig. 16B). Data were obtained from 4 to 19 September 1986. Th,e
instrument, a Hydrolab model TC-2, displayed the data on a panel meter. The
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expected accuracy of the unit is & 0.2 C“ Temperature and & 2.0 mmho/cm, using
the O-1OOK scale.

Comparisons of the raw Hydrolab measurements with the surface readings
from the more accurate Applied Microsystems CTD-12 instrument (after
correction to surface water sample data - see below) indicated that the
Hydrolab temperature data were reading low by 0.1 Co. Comparison of the
salinity values computed from the Hydrolab data with the corrected CTD-12
values revealed that the Hydrolab readings were systematically low by 0.8 psu
(Fig. 17$). Corrections of 0.1 Co and 0.8 psu were applied to the Hydrolab
tempera~ure and salinity data~ respectively.

T/S Profiles, 1986. --Vertical profiles of temperature and salinity were
obtained at 45 stations using an Applied Microsystems CTD-12, the same unit as
used in 1985. The raw va~ues were converte~ into engirieering  units by
applying calibration coefficients obtained 27 June 1986. The pressures were
adjusted so initial readings at each cas~ occurred at approximately 1 dbar.
Temperatures from the CTD-12 were compared with surface values obtained using
a hand-held thermometer or the Hydrolab9 and with near-bottom values from the
reversing thermometer (Fig. 18A). The CTD-12 values were all increased by
0.2 Co so that these temperatures better agreed with those obtained by the
other methods. Using the corrected pressure and temperature values, and the
unadjusted conductivitiesj salinities were computed using the J?ractical
Salinity Scale 1978 (Lewis 1981). When compared with the salinities of the
waeer botkle samples, measured on a laboratory salinometer, the CTD-12
salinities were lower by approximately 0.1 psu (Fig. 18B). Accordingly, 0.1
psu was added to all the CTD-12 salinity values.

Unfortunately the temperature range of the CTD-12 was limited to a
minimum of -0.35”C, and a special procedure was developed to derive estimates
of temperature and salinity for these measurements (see below). For data
above -0.35*C, we estimate the resolution and accuracy of the CTD-12 to be &
0.02 and & 0.2 C“ for temperature, and & 0.03 psu and & 0.1 psu for salinity.

Estimation of Temperature and Salinities at Depth, 1986.--Because the
CTD-12 did not measure EemperaEures  less than -0.35 Co, direct measurements of
temperature were limited to the uppermost 8 to 20 m of the wa~er column at
most stations. Salinity data are also not directly available since salinity
is a computed quantityj requiring measurements of temperature as well as
conductivity ratio and pressure (or depth). The last two quantities were
available at all depths from the CTD-12 data.

A small number of direct temperature and/or salinity measurements were
obtained at depths exceeding 20 m, through the use of reversing thermometers
and salinity determinations from bottle samples. These measurements were
obtained at 11 stations from 12-19 September. Where only a temperature or
salinity measurement was available for a particular depth, the other quantity
could be computed.

A procedure was developed to provide estimates of temperatures and
salinities at depths in excess of 30 m from the CTD-12 conductivity ratio data
along with historical values of salinity at depth. ??irst, the variability of
temperature and salinity at depth for the summer in the Eastern Alaskan
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of the 1971-1972
WEBSEC program (at locations e~st of 145°W; Hufford et al. 1974), the 1985
data set of the present study, and the available reversing thermometer and
bottle salinity data from 1986. From these data (Fig. 19), the variability in
salinity was found co be comparatively small at depths of 50 m or greater;
typical standard deviations were 0.3 psu or less. Moreover, the 1986 salinity
data appeared co follow the historical salinity data closely at depths of 35 m
or greater (with two notable exceptions where the water column was vertically
uniform and the deviation can be explained as the effect of vertical mixing
from a lesser depth). The temperature data showed larger relative variations
than for salinity. In particular, the 1986 reversing thermometer data showed
temperatures considerably warmer (by 0.3 to 1.0 Co) than the averages from
historical data.

From the comparisons described above, estimates of temperature and
salinity were computed as follows:

1. Salinity was assumed to have the following values, determined from
the historical data:

Depth Salinity Depth Salinity “
(m) (psu) (m) (psu)

30 31.50 100 32.30
40 31.65 125 32.40
50 31.90 150 32.50
60 32,10 175 32.50
75 32.20

However, these assumed values were modified if (1) direct
bottle-derived salinity data were available; or (2) the conductivity
ratio was vertically uniform to a considerably lesser depth; if so,
a reduced salinity reflecting mixing of less saline water from above
was applied.

2. The temperature was
conductivity ratioa

This procedure is estimated
30-50 m, and 0.5 psu at

computed from the assumed salinity value and the
measured via the CTD-12.

to be accurate to within 0.7 psu at depths of
depths >50 m. The ecjuivalent temDeracure

uncertainties are es~imated  as 0-.8 and 0.55 Co.

Results

Broad-Scale Surface Distributions

In this section, the surface distributions of water properties within the
study area are presented and described, using NO&! satellite imagery (11 data
sets~ 1983-1986) and airborne remote sensing data (4 data sets, 1985-1986).
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FIGURE 19. Vertical profiles of temperature and salinity derived from
historical oceanographic data (Hufford et al. 1974) , and the 1986 measurements
derived from reversing thermometer and water bottle samples. These data were
used to derive an assumed salinity profile for estimation of temperature and
salinities from the CTD-12 data, at depths exceeding 30 m where temperatures
were <-O.35”C.
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In this section, emphasis is placed on describing broad-scale distributions--
surface oceanographic features having scales upwards of 3 n.mi. (5 km). Water
property distributions having smaller spatial scales are discussed later in
‘Inshore Fine-Scale Oceanographic Features’ and ‘Frontal Characteristics.

26 August 1983. --On satellite images from this date, much of the southern
and central portion of the study area was visible. There were weak southeast
winds following a 2-day period of moderate westerlies. Unfortunately, much of
the prominent northwestward extension of Mackenzie Bay water lay under the
clouded portion of Ehe image. The high concentrations of sea ice wes~ of
Kakt.ovik  may have strongly influenced water characteristics in the western
portion of the study area.

The band 1 data (Fig. 20A) were notable for their near uniformity. Small
pockets of clearer water were evident along the coast west of Herschel Island
and near 70”30’N, 142°30’W.

The band 4 data (Fig. 20B,C) revealed colder temperatures on the Alaskan
and Yukon shelves and juse east of Herschel Island relative to water farther
east in Mackenzie Bay. Warm water extended west to 141”30’, and north to
70°30’ * Farther west, a tongue of much colder water was located just beyond
the continental shelf~ oriented along a NW-SE axis. This tongue of cold water
likely represented scittered ice floes and associated very low surface
temperatures extending southeast from the loose pack ice located north of
71°N, as shown in the 25 August 1983 ice chart (Thomson et al. 1986, p. 70).

13 September 1984. --The images of this date were obtained during a period
of strong east and southeast winds. Cloud limited detailed observations to
the southern portion of the study region and adjoining Canadian waters (Fig.
21). Throughout the visible parts of the study area, surface waters were
comparatively clear and cold. In contrast, much waimer, more turbid water was
present in Mackenzie Bay. A 20 km wide tongue of the warm turbid water
extended northwest along the outer edge of the Yukon continental shelf to
139”30$wo The western edge of the tongue of Mackenzie Bay water was
characterized by strong temperature and turbidity fronts extending over
approximately 60 km.

Slightly elevated surface temperatures occurred just beyond the edge of
the continental shelf, near the 200 m isobathj over most of the study area
(Fig. 21C). Peak temperatures there were about 1.5 to 2 C“ warmer than those
over the continental shelf proper, but were at least 3 Co cooler than,those in
the core of the Mackenzie Bay water east of the study area.

28 August 1985. --The 28 August satellite imagery was recorded just prior
to the start of the field study. Warm, silty water of Mackenzie Bay origin
occurred as a broad band commencing some 55 km off the coast of northeastern
Alaska (Fig. 229. These warm waters were advected northwest along the outer
edge of the continental shelf from Mackenzie Canyon. The core of the warm
Mackenzie Bay water (pixel levels <115) was present west to 142”15’W.
Slightly cooler water (but still comparatively warm, pixel levels of 116-124)
extended over nearly the full width of the study area. The unusually large
northwest extension of Mackenzie Bay water was associated with the extended
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duration of easterly winds in 1985 (Fig. 7 on p. 21), combined with heavy ice
cover to the east in the Canadian Beaufort Sea.

A coastal band of cold water was present over the inner shelf portion of
our study area; the average width of this band was about 25 km (Fig. 22B,C).
The offshore edge of this band abutted a body of intermediate temperature
water. That water contained several large eddies over the outer half of the
eastern Alaskan continental shelf, closely approaching the coast at 140”W as
an intrusion of warmer water onto the. inner portion of the continental shelf
at that longitude.

The strongest gradients within the Alaskan study area occurred over the
continental slope, with a progressive reduction in intensity westward, away
from the influence of the Mackenzie River. Within the Alaskan study area, a
weak and more diffuse thermal gradient, bordering the inner side of the
intermediate-temperature surface water, was evident at offshore distances of
about 25 km in the west to 35 km in the east.

5-6 September 1985---f3n 5 September, the southeast corner of the study
area (south of 70°N) was surveyed by aircraft; fog prevented surveys
elsewhere. On 6 September, the remainder of the continental shelf (depths to
200 m) was surveyed (Fig. 23). These data were collected under cloud, ‘so no
usable satellite imagery was available.

While the large-scale distributions of water properties were similar to
those on 28 August (c~, Fig. 22), surface temperatures exceeding 1.5°C
occurred within 15 km of Demarcation Bay. The inferred shoreward movement of
warm offshore water is consistent with onshore advection  driven by the
moderate northwesterly winds of 4-5 September 1985.

The airborne survey revealed a nearshore band of water warmer than O°C
within 2-3 km of the coast over the full east-west extent of the study area
(Fig. 23A). This ‘slightly warmer, turbid nearshore band was not evident in
the satellite images (e.g. Fig. 22] because it was effectively below the
1-2 km spatial resolution of the NOAA satellite imagery. The nearshore band
was visually bright green} and appeared contiguous with warmer and turbid
green water in the bays and lagoons. Chlorophyll concentrations were
apparently slightly higher than those offshore. In water deeper than aboue
10 m, a band of very cold (-0.5 to O°C) and clear water was present. This
band was 1-10 km wide and extended across mos~ of the study area (141° to
.1430W). Small scattered bits of ice were observed throughout this cold water,
with a higher concentration of 1-25% brash ice along the thermal gradient
separating it from warmer water along the shore.

Surface temperatures over the inner shelf between the 20 and 50 m dep”th
contours were 1 to 2°C, with water as warm as 3°C at the northeast corner of
the surveyed area (Fig. 23A) where the Mackenzie influence was largest.
Turbidity levels, as inferred from the R640 Index (Fig. 23B), were also
generally low over Ehe inner shelf, equivalent to secchi depths of 6-13 m.
Turbidity increased with distance from shore to maximum levels indicative of 4
m secchi depth at the shelf edge along the eastern side of the study area.



FIGURE 20. Satellite &ta for 26 August 1983 &rived fnxn the AVHRR sensor on the MMA-7
satellite. A fake color display is used to depict patterns of (@ surface reflec- - bad
1, W surfae temperature - bad 4, and (C) surface temperature - band 4, reprocessed for high
resolution within the official study area (outlined by dashed lines). For each color, the
ranges of pixel radiarce  values, approximate aecchi depths (A), and appmximace  temperatures (Bs
@ are shown.
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FmJRE  22. Satellite data for 28 August 1985 derivdd frcm the AVHRR sensor on the NW&9
satellite. A false color display is used to depict. patterns of (&) surface reflectance - band
1, (B) surface teqerature - band 4, and (C) surface teqerature - band 4, reprocessed for hi@
resolution within the off icial  study area (outlined by dashed lines). Acmupanying the images
is the range of pixel radiance values for each color.
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FIGURE 23. Distribution within the Eastern Alaskan Beaufort Sea on 5-6

-.

“ September 1985 of (A) sea surface temperature (“C), as measured with ehe
airborne radiation thermometer, and (B) the Red Reflectance Index R640 as
measured with the 10S spectrometer. Symbols indicate locations of boat-based
stations that provided in situ measurements for calibrations. The thinner
lines are aircraft transeTts-circled numbers in (A) are Cransect numbers.
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12-13 September 1985. --An aircraft survey of the study area was conducted
on 12 September (continental slope area, 200-2000 m depths) and on 13
September (continental shelf, 0-200 m depths). No data were collected just
north and east of Kaktovik because we were requested to avoid flying over
whaling operations near Kaktovik. A useable satellite image was obtained for
13 September (Fig. 24).

As in the previous two weeks, comparatively warm, turbid water of
Mackenzie Bay origin occurred over the continental slope and areas farther
offshore along the eastern side of the study area. However, the core of the
Mackenzie Bay water was now confined to an area between 142°W and 138°W (Fig.
24, 25), and was separated from the warmer waters within Mackenzie Bay by
comparatively cooler temperatures off the Yukon coast.

Over the continental shelf, the surface oceanographic features measured
from the aircraft on 5-6 September were still present on 12-13 September, but
their positions had changed (Fig. 25, 26). The nearshore band of warm
(>o.s”t), turbid water remained along much of the coastline out to about
3-4 km offshore. However, this feature was no longer present near Demarcation
Bay, where it had been measured one week earlier. Very cold water (<-1.O”C)
remained several kilometers north of Pokok Bay. Small widely scattered bits
of ice were again observed throughout this cold water, but were more
concentrated (0-20% brash) along its southern edge, on aircraft transects 5-7.
(See Fig. 25 for transect numbers.)

Surface temperatures over the inner shelf had decreased from those
measured one week earlier, with temperatures <O°C extending to the 50 m
isobath. There a large-scale thermal front separated shelf waters colder than
about O°C from water warmer than A 0.5°C to the north. In the western half of
the survey area, the front was visible from the aircraft as a change in
surface roughness. The front was very intense along the easternmost transect,
where temperature increased by 3 C“ over <4 km. In many places along the

easternmost transects, the front was associated with mist and ‘sea-smoke?.
The eastern half of the shelf (where surface temperatures were <O°C) was
covered by extensive slicks visible from the aircraft. Most of these were not
associated with a temperature or color change, but their orientation was
consistent with the general SE-NW trend of the isotherms. An eddy 4 to 5 km
in diameter was visible in a slick pattern near the south end of transect 2
off Demarcation Bay. The eddy was in an area of slightly warmer water; it may
have represented the center of a large gyre. Additional evidence of this eddy
is provided by the shape of the isotherms (Fig. 25), the absence of a warm
band of water along the coast, and the ice piled up on the beach.

The surface waters in the western and central study area, the outer half
of the continental shelf and farther offshore had intermediate temperatures
(0.5 to 1.5°c). The area of intermediate-temperature surface water was much
larger than one week earlier (5-6 September, Fig. 23A), when the 2.0°c
isotherm was over the shelf edge (south of the 200 m contour) across almost
all of the study area,

18 September 1985.--The presence of strong northwest winds on 15-18
September (Fig. 7) resulted in drastic changes in water mass distributions
(compare Fig. 27 with Fig. 25 and 26). On 13 September the water had been
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FIGURE 24. Satellite data for 13 September 1985 deriv&d frcm the AVHRR sensor on the N2AA-9
satellite. A false color display is used to depict patterns of (A) surface reflectance - band
1, W surface temperature - band 4, and (C) surface tenprature - bad 4, reprocessed for high
resolution within the official study area (outlined by dashed lines). Acmupanyimg the images
is the range of pixel radiance values for each color.
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relatively clear (band 1 pixel level 13) almost everywhere outside eastern
Mackenzie Bay. By 18 September, higher band 1 radiance levels were found in
waters adjacent to essentially all ice and land boundaries. The increases
were presumably due to the presence of large amounts of sub-resolution brash
ice near the pack ice edge, and resuspended sediments near the shore. Both
would be produced by the strong winds and the accompanying high sea states.

Surface temperatures within the official study area were reduced and more
homogeneous than those on 13 Sep~ember (pixel levels formerly 116-133; now
133-137). Nevertheless, remnants of warmer water were seill present in the
easeern half of the official study area, representing vestiges of the warm
wat,er observed there on 13 September. However, even the warmest water in
Mackenzie Bay was colder (band 4 levels 119-121) than the warmest Eastern
Alaska water had been 5 days previously (band 4 levels 116-118). The
reductions in surface temperature are consistent with a large amount of heat
lost to the atmosphere and to vertical mixing. The CTD profile data provide
further supporting evidence for these sources of heat loss (see p. 88-91).
Advection of cold water from far offshore probably played a minor role in the
cooling process because of the great dis~ances involved and the relatively
short (3 day) period of strong winds preceding 18 September.

22 September 1985. --Despite the presence of cloud and ice over the entire ~
Eastern Alaska study region, this pair of images (Fig. 28) documented the
further modification of surface conditions in adjacent Canadian waters after
an additional 4 days of W-NW winds. Compared to 18 September, there was a
slight reduction in band 1 radiance levels “adjacent to shoreline areas,
possibly because the slightly lower wind speed reduced the levels of sediment
resuspension. The thermal (band 4) data, on the other hand, revealed a
continuing decrease in temperature. By 22 September the warmest waters found
in Mackenzie Bay had pixel levels of 125-130, reduced from levels of 119-121
on 18 September (~. Fig, 27), and indicative of a temperature reduction of
approximately 4 Co.

By late September of 1985, Mackenzie Bay water was no longer exerting an
imporeant influence on surface oceanographic conditions of the Eastern Alaskan
study area. This situation probably persisted into October, as the weak to
moderate easterly winds of 26-28 September (Fig. 7 on p. 21) likely were
insufficient to advect Mackenzie Bay water as far west as the Eastern Alaskan
Beaufort Sea. Moreover, water in Mackenzie Bay itself was considerab~y  colder
in late September than earlier, presumably because of the large degree of
vertical mixing and surface heat loss, and reduction in both the heat content
and volume discharges of the Mackenzie River itself.

26 August 1986. --During the week before the 1986 field-study began, cloud
cover persisted throughout virtually all of the study area. A major low
pressure syslzem had passed through ~he study area on 21-23 August, with strong
northwes~ winds. The best satellite data for this period, from 26 August

1986, were digitally processed but are not shown here because they were
limited to the eastern boundary of the study area and regions off the Yukon
coast north to 70”20’N. Along the eastern boundary, a broad band of warm
water (>3-4°C) was present over the outer continental shelf and slope. Very
cold surface temperatures were observed over the remainder of the shelf and
over abyssal depths farther offshore. The much warmer water (>7°C) of the
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.
Mackenzie River plume was confined to within 20-30 km of the Mackenzie Delta,
presumably as a result of the strong northwest winds of the preceding few
days.

4-6 September 1986. --Aircraft measurements were obtained over the
continental shelf on 4-5 September (Fig. 29, 30), including additional flight
lines west of Herschel Island (Fig. 31). On 6-7 September, aircraft surveys
were conducted in offshore areas and to the east of Herschel Island. Good
satellite data were obtained on 6 September (Fig. 32, 33A).

With the exception of the nearshore zones from Pokok Bay to Demarcation
Bay (discussed below), surface conditions were fairly’ uniform throughout, the
s~udy area. Temperatures ranged from 2 to 3“C, and turbidity levels were very
low (>10 m secchi depth in most areas). The core of the warmer, more turbid
water of Mackenzie Bay origin remained east of the study area. It followed
the edge of the Yukon continental shelf northwestward, but then turned north
at approximately 139*30’W (Fig. 32). However, the influence of warm Mackenzie
Bay water did extend into the study area in two distinct areas:

- Far offshore, well beyond the shelf break along the eastern boundary o’f
the study area, and

- As a coastal band, 20 km in width, extending west past Herschel Island
and into the study area (discussed in ‘Inshore Fine-Scale Oceanographic
Features’, p. 102 ~).

The west half of the study area had somewhat reduced surface temperatures
(<2.5°C) and turbidities (>10 m secchi depth), possibly associated with the
scattered ice pans present in this area. However, sea surface temperatures
exceeded those of the previous year (g. Fig. 23) by 1-2 Co, particularly over
the inner and middle portion of the continental shelf.

8 September 1986. --The satellite data for this date provided coverage of
the continental shelf proper. The visible band data (not shown) indicated that
turbidity levels in the-study area were low, viz >2.5-10 m secchi depths.
Enhanced levels of turbidity were confined to~arrow intermittent bands
within a few kilometers of the coast.

Warm surface waters occurred far offshore along .the eastern edge of the
study area, and over the eastern half of the continental shelf (Fig. 33B).
East of the study area, warmer Mackenzie Bay water (>5°C) was found. However,
this warm core had been displaced approximately 10 km eastwards since. 6
September. Surface temperatures over the inner shelf part of our study area
were also reduced, especially between 141°W and Herschel Island where
temperatures within 20 km of shore had decreased from over 3.7 to below 2.2°C.
In the western portion of the study area, the cold waters (<2.2”C) had
expanded in area.

10-11 September 1986. --Satellite “measurements were obtained over most of
the study area on 10 September (Fig. 33C). A corrective offset of -13 bits
was applied to all band 4 data, as described in ‘Methods’ on p. 38. On 11
September, aircraft-based measurements were collected over the continental
shelf within the study area (Fig. 34, 35).
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SatelliEe data for 18 September 1985 derived frcm ehe AVHRR sensor on the-NKlAA4
A false color display is used to depict patterns of (A) surface reflectance - band

1, (B]  .m.rface t e m p e r a t u r e - band 4, and (C) surfae - temperature - band 4, reprocessed for high
resolution within the official study area (out lined by dashed lines). Accunpanying  the images
is &he range of pixel radiance values for each color.



. . .

,

.



FRXJRE 28, Satellite imagery for 22 Septenber 1985 derived fran the AVHRR sensor on the lKM&9
satellite. (A) Surface reflectance - band 1. (B) Surface temperature - band 4. ‘ihe study area
is out li~d by dashed lines. Accompanp“ ng the hsges is the range of pixel radiance values for
each color.
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The study area was characterized by increasing surface temperature from
west to east. This appeared to be due to cooling in the west and increased
influence of Mackenzie Bay water in the east. Throughout the western half of
Ehe study area temperatures were sharply reduced from the previous week.
Temperatures were generally below l.O°C, and -0.5eC along the western-boundary
(??igo 34). From about 142.5*W to the eastern boundary of the study area,
temperatures increased to 2.5°C or more. A fairly intense thermal front
ex~ended north from the coast to the 2000 m isobath. A prominent temperature
and Eurbidity maximum extended northwest from the coast near Demarcation Bay
on both 10 and 11 September (see ‘Inshore Fine-Scale Oceanographic Features’ ~
below).

From the eastern boundary to Herschel Island, the extensive area of
relatively low temperatures observed over the continental shelf on 8 September
(<2,8”C) had been replaced by warmer surface temperatures (approx. 3.5°C).
This warming was most pronounced to the north and west of Herschel Island,
where temperatures of 3,7-5.1*C or more were present on 10 September,
approximately 0.5 to 1.5 Co greater than two days earlier. Farther offshore
in this same sector, the” extension of the Mackenzie Bay water (temperatures
>5.I”C) followed the shelf edge west to 140*W before branching north. As on 6
and 8 September? broad filaments from this Mackenzie Bay water (temperatures
>3.7°C) were observed within the northeast corner of the study area.

14-15 September, 1986. --Most of the study area was visible in the
satellite data obtained on 14 September (Fig. 36). A correction for
atmospheric effects in the band 4 (thermal) data was required, similar to that
used for the 10 September satellite data. Aircraft-based measurements (Fig.
34) were made on 14-15 September far offshore beyond the continental shelf and
in the inshore region from Komakuk to Clarence Lagoon. Further reductions in
surface temperatures were evident in these data. However, warm water
(2.5 -3.5°C) of Mackenzie Bay origin continued to impinge on the eastern half
of the study area. Elsewhere in the study area, temperatures were much cooler
(<2.2°C), with values as low as -0.5°C near the western boundary.

North of Komakuk along the Yukon coast, at least two discrete bands of
turbid, relatively warm (up to 4*C) water extended up to 20-30 km offshore.
Aircraft-based visual observations indicated that the surface layer within
5-10 km of the coast was being advected west. This was consistent with the
weak to moderate easterly wisids on 14 Sep5ember (Fig. 8).

26 September 1986---The satellite data of 26 September 1986 (Fig. 37)
were obtained after the boat and airborne remote sensing programs ended, and
after two intense northwesterly wind events from 21 to 25 September. Through-
OUt the study area, surface temperatures were considerably lower than on 14
September and earlier. Calibration data are lacking, but estimated
temperatures were <l°C throughout the study area based on the calibration of
previous satellite imagery. Unlike temperatures, turbidities within 10-15 km
of the coast had increased. This likely was the result of wave-induced
resuspension of nearshore sediments during the intense storms of the preceding
five days.
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FIGURE 31. Distribution of (A) Red Reflectance Index R640 and (B) surface
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temperature, as measured with aircraft sensors on 4-6 September 1986 near
Herschel Island. The thinner lines are the aircraft transects.
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Sharply reduced surface temperatures were apparent in Mackenzie Bay.
Even in areas directly adjacent to the Mackenzie Delta, surface temperatures
appeared to be no greater than 4°C. Turbidity levels, in contrast, were very
high near the Delta, and also enhanced along the Yukon coast. This was again
likely due to wave rather than riverine processes.

Summary of Broad-Scale Surface Distributions,--The surface distributions
of temperature and turbidity in the Eastern Alaskan Beaufort Sea were mapped
using ~atellite data (1983-~986) and aircraft data (1985-1986). Surface water
properties in the Eastern Alaskan study area generally represent a transition
between the warm, more turbid surface waters found to the east in Mackenzie
Bay and the colder, clear Arctic Surface Waters found to the west. In the
western portion of the study area, the Arctic Water characteristics are a
result of the close proximity of the pack ice edge through the summer months,
combined with the absence of major river discharges comparable to those of the
Mackenzie River. Local estuarine discharges within the study area,
particularly from the Kongakut River, may influence water properties, but the
effects of these discharges are limited to small areas within several
kilometers of the estuaries.

The warmer, more turbid water of Mackenzie Bay is advected northwest off
the Yukon coast, with the core of this water type occurring as a comparatively
narrow band over the shelf edge northeast of Herschel Island. NorEh of
Herschel Island, ie often turns northward, resulting in a broad area of
warmer water over depths exceeding 200 m along che eastern edge of the study
area. Filaments of this warmer water were ofeen observed within the eastern
side of the seudy area, at considerable distances from shore. In late August
of 1985, following easterly winds of unusually long duration and heavy ice
conditions in the extreme eastern Canadian Beaufort Sea, the warm Mackenzie
Bay water extended farther west than normal. This resulted in warmer-than-
usual temperatures over the outer continental shelf and areas farther
offshore. By mid-September of 1985 and 1986, northwest winds drove the
“Mackenzie Bay water east away from the study area. It was replaced by cold
clear Arctic water , often containing ice floes from ehe offshore pack ice. In
summers dominated by west and northwest winds (e.g. 1981 and 1982), such
conditions are likely to occur earlier in the year9 due co a much diminished
influence of Mackenzie Bay water within the study area.

Over the continental shelf portion of Che study area, surface waters are
highly variable. Mackenzie Bay water commonly influences the eastern and ~
offshore portions of the study area as discussed above. In addition, during
1986 Mackenzie Bay water appeared to penetrate into nearshore portions of the
study area as a band approximately 20 km wide, advected past .Herschel Island
and into the study area along the coast. The warm water from Mackenzie Bay,
combined with possible local estuarine discharges and greater solar insolation
due to earlier ice clearing in August, resulted in warmer surface temperatures
over the southeast part of che study area in 1986 than in 1985. In 1985, very
cold and clear water was present over the inner and mid-shelf regions
throughout the observational period, with slightly warmer temperatures being
confined to a nearshore band within a few kilometers of the coast.



Water Masses 76

71-30:
7F30’ - - - -- -- ----- “----- ----- ---- - ------- ;

I
)

W&Y ,
I

I

-< ,,’ #*.“
I I :..

*-- . . . . . . ‘
J

‘. . . .

. . I I .
t .“. .. .

. . .
. .

~. . ..1. . .
~> . . . . . . /

. . . r2’’;y. ..3”0. ‘

) . . .
........1

/!!!! /
1 , I

k] !: /
t

70’30’

n

14“0”

. . . . ..,20@,., , . . ,0@
km — .

i- KomakfA
m x+- - - -  —-- -i- t - - - -

59*3O’ ALASUA ; YUKON
69”30’

i
~. )43” 14P 1141* 140”

FIGURE 34. Distribution of sea surface temperature ( ‘C) in the Eastern
Alaskan Beaufort Sea on 10-14 September 1986, as measured with an airborne
radiation thermometer. The thinner lines are the aircraft transects.



water Masses 77

7p30*

“30’
-ee-- !

--e-- .  .  .  .  .  - - - - -  - - - - -  - - - - - - -  - - I
8 !

-.. .
‘9. . I .:

. . . . . . . . . . . . .
8 . . . . . . . . . . . . ,. \ ..””

. . . ..
1 K :.*

“..3
I .“”’

I 1 .. J..”””” 71*
I* 1 ““.. ~:.y.?

a I :1 ..*..%. .“”” /
1

. . .
I #t ..:. > .,.

1 I I 1 , .+
1; . . . ‘1””””””””” ,’

1 I } . . f < . . ’ ” ]
I I

. .
I

1.’” t. . . . . . .
: l! I 1 I

I I ! I I
b* 1,

I I
I I i

‘%. ..O . . . . . . [ .! I
I .; \. 1. . I 1~ 1. . .1 l\*-=m-. . . . . . . . . . . . I 1! !.? ~1 I

I
I *I1
i s!
I I II -?0”30

‘(MO’  “’”’ ..! . . . . . “
I 7..[: ,...#t”” ’.. j

GA “~
r

i “:: ‘“””””””””””””””’”<*we
1 :

L
; “... /...”””””’”:”, To

<Q

/

005 (“,...” ““..3G

/
1 _ ..”:..%L&a,,,,m

i
la’ 1430 142? {1410 ,14W

FIGURE 35. Distribution of the Red Reflectance Index R640 in the Eastern
Alaskan Beaufort Sea on 10-14 September 1986, as measured with the ZOS

with increasing turbidity of the upper water
the aircraft transeces.

spectrometer. R640 increases
column. The thinner lines are



.

Water Masses 78

The broadest-scale fronts generally were associated with the inner
boundary of the offshore Mackenzie Water in the eastern part of the study
area, particularly in 1985. Comparatively strong fronts also occurred over
the continental shelf, but varied considerably in location. In mid-September
1985, a strong thermal front occurred over the 50 m isobath, while in early
September 1986 north-south fronts were more common. In 1986, fronts occurred
along the boundaries of the warmer, turbid water in the nearshore and inner
shelf areas. Fronts were also observed farther offshore between cold Arctic
Water to the west and remnants of Mackenzie Bay water to the east.

Subsurface Distributions

Analysis of Pre-1985 Historical Data.--As part of the review and analysis
of physical oceanographic data collected by previous investigators within the
study area (Fissel et al. 1985), several data sets spanning the years
1951-1978 were subjected to further analysis (Fig. 38, Table 4). Vertical
sections of temperature and salinity (T/S) have been produced for those data
sets collected along transects extending roughly perpendicular to shore, The
vertical sections (Fig. 39-41) represent summer conditions, i.e. August or
September. At depths of 250 m or more, temperatures and salinities are near
O*C and 34 psu, which are representative of the top of the Atlantic Water
layer (see Fig; 9 on p, 24). Above 250 m depth, the T/S data show more
structure with strong horizontal and vertical gradients.

The vertical sections were examined for evidence of upwelling. Upwelling
on the shelf is characterized by the presence of cold, saline water that
originates at greater depths over the continental slope and rise. The
upwelled waters are also characterized by high levels of dissolved oxygen and
nutrients, which account for their enhancement of primary production in the
shelf waters (see Fig. 11 on p. 27). Due to the absence or sparseness of
nutrient data from most cruises, the most general indicator for upwelling  is
the salinity contour of 32 psu, This contour represents the lower limit of
the upper layer pycnocline over the continental slope, and does not always
occur over the shelf (Mountain 1974).

An examination of the historical cross-sections suggests chat upwelling
occurred during the summers of 1959, 1972 and 1978. In two vertical sections
available for 1957, along with those for 1951, 1958 and 1971, the salinity
distribution provided no clear evidence of upwelling. Note, however, that the
phosphate and oxygen distributions available for 1971 did suggest that
upwelling was occurring. In 1951 and 1958, an upward tilt of the 32 psu
salinity contour toward shore could be inferred over Che inner portion of the
continental slope and shelf edge, suggesting the possibility of weak
upwelling. The 1977 cross-sections revealed upwelling characteristics over
the slope and shelf break, but not extending throughout the inner shelf zone.
Thus , of the nine cross-sections considered, there were three instances of
strong upwelling conditions, four of lesser or an indeterminate degree of
upwelling, and two (both in 1957) in which upwelling was not present.

The results suggest that upwelling may occur frequently in the Eastern
Alaskan Beaufort Sea. Coastal upwelling is produced by easterly winds (the
dominant wind direction for this area) combined with sufficient open water to



S.D.(m) R
k

< 0 . 5

0.7

1 . 0

3 . 0

10.0

> 1 5 . 0

17

16

15

14

13

T(”C) R. IB

T
18.1

10.7

8.0

5.0

1-0.7

I,<-1.8

L

93-109

110-lfi5

116-121

122-128

129-134

135-141

1.1 4 4 ” _44 @ I 136° I T(eC) R. Ic
18.1

7 . 8

6 . 5

5.1

3 . 7

2.2

< - 1 . 8

-

93-115

116-118

119-121

122-124

125-128

129-141

ImURE 36. SateUite data for 14 Septab=r 1986 derived fran the Am sensor on the W-9
s a t e l l i t e . A false IXJlOr display is used to depict patterna of (A) surface reflectance - band
1, (B) surface temperature - bad 4, SIXI (C) surface temperature - band 4, reprocessed for high
resolution within the off icial study area (outlined by dashed Lines). Accanpsnying the images
is the range of pixel radiance values (R), and their corresponding secchi &pch (S.D. ) and
temperature (T, “C) ranges, for each color.





S.D.(m) R ~
< 0 . 5

18-22

0.7

17

1.0

1 6

1.5

15

3.0

14
l@.0

13

> 1 5 . 0

-
18.1

93-109

10.7
110-115

8 . 0
116-121

5.0
122-128

2.2
129-134

-0.7
135-141

<-1.8

T(W) R. Icl

Fm5RE 37. Satellite data for 26 8ep@mber 1986 derived frau the AVHRR sensor on the tKMA-9
satellite. A false color display is used to depict ptterns of (A) surface reflectance - bard
1, {B) surface temperature - band 4, ad (C) surface temperature - band 4, reprocessed for high
resohkion within the official study area (outlined by dashed lines). Accanpanying the imagee
is the range of pixel radiance values (R), and their correspmding secchi depeh (S.D. ) and
_a&ure (T, “C) ranges, for each color.



. . .

.



Waeer Masses 83

1951 1955
I

1957’

29
A25 5 %10 AuG 5

A 24 A9

A22

A19 2 7
#“w. ~“-?0

.

1958 1959
Cl 34A 1971

4

A2
+!=%.

1972. 1977 1978

21

Jooo

-  ma a 25 &2

V2
100 a

2
/“ --q ;6

SCALE

O 255CI 100km

FIGURE 38. Locacions where oceanographic data were colleceed within the study
area before 1985 (~. Table 4). These da~a sets were used to prepare vereical
cross-sections of temperature and salinity (Fig. 39-41).
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Table 4. Summary of hydrographic data collected in the study area, 1951-78.

Year Dates Vessel Comments

1955
1957
1958
1959
1971
1972
1977
1978

23-24 Aug
25 Aug-1 Sept
5-19 Aug
1 Sept
4-5 Sept
20-21 Aug
4-5 Aug
25-29 Aug
1-25 Sept

Burton Island
Northwind
Atka
Burton Island
Staten Island
Glacier
Glacier
Glacier
Northwind

7 stations along 143°40’W
3 stations along shore
6 stations along 143°30’w
3 stations along 143°W
4 stations along 143°30’W
4 stations along 143”30’W
4 stations along 143”30’W
6 stations in area
7 stations in area

provide a suitable degree of wind fetch. The Eastern Alaskan Beaufort Sea ‘is
more likely to experience large wind fetches from the east than the west,
given the tendency for sea-ice to remain farther from shore to the east.
Thus, upwelling may be more frequent in our study area than in the remainder
of the Alaskan Beaufort Sea.

Analysis of Subsurface Distributions, 1985-86. --The CTD data were
examined to study the distribution of water types a~epth, and to search for
possible relationships between surfac-e- and subsurface water mass
distributions. In analyzing the 1985 CTD data (Fig. 42), the measurements on’
transects 1 and 2 were considered separately from those on transect 4. The
latter transect was occupied 8 to 13 days after transects 1 and 2, and.am
intense westerly wind event occurred between these times (Fig. 7). In 1986,
CTD data were collected over an extended period (4-19 Sept) in which winds
were generally weak to moderate in magnitude and variable in direction.

In the following discussion of subsurface distributions, the water column
of the study area is divided inbo three vertical zones (Fig. 43). Extending
to the surface is the upper layer, characterized by vertically uniform water
properties. Below this is the pycnocline , which extends to depths of 15 to 32
m. Within the pycnocline, water properties change rapidly with depth, usually
involving very intense gradients immediately beneath the upper layer, and with
lesser vertical gradients at increasing depths.. The lower layer occupies the
deepest portion of the water column, extending to the bottom. Here vertical
gradients in density (and salinity) are either weak or non-existent but large
variations in temperature can occur.

1985 Results: The 1985 vertical cross-sections of temperature and
salinity (Fig. 44) provide further information on differences in the
properties of the surface layer from the nearshore zone to the edge of the
continental shelf. Over the outer shelf, where water depths are 50 to 100 m,
a well-mixed upper layer was present from the surface to approximately 5 m.
This layer was characterized by higher temperatures (1.5 to 2.5°C) and lower
salinities (23 to 26 psu) than those in the top layer closer to shore. Closer
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Eo shore$ the upper layer was charac~erized  by progressively reduced
temperatures and increased salinities, The depth of the mixed layer was also
reduced to 3-4 m at the shallower s~atiorns  (sCations 2$ 7 and 8; see Fig. 43).
Note, however, that at station 3 located at 31 m depth, the mixed layer
extended to 7 m depeh. Also, within the nearshore zone at water depths of 10
m or less~ the water column had uniform properties to the bottom at station 1
off Kaktovik. However, at nearshore station 6, located 36 km to the east, the
mixed layer extended to 5 m depth, with warmer and slightly more saline water
over the 5-10 m depth range.

The CTD data from transects 1 and 2 (4-10 Sept 1985) showed Ehae the
water properties at measurement depths in excess of 30 m were characteristic
of Arctic. Water having an offshore origin (temperatures <1.5°C; salinities
>31). Along transects 1 and 2, the upward tilt of the-temperature and
salinity coneours near che coast (Fig. 44) is consistent with historical data
(e.g. Fig. 11, 39-41) and is indica~ive  of a shoreward transport of Arc~ic
Water from the edge of the continental shelf to nearshore an~ inner shelf
areas. These results would be expected from coastal upwelling driven by winds
directed parallel to the coast, with the coast to the left of the wind
direction (i.e. easterly winds). The winds were predominantly from the east
during the measurement period (5-10 Sept 1985) and the preceding three weeks,
supporting the hypothesis of coastal upwelling,
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VERTl~Alm LAYERS IN EAST~RN ALASKA BEAUFORT SEA

SEPTEMBER 1985 AND 1986
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FIGURE 43. Vertical cross-seceions illustrating the depths of ~he zones that
make up the water column; based on vertical distributions of temperature,
salinity and density in September 1985-86.
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In nearshore areas, there was evidence of other processes besides coastal
upwelli.ng. At station 1, the temperature of the water column was just over
O.o”c, considerably warmer than the temperature of the deeper water of
comparable salinity found farther offshore (Fig. 44). The source of the
additional heat within the water column at station 1 was probably the warmer
wager discharged from the extensive network of lagoons east of Kak.tovilc.
Airborne surveys on 5-6 and 13 September (Fig. 23, 25) showed a narrow coastal
band with surface temperatures of 0.5 to 2*C. Discharges are most likely to
occur with easterly winds due to reduced water levels along the coast
associated with the offshore transport of near-surface waters. At seation 6,
also located near the coast, the degree of warming of the water column was
considerably less than at station 1. This suggests that the source of warming
of some nearshore waters may be localized. Station 1 was closer to a complex
of coastal lagoons than was station 6 (Fig. 16).

1986 Results: Based on the CTD data of 4-19 September 1986 (Fig. ”45,
46), we prepared vertical cross-sections of temperature and salinity on four
onshore-offshore transects (Fig. 47, 48). The well-mixed upper layer,
although occurring at similar depths as in 1985$ differed considerably in
temperature and salinity. Along the outer shelf portions of the westernmost
transects (1 and 2) upper layer temperatures were lower (ranging from <O to
2°C) and salinities were higher (25-26 psu) in 1986 than in 1985. This
reflected the weaker influence of Mackenzie Bay water in 1986. Only at the
ou~ermost seation on the most easterly transect were the upper layer
salinities <25 psu;” in. 1985, salinities <25 psu extended west to transect 1.
In contrast, over the inner half of the shelf~ the upper layer was warmer and
less saline than in 1985, On transects 1 and 2, upper layer temperatures over
the inner shelf were typically 1.8 to 2.5°C , approximately 1 Co warmer than in
Ehe previous year. Similarly, in 1986 upper layer salinities Ehere ranged
from 25.5 to 27.5, approximately 1.5 to 2 psu lower than in 1985. On the
inner parts of the easterly transects (3 and 4), the upper layer was
characterized by even warmer temperatures. (2-4”C) in 1986. Salinity levels
over the inner shelf changed little from west to east,

Within and below the seasonal pycnoclinej cold saline Arctic water was
present over most of the continental shelf. At depths exceeding 20 m,.
temperatures were generally less than O“C, and salinities exceeded 30 psu.
However, at and “beyond the shelf edge, much warmer water was present in the
form of a subsurface temperature maximum, extending from depths of 20 to 100
m. This warm water apparently originated in the Bering Sea, as the
temperature-salinity characteristics (temperature >O”C, salinities 30.0-32.5
psu) were identical to those of the Bering Sea subsurface waters, which are
known to propagate eastward along the continental shelf edge of the Beaufort
Sea as a subsurface temperature maximum (Mountain 1974). However, the
presence of Bering Sea Water as far east as the study area is a rare
occurrence. In Che 1985 data (this study) and the earlier 1951-78 data
reanalyzed here (Fig. 39-41, 44) there was no indication of a pronounced
subsurface temperature maximum within the study area.

In the core of the warm Bering Sea water, very high temperatures were
measured on the westernmost transects (Fig. 47). On transect 1, a maximum
temperature of 3.4°C occurred at 34 m depth ae station tl-5 over the inner
continental slope (Fig. 47, 49). On transect 2, the warmest temperatures were
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FIGURE 45. Temperature and salinity profiles measured at the September 1986
CTD stations on boat transects 1, 2, 3 and 4. The presentation is as for Fig.
42.
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FIGURE 46. Temperature and salinity profiles measured ae CTD stations located
on the inner shelf in the eastern half of the study area, September 1986. The
presentation is as for Fig. 42.
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FIGURE 47. Vertical cross-sections of temperature and salinity along boat
transects 1 and 2, occupied 16-17 September 1986, and 18-19 September 1986.
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FIGURE 48. Vertical cross-sections of temperature and salinity along boat
transects 3 and 4, occupied 12-14 September 1986, and 9-11 SepEember 19~6.
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“ FIGURE 49. Map of temperature on the 31.4 PSU salinity surface, derived from
the September ‘1986 CTD data. The solid circles de-note CTD- measurement
locations where the 31.4 salinity was measured.

measured at station CTD 45, located near the outer edge of the continental
shelf, where a maximum temperature of 4.1°C was measured at 27 m depth. At
station t2-5, located over the continental slope on t~ansect 2, the maximum
temperature was lower (2.9”C) and occurred at a considerably greater depth, 56
m. Farther east on transects 3 and 4, the warm Bering Sea wate~ was present
but with much diminished prominence. It occurred at the “outermost station
(t3-5) on transect 3 as a deep temperature maximum at 25 to 135 m, with a
maximum of 0.9°C at 27 m depth. On transect 4, the maximum was at depths 45
to 65 m, with a maximum value of only -0.50C, at 50 m.

In 1986, unlike 1985, the Arctic water over the inner shelf did not have
the very cold and saline characteristics that occur at the shelf edge and in
the deep basin of the Arctic Ocean. The isopleths  did not show any clear
evidence of an upward tilt toward the coast in 1986, which would have been
indicative of upwelling.  In 1985, upwelling was inferred for boat transects 1
and 2 (Fig. 44).

Water Mass Analysis

Type’s of Water Masses.--The temperature/salinity (T/S) characteristics
revealed by the surface measurements and the CTD data (Fig. 50-52) can be used
to infer the origins of the various water mass types present beneath the
surface layer in the Eastern Alaskan Beaufort Sea. Within the lower part of
Ehe water column, two major categories of water mass types are evident:
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FZGURE 50. T’emperature/salinity  (T/S) diagrams of the September 1985 phY9~cal
oceanographic data: (A) surface T/S on boat transects 1, 2 and 4; (B) transect
1 profile data; (C] transect 2 profile data; and (D) transect
The boxes on the plots represent the T/S characteristics of
Water (CHW) and Arctic Surface Water (ASW).

4 profile data.
Cold Halocline
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FIGURE 51. Temperature/salinity (T/S) diagrams of the September 1986 physical
oceanographic data from broad-scale transects: (A) on boat transect 1; (B) on
boat transect 2; (C) on boat transect 3; (D) on boat transect 4. Presentation
is as for Fig. 50, with the addition of Bering Sea Water (BSW).
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.

FIGURE 52. Temperature/salinity (T/S) diagrams of the SepEember 1986 physical
oceanographic data obtained at inner shelf locations: (A) for sites
immediately to the west of Herschel Island; (B) for sites beeween Demarcation
Bay and Clarence Lagoon; (C) for sites near the KongakuE  Delta; and (D) for
sites west of the Kongakut Delta.
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1. Arctic Surface Water (ASW) - This water type is cold (<-l.O°C)  and. .
saline (231 psu) and originates within the Arctic
scale exchanges between the waters of the Arctic
shelf and the underlying Atlantic Water in the
Arctic Ocean (Aagaard et al. 1981).

2. Bering Sea Water (BSW) - In 1986, a second water

Ocean ~hrough _large
Ocean’s continental
deep basins of the

mass was presene in
the l~wer layer -of the water column. It took the form of a
subsurface core of warm water extending over depths 20 to 100 m.
This water mass originates in the Bering Sea; it flows north through
the Chukchi Sea and then east along the outer edge of the continental
shelf in the Beaufort Sea (Mountain 1974). The measured” TS
characteristics --temperatures exceeding O“C over a salinity range of
30.5 to 32.0 psu--were in good” agreement with the historical
description of Bering Sea Water at more westerly locations (Mountain
1974). Bering Sea Water rarely reaches the study area from the west,
and was not unambiguously discernible in 1985. The last recorded
instance of an eastward intrusion of Bering Sea Water into the study
area was in 1951. In late August 1951 the temperature maximum was
<1*C (Fig. 39), much lower than the values observed in i986.

The upper portion of thevater column consists of the surface layer and
the pycnocline. Here water mass categories are less distinct, and more
variable in space and time, due to active modification through surface related
processes such as heat exchanges, formation and melting of sea-ice, and river

discharges. Nevertheless, there is soie evidence of water mass categories:

3. Cold Ea~ocline Water (CHW) - This water type, associated with the
pycnocline, is also cold (<-I.O*C) but less saline (27-31 psu) than
Arctic Surface Water. It originates as a mixture of Arctic Surface
Water with the cold fresh water that arises from melting of the
seasonal ice over the continental shelves. Fresh water from the
Mackenzie River and other local rivers may also contribute to this
water type, but this could occur only after cooling of the river
water to near-freezing point levels. Mixing of the melt water from
2.0 m of sea-ice with a 20 m layer of shelf water of average
wintertime salinity of 32 psu (Melling and Lewis 1982) would result
in a water column with 28 psu salinity at near-freezing temperature.

4. Mackenzie River Influenced Water - This water type has a very wide
range of temperature (O to 18°C) at or near zero salinity. The range
of possible T/S characteristics is further broadened through water
mass modifications in Mackenzie Bay. Mixing with local melt water
from sea ice reduces the temperature and, to a much lesser degree,

increases the salinity. Absorption of heat from solar insolation
raises the heat content while vertical mixing with the cold saline
waters beneath decreases temperature and increases salinity.
Examination of surface salinity and temperature data collected from
drillships operating in Mackenzie Bay (Thomson et al. 1986) indicates
that representative ranges of temperature and salinity, from mid-July
to mid-August, are 4-12°C and 6-27 psu.
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5. Nearshore Waters Influenced by Local Estuarine and Coastal Processes
- At some CTD stations within a few kilometers of the coast,
significant modifications were observed relative to the water mass
types occurring farther offshore. In 1985, the” TS curve for station
1 (Fig. SOB) indicated considerable warming relative to adjoining
offshore waters$ presumably due to local heating and discharge from
the warm coastal lagoons, In 1986, cooler and in some instances less
saline waters were present in the surface layer at several nearshore
s~ationse These differences from the adjoining stations located
farther offshore were most apparent at two stations west of Herschel
Island (86-1 and a); station 86-10 east of Demarcation Bay; station
86-9 located east of &he Kongakut Delta just off the barrier island;
and station tl-1 off Kaktovik (Fig. 52). However, at other nearshore
stations, comparatively warm waters were present, most noticeably at
stations 86-11, t4-1, and t2-1. A more consistent feature of
nearshore CTD stations was the occurrence of a very thin surface
layer, a shallow but intense pycnocline,  and cold, saline Arctic
Water at comparatively shallow depths beneath the pycnocline. These
characteristics were observed consistently at locations between the
Kongakut Delta and Demarcation Bay (see lInshore Fine-scale
Oceanographic Features’, below).

Water Masses in 1985. --The T/S diagrams for September 1985 (Fig. 50) show
that the deeper portions of the water column at nearly all CTD stations either
were ASW3 or were indicative of mixing with ASW. However, at stations 1, 11
and 13, the T/S characteristics were not clearly related to ASW. For station
1, additional heat, likely through mixing with warm water from coastal
lagoons, resulted in higher temperatures (see above). Data obtained on 18
September 1985 at statious 11 and 13 (Fig. 50) indicate that the T/S
characteristics of the water column had been modified through mixing
associated with the intense west winds on 15-17 September (see below).

In 1985, CHW was recognizable only at the three CTD stations nearest the
shelf edge (stakions  h, 5 and 10). This water type was noc present over the
inner shelf. Instead, the 6-20 m portion of the water column over the inner
shelf appeared to consist of a mixture of ASW with the upper layer of
‘Mackenzie Bay water found farther offshore, possibly with some contribution
from the narrow coastal band of fresher warmer water.

The T/S characteristics of the surface layer (Fig. 50A) varied
considerably among transects over the outer half of the continental shelf. On
all transects, the influence of river water increased progressively with
distance from shore, as indicated by increased temperatures and lower
salinities at the north ends of the transects (Fig. 44, 50). However, the
change in T/S characteristics differed among transects (Fig. 50). On transect
1, the surface T/S characteristics were reasonably consistent over the mi.d-
and outer shelf. On transect 2, two distinct sets of T/S characteristics were
present: the surface T/S curve was approximately 1“ greater in temperature
for a given salinity over the middle portion of the shelf (depths 30-70 m)
than over water depths >70 m. The surface T/S characteristics on transect 1
were intermediate between the two surface water types occurring on transect 2.
Such differences suggest that the upper layer, which was being advected
westward from Mackenzie Bay, consisted of water masses that had been subjected
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to differing modifications. The differences might represent varying blends of
Mackenzie B~y water mixed with water of offshore origin.

In 1985, the T/S characteristics of transect 4 were
than those on transects 1 and 2. Transect 4 was confined
near the eastern limit of the study area and was studied
westerly wind event. The narrow ranges of temperatures

much more uniform
to the inner shelf
following a major
and salinities on

transect 4 indicate that much vertical mixing had occurred via wind action.
However, the T/S characteristics cannot be explained simply as mixing of T/S
values similar to those measured earlier on transects 1 and 2 over the inner
shelf. Instead, the entire water column on transect 4 appeared to consist of
ASW mixed with cooled (by approx. 2°C) upper layer Mackenzie Bay water, and
perhaps also with CHW that previously was only found farther offshore. .

Water Masses in 1986--- T/S characteristics exhibited more variation in
September 1986 than in Sepbember 1985. In the lower layer, Bering Sea Water
wa~ clearly present at the outermost stations of the three most westerly
transects. There
stations. At the
depth for a lower
the water column.
was found beneath
t2-5 and t3-5).

was evidence of a smaller influence of BSW at some other
remaining measurement locations where there was sufficient
layer, Arctic Surface Water occupied the deeper portion of
Even at stations containing a pronounced core of BSW, ASW
the BSW if the water depth was sufficient (e.g. stations

CHW was recognized at the outermost stations on transects 1 and 2 (c1-4,
tl-s, ctd 44, ctd 45, t2-5). It was uot prominent on the more easterly
transects “(3 and 4), although there was weak evidence of the influence of cm
at station t4-5.

The inner shelf T/S diagrams (Fig. 52) demonstrate a remarkable
consistency among the 20-odd CTD seations within 20 km of the coast. At all
locations, a 11 or most of the T/S curve lies on a line connecting the core ASW
characteristics with warm, comparatively saline T/S characteristics (i.e. at
3“C, salinities of” 26-28.5 psu). The T/S curves are shifted toward greater
salinities for the same temperatures than were observed farther offshore in
either 1985 or 1986. Surface temperatures at inner shelf CTD stations in 1985
were all 1.O”C or less, much lower than the 3.0 to 5.0°C measured at the
eastern inner shelf stations in 1986.

At four of the inner shelf CTD stations (86-1, 86-7, 86-9 and 86-10), the
T/S curves revealed .sErong salinity gradients extending to the surface even
though the temperature profiles were uniform (ranging from 4.O”C at station
86-10 to <l.O°C at station 86-9). The presence of a strong isothermal
halocline may indicate freshwater influence from local estuaries, or in the
case of the low temperatures at station 86-9, local ice melt.

Inshore Fine-Scale Oceanographic Features

In 1986, intensive oceanographic observations were collected over the
inner shelf, particularly in the eastern half of the study area. Inner shelf
data consisted of (1) boat-based CTD stations and transects conducted from 4
to 7 September 1986 in areas used by bowhead whales during the same period;
(2) aircraft transects flown parallel to and perpendicular to the coast from 5
to 10 September; and (3) satellite imagery of 6, 8 and 10 September, processed
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to provide high resolution maps of surface Temperature (Fig. 33). These data
are important because physical factors probably affected the abundance and
distribution of zooplankton and hence bowhead whales ‘in the nearshore zone in
1986. The inner shelf data available for 1985, while much less extensive than
the 1986 data set, were examined to document differences between Che two
years.

4 September 1986---A detailed aircraft survey was conducted in the
coastal area immediately west of Herschel Islandj where bowhead whales had
been observed on 3 September 1986. Aircraft measurements of surface
temperature and reflec~ance  (R640) revealed a nearshore band of ~urbid waber
(equivalent to a secchi depth of <3 m) that was confined to within 2-3 km of
the coast off Komakuk, but extended up to 7-8 km from shore immediately west
of Herschel Island (Fig. 53). Even higher turbidities occurred in the very
shallow waters of Whaleboat Passage separating Herschel Island from the
mainland. This shallow water was also very warm, >4-5°C.

The boat-based data consisted of five CTD stations, two (stations 86-1
and a) within the turbid nearshore band and three (b, c and 86-2) in waters of
progressively reduced turbidity. On the transect of CTD stations between
stations a and 86-29 which formed a south-to-north-line perpendicular to the
mainland coast, continuous measurements of surface temperature along with spot
measurements of salinity were collected. The two stations located in the
nearshore band of turbid water had a compara~ively uniform surface layer
extending to 4-5 m depth, with comparatively low temperatures (3.5”C) and
salinities (24.1 to 25.2 psu). Beneath an intense~ thin pycnocline extending
over only 3 m, a lower layer of comparatively warm temperatures (-0.1 to
1.3°C) and low salinities (29.0 to 30.7) was present. At the CTD stations
farther from the mainland coast, surface temperatures {3.3 to 4.O”C) and
salinities (25.3 to 26.0) were higher and the upper layer was much shallower.
However, beneath the shallow pycnocline the water at these more offshore
locations was colder and more saline than at the more inshore stations. Thus,
the horizontal gradients appeared to differ in sign between the surface and
lower layers. There was also evidence in the surface T/S data of an abrupt
increase in surface temperature, by approximately 0.5 Coj just north of cm
station b.

The absence of well-mixed conditions in the surface layer at the stations
farther offshore suggests that warm, more saline surface water may have been
moving past these stations. The aircraft data suggest that the source of the
warmer water may have been the Mackenzie Bay water present north of Herschel
Island (Fig. 31).

5 September 1986---Initially two CTD stations were occupied on the inner
portion of boat transect 4, just east of Demarcation Bay. Then, boat-based
operations shifted west to the inshore area off the Kongakut River Delta,
where feeding bowhead whales had been observed from the aircraft that same
day. The ‘Annika Marie’ sampled at CTD station 86-55 2-3 km from che coast a~
the location with whales, and then travelled 11 km offshore. Following two CTD
stations (d and 86-6 sepaiated by approximately 5 km), the boat headed back
inshore toward the initial sampling location (86-5) and completed the day wibh
CTD station e, located about 1 km north of station 86-5. Continuous surface
temperature data were not available due to instrument problems. The aircraft
also flew special transects on 5 September$ including two tracks within a few



Water Masses

.
—.

$-l

2m

‘\●

“ m *
●

. m ,m. A

.

\

(+ ,
●

4--------- ,-- .— -- --—- .IH “. %.-
!1

.
●

b- ● ;-. .1
Il. ●

.
a ●

EQ ●

L)* ● 1~:;~..
K ,.

1-’”.:,. U1-c”....-----------  ___74. A
Ulx ● *A.

r!TiE3’Ec312slE?!
I ●

● 8 ii ● ‘. “w!< ● .?* I!, ●

.*

v .
.

.**
.“-

.

.’

<-
1. ● “.+
\

b,,. .
*X.,..

.
\

.-
.%--l -.:

1 ?

on

m g ‘= L fl“;;:
m ----------- -- —- ——LL2 ::

*.-

!:1 ::,
:1 ‘c
41 :“)



Water Masses 105

.

kilometers of and parallel to the coast, and three transects perpendicular to
shore over or near the Kongakut Delta area.

Mapping of the combined aircraft and boat-based data (Fig. 54) reveals
two prominent oceanographic features:

1. A narrow nearshore band of turbid water (inferred secchi depth <3 m)
along the barrier island; the width of this band ranged from one to
several km. The nearshore band appeared to intensify immediately to
the west of Demarcation Bay , and it was apparently present at station
86-3 just to the east of Demarcation Bay, as indicated by the low
secchi depth reading of 1.8 m.

2. A broad expanse of warm and comparatively clear water offshore of the
turbid nearshore band off the Kongakut Delta. The aircraft data
revealed temperatures exceeding 4.0°C as far as 25 km from shore.
Satellite data obtained 1 day later, on 6 September (Fig. 33A),
indicated that the highest temperatures (>4.2”C) within the study
area were off the Kongakut Delta.

The nearshore band of turbid water was also characterized by lower
surface temperatures, and surface salinities comparable to or lower than those
farther offshore. Lower temperatures are indicated from the aircraft data,
where the two flights parallel to the coast revealed temperatures of 2.3 to
3.2”C. From CTD data obtained at station 86-5 located only 2.5 km from the
barrier island a surface temperature of 3.6°C was measured. (Note thae
nearshore CTD stations 86-5 and e are farther offshore than the core of the
nearshore band. The width of the band was particularly narrow ae this
location. The surface temperatures at those stations were greater than some
of those measured from the aircraft. Similarly, the secchi depth at station
86-5 was 6,1 m; this is equivalent to an R640 reading of approximately 0.01,
which is lower than R640 values found close to shore.)

Comparison of CTD station pairs (86-5 vs. 86-6, e vs. d; Fig. 54)
provides insights into subsurface conditions near the edge of the nearshore
band, where bowheads were, feeding, and well offshore, within the wa~ inner
shelf waters. Both nearshore stations (86-5, e) exhibited a more intense
pycnocline, along with considerably lower temperatures and higher salinities
within the pycnocline  and in the lower layer. The differences amounted to
l-2°C and 2-4 psu and were largest over depths of 7 to 15 m. These CTII
comparisons suggest that the subsurface waters had more pronounced Arctic
Water characteristics in the nearshore zone than was the case farther offshore
in the adjoining warm inner shelf waters.

6-7 September 1986.--On 6 September, intensive measurements were obtained
from the boar and aircraft off the Kongakut Delta, overlapping the study area
of the previous day but extending farther east.

The aircraft-based turbidity measurements (Fig. 55) indicated that the
turbid nearshore band had increased in width by 6 Sep5ember, extending some
5-11 km beyond the barrier islands. On the previous day, this band had
extended as little as 1 km from the barrier island. Based on the combined
boat, aircraft and satellite (Fig. 33A) data, the broad area of warm water
over the inner shelf continued to extend at least 25-30 km off Che Kongakut
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FIGURE 54. Distribution of inferred turbidity levels (R640 index) and
temperature over the inner shelf, as mapped from aircraft and boat on 5
September 1986. ALSO shown are vertical profiles of temperature and salinity
at two locations where whales had been observed (’whales’) and at two nearby
locations without whales (’control’).
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Delta. Within the turbid nearshore band, surface temperatures were again
lower than those farther offshore. Now, however, an intense temperature front
occurred approximately midway through the nearshore band. At this location,
2-3 km from the barrier island, temperatures changed abruptly from over 4°C on
the offshore side to l-2°C closer to shore. This cold water along the barrier
islands likely resulted from melting of sea-ice grounded west of the Delta;
however, the salinity remained unchanged at the sites of low temperature
measurements. Indeed, surface salinities exhibited very little change from 2
to 10 km off the coast, ranging from 25.3 to 26.3 psu (Fig. 55).

CTD profile data were collected at sites 86-9 (within 2 km of the coast),
86-7 (about 3 km offshore) and 86-8 and g (9-10 km offshore and well outside
the turbid nearshore band). At the two innermost stations within the
nearshore band, the pycnocline extended co within 2 m of the surface. BeneaCh
the intense but shallow pycnocline, temperatures were cooler (by 1-5 Co) and
salinities greater (by 1-3 psu) than those measured farther offshore at the
same depths of 3-10 m. As on the previous day, Arctic Water characteristics
were much more pronounced at depth within the nearshore band, where whales
were feeding, than in the warm inner shelf waters farther offshore.

On 7 September 1986 the turbid nearshore band still extended offshore to
distances comparable to those of the previous day (Fig. 56 vs. 55). From the
aircraft, prominent turbidity fronts were observed visually along the edge of
the nearshore band. Boat-based measurements were carried out along an
onshore-offshore transect 4 km east of the easternmost boat transect of the
previous day. on this transect, surface temperatures and salinities were
somewhat lower than those farther west on 6 September. Up to 10 km from
shore, surface temperatures and salinities were 1 C“ and 1 psu lower.’ Very
low temperatures (<I°C) were again measured within 1 km of the barrier island.
On 7 September, unlike the 6th, salinities decreased sharply from 24.6 psu
offshore to 21.5 or less near the island. Bands of ice were present along the
island on this transect, accounting for the reduced temperature and salinity.

Two CTD profiles ‘taken on 7 September, at stations 86-12 near the edge of
the nearshore band and 86-13 well beyond it, again indicated temperature and
salinity differences at depth. As on the previous two days, the innermost CTD
station had a shallow, intetise  pycnocline, below which waters were about 1 Co
cooler and salinities 1 psu greater than those outside the nearshore band.
The differences extended over most of the water column, from3-4 m to 17 m.
Whales again fed in the colder water close to shore, i.e. at station 86-12.

Additional boat and aircraft data were collected off Clarence Lagoon just
east of the official study area on 7 September. Bowhead whales had been
observed there on the previous day. A visually prominent and wedge-shaped
turbid nearshore band extended nearly 4 km offshore east of the lagoon, but
was reduced in width to 2 km off the entrance of the lagoon and was absent
altogether farther west. CTD profiles were collected at site 86-10, within
the turbid band (secchi depth of only 0.6 m), and at site 86-11 a similar
distance from shore just west of the turbid water (secchi depth of 3.4 m). A
very thin surface layer was present at both stations, extending only 1-2 m
below sea level. Within the
temperature and surface salinity
west at the edge of the band.
vertical profiles were virtually

turbid nearshore band, both the surface
were lower than the values measured farther
However, beneath the surface layer, the

identical.
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10 September 1986. --Extensive aircraft-based measurements were collected,
along with boat-based sampling along the easternmost broad-scale boat transect
(no. 4). Whales were feeding about 6 km NNW of the entrance to Demarcation
Bay on this date; they were about 5 km west of boat transect 4. Instrument
problems were encountered with all aircraft-derived temperature data obtained
~10 km west of Demarcation Bay. The aircraft data obtained north of
Demarcation Bay were usable, although comparisons with the concurrent
boat-based measurements on transect 4 indicate that the aircraft measurements
were consistently low by approximately 1.3°C, and they were adjusted upward
accordingly. Fortunately, a high resolution satellite image was also
available for this same da~e (Fig. 33C). Interestingly, it too required an
upward correction of the same magnitude for consistency with the boat-based
data (see ‘Methods’, p. 38).

The combined data showed that the nearshore band of turbid water was
again present along the barrier islands (Fig. 57). West of longitude 141.7”W,
it extended 3-5 km offshore, as on 6-7 September. However, at longitudes
141.4 to 141.7° w, turbid water extended 30-35 km offshore. This turbid
feature occurred as broad filament oriented due north, with an apparent width
of-5 km or more. From the large scale patterns of surface turbidity and water
color observed from the aircraft, the turbid offshore waters appeared to be an
extension of high nearshore turbidities, being advected northwestward from the
coast near Demarcation Bay. Water color was not uniform within the offshore
area of high turbidity, but had a banded appearance. Surface temperatures
within this broad band of turbid water were estimated as 4.O-4.5°C from the
aircraft measurements. The high resolution satellite data for this same date
(Fig. 33C) also show this feature as a narrow (5-8 km) band of warmer surface
waeer (>4.0°C) extending over 30 km from shore off Demarcation Bay, and
continuing to the northwest, with temperatures exceeding 4°C some 30 km north
of the Kongakut Delta.

On this same day, well defined eddy patterns outside the high turbidity
waters were observed and photographed from the aircraft. These features were
evident as alternating bands of different water colors in a circular
formation. The bands spiralled inward to the center of the pattern,
suggestive of a small cyclonic eddy with surface convergence occurring at its
center. Boat-based sampling at the surface through one of the eddies (north
of station t4-3) was inconclusive due to the large station separation}
although the salinity may have increased somewhat. Along boat transect 4, low
surface salinities were measured just off the coast, followed by markedly
increasing surface salinities to maximum levels of 27.8 psu approximately 6 km
offshore. Surface temperatures were relatively uniform over this same portion
of the transect. CTD profiles were obtained at stations t4-1 and t4-2,
located 1.5 and 6.5 km respectively from the coastline. Although temperatures
at the surface were warmer nearer the coast, temperatures beneath the
pycnocline were lower by about 1 Co near the coast. As at the pairs of CTD
stations studied on 5-7 September, cold, saline Arctic Water was more
prominent at the nearshor~ station than farther from shore.

Thus , there was a recurring pattern for Arctic Water characteristics to
be better developed within the nearshore zone than at the nearest adjacent
inner shelf station. This is illustrated in the vertical sections of Figures
58 and 59. For all pairs of nearshore-inner shelf stations sampled on 5-10
September 1986, temperature and salinity isopleths were tilted upward toward
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.

the coast. Thus , intense horizontal gradients were present at depths ranging
from a few meters to 15 m. Convergent flow patterns may have been associated
with the implied intense subsurface frontal features.

Frontal Characteristics

Boat-based measurements of surface Temperature and salinity (Fig. 60,
61) showed that changes in surface water properties were not evenly
distributed over the continental shelf. Instead, there were comparatively
large gradients, or fronts, over distances ranging from ~2 km up to 10 km.
Between these fronts, the horizontal gradients were much weaker, reduced by as
much as an order of magnitude (Fig. 62-64). Strong gradients were also
apparent in the airborne radiometer data (Fig. 23, 25, 29, 34, 65) and in
&hermal imagery from satellites, particularly the high resolution data for 6,
8 and 10 September 1986 (Fig. 33).

The horizontal gradien~s with the larges~ amplitudes occurred over short
distances, typically 200 m to 2 km (Fig. 62-65). These intense fronts were
oft’en accompanied by a nearby gradient of opposite sign, e.g. events 11/”111 on
Fig. 62; radiometer data 25-30 km from shore on boat transect 2, Fig. 65; data
of 10 and 12 September 1986, Fig. 64. This pattern of pairwise occurrence of
fronts having opposite sign is indicative of small scale eddy features, with
approximate scale sizes of :2 to 10 km. Due to the small scale size, these
eddies were not adequately represented in two dimensions on maps of surface
water properties as measured by airborne transects spaced several kilometers
apart or on satellite images having 1-2 km resolution.

The surface temperature and salinity data did not always change in
“-”parallel fashion along boat transects (Fig. 62-64). Thus , discussions of
surface oceanographic features derived solely from thermal data should be used
with caution. To examine this more closely, the boat-based surface T/S data
from 1985 and 1986 were used to examine frontal features represented by
temperature changes of at least 0.5°C and salinity changes of at least 1 psu.
The comparative amplitudes of frontal features defined in this way were
examined separately for 1985 boat transects 1 and 2 (Fig. 66) and for 1986
boat transects 1 to 4 (Fig. 67, 68). Along transect 1 in 1985, changes in
temperature and salinity were reasonably consistent. The only obvious
inconsistencies were event 11 on the inner shelf, where the temperature
gradient was very strong but the salinity gradient was not (Fig. 66A); and the
northernmost 12 km of transect 1, near the shelf edge, where temperature
continued’ to increase in the absence of a salinity gradient (Fig. 62A) e
However, along transect 2 in 1985, much larger discrepancies were evident
(Fig. 62B, 6~B1.

The 1986 boat transect data (Fig. 67, 68) indicate a similar lack of
correspondence in some temperature and salinity gradients. This was
especially evident along boat transect 3 and the inner portion of transect 4
(Fig. 64), where the match between temperature and salinity gradients was
poor. On transect 2, large temperature and salinity gradients generally
coincided with one another, particularly over the inner- and outermost
portions of the transect (Fig. 63, 67). .
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The lack of coincidence of some temperature and salinity gradients
implies that salinity gradients will not always be evident from maps of sea
surface temperature derived through remote sensing. Salinity gradients are
important in their own right because changes in salinity determine, for the
most part, changes in water density. Also, salinity is a more conservative
water property than is temperature, as salinity is modified less by vertical
heat exchanges (solar insolation or turbulent heat losses to the atmosphere).
For this reason, some significant frontal features, including zones Of
convergence and possible zooplankton aggregation> could be overlooked if one
considered only sea surface temperature. On the other hand, the availability
of synoptic and repeated data about water temperature (and color), as derived
from the remote sensing techniques, is a considerable advantage. The data
from this study showed that satellite, airborne and boat-based data are
complementary. No one or two of these three methods can provide all of the
data needed to characterize spatial and temporal changes in water masses.

Discussion

The distributions of physical oceanographic
Alaskan continental shelf and slope were examined

features over the Eastern
by means of data collected

from a boat in 1985-86, through remote sensing from
in 1985-863 and from’s review of the literature and
and wind patterns in 1985-86 were also summarized.

Water Masses

‘an aircraft and satellite
historical data. Sea-ice

The water column of the study area can”be categorized as zones or layers,
according to the vertical distribution of density (and salinity):

- An upper layer, extending from the surface to the upper portion of the
main seasonal pycnocline. The depth of this layer varies from 4 to 12
m over the central and outer parts of the continental shelf. In
nearshore areas (within 15 km of shore) the pycnocline can extend to
within 2 m of the surface.

- The main pycnocline, which extends downward from the upper layer to
depths of about 15 to 30 m outside the nearshore zone. In the
shallower nearshore waters, the pycnocline often extends to the ocean
bottom, or to a thin bottom boundary layer. The pycnocline is
characterized by strong vertical gradients in temperature, salinity and
density.

- The lower layer, occupying the deepest portion of water column from the
base of the pycnocline to the ocean bottom. Although density (and
salinity) exhibit weak vertical gradients within this layer,
temperature can vary widely.

Lower Layer.--The lower layer consists of two distinct water masses (Fig.
50-52) . Arctic Surface Water (ASW) is most common, being present throughout
the study area in 1985 and over most of the continental shelf in 1986. This
water is cold (<-l.O°C) and saline (>31 psu). It originates within the Arctic
Ocean through large scale exchanges between the waters of the Arctic Ocean’s
continental shelf and the underlying Atlantic Water in the deep basins of the
Arctic Ocean (Aagaard et al. 1981). In 1986, a second water mass was also
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present within the lower layer. This water originated in the Bering Sea and
flowed north and east along the edge of the Alaskan continental shelf
(Mountain 1974). Bering Sea Water rarely reaches as far east as the Eastern
Alaskan study area. The last recorded instance of an eastward intrusion was in
1951 (Fig. .39).

Bering Sea Water (BSW) is defined by temperatures >0.O”C at salinities of
30.0 to 32.5 psu (Mountain 1974). In September 1986, BSW with these
characteristics was observed at the outermost sta~ions on transects 1, 2 and
3* The spatial extent of the BSW was clearly evident in vertical sec~ions of
temperature (Fig. 47, 48). On the westernmost transects 1 and 2, where the
Bering Sea Water was most prominent, this water type was found at. depths of 20
to 110 m over the outer edge of the continental shelf and inner portion of the
continental slope (water depth >50 m). The core of the BSW occurred at or
near 30 m depth, with a maximum temperature of 3.4-4.1*C. Farther east on
transect 3, the BSW was found only over the slope, at reduced temperatures of
up to 0.750C; it extended over a considerable depth range--25 to 125 m. This
water type was not observed on the easternmost transect 49 although there was
evidence of slight warming at the outermost station at depths near 50 to 75 m.
The western origin of the water was clearly demonstrated by the progressive
reduction in the warm subsurface core from west ~o ease (Fig. 49). It is
likely that eastward advection was occurring actively during and following the
September 1986 study period. Data collected in early and mid October 1986
from the USCG vessel ‘Polar Star’ showed that the warm-subsurface core was
Ehen presene as far east as transect 4 (temperatures ~3°C; D. Thomson, pers.
Comm. ) m . .

Pycnocline Layer.--Within the intermediate pycnocline layer, water mass
types generally followed a linear gradation from the water mass properties of
the upper layer to Arctic Surface Water (ASW). Where Bering Sea Water
occurred, the gradation of TS properties within the pycnocline layer still
exhibited the influence of ASW, with the transition to BSW being limited to
depths immediately above the BSW itself.

At some locacions, another water mass type also occurred within tlie
pycnocline and the uppermost portion of the lower layer. This water type,
called Cold Halocline Water (CHW), was cold like ASW but less saline (27-31
psu) ● It originates as a mixture of Arctic Surface Water with the cold fresh
water that arises from mel~ing of the seasonal ice over the continental shelf.
Fresh water from the Mackenzie River and other local rivers may also
contribute to this water type, but this could occur only after cooling of the
river water to near-freezing temperatures. Mixing of the melt water from 2 m
of sea-ice with a 20 m layer of shelf water of average wintertime salinity of
32 psu (Melling and Lewis 1982) would result in a water column with 28 psu
salinity at near-freezing temperature,

CHW was present in the westernmost portions of the study area over the
middle and outer shelf in both 1985 and 1986. CHW was not clearly evident on
transect 3 (sampled in 1986 only) or transect 4 (1985-1986). Given the melt
and retreat of the seasonal ice cover throughout the study area, an
interesting question concerning Ehe distribution of CHW is why it was limited
to the outer continental shelf and beyond in the western portion of the study
area. The absence of CHW in the eastern or inshore portions of the s~udy area
suggests that it had been replaced in these regions by other wa~er types
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either through westward advection of water from Mackenzie Bay or by vertical
mixing, likely with ASW upwelled from below.

Upper Layer.--The water masses of the upper layer were more complex due
to the greater number of physical mechanisms influencing the upper layer,
including surface heat exchanges, ice melt and horizontal advection. Water
mass types observed within the upper layer included

1. !?earshore waters of estuarine or coastal influence--In both 1985 and
1986, narrow discontinuous bands of turbid water occurred in the
nearshore portions of the study area. In 1985, this type of water
occurred over small areas, seldom extending beyond 5-10 km from
shore. Temperatures reached 0.5-2.O”C. In 1986, the more intensive
sampling revealed bands of turbid nearshore water extending west at
least to 142*W. Surface temperatures and salinities showed
considerable variation in the nearshore band, from <1*C to >4”C, and
21-26 pSU. The lowest temperatures and salinities were associated
with scattered bands of melting ice. A more consistently
distinguishing feature of the nearshore band was the very thin
surface layer, with the pycnocline extending to within a few meters
of the surface. At and beneath the pycnocline, cold saline Arctic
Water was present at significantly shallower depths (5-15 m) than in
the adjoining and warmer inner shelf water slightly farther offshore.
The width of the nearshore band was also highly variable, ranging
from as little as 1 km to as much as 5-10 km from the coast or
barrier islands. On one occasion, 10 September 1986, turbid water of
coastal origin extended over 30 km offshore from Demarcation Bay.
The distribution of turbid nearshore bands varied considerably with
time. Within the official study area, they occurred most frequently
off the Kongakut River Delta [141.8*w) and Demarcation Bay,

2. Cold inner and mid-shelf waters--Over most of the continental shelf,
the upper layer was comparatively cold, saline and of low turbidity.
These waters had the temperature-salinity characteristics of Arctic
Surface water, as modified by solar insolation, melt of local
sea-ice, and mixing with Mackenzie Bay water. In 1985, typical
surface temperatures ranged from -1.5 to 0.5*C, while salinities were
in the 25-29 psu range. In 1986, the cold waters over the inner and
mid-shelf were confined to the west of 142”W. Even in these areas,
temperatures were warmer than in 1985, with surface values of -0.5 to
2.5*C. Salinity levels were similar to those of 1985, ranging from
25-28 pSU.

3. Warm inner ”and mid-shelf waters--Much warmer surface waters were
present in the eastern portion of the study area during September
1986 than were observed farther west in 1986 or throughout the inner
and mid-shelf areas in 1985. Temperatures were 2.5-5.O*C.
Salinities were little changed from 1985--25 to 28 psu. The origin
of the warm water in 1986 may have been related, iri part, to the
somewhat earlier clearing of sea-ice from the study area in 1986 as
compared to 1985, resulting in greater solar insolation. Local
estuarine sources may also have played a role in the warming of the
surface waters over the inner shelf, as indicated by the persistent
temperature maxima measured off the Kongakut Delta from 6-10
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September (see item (1) above). However, the satellite data (Fig.
33) strongly suggest that the increased temperature of the upper
layer was partly of Mackenzie Bay origin. On the thermal imagery
from 6-10 September 1986, a branch of the warm Mackenzie Bay water
appeared to have been advected west into the inshore portions of the
study area, extending west to 142°W. The warm water appeared EO
originate as part of the core of warm, turbid Mackenzie Bay water
present east of Herschel Island. This warm water separated from the
main northwesterly oriented branch along the continen~al  shelf edge,
and extended due west within 20 km of the north shore of Herschel
Island, West of Herschel Island, the warmer temperatures became less
homogeneous, and cold large-scale eddies and meanders were
interspersed through the generally warmer inshore waters.

4. Offshore Mackenzie Bay water--Along the eastern edge of the study
area ~ the warm and turbid water from Mackenzie Bay was most prominent
in offshore waters, extending from the outer continental shelf (over
depths >50 m) across the continental slope to depths >2000 m. These
waters occupied much of the large area of open water that extended
unusually far offshore in early to mid September 1985. Satellite
imagery suggested that the warm waeer was steered northwest along the
steeply sloping shelf break past the protrusion of Herschel Island.
Near the east side of the official study area, large-scale eddies and
meanders were observed along the southern edge of the warm core of
Mackenzie Bay water. These processes resulted in advection of
Mackenzie Bay water into the continental shelf off northeastern
Alaska.

The influence of Mackenzie Bay water decreased in the west part of
the study area. In’ 1985, under prevailing easterly winds, the
influence of Mackenzie Bay water was observed across th,e full width
of the offshore portion s~udy areas albeib at reduced temperatures in
the western half. Zn 1986, the measurable influence of Mackenzie Bay
water was limited to the eastern half of the offshore portion of the
study area. In both years, strong northwest winds during mid-
September reduced the effects of Mackenzie Bay water throughout the
study area, through a combination of vertical mixing of the water
column and strong wind-driven eastward advection.

Large-Scale Advection Patterns

The distribution of near-surface oceanographic features was strongly
related to regional wind patterns. During most of August and the first half
of SepEember 1985, the prevailing winds were easterly. As a result, the
comparatively warm, fresh and turbid water of Mackenzie Bay was advected
westward into the offshore portion of the Eastern Alaskan Beaufort Sea. In
September 1985, the offshore core of warm, turbid water was more prominent in
Eastern Alaskan waters than had been observed in previous years from satellite
imagery (cf. F’issel et al. 1985; also Fig. 20, 21 of this report). Heavy ice
condition~in  the easternmost part of the Canadian Beaufort Sea during the
summer of 1985 may also have contributed to the unusual westward extent of
warm fresh water ‘in
eastward dispersal of

the offshore portion of the study area. The reduced
riverine water in 1985 likely contributed to the strong
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riverine characteristics of Mackenzie Bay waters advected into the Eastern
Alaskan area by the prevailing easterly winds.

In 1986, easterly winds were less dominant than in 1985, and the westward
e_xtent of the warm freshwater of Mackenzie Bay water was reduced. The warm
core of the water remained along the continental shelf edge east of the
official study area. Offshore from the continental shelf, the influence of
Mackenzie Bay water was limited to the easternmost portion of the study area
in 1986.

Over the inner half of the continental shelf, particularly in the
southeastern part of the study area$ acivection patterns and the properties of
the surface water were more complex in 1986 than 1985. Although the 1985 data
were limited, the inner shelf waters were generally cold, clear and saline,
with the exception of a narrow discontinuous nearshore band of turbid and
perhaps warmer water. During 1986, a general elevation in surface
temperatures within the eastern inshore waters was accompanied ,by (1) evidence
of westward advection of warm Mackenzie Bay water past Herschel Island into
the inshore areas; (2) a large and more variable nearshore band of turbid and
usually warmer water extending up to 30 km from shore, particularly off the
Kongakut Delta and Demarcation Bay; and (3) sizable areas of much cooler
surface waters in the form of eddies or meanders embedded within the warm
inshore waters. Also of interest were the large gradients at depth within the
nearshore wagers; colder and more saline water was present below the nearshore
band in 1986, (It is not clear whether similar differences existed in 1985,
given the limited sampling on the inner shelf, although the much colder
surface temperatures of the inner shelf waters in “1985 make this seem
unlikely.) Along with the more complex spatial distribution observed in 1986,
the inshore areas were characterized by a high degree of time variability,
with major changes occurring over periods as short as two days,

The remarkable differences in the inshore oceanographic regimes of the
eastern half of the study area between 1985 and 1986 are difficult to explain.
The variable wind field of 1986 may have been conducive to a greater level of
mesoscale variability than were the more persistent easterly winds and
large-scale advection patterns experienced in 1985. Large eddies and meanders
over scales of a few tens of kilometers tend to be more prominent in the
absence of strong winds.

During both 1985 and 1986, periods of strong northwest or west wind
occurred in mid-September, and resulted in major changes in water masses. The
wind caused eastward advection combined with strong vertical mixing of the
water column. After each of these periods of west wind, the warm core of
Mackenzie Bay water was”no longer identifiable in the offshore portions of the
eastern Alaskan Beaufort Sea. The Mackenzie Bay water had retreated eastward.
Perhaps equally important, the warm fresh water in the surface layer had been
mixed with the cold saline Arctic Water that had previously been underlying
the surface ~ayer of Mackenzie Bay water. In addition, heat from the surface
layer was lost to” the atmosphere. The northwesterly winds of mid-September
1985 also brought much pack ice into most parts of the study area. The
westerly winds in 1986.did so to a much lesser degree.
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The effects of large amounts of vertical mixing were also evident in
boat-based data collected over &he inner and middle continental shelf after
the strong northwesterly winds in mid-September of 1985. (No similar data
were available for 1986.) The surface layer became considerably cooler, more
saline and deeper, and it became les~ clearly differentiated from the colder
more saline water beneath. No boat-based observations of the narrow coastal
band of warmer water were obtained after the strong northwesterly winds began.
However~ satellite imagery from 18 September 1985 (Fig. 27) showed a band of
turbid water along the coast, extending 10-15 km from shore, The higher
turbidities presumably reflected wave-induced resuspension of boetom
sediments.

Upwellinq

Upwelling of nutrient-rich water from deeper EO shallower depths may
enhance primary production and increase the food supply for zooplankton. The
boat-based oceanographic data demonstrated that coastal upwelling, driven by
the dominant easterly winds, was present at least from 5 to 10 September in
1985. The upward tilting of temperature and salinity contours at depth
indicated thae the cold saline Arctic Water found at depth near the shelf edge
was being transported shoreward onto the inner shelf$ just seaward from the
narrow band of warmer water found along the coast. The satellite and airborne
data of 1985, along with nutrient data (Fig. 154), were also consistent with
the occurrence of upwelling over the inner shelf. During and after the period
of s~rong norehwest windsj upwelling probably stopped, given the absence of
any known driving mechanism.

Iri 1986, there was no evidence of upwelling in the subsurface TS data
from the inner shelf and nearshore zones, in the remote sensing data, or in
the nutrient measurements (Fig. 154). The absence of any pronounced coastal
upwelling in 1986 was expected because easterly winds were less prevalent from
mid-August to mid-September in 1986 than in 1985,

These 1985-86 data, along with pre-1985 dataa show that episodes of
coastal upwelling often occur within the study area, but may not occur in all
years. Based on 11 temperature and salinity data sets examined in this study,
spanning the years 1951-86, strong evidence of upwelling was evident in 4
years, including 1985, and there was evidence of a lesser or indeterminate
degree of upwelling in four others. In three data sets (two in 1957; 1986),
there was no evidence of upwelling.

Frontal Features

Two large scale fronts (many kilometers in length) occur commonly in the
study area. These are (1) the front along the southern edge of warm and less
saline Mackenzie Bay water, generally near the continental shelf edge in the
eastern part of the study area, and (2) the boundary between turbid nearshore
waters and less turbid~ and generally cooler, inher shelf waters. The first
type of front occurs far offshore in the eastern part of the study area,
although it can extend westward well into the study area during prolonged
periods of easterly winds, as in 1985. The nearshore front appears to have a
spatially intermittent character, often being limited to or more prominent
near the mouths of lagoons or bays.
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Other large-scale fronts also occur intermittently. In 1985, frontal
features separated surface waters of low (<0.5”C), intermediate. (0.5.to 2.0°C)
and warm (>2.O”C) temperature over the continental shelf. The locations of
these fronts varied considerably over a one week period. In 1986, large-scale
thermal gradients were also present, but they tended to have a north-south
orientation, separating cold water in the west from warm water in the eastern
half of the study area.

The airborne data of 1985-86 and the satellite imagery of 1980-86 suggest
that meanders and eddies associated with fronts can bring warmer water onto
the continental shelf from farther offshore, or from the east. Typical
diameters of these localized features, as resolved in the satellite imagery~
ranged from a few kilometers or less up to 10-15 km. Higher resolution
sampling in the horizontal plane, as conducted from the aircraft and the boat,
revealed large gradients over spatial scales as small as a few hundred meters.
In 1986, prominent offshore extensions or filaments of the turbid nearshore
waters also occurred, particularly off the Kongakut Delta and Demarcation Bay.

During and following the periods of northwest or west wind in mid-
September of both 1985 and 1986, the surface gradients in temperature were
much reduced, due to the eastward advection and strong vertical mixing
associated with the intense wind events. Variation in surface water
temperature was at most 1 C“ throughout the ice-free portion of the study
area. No well-defined fronts were evident in the satellite imagery obtained
after westerlj winds.

Gradients in surface salinity did not always coincide with gradients in
temperature. Thus remote sensing data from aircraft and satellites, which are
based on thermal and color sensors, may not identify all important frontal
features. Salinity fronts, indicative of differences in the density of
surface waters, may be important in identifying possible areas of surface
convergence and aggregation of zooplankton. It may=be possible to infer
surface salinity from water color (Borstad unpubl.)  but the relationship
between these quantities is not a simple one. Water color depends on the
concentrations of dissolved organics  and chlorophyll as well as suspended
sediments. In particular, salinity vs. water color relationships established
for offshore areas would not be valid for areas closer to the sources of
sediments --river mouths and shallow areas where bottom sediments are
resuspended under wave action.

Water Masses vs. Bowhead Whales

In September 1985 whales were rarely observed within the official study
area although they were observed in some numbers just to the east along the
Yukon coast off Komakuk. In early September 1986, bowhead whales made more
extensive use of coastal portions of the study area as far west as 142*W (see
‘Bowheads ‘ section s later). A major difference in water property
distributions was evident between the two years in the southeastern portion of
the study area. In 1986, the inner shelf waters were considerably warmer,
apparently due to greater westward advection of Mackenzie Bay water on the
shelf proper, combined with possibly enhanced solar insolation. Moreover, the
turbid nearshore waters extended over a considerably larger area in 1986, with
occasional instances of filaments of turbid warm water extending 10-30 km from
shore. Also present in the nearshore zone during 1986 was cold saline Arctic
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water. This occurred immediately beneath the thin, turbid upper layer. AS a
result, at the boundary between the nearshore and inner shelf waters there
were strong horizontal gradients at depths of 5-15 m (Fig. 58, 59). It seems
unlikely  Ehat similar strong horizontal gradien~s existed in 1985. Similar
but more intense frontal conditions occur more frequently off the Yukon coast,
particularly between Shingle and King Points in Mackenzie Bay, e.g. in 1985
(Bradstreet and Fissel 1986; Bradstreet et al. 1987).

Thus it seems reasonable to hypothesize that the presence of bowhead
whales in nearshore areas may be related--at least sometimes--to the
occurrence of a well developed nearshore band of turbid water with underlying
cold, saline Arctic water extending nearly CO the surface, accompanied by
generally warmer and less saline water farther offshore over the inner shelf.
The resulting strong gradients, in both the horizontal and vertical, may
provide an aggregation mechanism for concentrating zooplankton.

Conclusions

1.

2,

3.

4.

5,

6.

7.

8.

Water masses in the study area can vary considerably from year to
year, and within years. The variability results from the peripheral
location of the study area relative to the sources of water masses
originating in the Mackenzie Bay area and in the Bering-Chukchi Sea
region.

The water column consists of three reasonably distinct zones: an
upper layer, Che pycnocline~ and a lower layer.

In the upper layer, extending from the surface to depths of 4-12 m,
there is lit~le vertical change in temperature, salinity or density.
However, temperature and salinity vary considerably with location and
time. .

.,
The main pycnocline extends from the bottom of the upper layer down
to 15-32 m. Salinity and density increase and temperature decreases
with increasing depth.

The lower layer , extending from the pycnocline to the sea boteom, has
comparatively weak vertical gradients in salinity and density9
although there can be large temperature changes.

In September 1985, the lower layer consisted exclusively of cold,
saline Arctic Surface Water (ASW), which originates at depths of
0-200 m in the Arctic Ocean proper.

In September 1986 but not 1985, a very prominent subsurface core of
much warmer Bering Sea Water (BSW) was present over the outer
continental shelf and continental slope. Maximum temperatures of
3-4eC were observed. The occurrence of BSW within the study area is
apparently rare, based on the limited previous data from this area.

Within the pycnocline, water mass types were either (a) a mixture of
the deeper ASW with the overlying upper layer; or (b) Cold Halocline
Water (CHW). CHW originates as a mixture of ASW with the cold, fresh
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upper layer present during seasonal ice melt. CHW occurred mos~
frequently in the western offshore portion of the study area.

9. The influence of the massive freshwater outflow from the Mackenzie
River extends into the Eastern Alaskan study area to varying degrees.
Warm, fresh, turbid water of Mackenzie Bay origin was present in the
upper layer over the offshore portion of the study area, from the
edge of the continental shelf to abyssal depths.

10. The influence of Mackenzie Bay water was more prominent in early
September 1985 than in September 1980-84 or 1986. The strong
influence of Mackenzie Bay water in 1985 resulted from an extended
period of easterly winds combined with heavy ice conditions in the
easternmost part of the Canadian Beaufort Sea.

11. The characteristics of the upper layer differed at different
distances from shore. The influence of the Mackenzie River was
usually strongest far offshore, at and beyond the shelf break. Over
the continental shelf, the surface layer in the nearshore zone
differed from that farther offshore over the inner and middle shelf.

12. The nearshore water mass showed strong estuarine” influence. It
occurred as a thin, narrow discontinuous band of turbid water along
the coast in both 1985 and 1986. The areal extent of this water type
was larger in 1986 than 1985. Beneath the thin s“urface layer, cold
saline Arctic Water was found within 5-15 m of the surface.

13. In 1985, over most of the continental shelf beyond the nearshore
zone, the upper layer was characterized by cold (<1.5-2.5°C)  saline
Arctic water. In 1986, this cold water in the upper layer was
generally confined to areas west of 142eW over the inner and middle
shelf.

14. Zn 1986, the upper layer over the eastern portions of the inner and
middle shelf was “much warmer (2.5-5.0°C).  The additional heat content
was likely due, in parts to greater solar insolation resulting from
earlier ice clearing in August 1986 than in August 1985. Some of the
heat may also have been due to advection of water from Mackenzie Bay
or warm discharges from local estuaries.

15. The distribution of water masses and sea-ice changed markedly in
mid-late September of both 1985 and 1986, as’ a result of strong
northwest or west winds. Following the strong winds, water of
Mackenzie Bay origin was no longer identifiable in the Eastern
Alaskan Beaufort Sea. High levels of vertical mixing had resulted in
cooler, more saline, and more homogeneous surface water. Northwest
winds in mid-September 1985 brought much ice into the study area;
west winds in 1986 had much less effect on ice.

16. CTD and nutrient data provided strong evidence of coastal upwelling
in the inner shelf zone during the 5-10 September 1985 period, but
not in the 10-19 September 1986 period. This difference was to be
expected, given the more consistent easterly winds in 1985.
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17. Large scale frontal features occur in most years within the study
area. One front occurs along the inshore side of Che warm, less
saline Mackenzie Bay water near the shelf break. This front is
strongest in the eastern part of the study area. Another front
separates turbid nearshore waters from cooler and clearer inner shelf
waters. Other large scale frontal features were more ephemerals
differing considerably between 1985 and 1986.

18. Airborne and satellite remote sensing suggested that meanders and
eddies, likely of offshore origin, were present w~t~~n the ~o~d,
saline surface waters over the inner shelf. Typical diameters~ as
resolved in satellite intagery~ ranged up to 10-15 km.

19. Intense frontal features over spatial scales as small as a few
hundred meters were detected by higher resolution sampling from the
aircraft and boat,
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ZOOPLANKTOI17  AND HYDROACOUSTICS*

Introduction

Marine zooplankton  is the major type of food utilized by bowhead whales
Ehat feed in the study area. Stomachs of bowheads taken during autumn near
Kaktovik contain mainly copepods and euphausiids, usually with only small
contributions of other taxa (Lowry and Frost 1984; Lowry et al. 1987). There
have been some surveys of the species composition and numerical abundances of
the zooplankton  in the Beaufort Sea (e.g. Homer 1981). However9  before 1985
virtually no data were available on the biomass of zooplankton  within the
study area or on the vertical and horizontal distribution of zooplankton
patches. In addition, patterns of zooplankton distribution had not been
examined in relation to physical factors (e.g. temperature and salinity) that
are known to affect zooplankton in other areas. Also, few data were available
on the caloric content of the zooplankton  in or near the study area in late
summer or fall. All of these data are important in evaluating the importance
of the study area to bowhead whales.

The primary objectives of the two year zooplankton  and hydroacoustic
portions of the study were to provide data to fill these gaps by determining
(1) the broad-scale horizontal and vertical distribution patterns of
zooplankton  biomass within the southern portion of the study areaj (2) the
~ine-scale characteristics of zooplankton near concentrations of feeding
whales, (3) the caloric content of the major species and groups of zooplankton
that comprise the diets of bowhead whales, viz. small and large copepods,
mysids, euphausiids, etc.t and (4) physical am chemical characteristics of
the water masses (e.g. temperature, salinity and chlorophyll levels) that are
believed to affect zooplankton distribution and abundance in the study a~ea.

Both the 1985 and 1986 field seasons were planned.around 25-d charters of
a 13-m boat, the ‘Annika Marie’. The intent during each season was to conduct
a broad-scale survey of zooplankton in the southern part of the study area
early in the field period (prior to the arrival of many whales), and then to
conduct fine-scale surveys of zooplankton near feeding whales. If time
allowed, additional broad-scale surveys were planned at the end of the field
season. A combination of quantitative hydroacoustic  surveys plus net sampling

-was planned during both broad- and fine-scale surveys. Net sampling would
provide specific data on biomass, species composition and caloric content of
the zooplankton at selected locations. The hydroacoustic  surveys, after
calibration by net sampling, would provide far more extensive data on the
vertical distribution of biomass at all locations along transects.

It was expected that this approach might have to be modified in response
to the vagaries of ice, weather, and whale distribution, and that was indeed
the case. In 1985, ice, that had covered much of the study area until late
August moved offshore by early September, and broad-scale surveys of
zooplankton  began on time. However, there were virtually no whales within the

* By William B. Griffiths and Denis H, Thomson (LGL Ltd.) and Gary E. Johnson
(BioSonics,  Inc.).
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study area’ in early and mid September 1985, so fine-scale work near feeding
whales was not possible. Ice covered most of the study area after 17
September, and boat-based work within the study area was not possible after 19
September. Despite these problems, the 1985 field program provided much new
information about the vertical and horizontal distribution of zooplankton
within the Eastern Alaskan Beaufort Sea, the patchiness. of the zooplankton,
and its quantitative composition (see Griffiths et al. 1986; the 1985 results
are also summarized in this report). During the 1986 field period~ the study
area was virtually ice-free. Feeding whales were already present by early
September, so fine-scale sampling of zooplankton near concentrations of
bowhead whales was conducted on 4-7 September, immediately after the arrival
of the boat in the study area. Samples were collected at five sites with
whales present or where whales had been observed within the preceding 24 h.
Three sites were within the official study area, just off the Kongakut Delta.
Two sites were slightly farther east in Canadian waters, but west of Herschel
Island. The remainder of the 1986 field season (10-19 September) was devoted
to broad-scale zooplankton sampling within the official study area.

In October of 1986, additional zooplankton sampling was conducted over
the Alaskan Beaufort Sea as a whole. These samples were collected from the
icebreaker ‘Polar Star’ along five transects extending perpendicular to shore
from about the 50 m to the 2000 m contours. Transects were spaced between Pt.
Barrow and Demarcation Bay; the easternmost two of these transects were near

““- the eastern and western boundaries of our primary study area. The resulting. .
data allowed us to compare the zooplankton over the continental shelf in our
official study area (as sampled from the ‘Annika Marie’ in September of both
years and the ~polar star’ in October 1986) with zooplankton farther north and
west (as sampled from ‘Polar Star’ alone). The ‘Polar Star’ results also
provided information on the late season caloric content of specific-...
zooplankters within the Alaskan Beaufort Sea as a whole.

The zooplankton data from 1985 and 1986, in conjunction with physical
measurements taken in both years of the study from the boat, the aircraft, and
satellite sensors (see ‘Water Masses’ section, earlier), were used to address
one of the primary objectives of the study: to document zooplankton
distribution and abundance, the physical factors affecting zooplankton, and
the characteristics of zooplankton near concentrations of feeding whales.

Present State of Knowledge

Distribution and Species Composition

The composition of arctic zooplankton communities has been shown to be
clearly related to physical conditions, notably temperature and salimity
(Johnson 1956, 1958, 1963; Grainger 1965, 1975; Hopkins 1969). Based on these
physical characteristics, the Arctic Ocean has been divided into three major
water masses: Arctic Surface Water, Atlantic Water and Arctic Bottom Water
(Grainger 1965). However, the boundaries between these water masses are
somewhat arbitrary since they gradually merge into each other (Herlinveaux and
de Lange Boom 1975). The cold (usually O“ to -1.9*C) Arctic Surface Water
extends from the surface to about 150 m, and to a maximum of 250 m in the
Canadian Basin. The Atlantic Layer occupies depths from 150-250 m down to 900
m; its most characteristic feature is a temperature slightly above O°C. Arctic
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Bottom Water occurs below 900 m and has temperatures characteristically below
O°C arid a narrow range of salinities--34.90 to 34.99 psu (Grainger 1965i
Herlinveaux and de Lange Boom 1975)* In addition, a fourth water mass has been
identified between 50 and 100 m depth; it has been labeled as Pacific or
Bering-Chukchi Sea Water. This water enters through the Bering Strait and is
most noticeable in the Chukchi Sea although it does extend sporadically into
the southeastern Beaufort Sea (Grainger 1965). A detailed description of these
water masses is provided in the ‘Water Masses! section, p. 23-26 and 84 %0

Based on horizontal and vertical distribution patterns and physical
measurements, Grainger (1965) describes three major groups of zooplankton  in
the Beaufort Sea and adjacent marine waters. One group is characteristic of
inshore waters and the upper 100 m of offshore waters. The species that
constitute this group are typically tolerant of a wide range of temperatures
(-1° to about 5-IO”C) and salinities (20 to 30 psu), and include the medusae
Aglantha digitale and Aeginopsis laurentii, the pteropods Spiratella (=
Limacina) helicina and Clione limacina, the cteaophore Be~oe cucumis, and
several species of copepods--Calanus hyperboreus,  q. glacialls, Pseudocalanus
minutus, Microcalanus pygmaeus, Metridia longs, and Oithona similis. A second
-s characteristic of nearshore brackish waters along the coastlines of
the Beaufort and Chukchi seas and includes the medusae Euphysa fla-hnea  and
Obelia sp., and the copepods Limnocalanus macrurus, Acartia clausi. and
Eurytemora herdmani. These species are typically found in waters of relatively
hizh tem~eratures (1° to 12°C) and low salinities (8 to 25 psu), character-.
istic of nearshore brackish waters during the open water season. The third
group is restricted to colder (below I“C), more saline (>32 psu)j offshore
deep water. Species in this group include the ostracod Conchoecia maxima and
the copepods Gaidius tenuispinus, Heterorhabdus  norvegicus, Scaphocalanus
magnus, and Chiridius obtusifrons (Grainger 1965).

JohnsoR (1963) showed that there was an increase in the number of sPecies
of zooplankters to depths of 1000 to 1500 m and a decrease beyond these
depths. The three most abundant species of copepods, Calanus glacialis, ~.
hyperboreus’ and Metridia longs, had wide vertical distrib- (25 to 1000 m)
but were most abundant in the lower part of the Arctic Surface Water and upper
portion of the Atlantic Water at 50-200 m depth (Johnson 1963). Grainger
(1965) recognized three groups of zooplankton in relation to vertical depth:
(1) species found in high numbers in the Arctic Surface Water; (2) species
associated with the Atlantic Water and the deep transitional zone of the
Arctic Surface Water; and (3) species found near the surface in coastal
waters. The compositions of these groups overlap with those defined above and
their distributions are related to temperature and salinity (Grainger 1965).

The northeastward flow of Bering Sea Water into the Chukchi and Beaufort
seas brings with it Pacific fauna from the Bering Sea> typified by the
copepods Calanus cristatus~ ~. t,onsus, Eucalanus bungii, and Metridia lucens
(Johnson =963). These species are termed ‘expatriate’ in that there is
Iictle or no local reproduction and they must be replenished from Bering Sea
stocks. The nearshore distributions of Ehese species east of Point Barrow vary
from year to year; ehey have been reported as far east as the Alaska-Yukon
border (Johnson 1956, 1963).
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One factor affecting the distribution and species composition of
Zooplankton .in the Beaufort Sea, particularly in nearshore waters, is the
outflow of large rivers like the Colville in Alaska and the Mackenzie in
Canada. It is generally believed that the outflow of this fresh water
suppresses production of stenohaline marine species in the Beaufort Sea
(Johnson 1956, 1963). However, Grainger (1975) found that the highest
densities of zooplankton occurred in sheltered -bays influenced by the
Mackenzie River (e.g. Mason Bay, Tuktoyaktuk Harbor and Liverpool Bay).
Although densities were high in these areas, species diversity was low. The
euryhaline copepods Limnocalanus  macrurus, Pseudocalanus  mainutus, Acartia
clausi and Eurytemora herdmani accounted for most of-the organisms present.

Although copepods. contribute more than other taxa to zooplankton
densities and biomasses in the Beaufort Sea (over 80%; see below), other
groups such as amphipods, mysids and euphausiids are locally abundant and
constitute significant portions of bowhead diets in our study area (Lowry and
Frost 1984; Lowry et al. 1987). These three groups occur all along the coast
of the Beaufort Sea (Geiger et al. 1968; Grainger 1975; Homer 1978, 1979,
1981; Broad et al. 1980; Griffiths and Dillinger 1981; Griffiths and Buchanan
1982; Jewett et al. 1984). The dominant amphipod species vary along the coast,
with Onisimus litoralis, O. glacialis and Gammarus setosus being the most
abunda-earshore  water= (<2 m depth) and Parathemisto libellula, Apherusa
~lacialis and Boekosimus affinis being more abundant in deeper offshore waters
(Broad et al. 1980; Griff-d Dillinger 1981). Mysis litoralis is found in
the nearshore region across the Alaskan and Canadian Beaufort Sea coasts;
howeverj its numbers decrease with distance from shore (Homer 1978, 1979;
Broad et al. 1980; Griffiths and Dillinger 1981). Three euphausiids--
Thysanoessa inermis, ~. raschii and ~. longipes --have been reported along the
continental shelf and slope of the Alaskan and Canadian Beaufort Sea (Geiger
et al. 1968; Grainger 1975; Homer 1978, 1979,1981; Broad et al. 1980).

Density of Zooplankton

Comparisons of the standing crop of zooplankton within different regions
of the Beaufort Sea and among various areas of the arctic and subarctic are
confounded by several factors. These include patchiness in the abundance and
distribution of zooplankton on both a large scale (1000’s of meters) and small
scale (10’s of meters), the wide variety of net and mesh sizes used in the
various studies, and the fact that most authors report their results in terms
of number (density) rather than biomass.

With these limitations in mindj some general patterns in zooplankton
density have been reported. Hopkins (1969), who sampled from ice islands T-3
and Arlis II, found the Arctic Surface Layer (depths 0-200 m) to be more
‘productive! (averages of 56 indiv/m3; 0.62 mg dry wt/m3) than either the
Atlantic Layer (depths 200-900 m; 13 indiv/m3; 0.14 mg dry wt/m3) or the
Arctic Bottom Water (depths >900 m; 3-4 indiv/m3; 0.04 mg dry wt/~3). In all
cases, copepods (particularly Ca2anus)  contributed most to the zooplankton
biomass; their average contri-s in the Arctic Surface, Atlantic and
Arctic Bottom layers were 83, 85 and 89%, respectively (Hopkins 1969).
Similarly, in the eastern high arctic, copepods constituted 79% of zooplankton
biomass in the upper 150 m of Lancaster Sound and 84% in the upper 150 m of NW
Baffin Bay (Sekerak et al. 1976a, 1979; Buchanan and Sekerak 1982).
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Other groups that occasionally contribute significantly to zooplankbon
biomass include hydromedusae, euphausiids,  amphipods,  mysids, chaetognaths,
pteropods, decapods and larvaceans (Hopkins 1969; Sekerak et al. 1976a, 1979;
Buchanan and Sekerak 1982; Griffiths and Buchanan 1982). Any of the above
groups may be locally abundant and at times overshadow the importance of
copepods. These types of local abundance have been reflected in the stomach
contents of bowhead whales. The stomachs of eight bowheads taken at Kaktovik
(Barter Island) in. late summer contained copepods (66% of volume), euphausiids
(31%), mysids (1%), and amphipods (0.5%). Three additional whales taken more
recently at Kaktovik contained mainly small copepods,  mysids, euphausiids and
gammarid amphipods (Lowry et al. 1987). At Barrow euphausiids contributed 90%
of the diet in aubumn (n = 2; Lowry and Frost 1984). Copepods contributed
0-99.7% of the stomach contents of various whales.

Previous data on the abundances (no./m3) of the major zooplankton groups
near Kaktovik, in the Herschel Island area, and the outer Mackenzie Delta
region have been compared by Griffiths et al. (1986). Overall, the abundances
are much higher than the 56 individuals/m3  reported by Hopkins (1969) for the
Arctic Surface Layer of the Arctic Ocean farther north. This suggests that the
southern margin of the Beaufort Sea is more productive than the Arctic Ocean
in general. This is to be expected since nearshore waters of the Beaufort Sea
are relatively ice free during summer, and receive more nutrients from the
land than does the permanently ice-covered portion of the Arctic Ocean.

Pre-1985 data suggest that zooplankton abundance in the Barter Island
area (avg: 137 indiv/m3) may be lower than off &he Mackenzie Delta (avg: 1176”
indiv/m3)  or near Herschel Island (avg: 1103 indiv/m3) (Table 5). However, the
results in Table 5 are not eotally comparable since the confounding factors of
variable mesh size, tow type and sampling date cannot be eliminated.

In summary, based on temperature and salinity patterns, the Arctic Ocean
has been divided into three main water masses: the Arctic Surface Water, the
Atlantic Layer and the Arctic Bottom Water. The zooplankton has similarly been
divided into three groups which tend to coincide with these water masses.
Copepods (particularly the genus Calanus) contribute most of the zooplankton
biomass. Zooplankton abundance generally is highest in the Arctic Surface
Layer and nearshore brackish waters, and ‘lower in the Atlantic Layer and
Arctic Bottom Water.

Materials and Methods

Zooplankton is known to occur in patches or layers of variable size, e.g.
10’s to 1000°s of meters wide (Mackas et al. 1985). To determine the food
available to bowhead whales, it was necessary to estimate both the spatial
extent of the patches and the biomass available within and between patches. To
accomplish this, we condvcted co-ordinated hydroacoustic surveys along
transects and net sampling at specific stations on chose transects.
Hydroacoustic  surveys with quantitative high-frequency echosounders provided a
way to determine the relative biomass at each depth along various transects,
and to reveal the dimensions and locations of patches of concentrated
zooplankton. Net sampling provided a way to estimate the actual biomass of



Table 5. Abundance (no. /m3) of major zooplankton groups during previous
studies in the Alaskan and Canadian Beaufort Sea.

Kaktovika Mackenzie Deltab Herschel Islandc

Date Sept 78 Jul 73, Aug 51 Jul 73, Sept 74
Depth Range (m) 15-25 4-27 26-90
Mesh Size (pm) 505 73 282 73 579

Hydrozoan 4.2 3.5 O*5
Copepods 132 - 1149 1103
Mysids 0,5 7,5 +d
Amphipods 0.6 15.8 +
Euphausiids Xe

Total 137 1176 1103

Number of Samples 4 4 . 5

- a Homer (1979), double oblique tows, September data.
b Grainger and Grohe (1975), vertical tows, July-August data. “

- c Grainger and Grohe (1975), vertical tows, July-September data.
.-

d + means present but less than l/m3.
e x means present but less than 0.1/m3.

zooplankton at selected locations inside and outside patches, and to obtain
data on the species composition, sizes, and caloric content of the
zooplankters. One goal during each year of the study was to deveIoP a
regression relationship that could be used to convert relative biomass data
from hydroacoustic  surveys into absolute biomass.

Most boat-based sampling was conducted from the ‘Annika Marie’, on 4-1&
September in 1985 and 4-19 September in 1986. Locations of sampling stations
and of hydroacoustic  transects were determined using a Magnavox 4102 satellite
navigation system. In 19859 we completed two SSW-NNE transects from shallow
waters out to the 200 m contour (1985 Boat Transects 1 and 2), plus another
transect out to the 40 m contour (1985 Boat Transect 4; Fig. 69). In 1986, we
sampled four SSW-NNE transects from nearshore waters out t-o the 200 m contour
(1986 Boat Transects T1 to T4; Fig. 69), plus ten shorter
concentrations of whales (1986 Boat Transects A to J; Fig.
additional five on/offshore transects were sampled in October
‘polar Star’ cruise over depths 50 m to 2000 m (Fig. 72).

Net Sampling of Plankton

transects near
70 and 71). An
1986 during the

In 1985, net sampling was conducted at 12 stations along the three
hydroacoustic transects (see Griffiths et al. 1986, p. 66-71, for sampling
details). During 1986, net sampling was conducted at a total of 29 stationsj
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FIGURE 69. Locations of hydroacoustic transects and specific stations sampled
for zooplankton and/or physical measurements in September 1985 and 1986. Depth
contours are from hydrographic charts, and are approximate.
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October 1986.
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18 along the four broad-scale transects (Transects T1 to T4) and 11 alonz the
ten sho~ter transects near concentrations of
6). In October 1986, 12 stations were sampled
Pt. Barrow and Demarcation Bay (Table 7).

The stomachs of bowhead whales taken in
large (>2 mm length) marine zooplankton like

whales (Transects A to J; ?able
along the five transects between

our study area contained mainly
the herbivorous copepod qalanus

hyperboreus and the euphausiids Thysanoessa spp. (Lowry and Frost 1984). These
large organisms were selected as the focal points of the present study. To
facilitate their capture, we used only large mesh nets (0.5 mm) during both
years of the study. These nets capture zooplankton as small as 1.0 mm long;
such small zooplankters were found to be important in parts of our study area.

Oblique Bongo Tows.--In both 1985 and 1986, oblique tows were performed
using a bongo frame fitted with two 0.61 m diameter plankton nets (mesh size
0.5 ‘m) and a flowmeter (General Oceanics Inc., model 2030). In samples
collected from the ‘Annika Marie’, the nets were towed at approximately 1 m/s
and sampled the water column during both descent and ascent. In shallow waters
(<40 m), this descent-ascent cycle was repeated from three to ten times,
depending on depth,’ in order to obtain a tow of sufficient duration to compare
with tows in deeper waters. In 1985, one oblique tow was performed at each of
the 12 stations where ice conditions permitted. The maximum target depth at
each 1985 station was determined from the hydroacoustic system to ensure that
all zooplankton concentrations were included. In September 1986, one oblique
zooplankton  sample was Eaken to a maximum depth of 50 m at each of the 29
stations. At stations where the hydroacoustic’  system detected zooplankton
concentrations below 50 m depth, an additional oblique tow was taken to
include these concentrations. This situation occurred only once, at Station
T2-5 on Transect 2. During the ‘Polar Star’ cruise, the nets were towed at
approximately 1 m/s and the descent-ascent cycle was done only once. In all of
the above cases, actual maximum depth of oblique tows was computed from wire
angle and the amount of wire out. Depth of tow and”water. depth at each 1986
station are shown in Tables 6 and 7 (see Griffiths et al. 1986, p. 68-70, for
corresponding details on 1985 samples).

Horizontal Bongo Tows.--In both years, sampling depths were selected
based on results from the hydroacoustic  system. Horizontal tows were taken
within and outside zooplankton layers at all stations where this was feasible.
In addition, surface tows were taken in 1986 but not in 1985. All 1985
horizontal tows were collected using the standard bongo assembly and flowmeter
described above. An upward-looking depth sounder transducer (Apelco Ranger
model 1650) was attached to the bongo frame to control sampling depth in real
time. A total of 28 horizontal tows were taken in 1985. For details of the
1985 sampling, see Griffiths et al. (1986, p. 71).

In September 1986, the net assembly described above, but without the
upward looking echosounder, was used to collect one surface (depth 1.0 m)
sample from each of the 29 stations (Table 7). The samples were taken by
towing the nets just below the surface at approximately 1 m/s for five minutes
before retrieval. It was not possible to keep the nets out of the influence of
the prop-wash during the surface tows.
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Table 6. Smmary of smnpks collectd in the Eastern Alaskan Beaufort Sea, 4-19 Septenher 1986. CID =
COIlduC~ivi~/teqerature  proffie, SD = secti disc, ~ = surf~e bongo tow, OB = ob@~
bongo tow, HB = horizontal bongo &w, WS = water sample, ~ = Alaska daylight time Level of
a n a l y s i s  for ZOOplankton  i d e n t i f i c a t i o n ,  1  =  ‘  t o  m a j o r  g r o u p s ’ ,  z = ‘ to s~ies’.  See

Griffiths et al. (1986, p, 68-70) for corresponding 1985 data.

sample

Water
I!epth Depth Date Tine Level of

Station ,% (m) (m) (Day/M2/Yr) (m) UXaeion Analysis

Station 86-1

Station 86-2

Station 86-3

Station 86--4

Station 86-5

Station 86-6

cm
SD
SB
OB
HB
m
I’m

cm
SD
SB
m
HB
m

cm
SD
SB
OB
m
HB

cm
SD
SE
OB
HE
HB

cm
SD
SB
m
HB
m

cm
SD
SB
m
m
HB

15.0
3.3
0.0
16.0
13.0
8.0
4.0

22.0
6.7
0.0

20.0
22.0
10.0

10.0
1.8
0.0
10.0
9.0
5.0

23.0
13*,I
0.0
23.0
16.0
8.0

13.0
6.1
0.0
12.0
10.O
6.0

25.0
17.7
0.0

22.0
21.O
8.0

17

25

12

25

14

27

04/09/86

04/09/86

05/09/86

05/09/86

05/09/86

05/09/86

0920
0920
1013
UYIO
Uol
1120
H40

LWO
MoiI
1416
1434
M45
1505

0740
0740
0753
0826
0843

1055
1055
m?
1130
1207
1227

1500
1500
1514
1525
1543
1603

1816
1816
1836
1246
BOO
1918

69”35.7’N 139”31.6’W
69”35.7’N  139031.6 ‘W
69°35.7’8 139”31.6’W
69°35.8’N  139”28.9’W
69’’35.6’N  139°29.4’W
69”35.8’N  139*29.7’W
69”35.7’N 139”29.6’W

69”40.3’N 139”28.4 ‘W
69%0.3’N 139°28.4’W
69°#.4’N  139°2807’W
69”40.5’N  139°2801’W
69”40.4’N 139”28.3’W
69”40.5’N 139°28.0’W

69”41.8’N 141 °13.4’w
69”41.8’N  141”13.4’w
69”41.8’N  141”13.4’W
69”42.6’N  141”U.O’W
69”42. I’N 141”13.3’W
69”42.3’N 141 °13.8’W

69”4500’N  141”10.3’W
69 °45.0’N 141”10.3’W
69°45.1’N  I41”1O.6’W
69”45.O’N  141”10.1’W
69”45.1’N  141”10e3’w
69”45.5’N  141”12.I’W

69e50el’N 141 °51.9’w
69”50.I’N 141 °51.9’W
69050.1 ‘N 141 °52.0’W
69°5009’N  141”53.8’W
69”50.8’N 141”53.9*W
69°50.9’N  141”54.O’W

69”53.3’N  141”45.6’W
69”53.8’N  141 °45.6’W
69°5309’N 141 °46.3’W
69 °54.0’N 141e46s5’W
69”54.2’N 141”47.7’w
69”54.2’N 141”4d.l’w

Cbntinuetio  00
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Tkble6. tiinued.

Sample

WaM
~.pll Depth lkte The Level of

station w (m) (Day~/Yr) (Arm) Location Analysis

station 86-7

Station 86-8

Station 8&9

Stition86-10

Station86-11

Station86-12

cm
SD
88
OB
HB
WB
Em

CID
SD
SE
m
H8
H8

cm
SD
SB
cm
m

cm
SD
SB
08
m
m
m

cm
SD
SB
OB
l%!
HB

CrD
Em
S8
OB
HB
H8
H8

9.5
3.3
O*O
8.0
7.0
8.0
3.0

20.0
11.6
0.0
18.0
16.5
7.0

5.0
2.1
0.0
5.0
5.0

9.0
0.6
0.0
9.0
7.0

11.0
8.0

11.0
3,4
0.0
12.0
12.0
6.0

18.0
3.7
0.0
18.0
13.0
6.0
L5.o

11

23

7

12

15

22

06/09/86

06/09186

06/09186

07 f09186

07/09;86

07/09186

1103
1103
1117
1127
1147
1201
1215

1328
1328
1348
1420
1430
1451

1704
1704
1717
1727
1752

0910
0910
0923
0931
0945
0957
1053

1147
1147
1157
1207
1218
1231

1451
145i
1459
1508
1521
1536
L550

69”48.9’N 141”47.8’W
69”48.9’N 141”47.8’W
69”49.4’N 141 °51.9’w
69”49.6 ‘N 141 °52.3’W
69”49.7’N 141°51 e4’W
69”49.9’N 141”51.5’W
69*49.8’N 141”53.3’W

69°52.6’N  141048.3’W
69”52.6’N  141”48.3’W
69*52.9’N  141”49.6’W
69*53.O’N  141 °51.6’W
69”52.9’N  141”50.3’W
69”52.9’N  141”50.6’W

69°48.6’N  141%.8’W
69°48.6’N 141 °46.8!W
69”48.7’N141”47.1 ‘W
69”48.6’X  14i048.8’W
69”48.3’N  141°47.4’W

69038.1 ‘N 140°49e4’W
69”38.1’N  140e49.4’W
69”38.2’N  L40”48.9’W
69°38.1’N  140”48.5’W
69”2$.2’NUOe48.8’W
69”3&l’N uo%80T’w
69”38.1’N  140”47.O’W

69”3&7fN b40°52.4’W
69”3&7’N 140*52.4’W
69*38.8’N  143052.7  ‘W
69”38.7’N  MiJ”e53.1’W
69”38.7’N  140”53.O’W
69”38,7’N  M0”53.2’W

69°49.2’N  141 °35.3’W
69°49e2’N  141”35.3’W
69”49.4’N  141”35.6’W
69”50.O’N  141”35.5’W
69*49.5’N  141”35.2’W
69”49.7’N  141”37.2’W
69”49.4’N 141 °36.9’W

2
2
1
1
1

2
2
1
1

.

2
2
1

2
2
1
1
1

2
2
1
1

2
2
1
1
1

continued.  . .
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Table6. Cantinueci.

Sample

water
De& Depth Date TiUE Lsvel of

station Type (m) (Da@@@ (m) location Analysis

station86-1.3  cm 24.0 25 07/09/86 1625
80 12.2

69°5101’N 141 °33.8’W
1625 69”5101’N 141”33,8’W

SB 0.0 1630 69”51.I’N141”33.8  ‘W 2
(B 21.O lw 69”51.1’N 141”33.4’W 2
HB 17.0 1701 69°5100’N 141*33.6’W 1
KS 8.0 1714 69”51.5’N 141*34.O’W 1

Transect 4

Station T4-1

.

Statiom T4-2

StatiQnT4-3

.-

StationT4-4

!%ation T%+

cm
SD
SB
m
H8
HB
m

cm
SD
SB
m
H8
Em

cm
SD
s
OB
Hs
H8
HB

cm
SD
SB
OB
Em
m

cm
SD
SB
m
HI%
H.8

11.0
4.3
0.0
10.0
4.0
8.0
10.0

1!3.0
8,2
O*O
18.0
19.0
10.0

42.0
18.0
0.0

40.0
U*7
36.0
7.3

53.0
18.0
0.0

50.0
33.5
U06

152.0
19.8
0.0
moo
52.0
30.0

12 09/09/86 1430
1430
1458
L528
I!553
1610
1624

a 10/09/86 0800
0800
0832
0S42
0906
0927

43 10/09/86 U51
1151
1203
1215
1229
1254
1314

53 10/09/86 1604
1604
1617
1627
1641
1705

180 lUo9/86 1245
1245
1304
1315
1339
1350

69”42.3’N 141*17.2’W
69”42.3’N 141”17.2’W
69°42.2’N 141017.2’W
69”41.7’N 141”16.9’W
69”41.6~N 141*17.6’W
69°41.5’N 141018.1  ‘W
69”41e5’N 141°17.8’W

69”44.5’N141”11.9  ‘W
69”44e5’N141°U.9’W
69”44.5’N141”U.9  ‘W
69”44.6’N 141°12.3’W
69”44.9’N141e12.8  ‘W
69”45.4’N 141”13.9’W

69”55.O’N MO”55.8’W
69”55.0’N L40”55.8’W
69’’55.0’1!Y  I4O”55.7  ‘W
69”55.O’N MO”5504’W
69”5501’N140”55.5  ‘w
69”54.3’N 140055.1 ‘W
69*54.2’NMO”55.1  ‘W

70”07.1’NM0°52.6’W
70”07.1’N MLI”52.6’W
70”07J’N140”52:6  ‘W
70”07.1’N 140”52.2’W
70”07.2’N  U44Y’52.8’W
70’’O7.6’N 140°53.1’W

70”17.8’N MO”34.2’W
70”17.8’N  MO”34.2’W
70”18.O’N  140Y3407’w
70°18.2’N 140”3501 ‘W
70”18.4’N  140”35.4’w
70°18.6’NM0035.7’W

ccrni5alledo  D o



Zooplankton and Hydroacoustics 148
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Table6. Gmtinusd.

Sample

Water
Depth Depth Date Tim LeveI of

station (m) (m) (I)ay/Mo/Yr) (m) TAxation Analysis

Trsnsect 3

Station T3-1

station T3-2

stationT3-3

s&ltiom l!3-4

station 73-.5

CID
m
SE
OB
H8
m
Ws

cm
so
SB
08
H8
m
m

m
SD
S8
OB
m
B
m

cm
so
SB
OB
HB
Im
E

cm
so
SB
OB
H3
RR
Is

10.0 E!
3.4
&o
9.0

10.0
5.5
10.0

20.0 21
8.8
0.O
18.0
18.0
10.0
20.0

3aeo 41
10.7
0.0 .

35.0
26.0
17..0
35.0

50.0 53
16.5
O*O

50.0
26.0
17.0
50.0

130.0 205
18.3

5:::
28.0
30.0
200.0

12/09/86 0835
0835
0850
0901
0916
0930
0835

12/09/86 1030
1030
1124
1135
ll@
1209
1030

13/09/86 lCQO
1000
1o21
1031
1110
1131
1000

13/09/86 Moo
la
M&
1454
1512
L530
1400

14/09/86 1234
1234
1325
1335
1420
1438
1234

69°52.2’N 142*05.O’W
69°52.2’N 142”05.O’W
69052.1 ‘N 142”05.O’W
69”51.3’N142°01.9 ‘W
69”51 .2’N 142”01 .4’W
69°51.4’N141”59.3 ‘W
69°52.2’X  142°05 .O’W

69”53.9’N  141”58.O’W
69*53.9’N 141*58.O’W
69”53.8’N  141”56.9’W
69e53.8’N 141°56.7’W
69”54.O’N  141 °55.9’W
69°53.8’N 141054.6’W
69”53.9’N141”58.O  ‘W

70”03.1’N 141”49.9’W
70003.1 ‘N 141*49.9’W
70°0300 ‘N 141”4905 ‘W
70°0L7’N  14104903 ‘w
70001.7’s 141e49.7’w
70”01.7’N  141°49.7’W
70’’03.1 ‘N 141”49.9’W

70°12.9’N
70”12.9’N
70”12.8fN
70”12.8’N
70”12.1’N
70”12J’N
70”12.9’N

141041.8  ‘W
141”41.8’W
141°41 .8’W
141”41.7’W
141”4L8’W
141”4L8’W
141”41.8’W

70”24.3 ‘N 141”31.9’W
70”24.3’N  141”31.9’W
70”24.C)’N 141”31.8’V
70”24.O’N 141”31.9 ‘W
70023.6 ‘N 141”31.O’W
70”23.7’N  141”30.6’W
70”23.8’N  141”31.2’W

1
2
1
1

1
2
1
1

1
2
1
1

1
2
1
1

1
2
1
1

C+mtinued.  . .
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Table6. Continued.

Sample

Water
Depth Depth Date Time Ievel of

station (m) (m) (Day/M2/Yr) m) LQcation Analysis

Station II-2

%acionT  1-3

SutiomT  1-s

CID
80
8B
OB
E8
H8

cm
8D
83
m
H8
HB
m

cm
m
SB
08
m
E8

m
so
SB
08
H8
HB
5

cm
8D
SE%
OB
E8
H8

o

8.0
5.2
0.0
9*O

10.0
5.0

30.0
5.2
0.0

30.0
10.0
Z1.o
5.0

26.0
10.7
0.0

40.0
29.0 “
11.0

52.0
1$.O
0.0
5oeo
33.5
19.0
12.5

100.0
19.8
0.0
50.0
L502
47.2

10

34

47

54

118

16/09/84! 0810
0810
0828

0856
0919

16/09/86 1030
1033
1052
1103
UU
1143
.UOo

16/09/86 1345
I-345
L401
1416
1424
1445

17/09/86 HOD
mo
1128
1137
1153
1220
1237

17/09/86 1410
1410
1425
1433
1449
L505

70°09.2’N 143 °40.8qW
70009.2’S 143”40.8 ‘W
70”09.1’N  143”40.6’W
70”09.1’N143”40.3 ‘W
70”09.2’N  143”40.5’W
70°09.2’8 143’37.8’W

70*13.6’N  143”38.2’V
70”13.6’N  143”38.2’W
7001.307’N 14303a.31w
70”13.8’N  143”38.3’W
70”13,8’N  143*38.6’W
70* K3.8’X 143”38.O’W
70”14e0’N  143”3704’W

70°2.1.3’8 143031.5’w
70e21e3rN  143*31.5’W
70”21.3’N  143931.1’W
70”2J..3’  N143”3O.2’W
70YU..4’N  143°27.5’W
70”21.4’N143°27. l’W

70e28.7’N  143°34.7’W
70°28.7’x 143°34.7’w
7CP28.6’N 143”34. I’W
70”28.8’N  143”33.7’W
70°28.7’N  143”33.6’W
70°28.7’N  143e33.2’W
70°28.3’N  143032.8qW

70”33e2fN  143”3402’W
70”33.2’N  143°34.2’W
70*33.I’N 143 °33.8’W
70”33.I’N  143°33.2’W
70”3301’N L43”33.4’W
70”33.9rN  143034.2 ‘W

Gnminued.  00
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Table6. &m&ded.

Sample

Water
Depth Depth Date Time Level Of

Station (m) (m) (lky/MJYr) (m) TAxation Analysis

‘rrarlsect  2

StationT2-1 (7DI
SD
SE
OB
HB
H8

Station T2-2 CID
SD
SB
(IB
H8
m

StationT2-5 CIO
SD
SB
OB
cm
H8
H8

KLo
7.9
0.0
8.0
8.5
5.0

23.0
7.9
0.0

22.0
15.2
6.0

123.0
21.o
0.0

50.0
lCO.O
50.3
10.1

10 18/09/86 0855
0855
0956
1009
1023
1036

26 18/09/86 1145
1145
1207
1216
1231
1246

150 ‘ 19/09/86 1245
1245
1309
1319
1330

1402

7+-@-.5 IN 142”53.3’W
70”04.5’N 142”53.3’W
70”04.6’N 142”53.4’W
70”04.8’N 142”53.6’W
70°04.7’N142”53.6  ‘W
70”04.6’N 142°54.3’W

70”07.9’N 142”48.7’W
‘70*07.91N142”48. 7’W
70”08.1’N142”49. 1’W
70”08.2’N 142”49.4’W
70”08.3’N 142”50.O’W
70”08.2’N 142”49;8’W

70”31.6’N142”27.3  ‘W
70”31.6’N142”27.3  ‘W
70’31.6’N 142°27.3’W
70”31.7’N 142”27.1’W
70’31.6’N 142”26.7’W
70”3L5’N 142*27.8’W
70°31.4’N 142*28.2’W

1
2
1,
1

1
2
1
1

1
2
~.

1
1
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.

Tabk7. SumEIry of samples  cdected in the Uaskan Ik?aufort  Sea during the cruise of the ‘Po2ar
Star’, 4-17 October 1986. OB = oblique bongo tow, W’ = vertical net tow, HB = horizont&
bongo tcw. Level of analysis for z~plankton  identification, 1 = ‘tomjor groups’; 2 = ‘to
Species ‘ e

Sam#e

Water
Ik3pth Depth Date “

@Ybflr) ~~)
Level of

sta&xl Type (m) (m) lacatioa Analysis

Transece  w

Station 14

Transect A

Station 10

Station 8

Station 5

Transect B

Station 10

Station 7

OB
m
m
m
HB

OB
m
m
H%
m
HB
m

OB
m
HB
Hs
HB
HB

H8
VT
VT

VT
VT
VT
VT
VT

HB
OB
HB
HB
HB

50
50
5
10
30

50
m
18
20
30
50
1

50
50
10
23
60
1

1
50
50

50
50
50

100-200
100

1
50
50
5

20

62

1434

278

64

2070

267

04/10/86

05/10/86

06/10/86

07/10/86

09/10/86

09/10/86

1215
1252
0207
0230
0308

2125
2144
2212
2230
2244
2308
2328

2026
2046
2058
2117
2143
2201

0029
0100
0110

0330
0340
0355
0425

2100
2110
2130
2150
2225

71 °49.1’N 156”30.O’W 1

71 °57.2’N 152”39.O’W

71”44.6’N 152°57el’W “1
1

71°30.0’N 153”1O.4’W
1

71°08.5’N 146°48.5’W 1
1

70”56.lhl 146*46.9’W
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Table7. Gxcluded.

San@e

Water
Depth Depth Date Tires Level of

station M= (d (m) (Dsy/Mo/Yr) (m) Location Analysis

.
‘IranSect B

Station 4

Thnsect C

Station 5

Stition 10

Transect D

Station10

Stationll

Station 12

Trarwect E

Stition 7

OB
H8
m

VT
m
VT

VT
VT
VT
VT

m
Vr
VT
w’
VT

VT
w
VT

VT
VT
VT

VT
VT
VT
VT

30
20
10

%
50
m

50
50
50
m

50
50

100
100
50

50
50
50

50
50
50

50
50
50

100

55

1635

1781

55

55

1821

10/10/86

15/10/86

11/10/86

13/10/86

.,

14/10/86 .

15/10/86

17/10/86

0220
0215
0235

1630

1800
1810
1830
1850

1900
1915
1930
1945
2000

2(XXY
2015
2025

2245
2250

2305

70”39Q3’N 147”14.7’W 1

70°33.2’N 144”01.5’W 2
1
1

71”01.2’N 143”32.9’W 2
1
1

70”43.1’N 140”57.1’W 2
2

2

70°18.7’N 141°32.7’W 1
1

70”26.7’N 142°51.1’W 2
1
1

71”25.3’N 149”54.3’W
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h September 1986, all horizontal tows at depth were taken using a Tareq
opening and closing bongo assembly fitted with two 0-.61 m diameter nets (mesh
size 0.5 mm), a flowmeter, and the upward looking Apelco echosounder. Tows
were taken by attaching the bongo frame, in the closed position, to a double
trip mechanism (General Oceanics model M 1OOO-DT] and then lowering the
assembly to the desired depth. The nets were opened by sending the first
messenger, and then towed at about 1 m/s for 5 rein; the nets were closed by
eripping with a second messenger, and the assembly was then retrieved. The
depth of the nets was monitored and controlled throughout the tow by using the
oubput of the attached echosounder. A total of 69 horizontal tows at depth
were taken in September 1986 (Table 6).

Stations 86-1 through 86-13 were sampled before the upward looking
echosounder could be attached to the opening and closing bongo frame. Tow
depths at these stations , all of which were in water <27 m deep, were compu~ed
from wire angle and amount of wire out. For a comparison of depths derived
from the echosounder vs. those computed from wire angle and wire out, see
8Results~,  p. 164-165.

In October 1986, horizontal tows were conducted during the ‘Polar Star’
cruise using the regular bongo assembly equipped with a flow meter (Table 7).
Nets were lowered to the desired depth and towed for 10 minutes at approx-
imately 1 m/s before retrieval, comparable to our 1985 procedure. Sample
dep$hs were determined from wire angle and amount of wire out.

Vertical Net Tows.--During the ‘Polar Star’ cruise in October 1986, ice
conditions often precluded horizontal or oblique tows. In these cases,
vertical net tows were used to sample zooplankton (Table 79. A 0.60 m diameter
plankton net, equipped with a flow meter and a large mesh nee (0.5 mm), was
towed through the water column at 1 m/s. Generally, the top 50 m of the water
column was sampled; howeverj in some cases specific depth ranges were sampled
by activating a closing device during the tow (Table 7),

Tucker Trawl Tows.--To determine whether large zooplankters (e.g.
euphausiidsj hyperiid amphipods) were sampled” adequately during horizontal
bongo tows, eight samples were collected using a modified Tucker Trawl.
Matched samples were taken with the standard bongo assembly at the same eight
location-depth combinations. The Tucker Trawl consisted of a stainless steel
frame (2.0 x 2.0 m) supporting a 6.0 m tapering knotless nylon net (stretched
mesh 6.4 mm) dyed black to reduce the amount of reflected light. The use of
this large mesh, coupled with the length of the net, was expected to greatly
reduce the pressure wave that might otherwise precede the net. In additionj
the crawl was towed by a yoke attached to the top of the frame. The vertical
orientation of the net was maintained by suspending a weight from the bottom
of the frame. In t~is way the net could be towed without a bridle, further
reducing any pressure wave that might cause larger zooplankters to take
avoidance reactions. The trawl was equipped with a flow meter (General
Oceanics model 2030) and was towed horizontally at approximately 1 m/s for 5
min at the depth where large organisms appeared to be concentrated according
EO the hydroacoustic echograms.  The Tucker Trawl, like the 1985 bongo netsj
sampled during descent and ascent as well as during the horizontal tow.
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on the ‘Annih Marie’ (Sept 1985-86) and the ‘Polar Star’ (oct 1986),
plankton samples from one side of each bongo tow and from the vertical and
Tucker tows were preserved in 10% formalin.

Calorimetry and Isotope Sampling. --In both years of the study, samples
from the other side of each bongo tow were used to determine the caloric
content of the major groups of zooplankters  (e.g. hyperi.id  amphipods~
euphausiids, large and small copepods, etc.) and to determine their carbon
isotope composition. These samples, along with samples from selected vertical

. tows from ‘Polar Star’s were placed in whirlpacs (plastic bags) and frozen.
Methods for the caloric analyses are given later (p. 162). The rationale,
methods and results for the isotope analyses are given in a later section (p.

Hydroacoustic Sampling of Plankton

Hydroacoustic data were collected from the ‘Annika Mariet (1) during
nearly all zooplankton tows in 1985 and 1986, and (2) as the ‘boat travelled
along each transect line between stations during both 1985 and 1986.
Griffiths et al. (1986, p. 73-74) gives details of the locations of the 1985
transects, and Table 8 shows corresponding data for 1986. The components of
the hydroacoustic system are illustrated in Figure 73. In both 1985 and 19863

the system included two side by side downward facing transducers (120 kHz~
Univ. of Wash. Applied Physics Lab; 200 kllz, BioSonics) mounted in a V-fin
(Biosonics Model 135). The V-fin was towed from the side of the boat, away
from the wake, using.armored cable. The V-fin was about 1 m below the surface.
Tow speed was about 7.4 km/h in 1985 and 10.9 km/h in 1986 during surveys
between stations, and about 3.6 -km/h during zooplankton tows. Vertical
movements of the V-fin, due to wave action, were minimized by using a
bungy-cord absorption apparatus attached to the armored cable.

Results from the two echosounder frequencies were expected to be
complementary. The 120 kHz echosounder  was expected to detect primarily the
larger zooplankters. The 200 kHz echosounder was expected to detect
medium-sized as well as large zooplankters in the upper part of the water
column, but to have a reduced maximum depth capacity relative to the 120 kHz
system. The ZOO kHz system receives a stronger return from medium-sized
plankton (e.g. copepods) because of its shorter wavelength. However, depth
capacity is reduced because the higher the frequency, the greater the rate of
sound absorption in seawater, In practice, both echosounders were capable of
sampling depths as great as 100 m during both years of the study.

When triggered by the 120 kHz echosounder, the 120 and 200 kHz
transducers simultaneously transmitted sound pulses into the water column. The
returning echoes for each frequency were amplified (20 log range) by the
respective _echosounders and sent to two chart recorders (BioSonics Model 115),
the oscilloscope (Hitachi Model V222), and the recording system. The data from
one frequency were also sent to the echo integrator (BioSonics Model 121) and
integrated in real-time. The real-time data were saved by computer as they
were collected. The chart recorder for the 200 kHz sounder produced a
permanent hardcopy echogram; the signal threshold circuit in the chart
recorder was adjusted to eliminate signals less than 100 mV. The oscilloscope
was used to monitor echo voltages output from the echosounder.
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~able 8. Sunnary of continuous hydroacoustic  surveys, depths, surface temperatures and salinities in the
Alaskan and Canadian Beaufort Seas between 8srter and Herschel Islands, 4-19 September 1986.
See Griffiths  et al. (1986, p. 737.4) for corresponding 19$5 da~a.

Water
Thwect From Stiation Time Date Depth Temp salinity
Nuuber to Station (~) (Day/k/Yr) Location (ml (“C) (W)

A

B

c

D

E

F

G“

H

86-1 to start 1224
‘of’Trankect  B 1239

1254
1258
E!04
1312
1315
1330

Tramect B to 1337
86-2 1352

86-5 to 1629
start of 164.%
Trausect D 1659

1714

Ed Tramsec&C  1725
to 86=+ 1740

1755
1810

86-6 to 1924
shore 1939

1954.
2009
2024

8+7 to86-8 1233
1248
1303
1318

86-8 eo end 1501
of Transect G 1516

1531
1546

Ikd Transect G 1554
to etd of 1609
Transect H 1624

1639
1654

04/09/86

04/09/86

05/09/86

05/09/86

06/09/86

06/09/86

06/09/86

69”35.4’N
69°36.2’N
69”37.3’N
69*37.4’N
69°37.7’N
69”38.O’N
69”38.O’N
69’38.9’N

69”38.9’N
69”3%9’N

i39°28.2’W
139”28.7’W
139”27,5’W
139°27.7gW
139”27.2’W
139”27.5’W
139”27.5’W
139”28.5’W

139”28.5’W
139”28.5’W

69”51.2’N 141”54.6’W
69°52e3’N 141%.O’W
69”53.9’N 141°53.3qW
6!3°54.5’N  i41”52.6’W

69°54.5’N 141”52.9’W
69”54.3’N 141*50.5’w
69°54.0’N 141”48.6’W
69Q53.8’N 141”45.7’W

69%.2 ‘N 141”47.7 ‘W
69”53.2qN  141”48.7’W
69”52.6’N 141”50.6’W
69851.9’N 141”51.7’W
69”50.6’N 141°52.6’W

69°4908’N 141”52.8’W
09 50.5’N i41°50.5’W
69”51.3’N 141°50.0’W
69°52.7’N 141”47.6’W

69”53.2’N 14i050.7’W
69”53.I’N 141w3.o*w
69°52.7’N 141°46.1’W
69”52.5’N  141”43.4’W

69”52.4’N 141”43.2’W
69°51.4’N 141”44.3’W
69e50.6’N 141°45.4’W
69”49.6’N 141”46.5’W
69G48.6’N 141°46.6’W

13.0
19.0
23.0
23.0
23.0
27.0
27.0
27.0

27.0
27.0

16.0
20.0
22.0
25.0

26.0
26.0
26.0
27.0

27e0
25.0
22.0
19.0
16.0

10.0
17.0
20.0
23.0

22.0
24.0
24.0
23.0

23.0
22.0
18.0
17.0
11.0

3.5
305
3.5
3.4
3*5
3.2
3.2
3.2

3.4
3.4

1.9
3.8
4.4
4.2

3.8
3.8
4.3
4.0

4.0
4.0
4.0
3.8
1.2

23.5
24.2
25.0
25.0
25.0
25.6
25.6

25.3
25*3

22*1
22.1
25.6
25,6

25.6
25.6 .
25.3
25.3

25.3
25.3
25.3
25,6
25.0

25.6
25.3
25.6
26.3

26.3
25.6
25.6
25.6

25.6
25.6
25.6
2506
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Table 8. bntinued.

Water
Traneect From Station Time .Date Depth Temp ~linity
Mxlber to station (AX) (Day/MYr) Location (In) (“c) (Ppt)

I 86-10 to 1110 07/09/86 69”37.5’N k10”46.3 %/
86-11 1125 69”38.5’N 140”49.8’W

1140 69”38.8’N  140°52.4’W

J 8H3 1728 07/09/86
through

69°51.5’N 141”35.O’W
1743

86-12 to
69”50.3’N 141e36.1’W

1758 69”49.O’N 141°36.3%

4 T&l to
2%-2

4 T&2 to
3$-3

4 T%-3to

4 T4-4 to
*5

1813 69”48.O’N 141”38.5’W
1823” 69”47.2’N X41”40.8’W

0741 10/09/86 ,,’ 69e41.7’N 141”15.6’W
69”43.O’N  141”14.2’W

0811 ., 69”44.3’N 141”12.4’W

0947 ld/09/86 ‘69-45.4’N
1002 69e46.7’N
1022 : 69”47.3!N
1037 69°49.1’N
1052 ~ 69”50.3’N
1107 e 69”51.8’N
1 1 2 2 69”53.5PN
1137 69”54.9’N

141”13.2’W
141°11.0’w
141°06*d’w
141”04.4’W
141”05.3’W
141eoo.1’w
140*57.6’W
140”55.7’W

1328 10/09/86 69”53.9’N  140°54.4’W
1343 ‘ 69”54.8’N  140°54.5’w
1358
1413
1428

‘ 1443
1 4 53

1513
1528
1543
1558

69”56.2’N  MOe50.6’W
69”57.3’N 140”54.1’W
69”58.5’N 140e57.0’w
69”59.7’N Mo”59.9’w
70”00.6’N. 140”58.5’w
70°02.4’N 140”55.8’W
70S03.7’N MO”53.9’W
70”05.1’N 140”52.5’W
70°~09’N  140°52.9’w

1040 11/09/86 70”07.8’N MO”52.1’W
1055 70”09.O’N 140”50.O’W
1 1 1 0 7O*1O.2’N 140”47.4’W
1125 70”11.21N 140*44.4’W
1140 70”12.2’N 14(3°41.57#
1155 70”13.3’N 140”38.5’W
1210 70°14e7’N 140°35.2’W
1225 70e1600’t?  140*33.9’W ~
1240 70e17.8’N MO”34.2’W

14.0
12.0
14.0

25.0
24.0
20.0
14.0
10.0

10.0
14.5
21.o

23.0
26.0
31.0
31.5
33.0
37.0
39.5
43.0

41.0
43.3
45.1
47.0
48.0
49.0
49.0
51.0
53.0
53.0
53.0

51.0
51 ● o
48.0
49.0
50.0
51.0
57.0
63.0

181.0

4.2
4.2
3.0

2.8
3.6
3.0
2.8
0.5

3.5
3.8
3.8

3.5
3.4
3.0
2.8
4.0
4.0
4.0
4.0

3.5
3.5
3.2
3.2
3.0
3.2
3.2
3.5
3.5
3.0
3.2

2.8
2.8
2.5
2.4
2.4
2.8
3.3
3.3
2.8

24.2
24.9
25.3

24.6
24.6
24.6
2 1 . 1
21.4

22.8
25.6
27.0

27.8
27.0
26.3
26,0
25.6
26.0
26.0
26.3

26.3
26.3
26.3
26.3
26.7
26.3
26.3
26.7
26.7
25.6
25*3

26.3
26.0
26.0
25.6
26.0
24.2
22.1
21.8

@ntinued...
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Table 8. Continued.

Water
Trmaect FrcmStation Tim Date tkpth Temp
Nu&er

Salinity
to Station (Aur) (Dayikoflr) Location (m) (“c) tppt)

3 m-d tO
33-2

3 T3-2 to
T3-3

3 2’3-3 to

3 TM to
T3-5

1 T1-1 tO
T1-2

095Q
1005
1020

1227
1242
1257
1312
1327
B42
1357
1412
0934

1151
1206
1221
1236
1251
1306
1321
1336
1351
1406

0958
1013
1028
1043
1058
1113
1128
1143
1158
1213

0937
0952
1007
1022

12/09/86 69°51..3’N 142 °0102’W
69”52.2’N 141”59.6’W
69”53.9’N 141 °58.2’W

12/09/86 69°53,5’N 141 °53.4’w
69a54.4’N 141 °51.4’W
69*55.6’N 141’50.7’W
69”57.O’N 141”50.3’w
69”58.7’N i41”50.3’w
69°59e3’N 141”50.9’W
70”00.8’N 141°51.3’W
70°01.9’N 141”51.8’W

13/09/86 70”02.2’N 141”51.8’w
70°03.i’N 141*49.9’W

13/09/86 70”01.5’N 141°49.4’W
70”02.7’N 141”4409’W
70°03.9’N 14i*48,1’W
70°05s2’N 141”47*7’W
70°06.4’N 141”46.7’W
70”07.9’N i41°46.7’W
70°09.2’N 141°45.9’w
7O”1O.4’N 141”45.5’w
70”11.6’N 141°43e2’W
70”12.9’N 141”41.9’W

14/09/68 70”12.9’N 141e42.2’W
70’’14.2’N 141”40.7’w
70°15e5’N 141”39.5’W
70”16.9’N 141”39.6’W
70”17.9’N 141°38.2’w
70”19.I’N 141”36.9’W
70Q20.3’N 141°35.4’W
70”21.4’N 141°34.3’W
70”22.9’N 141°32.6’W
70 °24.0’N 141”31.5’w

16/09/86 70’’O9.4’N 143°38.6’W
70”10.8’N 143e38.6’W
70°12.2’N 143°37.7’W
70”13.5’N 143”39.I’W

11.0
18.0
22.0

23.0
25.0
27.0
36.0
34.0
37.0
40.0
41.0
41.0
42.0

42.0
41.0
46.0
47.0
49.0
50.0
51.0
51.0
52.0
53.0

52.0
52.0
53.0
57.0
56.0
62.0

“ 65.0
70.0
109.0
231.0

12.0
19.0
24.0
34.0

3.0
2.8
2.8

3.0
3*3
3.8
3.8
3.5
3.3
3.3
3.2
2.4
2.0

2.4
2.3
2.2
S..8
1.8
1.8
1.8
1.8
1.8
1.8

1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8

1.0
1.0
0.8
1.2

26.3
26.3
26.3

26.3
26.3
26.3
26.3
26.3
26.3
26.3
26.3
25.6

25.6
25.3
25.3
25.3
25.3
25.6
25.6
25.3
25.6
2%6

25.3
25.3
25.3
25.3
25.3
25.3
25.3
25.3
25.3

26.3
26.7
27.4
27.4

Continuadoo.
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Table8. (lmcltied.

Water
Transact From Station Time Date
tier to Station (~)

lkpth Tenp Salinity
(DayAlofir) Incatioa (m) (“C) (Ppt)

1

1

1

2

2

2

T1-2 to
T1-3

.

T1-3 to
TI-4

T1-4 to
m-s

TN to
T2-2

T2-2 to
T2-5

T2-2 to
T2-5

1216
1231
1246
131
1316
1331

0918
0933
0948
IM3
1018
1033
10$8

1250
1305
1320
1335
1350

1054
1109
1124
1135

1302
1317
1332
1347
1402
14i7
1432
M47
1502
1517
1532
1547
1602

1034
1049
1104
li19
1134
1149
1204

E

16/09/86

17/09/86

17/d9/a6

18/09/86

18/09/86

19/09/86

70”14.0 ‘N 143036.0 ‘W
70”14.9 ‘N 143”37.1 ‘W
70016.1 ‘N 143036.7 ‘W
70”17.5’N  143”35.2’W
70’’18.7’N 143”33.5’W
70”19.9’N 143032.5 ‘W
70”21.3’N  143”31.8’w

70021.2 ‘N 143029.9 ‘W
70022.7 ‘N 143 °30.1 ‘W
70 °24.1 ‘N 143030.3 ‘W
70°25.4’N 143029.3 ‘W
70”26.5 ‘N 143 °30.4’W
70”27.7 ‘N 143”32.6’W
70028.8 ‘N 143034.9 ‘W

70”28.O’N  143”32.2’W
70”29.2’N 143”33.9 ‘W
70030.5 ‘N 1$3”34.7 ‘W
70”3103 ‘N 143”34.7 ‘W
70033.2 ‘N 143”34.4’W

70”04.4’N  142°54.3’W
70”05.8 ‘N 142052.1 ‘W
70006.3 ‘N 142*50.8’W
70007.8 ‘N 142”49.9’W

70”07.8 ‘N 142*48.6’W
70*09.O’N 142049.3 ‘W
70”09.9’N 142”50.3 ‘W
70”U.O’N 142e46.4’W
70”12.2’N 142044.9 ‘W
70 °13.2’N 142 °44.1 ‘W
70”14.4’N 142”42.9 ‘W
70015.7 ‘N 142°41.8 ‘W
70 °17.4’N 142040.5 ‘W
70”18.3 ‘N 142039.5 ‘W
70019.6 ‘N i42°38.3’W
70”20.9 ‘N 142”37.O’W
70”22.3’N  142 °36.0’W

70”22.3’N 142”35.9 ‘W
70”22.3’N
70”23.9’N
70%25.O’N
70”26.2’N
70”27.4’N
70”28.6’N
70”30.O’N
70 °31.2’N
70 °31.5’N

142”31.4’w
142°30.4’W
142”32.5 ‘W
142°32.1 ‘W
142°31.3 ‘W
142°29.9 ‘W
142”28.8 ‘W
142°28.2 ‘W
142°27.5 ‘W

35.0
35.0
41.0
42.0
43.0
43.0
47.0

48.0
48.0
42.0
47.0
50.0
52.0
54.0

55.0
56.0
54.0
62.0
122*o

10.0
15.0
20.0
26.0

25.0
30.0
35.0
33.0

:::
41.0
47.0
46.0
52.0
56.0
57.0
60.0

58.0
58.0
60.0
61.0
61.0
63.0
Moo
66.0

11O*O
L50.o

1.8
1.8
1.8
2.0
2.0
2.2
2.0

1.9
1.8
1.8
102
0.2
+.5
-0.5

i). 5
4.5
+3.5
4.5
-0.5

1.2
i 04
2.0
2.0

2.0
2.3
2.5
2.5
2.5
2.5
2.5
2.3
2*O
2.0
2.0
2*O
0.8

0.5
-0.3
1.2
1.2
1.2
1.2
1.2
1.2
2.0
2.0

27.4
27.0
26.3
26.0
26.0
26.0

26.0
25.6
25.6
25.3
25.6
25*3
25.3

25.3
25.5
25.5
25.5
25.6

27.4
26.7
26.7
26.7

27.4
26.3
26.0
25.6
25.6
25.6
25.6
25.6
26.0
26.0
26.3
26.0
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FmJRx 73. Block diagram of ~he hydroacousti.c  data col’lect~on system used in
the Eastern Alaskan Beaufort Sea, September 1985. The system was the same in
1986$ except that the 200 kllz data were echo integrated in real time.
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The recording system digitized and encoded the signals on video tape. The
recording system consisted of a recorder interface, BioSonics Model 171; a
digital processor, Sony Model PCM-F1; video cassette recorder, Sony Model
SL-HF-300; and a multimeter, Fluke Model 27. The echo integrator was used to
obtain real-time data on relative biomass at various depths and times (=
locations). Acoustic data recorded on the VCR were re-analyzed  through the
integrator in the laboratory after the field season; these were the primary
acoustic data used in both years of the study.

Temperature and Salinity

Profiles.--In September of both 1985 and 1986, continuous temperature and”
salinity profiles from the surface to bottom were measured at each zooplankton
station using an Applied Microsystems CTD-12. Additional profiles were taken
during 1986 in areas where we sampled among bowhead whales. All data were
recorded on a self-contained kape recording unit (see ‘Water Masses’ section,

,p. 41-45)0

Continuous Surface Measurements.--In 1985, during surveys between
stations, near-surface temperature (~ 0,2”C) and conductivity (k 2.0
millimhos/cm), along with water depth, were determined every 15 min (see
Griffiths et al. 1986, p. 73-74, for data). Temperature and conductivity
values were- obtained with a Hydrolab System 4000 from surface water samples.
Conductivity readings were converted to salinity values by Arctic Sciences
Ltd. (see ‘Water Masses’ section, p. 38-43). In September 1986, a continuous
record of near-surface temperatures was made during transects between
stations. Temperatures were obtained using a Hydrolab TC-2 (TCOSL) and were
recorded on a chart recorder (SolTech Model 6723). Conductivity was obtained
from the same Hydrolab TC-2 every 15 rein; the values were later converted to
salinities by Arctic Sciences Ltd. (Table 8). During both years, depths were
“determined from the hydroacoustic system.

Water and Chlorophyll Sampling

Hydro Casts.--At each of the five stations on Transect 2 in 1985 and the
five stations on Transect T3 in 1986, water samples for nutrient analyses were
collected at 5 m intervals from the surface to a depth of 20 m; at 10 m inter-
vals at depths 20 to 50 m; and at additional depths of 100, 1.50 and 175 m at
the deepest station in 1985 and 100, 150 and 200 m at the deepest station in
1986. All nutrient samples were filtered, preserved with three drops of 2%
HgC12, and stored,unfrozen.

Usable chlorophyll samples were not obtained in 1985. In 1986, 11
chlorophyll samples were collected at the five stations along Transect T3 (2
samples from Stations T3-1 to T3-4 and three from Station T3-5) from the same
casts as the water samples, For each sample, 1000 mL of water were filtered
through Gelman glass fiber filters and 10 mL of a saturated solution of MgCO-3
was added to the last of the water being filtered. The filters were then
folded, placed in glycine envelopes, and frozen inside whirlpacs.  These
samples were sent to the University of Alaska, Fairbanks, for analysis.
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Continuous Surface Chlorophyll. --In September of 1985 and 1986, an
aliquoe of the surface water sample collected every 15 min was read on a
fluorometer  to estimate its chlorophyll content. Chlorophyll samples (see
IHydro Casts’ , above) were used to calibrate the instrument.

Turbidity Samples. --In Se-ptember 1986, surface turbidity samples were
taken at each zooplankton  station along the four broad-scale survey transects
and a~ stations 86-9 through 86-13. A 125 mL aliquot of water was collected at
each station and was preserved by adding 2-3 drops of HgC12. The samples were
returned to the laboratory and read on a HACH Turbidimeter (Model 16800). In
additions secchi disc readings were taken at all stations during the 1986
season and at stations 6-13 in 1985.

Laboratory Analyses

Zooplankton. --All samples from both years were sieved through a 0.25 mm
mesh nylon screen, washed with water, and examined under a low-power binocular
microscope. In 1985, individual organisms from all samples were identified”to
species where possible, counted, and wet-weighed by species to the nearest mg
using a Mettler PT 200 electronic b“alance. In 1986, due to the large number of
samples collected and analysis time constraints, only samples from the
oblique, vertical and a few selected horizontal tows were identified to
species and counted. However, samples from the other horizontal tows from
1986 were analyzed by major taxonomic group (e.g. copepods, amphipods,
euphausiids ~ etc.); weC-weights  by taxonomic group were obtained using the
Mettler PT 200 balance. In this way total biomass for each horizontal tow
sample was determined for comparison with the hydroacoustic results. Between-
year differences in species composition were determined from the oblique tow
samples.

In both 1985 and 1986, if large numbers of individuals were present, the
sample was first scanned for large or rare organisms and then stib-sampled
with a I?olsom Plankton Splitter (McEwen et al. 1954). In practice, copepods
were the only group for which subsampling was necessary. In Ehese cases,
copepods in the subsample were counted, weighed to the nearest mg, and
identified to species and life-stage. The subsample data were then applied to
Ehe whole sample to estimate Eotal numbers and wet weight for each species and
life-stage of copepod in the sample. Cephalothorax  lengths of approximately
10-20 undamaged individuals of
samples$ were measured to the
determine sizes and weights of

In both ears, wet-weight
3the biomass/m for zooplankton

horizontal tows were used to

each copepod species and life-stage, from 1985
nearest mm and weighed to the nearest mg to
individual zooplankters.

data from oblique tows were used to calculate
in the water column as a whole. Data from the
calculate wet-weight biomass at particular

depths. For each sample, the flowmeter  reading was used to ca~culate the
volume of water filtered. This information, in conjunction with the weight of
the sample, was used to determine the total biomass in mg/m~.

In 1985, individuals from the major groups of large organisms (e.g.
amphipods, euphausiids, mysids, fish larvae etc.) taken in the Tucker trawls
and associated bongo” tows were counted, and those in good condition were
measured to the nearest mm. Numerical and size data from the two types of nets
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were then compared. Because of the large mesh size of

and

the
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.

Tucker trawl (6.4
mm), only the large species and size classes were considered.

Calorimetric Determinations. --In both years, selected zooplankton samples
were frozen in the field and returned to the Institute of Marine Science.
University of Alaska, for caloric analysis. In 1985, each sample consisted o~
the zooplankton from one side of a bongo tow frozen in a single whirlpac. In
1986, two types of samples were collected. Those taken on the ‘Annika Marie’
in September were unsorted and comparable to the 1985 samples. Those taken on
the ‘Polar Star’ in October were separated into major taxonomic groups and
size classes on the ship and then frozen separately.

The large composite samples from September of both years were allowed to
thaw and the major components (e.g. copepods,  amphipods, euphausiids, etc.)
were immediately separated. Copepods were further separated into large (>1.8
mm) and small (<1.8 mm) categories. Since freezing and thawing can cause cell
lysis and a consequent loss of body fluid, care was taken to select turgid and
minimally damaged individuals when possible.

All samples were then dried to a constant weight and individually ground
to a powder. Caloric content was determined with a Parr adiabatic bomb
calorimeter using samples of 0.3 to 1.0 grams. When tows did not contain
sufficient numbers of particular organisms to provide enough material for
analysis, samples from adjacent stations were pooled. Results are reported as
calories per gram dry weight (one calorie = 4.18 Joules).

.
Ash content of zooplankton samples was obtained ‘by weighing a subsample

onto a platinum pan and combusting slowly in a ‘covered porcelain crucible.
The temperature was raised to
The samples were then allowed
the furnace, and weighed.

Data Processing and Analysis

600”c over 3 h and maintained at 600°C for 1 h.
to cool slowly to room temperature, removed from

Zooplankton Data.--Results from the laboratory analyses of zooplankton
were entered into an IBM PC-AT microcomputer and standardized to number/m3 and
biomass/m3 in 1985 and bioqass/m3 in 1986. These data were analyzed on the
PC-AT computer using programs written for this project, BMDP and Lotus 1-2-3.
Additional analyses were run on the 1986 data using a Macintosh PIUS
microcomputer with StatView 512+ and Excel software.

Hydroacoustic  Data.--In both years, hydroacoustic data were obtained by
reproducing voltages recorded on VCR tape during data collection, and
processing them with the echo integrator. Echo integration is a process
whereby the signals received by the echosounder from selected depth intervals
are squared and averaged over selected time periods. During the two years of
this study, the system did not process signals below the measured background
noise level. In 19859 depth strata were 2 m thick for depths between 4 and 52
m, and 10 m thick between 52 and 102 m. In 1986, integrator depth strata were
1 m thick for depths between 3.5 and 56 m, and 5 m thick between 56 and 101 m.
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In both years, a measure proportional to average zooplankton biomass
within a stratum of specific thickness was obtained by averaging the
corresponding squared voltages out of the echosounder  within every 2-minuEe
period. Echo integration is based on the principle that echo intensity is
proportional to the target biomass. The product of the mean squared voltage
and a constant A gives volume scattering (VS), the primary data for the study.
The volume scattering data are direccly  proportional to zooplankton  biomass
under ideal conditions:

Vs = (A) (mean V2)

A = (7rTc Cbs P02 ‘g2 b2(av))-1

where T=
T=
c =

~b =
9Po =

;2 =

bz(av) =

3.142
pulse width (s)
speed of sound in water (m/s)
mean backscattering cross sectional area per unit biomass (m2)
transmit pressure level at 1 m from transducer (microPascals)
the fixed through system gain (V/microPascal)
mean squared beam pattern weighting factor (dimensionless).

Mean backscattering cross section (sigma) of zooplankton during the study
was unknown and was set equal to one. The A constants with sigma equal to one
for the 120 kHz data were 2.084 x 10-6 and 2.474 x 10-7 in 1985 and 1986,
respectively; for 200 I&z data they were 1.176 x 10-6 and 2.390 x 10-7 for
1985 and 1986, respectively. After scaling for these A-constants, data for the
120 and the 200 kHz systems were directly comparable.

Since the backscattering cross section per unit biomass was not known,
the volume scattering data represent only relative biomass. To convert to an
estimate of absolute biomass, a regression relationship between volume
scattering and biomass/m3 was determined based on horizontal bongo t Ows
conducted simultaneously with echosounding (see ‘Acoustic Biomass vs. Net
Biomass’, p. 169-170).

Processing of the hydroacoustic data differed between 1985 and 1986. In
1985, the raw VS data were strongly correlated with net biomass at the same
locations. In 1986, the raw VS data were not nearly as well correlated with
the net data, and additional processing was necessary. The presence of
numerous large fish (>50 mm in length) in 1986 biased the correlation between
volume scatter and net biomass in that year. These fish could readily avoid
capture in the plankton nets but gave strong echo returns. To overcome this
problem, the 1986 data from the 200 kHz sounder were echo integrated
separately at two different threshold levels. The lower threshold level was
set just above the level of the ambiene noise (40 mV for the O to 10 m
stratum) and was increased 10 mV for each 10 m depth increment because che
level of background noise increases with depth. The upper level was set at 800
mV; the echoes stronger than this were presumed to be from fish and noe
zooplankton. The volume scatter data obtained using the higher threshold level
were subtracted from those using the lower threshold level to estimate
backscattering by zooplankton. Although Ehis procedure substantially reduced
the biasing effect of fish in the 1986 analysis, it could not eliminate them
completely. For example, echo returns from fish located off the acoustic axis
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could be below the upper threshold level and thus be included. Unless
otherwise stated, VS data for 1986 used in this report were obtained by this
procedure. A similar analysis was not performed on the.120 kllz data from 1986
since they tended to underestimate the contribution of the smaller
zooplankters (i.e. copepods); the 120 kHz data were not used in our analyses.

Results

The results presented below are based on the zooplankton  samples,
acoustic sampling, and physical and chemical measurements taken during
September 1985 and 1986 in,and near the official study area, supplemented by
the zooplankton samples and physical measurements taken over a broader area
during the October 1986 ‘Polar Star’ cruise.

Validation of Sampling Methods

Bongo vs. Tucker Net Tows. --To assess whether large and fast-swimming
zooplankters such as large amphipods and euphausiids were underestimated in
bongo net tows , a modified Tucker trawl was used to collect additional samples
at the same locations as selected bongo tows. This large mesh trawl was
designed to be towed without a bridle, to minimize the avoidance reactions of
macroplankton. The Tucker trawl is an effective sampler of large zooplankton
and small fish (Sameoto and Jaroszynski 1976). However, all types of
zooplankton sampling gear have inherent biases , and all probably underestimate
the actual densities present (e.g. Wiebe et al. 1982). Overall densities of
animals collected with the bongo and Tucker trawl are not co”mparab~e  because
the mesh opening in the Tucker trawl is about 13 times larger than that of the
bongo net (6.4 mm vs. 0.5 mm). Thus, small animals are not expected to be
collected by the Tucker trawl. Instead$

we determined whether larger animals
were collected by the Tucker trawl, and compared the apparent densities of
large animals as determined by the two gear types.

The results showed that both bongo nets and Tucker trawls collected a
wide range of sizes of all major groups of macrozooplankton  (e.g”. amphipods,
rsysids and euphausiids; Griffiths et al. 1986). Also, on a per unit volume
basis the bongo net was more efficient than the Tucker trawl in capturing
large individuals. All size classes captured in the Tucker trawl were
represented in the bongo net samples. Thus, the results from the Tucker trawl
did not indicate the need for any correction factor for large animals that
might be undersampled by the bongo nets (Griffiths et al. 1986, p. 79-83).

Depth of Bongo Nets.--In all 1985 and most 1986 horizontal tows, depths
of the bongo apparatus were determined from the attached A-pelco depth sounding
system. However, in 1986, stations 86-1 through 86-13 were sampled prior to
the Apelco system becoming operational. In these cases, horizontal sample
depths were calculated from wire angle measurements and the amoune of wire
out. Once the Apelco system became operational in 1986 , we continued to record
wire angle and amount of wire out so that the two methods could be compared.
There was a strong positive relationship (r = 0.99; P<0.00I; n = 36). The fit
appeared to be best for the depth range O to 25 m (Fig. 74), which
corresponded to the range of sampling depths at stations where the ‘wire angle
and amount of wire out’ method was used. Thus calculated depth values were
sufficiently accurate to allow the inclusion of the horizontal tows taken at
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Comparison of sample depth using wire angle depth vs. “Apelco
sounder depth.

stations 86-1 through 86-13 i,n the analysis of zooplankton  biomass ‘vs. hydro-
acoustic recurne

Standard vs. Opening-Closing Bongo Nets.--In 1985, the primary
zooplankton  sampling device was a standard bongo net. Because this net sam~led
during both descent and ascent, the values obtained during horizontal ~ows
were somewhat biased (Griffiths et al. 1986) and not ideal estimates of
zooplankton  biomass at the depths that were nominally sampled. To eli.mi.nate
this bias during the 1986 sampling program, we used an opening and closing
bongo net that collected the entire sample at the desired depth. However, some
other types of sampling were conducted using the standard bongo net during
September 1986 in this study, during the ‘polar Star’ cruise of (jctober ~9g6,
and in a 1985-86 study of zooplankton in the Canadian Beaufort Sea (Bradstreet
and Fissel 1986; BradstreeE et al. 1987). To compare the sampling efficiencies
of the two types of bongo assemblies we compared samples collected in a
single area by the two types of bongo nets.

The comparisons were based on samples from five replicate oblique tows
collected with each type of net at one station on 15 September 1986. .Double
oblique tows rather than horizontal tows were used in the comparison because,
with the double oblique technique, both nets sampled during the descent-ascent
cycle. In addition, the difficulties of collecting 10 horizontal tows within
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the same zooplankton layer over an extended period of time were eliminated. In
order to standardize the zooplankton available during the tows as much as
possible, sampling was carried out while steaming back and forth over the same
area. As a further check on the consistency of the zooplankton  present during
each tow, the hydroacoustic  system was used during each tow to measure the
amount of zooplankton  present.

Calculated biomasses  of all major zooplankton groups (and total biomass)
were higher based on samples collected with the standard bongo net (Table 9).
Mean values from standard bongos ranged from 1.23 to 5.82 times those from the
opening and closing bongoss depending on the taxonomic group. JIxcept for fish
larvae, amphipods and detritusj the differences between the gear types were
significant (Table ~). These differences did not appear to be related to the
volume of water sampled (no significant difference between nets; t = 1.583, p
= 0.165, df = 8). The differences also were not the result of any differences
in the total amount of zooplankton in the water column at places where the two
types of samples were collected (no significant differences for the 200 kHz or
120 kHz volume backscatter during the tows of the two gear types; Table 9).
The echosounder  data do not rule out the possibility that there may have been
some differences in the group composition of zooplankton between sampling
locations. However, it is more likely that the differences in apparent biomass
were related to the towing configuration of the two net types. In the standard
bongo assembly, the bongo frame is attach,ed to the hydrocable  and towed so
that no gear precedes the net entrance. This minimizes the possibility of
avoidance due to a pressure wave in front of the net. In the case of the
opening and closing net, the closing device and associated lines have to be
towed in front of the net. This configuration would tend to deflect some
portion of the zooplankton. In addition, the flow of water around the leading
edges of the opening and closing nets would be more turbulent than around the
standard nets; in the former case, the nets were tied to Che rings with line,
whereas -in the latter case they were clamped to the standard frame. The
increased turbulence would be expected to reduce the efficiency of the opening
and closing nets and result in lower catches.

These factors could account for the differences in apparent zooplankton
biomass as determined by the two types of net. It was surprising that
differences for the more motile organisms (fish larvae and amphipods) were not
significant, given their abilities to sense pressure variations and move
rapidly. It is possible that their distribution patterns were more patchy than
those of the other zooplankton groups, thus increasing the variance within
each net type and reducing statistical significance levels.

The zooplankton biomasses determined from the opening and closing bongo
nets in 1986 were corrected, i.e. scaled upward, by applying the appropriate
correction factor from Table 9 to each group and to the ‘total-detritus
biomass’ group. Two correction procedures were followed, depending on
circumstances. Method 1: When analyzing the 1986 hydroacoustic  data vs. net
biomass, the corrected ‘total-detritus biomass’ was used because the
hydroacoustic system was unable to distinguish among zooplankton groups, and
because the resulding relationship was to be applied over large areas where
the
For
for

group composition of the zooplankton community was not known. Method 2:
comparisons of net biomasses among stations or areas, correction factors
each zooplankton  group were applied and these converted values were summed
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Table 9. Correction factors applied. to Ehe major zooplankton groups col=lecb-
ed in Ehe opening and closing bongo net. Based on comparisons with
samples collected by a standard bongo net towed in the same way at
the same station and date. Five samples from each net type are used
in the comparisons. The t-eests were modified for unequal variances
(C’-tesc)e

Biomass (mg/m3)

2-tail Correction
Group Mean. SD (:;) pa Factor

Total Biomass

Standard Net
Open-Close

Total - Detritus

Standard Net
Open-Close

Copepods

Standard N e t
Open-Close

Pteropods

Standard Net
Open-Close

.lhaphipods

Standard Net
Open-Close

Fish Larvae

Standard Net
Open-Close

Eydrozoans

Standard NeE
Open-Close

26.01
12.66

2.15
0.385

1.45
0.32

3.64
2.95

7.83
5.55

1.31
0.39

5.39
3.30

8.69
3009

1.05
0.56

0.67
0.22

0 ● 94’
1.38

.7.14
2.62

0.61
0.12

4.72 ** 2.05
(7.9)

2.49 *
(5.5)

2.44 *
(7.29

3.58 *

(5.3)

0.92 ns
(8.6)

0.67 ns
(5.6)

3.31 * 3036
(4.5)

1.94

2.53

4.53

1.23

1.41

Continued..,
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.

Table 9. Concluded.

Biomass (mg/m3)

2-tail Correction
Group Mean SD (:;) Pa Factor

Decapods

S~andard Net
Open-Close

Detritus

Standard Net
Open-Close

Mysids
.
Euphausiids

Chaetognaths

4.54 1.28 5.14 *** 5.82
0.78 1.02 (9.4)

ns4.84 4,66 1.46 2.72
1*78 0s61 (402)

1.32b

1.32b

1.32b

Volume Saqled (rn3)

Standard Net 147.66 5.31 1.53 ns
Open-Close 152.52 4.73 (9.8)

2(N3 kEz Volume Scatter

Standard Net 2.761 0.69 1.04
Open-Close 2.389 O*41 (7.8)

ns

120 kllz Volume Scatter

Standard Net 1.088 0.28 1.04 “ ns
Open-Close 0.953 0.08 (5.0)

● ☛☛ 0.01~X3.001; *** p~0.001; ns p>OeO1.a * o.05~p>o*ol,
b These values are a mean of the fish larvae and amphipod factors (see tex~).
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to obtain a corrected ‘total-detritus biomass’ for the sample. In cases where
no group correction factors could be calculated due to insufficiency data
(mysids, euphausiids, chaetognaths), we used the mean of the correction
factors for groups that were similar in behavior, in this case the factors for
fish larvae and amphipods.

Method 2 tended to give slightly higher estimates of ‘total-detritus
biomass’ than did Method 1. A further correction was applied to make the da~a
from the 1986 horizontal net tows at depth (where Method 2 was applied) more
comparable with results from the hydroacoustic data (based on Method 1). For
each sample, the ‘total-detritus biomass’ was determined by both Methods, and
the ratio of the Methdd 1 : Method 2 results was determined. The calculated
value for each zooplankton group was then multiplied by this ratio. After this
procedure, the sum of the corrected biomasses for all taxa equalled
‘total-detritus biomass’ derived from Method 1. This procedure may tend to
underestimate the biomasses of some individual taxa and thus .it produces a
conservative estimate of the corrected biomass.

Thus , horizontal tows collected with the opening-closing bongo assembly
have the advantage of coming from a single depth, but have the disadvantage of
underrepresenting  the amount of zooplankton present. The correction procedure
developed here allowed us to compensate, at least roughly, for the
underrepresentation problem. These correction procedures were needed only for
the samples collected by the opening and closing bongo nets, i.e. for the
horizontal tows at depth during September 1986. All other bongo tows were with
the standard bongo assembly (see ‘Methods’ section), and were not adjusted in
this way. Appendix 2 shows the raw as well as the corrected results for the
opening and closing bongo nets.

Acoustic Biomass vs. Net Biomass

The hydroacoustic -surveys provided data on zooplankton biomass at far
more locations and depths thati net-sampling methods. However, before the
hydroacoustic  data could be interpreted, it was necessary to determine the
relationship of the hydroacoustic results to the zooplankton biomass as
estimated by traditional net sampling. It should be noted that the V-fin
carrying the transducers was towed approximately 1 m below the surface. This,
coupled with turbulence in the surface waterss prevented any meaningful
acoustic results from being obtained in the top 2-3 m of the water column.

1985 Relationship. --In 1985, a total of 31 horizontal bongo tows were
performed, and echosounder data were obtained during 25 of these sampling
periods. Of these, 8 were excluded from our analysis because of pycnocline
bias (for details and data, see Griffiths et al. 1986, p. 108). The remaining
17 were used to determine the relationship of the 200 kHz echosounder results
to zooplankton  biomass as estimated from net tows. The” following Reometric
mean regression (Ricker 1973, 1984)

Biomass (mg/m3) = 27.85 +

(r = 0.81, df = 15, l-sided p<O.001
relationship was used to estimate
obtained along the 1985 transects.

--
was derived:

(346.39)(volume scatter x 108)

; Griffiths et al. 1986, p. 109-110). This
zooplankton biomass from echosounder data
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1986 Relationshi~.--In  1986, the corrected !tota~-detritus biomass!
calculated by Method 1, as described above (p. 166-9), was available” from 66
horizontal opening and closing bongo tows during which echosounder data had
been collected. The echosounder data were processed to exclude strong echoes,
believed to be mainly from fish (see ‘Methodst, p. 163-4). These data were
used to determine the relationship between volume scattering and net

biomass/m3. As in 1985, some pairs of concurrent net and hydroacoustic  data
were excluded because of problems with sharp density gradients (pycnoclines],
particularly at stations with a layer of Bering Sea Water (see ‘Water Masses’
section, p. 102). In 1986, 10 of the 66 data points were excluded because of
pycnocline bias. The excluded cases were Station 86-13, tow depth 8 m; T4-5,
30 m; T3-5, 28 and 30 m; T1-1, 5 m; TI-4, 34 m; T1-5, 15 and 47 m; T2-5, 10
and 50 m (see Fig. 69, 70, p. 141-2, for station locations).

The acoustic data used were those that corresponded to the tow depth of
the bongo net. The horizontal tow depths varied slightly during each tow
because of wave action and variable boat ,speeds. Hence, we averaged the volume
scattering measurements (VS) for 2 m above and below the tow depth. For
example when tow depth was 10 m, the scaled VS data for 8-12 m were averaged,
For tows deeper than 56 m, where VS strata were 5 m thick, we used the VS data
from the stratum that included the tow depth.

Both the volume scattering data and net biomass (mg/m3) were log
transformed to stabilize the variation across the ranges of the two variables.
There was a significant simple correlation between net biomass and VS (r =
0.62, p <0.001; Fig. 75), but the”best-.fit  equation was a multiple regression
based on log 200 kHz volume scattering and station depth (m):

Log (mg/m3) = 11.5893 + 100793(log  VS at 200 kHz) - 0.007 (Sta. depth in m)

(R = 0.66, df = 53, p<<0.001; Table 10): Tow depth was also considered as a
possible predictor variable, but it did not account for significant additional
variance after VS and station depth had been taken into account. The above
equation was used to estimate zooplankton biomass from the echosounder results
acquired at individual stations and during continuous hydroacoustic surveys.
These esbimates of ‘acoustic biomass’ were then used to determine the amount
of food available to bowheads in the study area and to investigate the
vertical and horizontal patchiness of zooplankton.

Vertical Distributions.--The vertical distributions of zooplankton in the.
region were examined by analysis of volume scattering data from various depths
at stations with zooplankton tows. The VS data acquired during all tows at
each station were averaged and then converted to estimated biomass (mg/m3)
using the above geometric mean (1985) or multiple (1986) regression
relationship. Depth layers that included pycnoclines were excluded in both
years.

Horizontal Distributions.--Although most broad-scale horizontal transects
were disjointed in time, i.e. conducted over 2 or more days, all data from a
given transect were combined for the analysis. Horizontal distributions of
zooplankton  along each transect were investigated by averaging the zooplankton
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depths. 95% confidence limits and prediction limits for new observations are
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Table 10. Multiple regression of zooplankton net catch (log mg/m3) on
acoustic volume scattering (log VS for 200 kHz sounder) and Station
depth (m).

Independent
Variable Coefficient Std Error t-value P value

Constant 11.5893 1.5095 7.68 <<0.001
Log (VS 200 kHz) 1.0793 0.1821 5.92 <<0.001
Sta. Depth (m) -0.007 0.0032 -2.19 0.033

Multiple Correlation Coefficient R = 0.66 n = 5 6
R2 (% variance explained) = 0.44 df ~ 53
R~ adjusted for df 0.42

biomass (mg/m3) in the entire water column for each 2-rein segment of transect.
At a typical boat speed of 7.4 km/h in 1985 and 10.9 km/h in 1986, a 2-rein
segment represented about 250 and 365 m of transect in 1985 and 19869
respectively. For each 2-rein period the Volume Scatter (VS) data collected
from various depth strata were weighted by stratum thickness and averaged. The
average VS value for the 2-rein period was then converted to estimated biomass
using the regression equations developed above. In 1986, depth layers along
transects affected by pycnoclines were excluded from the above analysis (Table
11). In 1985, all data at or above the pycnoclines were excluded.

Table 11. Depth ‘layers along 1986 hydroacoustic  transects excluded from
analysis because of pycnoclines.

Transect Date Time (&IT) Depth Layer (m)

A
J
1
1
1
2
2
3
4
4

9/4
9/7
9/16
9/17
9/17
9/19
9/19
9/14
9/11
9/11

12:24-13:04
17:28-17:58
09:37-09:52
12:50-13:50
12:50-13:50
12:04-12:38
12:04-12:38
11:43-12:13
12:25-12:40
12:25-12:40

3.5-7 . .
6-10

3.5-7
22-35
45-48
8-12

48-52
26-32
28-30
51-55

Zooplankton Patchiness.--The volume scattering data acquired from the 200
kHz system during the broad-scale surveys and fine-scale transects near whales
were used to assess zooplankton patchiness. For each transect, a matrix of
estimated biomasses in 2-m depth strata and 2-rein (about 250 m) positional
strata for 1985, and in l-m depth strata and 2-rein (about 365 m) positional
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strata for 1986 was developed. Patchiness data for each transect are presented
as contour plots of estimated biomass versus depth “arid position along the
transect. The data are presented as continuous, although those from most
broad-scale transects were collected over 2-3 days. In both years, depths were
corrected for transducer depth and pycnocline layers were excluded.

Zooplankton vs. Water Masses and Depth, Official Study Area,
September 1985-86

Characterization of Stations by Water Masses. --As described under
‘Present State of Knowledge’, p. 136-9, a relationship has been demonstrated
between the composition of arctic zooplankton and physical conditions, notably
temperature and salinity. In 1985-86, Temperature-salinity (T/S) data from CTD
profiles and surface readings were used to delineate major water masses in the
Eastern Alaskan Beaufort Sea (see ‘Water Masses’, p. 84-102, for details).
Most stations have been grouped by temperature-salinity characteristics into
three zones based on the water masses present: nearshore, inner shelf and
outer shelf (Table 12). Stations on 1985 Transect 4 were excluded because
they were sampled after an extended period of sErong northwesterly winds had
thoroughly mixed the water masses (Griffiths et al. 1986).

The extent and depth ranges of the three zones varied within and between
the two years. For example, three of the control stations (depths 23-27 m)
were in the ‘Inner Shelf’ zone in early September 1986; when the broad-scale
transects were sampled in mid September 1986, stations in this zone had a
depth range of 41-47 m. These variations in the locations of water masses and
zones should be kept in mind when interpreting the results.

In the following analyses, zooplankton  data from 1986 are emphasized and
comparisons are made with the 1985 data; detailed analyses of the 1985 results
are provided in Griffiths et al. (1986). Zooplankton results in this
subsection are from the broad-scale transects over the continental shelf
within our official study area during September of 19$5 and 1986. Later
subsections present results from the more extensive transects during the
‘Polar Star’ cruise, and from whale feeding and control stations. Data
concerning the major groups and species of zooplankton in these three
situations are presented in Appendix 1. Additionally$ in the case of
horizontal tow samples collected with the opening and closing bongo nets in
1986, the untransformed and transformed data are presented in Appendix 2.

Zooplankton data from the broad-scale transects are presented in relation
&o the three zones listed in Table 12, “i.e. nearshore, inner shelf and outer
shelf. Within each zone, the major groups are described for four situations:
(1] the water column as a whole, (2) above the pycnocline, (3) within the
pycnocline layer, and (4) below the pycnocline in Arctic Water or Bering Sea
Water. In addition, the major species of zooplankters are described for the
water column as a whole. The data are summarized in Figures 76 and 77 for 1986
and Figure 78 for 1985.
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Table 12. Summary of stations in each of three zones during September 1985
and 1986.

Year Transect Nearshore Inner Shelf Outer Shelf

1985 Transect 1 Sta. 1 Sta. 2 and 3 Sta. 4 and 5
Transect 2 Sta. 6a, 7 and 8 Sta. 9 and 10
Transect 4 Water mass characteristics different (see text)

1986 Transect T1 Sta. T1-1, T1-2 Sta, T1-3 Sta. T1-43 T1-5
Transect T2 Sta. T2-1, T2-2 Sta. T2-5
Transect T3 Sta. T3-1, T3-2 Sta. T3-3 Sta. T3-4, T3-5
Transect T4 Sta. T4-1, T4-2 Sta. T4-3 Sta. T4-4, T4-5

1986 Whale Sta. 86-1, 86-5,
Feeding 86-7, 86-9,
Stations 86-10, 86-12

1986 Control Sta. 86-2, Sta. 86-6
Stations 86-11 86-8, 86-13

a Ice prevented zooplankton sampling at 1985 station 6.

Nearshore Waters.--In 1985, only a single station, at a water depth of 13
m, was located in this zone (Table 12). Temperatures and salinities were
nearly uniform from surface to bottom and the temperature was 1 Co greater
(i.e. 0.15*C) than expected given-the salinity of 31 psu. In 1986, the
nearshore” water was different in characteristics; a more extensive zone
extending up to 1S km from shore is treated here as ‘nearshore’. It contained
eight of the transect stations (water. depths 10 to 34 m), all whale feeding
stations, and two control .stations (water depths 12 to 25 m; Table 12).
Surface temperatures were considerably higher than in 1985, reaching maxima of
3.4 to 4.5”C. Salinities were approximately 1.5 to 2 psu lower than in 1985.
At depth, there was little evidence of Arctic Water (AW, = Arctic Surface
Water) in the nearshore zone in 1986, with most of the water being above or
within the pycnocline  layer. However, there were some differences between the
whale feeding stations and the control stations near the Kongakut Delta.
Subsurface waters were generally cooler and more saline with sharper
pycnoclines  at whale feeding stations than at corresponding control stations
(see ‘Water Masses’, p. 103-114). The whale feeding stations were closer to
shore than associated control stations.

Only one station was located in this zone in 1985, while eight nearshore
stations along broad-scale transects were sampled in 1986. Consequently,
between year comparisons should be treated with some caution. For 1986, the
nearshore data used below all come from the four broad-scale transects. Other
stations near feeding whales, and their respective controls, are discussed
later.
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The total biomass of zooplankton per cubic meter of water was higher in
the nearshore zone than farther offshore. In 1986, this was true for each
specific layer (above pycnocline, pycnocline, Arctic Water below pycnocline)
and for the water column as a whole (Fig. 76). In 1985, when there was only
one nearshore station, the same trend was true for ‘Above Pycnocliner and the
water column as a whole.

In the water column as a whole, there were three major groups of
zooplankton in 1986: copepods, decapod larvae and the hydrozoan plus
c~enophore group (Fi .

f
76). Major groups were defined as those contributing

greater Chan 10 mg/m to total biomass. In 19858 copepods and hydrozoans plus
ctenophores  were also major contributors along with mysids and euphausiids
(Fig. 789. The species composition of the major and minor groups varied little
between the two years (Fig. 77). In the case of copepods, the dominant group
in both years, three species were common in both years: Limnocalanus macrurus,
Calanus hyperboreus, and Calanus glacialis. In 1985, Derjuginia tolli was also
a major contributor to the copepod biomass at the one nearshore station, while
in 1986 it was not found in nearshore samples. LimnocaIanus macrurus was the
dominant copepod in the nearshore area in both 1985 and 1986. The average
biomass in the water column in 1986 was lower than the biomass in the single
1985 sample (296 vs. 487 mg/m~). However, some individual samples from 1986
had higher biomasses (e.g. Sta. T4-1 and T2-2, 1036 and 777 mg/ms).

Group composition varied substantially with depth in both years of the
;tudy. Samples from surface waters above the pycnocline contained fewer
zooplankton groups than samples from below and within the pycnocline.  This was
true in both years (Fig. 76, 78). Copepods were the only major contributors to
zoctplankton  biomass in surface waters in either years while several groups
were major contributors in deeper nearshore water: in 1985, mysids,
euphausiids, and hydrozoans plus ctenophores; in 1986, decapod larvae and
hydrozoans plus ctenophores (Fig. 76, 78).

Pycnoclines were generally not as distinct in 1986 as in 1985, and in a
number of cases ~hey formed layers tha~ extended from jusb below the surface ,
to the bo~tom, rather than discrete bands (see ‘Water Masses’ section). In
1986, samples were collected in the Arctic Water below the pycnocline layer at
only two of the eight nearshore stations. In both cases, copepods were by far
the major contributor to total zooplankton biomass in the Arctic Water, with
only a minor contribution from hydrozoans  and ctenophores  (Fig. 76).

In both 1985 and 1986, the highest biomasses in nearshore waters occurred
at depth, and copepods were by far the dominant component (Fig. 76, 78). The
total zooplankton  biomass at dep~h in nearshore waters was higher in 1986

(average of 8 stations) than for the single 1985 sample (648 vs. 463 mg/m3),
and several samples from individual 1986 stations had much higher biomasses
(e.g. Sta. T4-2 and T2-2, 2214 and 2149mg/m3;  Appendix 2).

In sulary, copepods were the dominant zooplankters  throughout the
nearshore zone in both years. These results were consistent with previous
findings in and near the study area. Most studies of arctic zooplankton have
shown copepods to be the dominant group in terms of number (Johnson 1956;
Grainger 1965; Hopkins 1969; Grainger and Grohe 1975; Homer 1979, 1981;
Bradstreet  and Fissel 1986) and biomass (Hopkins 1969; Sekerak et al. 1976a,
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Nearshore inner Shelf Outer Shelf

u
FIGURE 77. Biomass (mg/m3) of major zooplankton  species
as a whole, Eastern Alaskan Beaufort Sea, September
situation, n is the number of zooplankton tows considered;
biomass for all groups. Based on oblique tows along 1985
and 1986 Transects T1-T4.

in the water column
1985-86. For each
Z is the mean total
Transects 1 and 2,
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1979; Griffiths and Buchanan 1982; Bradstreet and Fissel 1986; Bradstreet et
al. 1987). However, hydrozoans, chaetognaths and ctenophores have occasionally
been found to be dominant at specific stations or depths. For example,
Griffiths and Buchanan (1982) found hydrozoans and ctenophores to dontina~e at
a number of stations off the Mackenzie River delta in 1980-81.

The main copepod species found in nearshore waters in both years of the
study, Limnocalanus macrurus, has typically been reported from nearshore
brackish water in the arctic. Derjuginia  tolli was a dominant copepod at the
one nearshore station in 1985 but was absent in 1986. This may be either a
reflection of yearly variation in abundance or an artifact of the small 1985
sample size.

In 1985, mysids (Mysis litoralis) and euphausiids (Thysanoessa  raschii)
were major contributors to total biomass in the nearshore zone. These-s
were present in 1986, but were not major contributors to total biomass along
the four broad-scale transects. However, mysids were important at some
nearshore locations where bowheads fed in 1986 (see ‘Whale Feeding’
subsection, p. 187-199). One whale taken off Kaktovik in 1983 had eaten almost
entirely mysids (Lowry et al. 1987).

Inner Shelf Waters. --Four 1985 stations (depth range 25 to 45 m) and
three 1986 stations (depth range 41 to 47 m) were sampled in this zone (Table
12). At these stations, the stirface layer was thicker and warmer in 1986 than
in 1985 (10 m vs. 5 m; O to 2.5°C vs. <l.O°C). In both years waters below the
pycnocline were cold and saline (-l.O°C; >30 psu).

In the ixiner shelf zone, the total biomass of zooplankton per cubic meter
was, on average, less than that closer to shore in the nearshore zone, but
more than that farther offshore over the outer shelf. This was true for the
water column as a whole in both years, and for most specific layers in one or
both years (Fig. 76$ 78).

In the water column as a whole, the total zooplankton biomass during 1986
was dominated by four groups: copepods, hydrozoans  plus ctenophores,
amphipods, and fish larvae (Fig. 76). In 1985, the major groups were copepods
and hydrozoans plus ctenophores (Fig. 78). Two species, Calanus hyperboreus
and Calanus glacialis, contributed most of the copepod biomass in both years.
Most other major groups were represented by low biomasses of a single species:
hydrozoans by Aglantha digitale
larvae by Boreogadus, saida.

, amphipods by Parathemisto libellula, and fish
Average total biomass in the water column as a

whole was similar In both years (209 VS. 170 mg/m3 in 1985 and 1986,
respectively] .

Total zooplankton biomass above the pycnocline was low in both 1985 and
1986 (46 and 20 mg/m3, respectively). In 1986, no group contributed more than
10 mg/m3, and only three groups--pteropods, decapod larvae, and hydrozoans
plus ctenophores --accounted for more than 5 mg/m3. In 1985, only copepods were
major contributors to total biomass inthis zone (Fig. 76, 78).

Within the pycnocline layer, pteropods, hydrozoans plus ctenophores, and
(barely) copepods were major contributors to zooplankton biomass during 1986
(Fig. 76). Below the pycnocline  in the Arctic Water, three groups were major
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contributors in both years: copepods$ hydrozoans  plus ctenophores~  and
ainphipods  (Fig. 76, 78). Average total biomass was similar for both years {448
and 659 mg/m3 in 1985 and 1986, respectively).

Calanus glacialis and C. hyperboreus  were the major species over the
inner shelf in both years. ‘Limnocalanus  macrurus, the dominant copepod in
nearshore. waters~ was present over the inner shelf but was noe a major
contributor to the biomass in either year. Mysids and euphausiids were not
aburidant in terms of biomass in inner shelf waters in eiEher 1985 or 1986.
Howevers if these two groups were most abundant at or near the bo~tom$ their
abundances may have been underestimated since most horizontal samples were
collecEed well above the bottom.

Outer Shelf Waters.--The four 1985 stations in this zone were in water
depths of 56 to 185 m and were characterized by a relatively thick (5 to 7 m)
surface layer of water with Mackenzie Bay T/S patterns (’f = 1.5 to 2.5°C; S =
23 to 26 PSU)O Below this layer there was cold, saline Arctic Water. The
seven 1986 stations in this zone (depths 53 to 205 m) showed less influence of
Mackenzie Bay water than in 1985; in 1986 Mackenzie Bay water was limited to
the eastern half of the study area, i.e. the outer portions of Transects T3
and T4. The western outer shelf, i.e. the outer portions of TransecEs T1 and
T2j was covered by colder wate-r. In 1986 two distinct water masses
evident at depth along the outer shelf~ Arctic Water and Bering Sea Water
~Water Masses’ sections p. 84-102).

ToEal zooplankton  biomass in the outer shelf zone was, on average,

we r.e
(see

less
than that in nearshore ,and inner shelf waters (Fig. 76), This was true for the
water column as a whole in both years, and for all specific layers aside from
the uniformly impoverished surface layer in 1986. The ‘water column as a
whole’ estimates for 1986 are averages for the top 50 m. The ‘water column as
a whole’ estimates for 1985 are roughly comparable, but 2 of the 4 samples
extended down to 80 and 100 m. In the water column as a wholej average total
zooplankton biomass was higher in 1985 than in 1986 (133 vs. 46 mg/m3).

In the water column as a whole, only hydrozoans plus ctenophores were
major contributors to Eotal ‘zooplankton biomass in 1986, and even they
contributed only 16 mg/m~ (Fig. 76). In 1985, copepods” formed the dominant
group, followed by hydrozoans plus ctenophores (Fig. 78). Most major groups
were represented by one or two species in each year: hydrozoans by Aglantha
digitale$ ctenophores by Mertensia ovum, chaetognaths by Sagitta elegans,
copepods by Calanus hyperboreus and ~glacialis  (Fig. 77). An additional
copepod~ Euchaeta glacialis, was a majo~ con~ribueor  only in 1985.

In surface waters over Ehe outer shelf, toiza”l zooplankton biomass was
very low in both years (14 and 43 mg/m3,  respectively). ~n 1985 two groups,

copepods and hydrozoans plus ctenophores, contributed most of this low total
biomass. In 1986, OYXly the hydrozoan plus ctenophore group was a major

contributor (Fig. 76, 78). Similarly within the 1986 pycnocline layer, ~he
hydrozoan  plus ctenophore group was the major contributor to total biomass,
with some copepods, amphipods, and fish larvae. Total biomass in this layer
was low, but twice that in surface waters (91 VS, 43 mg/m3; Fig. 76).
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.

Below the pycnocline  in Arctic Water, the dominant zooplankton groups
were copepods, hydrozoans plus ctenophores, and chaetognaths in both 1985 and
1986 (Fig. 76, 78). In both years total biomasses were an order of magnitude
higher in this layer than in the surface or pycnocline layers.

Bering Sea Water was present below the pycnocline only in 1986, and only
at the north ends of transects Tl, T2 and T3 (see ~Water Masses!, p. 91-96).
Hydrozoans  plus ctenophores and copepods were the major contributors to total
zooplankton  biomass (Fig. 79). Total biomass averaged 225 mg/m3, approximately
the same as the average for the Arctic Water mass over the outer shelf (312
mg/m3, Fig. 76].

In general, copepodss hydrozoans plus ctenophores,  and chaetognaths  were
the major contributors to total biomass over the outer continental shelf in
both years. However~ copepods were dominant at all four outer shelf stations
in 1985s whereas the hydrozoan plus ctenophore group often was dominant there
in 1986, In both years, most copepod biomass consisted of C. hyperboreus and
:. glacialis. As in the inner shelf zone, no horizontal tows were taken near

- the bottom, so any animals concentrated there may be underrepresented.

General Patterns.--Along the two long 1985 transects and the four 1986
transects there was typically a layer of warmer and brackish surface water
overlaying colder and more saline deeper water. Although salinities of the
surface water were similar in the two years (<30 psu), this surface layer was
generally warmer in 1986 (>1.5 vs. >-O.5”C). with the exception of the off-
shore ends of Transects T1

.

and T2. In 1985, pycnoclines  were very distinct,

Bering Sea Layer
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Biomass (mg/m3) of major zooplankton groups in the
Water near the north ends of Transects T1-T3,
1986. n is the number of zooplankton tows
Z is the mean total biomass for all groups.
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whereas in 1986 ehey occasionally formed thicker layers thata at some
nearshore stations, went from 2-3 m dep~h to Che bottom. In 19859 water below
the pycnocline was typically Arctic Water along the entire length of the two
transects. In 1986, Arctic Water was found below the pycnocline  in the
nearshore and inner shelf zones~ while in the outer shelf region Bering Sea
Water was also present along Transects Tl, T2 and T3 but not Transect T4.

Zooplank50n  biomass in surface waters was almost always low along all
transects during both years of study. The one exception was at nearshore
stations along Transect T4 in 1986. The low biomass near the surface was
mainly attributable to a scarcity of copepods (Fig. 76 and 78; Appendix 2].
This may be related to the fact that chlorophyll levels in the surface waters
were low in both years (see Fig. 101-105 on p. 229-233; also Griffiths e~ .s1.
1986, p. 138-142).

Within the 1986 pycnocline  layer, mean biomass was higher than that in
the surface layer at inner and outer shelf stations, but not at nearshore
stations (Fig. 76). Copepods were the dominant zooplankters  in this layer only
in the nearshore zone; at inner and outer shelf locations the hydrozoan plus
ctenophore  group and pteropods were the major contributors to total biomass.
Below the pycnocline, biomass was much higher than that close to the surface,

- and tended to decrease with increasing distance from shore. Below the
pycnocline copepods dominated the total biomass in both years.

There were only minor differences in the species composition of the
eopepod community between years (Fig. 77,). In nearshore waters, copepods were
dominated by four species in 1985--Limnocalanus  maerurus, llerjuginia tolli,
Calanus hyperboreus, ~. glacialis-- and by three species in 1986--L. macrurus$
g. hyperboreus, C. glacialis.  In both years, ~. macrurus was t-he dominant
copepod in the n~arshore zone. In the inner and outer shelf zones, the
dominant copepods in both years were g. hyperboreus and ~. glacialis.

Zooplankton Across the Alaskan Beaufort Sea, October 1986

Vertical and oblique tows were collec~ed along five onshore-offshore
transects between Pt. Barrow and Demarcation Bay on 4-17 October 1986 during
the ‘Polar Star’ cruise. Two of these transects (C a,nd D) were located near
the western and eastern boundaries of the official study area; the others were
farther west (Fig. 72 on p. 143). Along the western transects, A+W and B,
samples were collected over three depth ranges (mid-shelf, water depths 41-64
m; continental slope, 267-278 m; deep water, 1434-2070 m). Along the eastern
transects C and D, samples were collec~ed over two depth ranges (mid-shelf,
55 m; deep water, 1635-1781 m). Generally, the top 50 m of the water column
was sampled. The biomasses for the major zooplankton  groups are shown in
Figure 80 and Appendix 1; the species composition for samples from transects C
and D is shown in Figure 81 and Appendix 1.

The major feature of the water masses across the Alaskan Beaufort.  Sea in
October 1986 was the presence of an ex~ensive band of warm saline Bering Sea
Watere This water mass extended from Pt. Barrow to Demarcation Bay and
typically occurred between depths of 20 and 80 m over the continental shelf
break. Temperatures of Che Bering Water were generally warmer in the western
(4 tO 5°C) than the eastern (3 to 3.5”C) portion of the region. Surface waters



Zooplankton and llydroacous~ics 184

(DW

Ca

I

f

t
$

m
+

#

nc



Zoophmkkcm and IIyclroaf2cwsEics 185

43

30

20

IQ

Q

m 90 rid
%1-70

4 m, m m8 1 1

w

!-!

FwnE 81. Biomass (mg/m3) of major zooplanlcton species collected
and dee~ water depths along ‘Transects C a~~ ~, oet~~er ~g~~o

over mid-
For each.

situation n is the number o: zooplankton tows considered; % is the mean eotal
biomass for all groups in those tows.



Zooplankton and Hydroacoustics 186

(O to 20 m depth) were cool (<-l°C) over the entire region at this time due EO
extensive ice cover. Most oblique and vertical tows during the cruise were
through a combination of the cool surface layer and the Bering Water.

West of Official Study Area.--The major groups that contributed
significantly to total zooplankton biomass varied across the coast. Along the
westernmost transects (W+A), hydrozoans plus ctenophores  dominated over all
three depth ranges (mid-shelf, 89%; slope, 46%; deep water, 53% of the total
biomass; Fig. 80). Other major groups common to the three depth ranges along
Transects W+A included euphausiids (6, 22 and 33%, respectively) and
chaetognaths (3, 28 and 4%, respectively). Fish larvae were also major
contributors (9% of total biomass) but only at the station over deep water.
Noticeable for their scarcity were copepods, which represented only 1, 2 and
1% of the total biomass in samples from mid-shelf, slope and deep stations,
respectively (Fig, 80). The high biomass of euphausiids in the Pt. Barrow
region was of particular interest since euphausiids dominated the stomach
contents of two bowhead whales taken there in autumn (Lowry and Frost 1984).

Over mid-shelf depths (64 m) along Transect B, off Prudhoe Bay,
zooplankton  biomass was dominated by fish larvae (58% of total biomass), with
minor contributions from several other groups (Fig. 80). At the station over
the continental slope (depth 267 m), three groups were major contributors to
to~al zooplankton biomass: euphausiids (51%), chaetognaths (36%) and copepods
(10%). Over the deep Water station hydrozoans plus ctenophores (64%), copepods
(17%) and euphausiids  (16%) were the dominant zooplankters  (Fig. 80). Overall
biomass along this transect was lower than that along the westernmost
Transects W+A. Euphausiids  were again major contributors to total biomass,

Official Study Area.--Along Transect C, near the western boundary of the
official study area, samples over mid-shelf waters (55 m) contained low
biomasses (mean 24 mgjm3), mainly hydrozoans plus ctenophores -(45%), copepods
(25%), and chaetognaths  (8%; Fig. 80). Over deep stations the total
zooplankton biomass averaged 59 mg/m3. Again, the main contributors were
hydrozoans  plus ctenophores (32%), copepods (25%), and chaetognaths (25%),

Euphausiids  were only minor contributors (1% and <1% at mid-shelf and deep
stations, respectively).

Along Transect D off Demarcation Bay, total zooplankton biomass was
higher than on Transect (2, but lower than on Transects W+A. As on Transect C,
the biomass at both mid-shelf and deep stations was dominated by hydrozoans
plus ctenophores (64 and 60% at mid-shelf and deep stations, respectively),
copepods (24% and 24%), and chaetognaths (11 and 10%; Fig. 80). Euphausiids
were only minor contributors (about l%).

The species composition of zooplankton  collected over mid-shelf and deep
waters along Transects C and D in October 1986 was similar to that in inner
and outer shelf waters during September (Fig. 81). Copepod biomass was
dominated by Calanus glacialis and ~. hyperboreus with a negligible
contribution from Limnocalanus macrurus. Chaetognaths were represented by only
one species, Sagitta elegans, i-es from both September and October. The
major differences occurred in the hydrozoan plus ctenophore group. The small
hydrozoan  Aglantha digitale was common in both sampling periods, as was the
ctenophore Mertensia ovum. However, the large hydrozoan Staurophora  mertensi,
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water in October,
not found in continental shelf waters in September. The absence
zooplankters  typically reported as associated with Bering Sea Water (i.e.
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copepod Neocalanus cristatus) was surprising considering the unusual extent of
this water mass across the Alaskan Beaufort Sea during October 1986,

Considering the Alaskan ~eaufort Sea as a whole, zooplankton biomass in
the top 50 m during October 1986 was generally greater over deep water
stations than over the continental slope or mid-shelf st.ations~  and decreased
from west to ease. important features of the zooplankton  community included
(1) the abundance of euphausiids, in terms of biomass, in the western and

- middle portions of the Alaskan” 13eaufort Sea and their near absence in the
official study area, and (2) the low contribution from copepods across the
entire area at this time of year. The decrease in copepod biomass from
September to October may have been a result of downward migration into deeper
Arctic Water to breed and/or overwinter. For example, Calanus hyperboreus is
known to overwinter at considerable depths (150 m) in che central Arctic Ocean
and in Jones Sound (Dawson 1978; Head and Harris 1985”).

Zooplankton in Whale Feeding Areas, September 1986

When boat-based sampling began on 4 September 1986, bowhead whales were
already in ~he southeastern corner of the official study area off the Kongakut
Delta and farther east off the Yukon coast (see Fig. 122, 127 in ‘~owheads~
section, p. 285, 290.). Consequently, fine-scale surveys of zooplankton near
eoucetitmations  of bowhead whales were conducted immediately upon our arrival
in the study area. Between 4 and 7 September we sampled feeding and control
stations at five locations where whales were feeding~ or had been feeding’
within the preceding 24 h. Two of these locations were in Canadian wabers
west of Herschel Island, and the other three were in the official study area
near the Kongakut Delta (Fig. 70, 71). At the two Canadian locations, no
bowhead whales were observed from the boat during the actual sampling but
several had been seen from the aircraft on the preceding day. In Alaskan
waterss numerous whales were either observed from the boae at the start of
each sampling session or had been seen from the aircraft earlier that day
prior to the arrival of the boat.

Extensive oceanographic measurements were taken at and between the
apparent whale feeding and control stations during each session. Thus, a more
detailed description of the water masses near areas where whales did and did
not concentrate was possible.

West of Herschel Island, 4 Sept. --The first feeding site that we studied
was located 5 bo 8 km off the Firth River delbaj immediately west of Herschel
island (Fig. 71 on p. 143). Although no bowhead whales were observed during
sampling on 4 September, aerial observers saw about 10 feeding whales -at
station 86-1 on 3 September. The CTD profiles at our two stations were
different. Although bo~h the feeding station (86-1) and the control station
{86-2) had surface layers of warm brackish water, the layer was thicker and
the underlying pycnocline more intense at the feeding station (Fig. 82A). At
depth, the water was colder and more saline at the control station than at the
feeding station; this result differed from all other feeding-control
comparisons described later (Fig. 82).
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biomass, based on
hydroacoustic data, revealed only thin zooplankton  layers near the bottom at
bokh stations (Fig. 83A). Total net biomass in each layer was low (Sta. 86-1:
74 mg/m3 at 13 m; Sta. 86-2: 213 mg/m3 at 22 m), as was the average biomass in
the water column as a whole at each station (96 and 52 mg/m3 at Sta. 86-1 and
86-2, respectively; Table 13A). The depth-integrated horizontal distribu~ion
of biomass (Fig. 8313) and the absence of dense zooplankeon patches (Fig. 83c)
suggested that zooplankton levels were low (<300 mg/m3) between the cwo
s~ations. lC is possible that water masses and zooplankton  in these areas had
changed from those present on the previous date, when about 10 bowheads had
been presen~. The unremarkable zooplankton biomass present during sampling may
account for the departure of the bowheads before the time of sampling.

At Sta. 86-1, the hydrozoans plus ctenophores group dominated che biomass
(38%) while copepods accounted for only 15% (Table 13A). At Sta. 86-2,
copepods dominat~d (78%; Table 13A). L~mnocalanus macrurus was the dominant
copepod at both stations. The dominance of ~. macrurus, especially at Sta.
86-2, was surprising given the cool temperatures and high salinities at this
station. Apparently, this nearshore brackish species can tolerate colder and
more saline water than previously reported.

Kongakut Delta, 5 Sept. --Numerous bowhead whales were observed from the
boat at the feeding station (86-5; Fig. 70 on p. 142) just prior to sampling
on 5 September 1986. No bowheads were seen during sampling at Che conbz-ol
station (86-6) on tha~ date. The CTIl profiles showed that Che stabions were
Iocaked in two different water masses. Waters at the nearshore feeding
station were colder and more saline than Chose slightly farther offshore at
the contmol sta~ion. The surface layer was also thinner and &he pycnocline was
more intense at the feeding station (Fig. 82B).

The vertical distribution of esgimated biomass at the whale feeding
station included a thick zooplankton layer extending from approximately 8 m to
the bottom with acoustic biomass 500 to 1000 mg/m3 (Fig. 84A.). In contrast, at
the control station there was only a thin layer at 20 m depth with acoustic
biomass about 400 mg/m3. Net sampling in the distinct layer at the feeding
station revealed biomasses of 3023 mg/m3 (97% copepods) at 10 m depth and 1269
mg/m3 (95% copepods) at 6 m depth. At the control station, the net biomass
within the layer was 92 mg/m3 (16% copepods; Appendix 2). The average net
biomass in the water column as a whole followed a similar pattern (1228 vs. 81
mg/m3 a t the feeding and control stations, respectively; Table 13B). The
highest zooplanleton biomasses were located close to shore where whales had
been observed feeding (Fig, 84B,c9. These da~a suggested that below the
pycnocline,  zooplankton biomass near the whale feeding station exceeded 1 g/m3

over a horizontal distance of 2 to 3 km along the onshore-offshore axis.

Two zooplankt.on groups were major contributors to the total net biomass
at the whale feeding s~ation: capepods  and hydrozoans plus ctenophores (95 and
3%, respectively; Table 13B). Five copepod species were collected ac this
station but only one, Limnocalanus  macrurus, was a major contributor (95% of
total biomass; Table 13B; Appendix 1). At the control station, seven. .
zooplankton groups were major contributors to the much lower total biomassj
with hydrozoans plus ctenophores being the single most important group (38%).
C’opepods were far more abundant at the feeding station than at the control
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a transect between them (cf. Fig. 71). ‘(A) vertical distribution at seacions,
(B) depth-integra.ted hori~ntal distribution between stations, (C) patchiness
between stations. Based on 200 kHz echosounder data, 4 Sept 1986.
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Table 13. Major zooplank.ton gro”ups and species collected in oblique tows
at apparent whale feeding and corresponding control stations, 4-
7 September 1!786. Sample depth is the maximum depth of the
oblique tow, which was near the bottom (see Table 6 for station
depths),

Sample Zoopl~nkeoa
Depth Bioma6a Taxa Comprising

Location (m) mglre~ >1% of Biomass %. Taxa Coat inued %

i& 4 Sept 19f16, iS of Serachel IS hmd

Stm.. 86-1 16 96.4
(Wh~Le6a)

Copepoda
Limnoca Ianue rnacrurw
Calanue hyperboreue
Calamus glacialis
Peeudocalanus  minutua

Ilydrozoane  & Cteoophoree

Sta. 86-2
(Control )

20

B. 5 Sept 1986, Comgakut pelt=

51.8

Sta, 86-5 12 1228.1
(Whalee)

. sm. S6-6
(Control)

22 81.2

C. 6 Sepe 1986, Kongakut Delta

Sta. 86-7 8 853.4
(Whales)

Sta. 86-8 23 40.5
(control)

~d 7 Sep& 19S6, Clarence Lagoon

Sta. 86-10 12 605.0
(%alesa)

Sta. 86-ii
(control)

12 198.5

Copepods
Limnocalanus  macrurus
Ca lanus hyperboreus
Calanus glacialis
Euchaeta glacialis
M -  ~

Copepode
Limnoca lanua  ❑ acrurue

Hydrozoana & Ctenophores

Copepode
Calanue glacialis
‘lanus macrurue
Calanue hyperboreus

llydrozoans & Ctanophoree

Copepode
- Limnocalanus  ❑ acrurus
Fseudocalanus~

Mysid.s

Copepods
- L~mnocalanus macrurus
Calanus glaci~
Euchaeta Elacialis
Calanua  hyperboreue

Cope pods
Limnocalanua  macrurus

Hydror.oans  & Ctenophores
Fish larvae

Copepode
Limnocalanus  macrurus
Calanus glaci~
Calanus hyperboreue
Pseudocalanus  minutus

IL 7 Sqt 19860 Emngakut Delta

Sea. 86-12 18 912.4 Copepoda
Whales) Limnocalanus  macrurue

Sta. 86-13 21 58.7 CO  DeDOdS

(Control)
. .
Limnocalanus macrurus

Fish larvae
Oecapod larvae

14.5
7.7
2.3
2.5
1.4

38.1

7s.5
43.1
17. s
11.s
2.3
1.9

96.0
95.0
2.5

17.3
10.8
4.2
l.s

3s.1

91.1
S8.4
1.3
6.3

31.7
18.5
4.7
3.5
2.7

33.8
32.0
.41.7
7.5

57.4
46.7
6.9
2.2
A.3

65.3
93. s

l.l
1.0

33.7
24.8

Amphipoda
!lyeids
Fieh Larvae
Chaetogmathe
Decapod larvae
Pteropoda

Fish larvae
Hydrozoans 6 Ctenophores
Decapod larvae
Chaetognatha
Amphipode

Fish larvae
Decapod ‘larvae
Amphipods
Clraetognatha
Pteropode

Amphipods
tlydrozoans & Ctenophores
Decapod larvae
Chaetognaths
Pteropoda

Decapod larvae
Ffye ide
Pt eropods
Amphipoda

Hydrozoans & Ctenophores
Fish larvae
Chaetognatha
Decapod larvae
Amphipods

Fish larvae
Rydrozoane  & Ctenophores

Hydrozoans & Ctenophores
Pteropods
Amphipods
Other

13.0
5.9
2.9

1:::
5.2

5.9
5.6
4.8
1.4
1.2

15.7
7.2
4.0
1.3

14.0

38.0
12.3
4.3
3.3
2.4

6.0
4.6
2.9
1.9

26.8
3.2
3.4
3.9
1.9

1.2
1.2

16.6
9.8
1.2

12,7

a Whalee presene preview day but not at time of zooplanktom  sampling.
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patchiness between stations. Based on 200 kHz echosounder data, 5 Sept 1986.



stabion (1179 vs.. 14 mg/m3), but ahe total contribution of other groups was
virtually identical at the two stations (62 vs. 67 mg/m3~ respectively),

Kongakut Delta, 6 Sept. --On 6 September ,1986 we again sampled near whales
off the Kongakut  River delta in the same general area as the sampling on 5
September 1986. Again, numerous bowhead whales were observed from the boat at
the feeding station (Sta. 86-7) and none were seen at the control station
slightly farther offshore (Sta. 86-8). The temperature-salinity patterns were
similar to chose the previous day, but the differences between stations were
not as large (Fig. 82C).

There was again an extensive layer of zooplankton  between 4 and 13 m
depth at Ehe feeding station (acoustic biomass 400 to .2200 mg/m3), and only a
Chin. layer at 20 m depth at the control station (600 mg/m3) (Fig, 85A). Net
sampling in these distinct layers showed an average biomass of 2069 mg/m3 (84%
copepodsl at the feeding station and 1280 mg/m3 (88% copepods) at the control
staeion (Appendix 2). In the water column as a whole, biomass was about 21
times greater at the feeding than at the control station (853 vs. 41 mg/m3;
Table 13C), presumably because of the thicker as well as denser zooplankton
layers at the feeding station. Hydroacoustic transects showed that biomass
below the pycnocline exceeded 1 g/m3 over a horizontal distance of about 2-3
km from Station 86-7 (Fig. 85B,C),

At Ehe whale feeding station only two groups of zooplankton were major
contributors to the total biomass: copepods (91%) and mysids (6%). The
dominant copepod species were Limnocalanus macrurus (88% of total biomass) and
Pseudocalanus  mi.nutus (1%); Mysis licoralis was the only mysid found (Table
13C; Appendix 1]. At the control station, amphipods (38%), copepods (32%), and
hydrozoans plus ctenophores” (12%) contributed most of the biomass.

Again, the major difference between the whale feeding and control
stations was the abundance of copepods at the feeding staeion. The biomasses
of all other groups combined were similar at the two stagions (76 vs. 28
mg/m~g respectively).

Clarence Lagoon, 7 Sept. --This site was located approximately 10 km east
of Demarcation Bay along the Yukon coast (Fig. 71). Eigh”t bowhead whales had
been observed from the airdraft in this area on 6 September; at this time the
waters in the region appeared clear. When sampling began on 7 September no
whales were visible from the boat at either the feeding or the control station
and only one was seen from the aircraft. A thin (0.5 to 1.0 m) layer of turbid
water covered the area where whales had been observed the previous day and
where the feeding staeion (86-10) was positioned. The CTD profiles at the
feeding and control stations were virtually identical (see Fig. 56 on p. 109).

~is~inct zooplankton layers were present at both stations (Fig, 86A]. At
the feeding station two layers were apparent: one at 8 m depth (acoustic
biomass 1500 mg/m3) and Ehe ocher at 12 m depth (1400 mg/ma). At the concrol
station a single relatively thick layer was present from 8 to 12 m depth;
acoustic biomass was 400 to 1400 mg/ma (Fig. 86A). Net cows within the layers
at Sta. 86-10 (whales) showed biomasses of 3847 mg/m3 (97% copepods) a~ 8 m
depth and 3119 mg/m3 (94% copepods) at 11 m depth. A tow at 12 m depth in the
single layer at Stao 86-11 (control) showed a biomass of 1149 mg/m3 (75%
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copepods~ 11% hydrozoans and ctenophores,  8% mysids; Appendix 2). In Che wa~er
column as a whole, the average biomass at the two stations was similar (105
vs. 199 mg/m3$ respectively; Table 13D). This was probably the result of the
thickness of the layer at the control station as compared to the thinner but
denser layers ak the feeding station (Fig. 86A). .A.dense layer of zooplankkon
of varying thickness extended between the two stations (Fig. 86C). Although
Ehe biomass at
particularly at
However, these
accounted for
began.

most depths was low at both stations, at certain depths--
the feeding station--there were biomasses in excess of 1 g/m3.
high density layers were relatively thin, which may have
the departure of the whales from this site before sampling

At the whale feeding station, the major contributors to the total
zooplankton  biomass in the water column as a whole were hydrozoans  plus
c~enophores  (42%9 and copepods (34%; Table 13D). The main species were
Halitholus cirratus,  Aglantha digitale, and Limnocalanus  macrurus. At the
control station, copepods contributed 57% and hydrozoans plus ctenophores 27%.
The main species were Aglantha digitale (25%) and ~. macrurus (47%). Excluding
copepods, the contribution of all other zooplankton groups was almost
identical at feeding and control stations (70 vs. 85 mg/m3~ respectively).

Kongakut Delta, 7 Sept.--The site off the Kongakut Delta sampled on 7
September 1986 was Che farthest offshore of the feeding stations sampled
during the study (Fig. 70). The aircrafe crew had just finished photographing
a group. of 12 bowheads as the boat arrived at the whale feeding station
(86-12). As was ehe case during the previous two sampling sessions off the
Kongakut Delta, the CT’D profiles showed !che waters at Ehe feeding station to
be slightly colder and more saline than at the control station slightly
farther offshore (86-13; Fig. 82D).

There were two layers of zooplanktoa at St. 86-12, a thin one at about 7
m depth (acoustic biomass 600 mg/m3) and a much thicker layer from 12 to 20 m
dep~h (800-1000 mg/m~). Ae the control seation, there was a single chin layer
at 17 to 19 m depth {acoustic biomass 500 mg/m3; Fig. 87A), At the feeding
station, three net tows at 6, 13 and 15 m revealed biomasses of 619, 762 and
2137 mg/m3, composed of 97%3 84% and 97% copepods, respectively (Appendix 2).
In contrast, at control station 86-13, a horizontal net tow at 17 m depth
revealed only 105 mg/m3, and was composed of hydrozoans plus ctenophores
(56%), decapod larvae (27%), fish larvae (6%), and copepods (6%; Appendix 2).
In ~he water column as a whole, the biomass at the feedin station was about
15 times that at the control station (912 vs. $59 mg/m ; Table 13E). The
hydroacoustic  transect showed high estimated biomasses near and inshore of the
feeding station and decreasing biomasses seaward of it (Fig. 87B,C). The
zooplankton biomasses near the feeding location, particularly at depth,
exceeded 1 g/m3.

At the feeding station, eopepods coaeribueed  fully 95% of the total
zooplankton biomass in the water column as a whole (Table 13E). Although six
copepod species were founds only Limnocalanus macrurus  (94% of total biomass)
was a significant contributor (Appendix l). Similarly, at the three specific
depths sampled ~. macrurus was the dominant contributor to total biomass: 94%,
72% and 92% at 6, 13 and 15 m, respectively. In contrase, the total biomass in
the water column at the control station was much lower, and the dominant
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groups were “fish larvae (34%), decapod larvae (25%), hydrozoans plus
ctenophores  (17%), and pteropods (10%). Again the main difference between
feeding and control- stations was the abundance of copepods. Excluding
copepods, the total biomass of all other groups was similar at feeding and
control stations (43 vs. 58 mg/m3, respectively).

Zooplankton vs. Water Masses at Feeding Locations.--The net tow data for
the five feeding areas were combined according to water masses, as were the
data from the corresponding control stations. The group composition in each
depth zone is shown in Figure 88; species composition is shown in Figure 89.

Generally, waters were cooler and more saline at whale feeding than at
control stations (see above). At most sites there was a layer of relatively
warm brackish surface water (temperature >2.0°C; salinity <28 psu) of varying
thickness, overlaying cooler more saline water (<OQ5*C; >29 PSU). The
underlying water appeared to be a mixture of the surface water and Arctic
Water (AW).

Total zooplankton biomasses in surface waters (above pycnocline)  at both
feeding and control stations were very low, averaging 21 and 9 mg/ms,
respectively. The slightly higher biomass at the whale feeding stations was
attributed to copepods, almost exclusively Limnocalanus macrurus (Fig. 88,.-
891. This overall low zooulankton  biomass in surface waters was consistent.
with the near absence of observations of surface feeding b~ bowhead whales in
the study area during 1986 (see ‘Bowheads’ section, p. 333, 361),

Within the pycnocline layer, horizontal tow samples were collected both
within distinct zooplankton  layers, as detected with the hydroacoustic systems
and at depths where no distinct layers were evident. Average zooplanktoa
biomasses were high within distinct layers at both feeding and control
stations (1899 and 845 mg/m3, respectively). Copepods were by far the major
contributors at both types of station (93 and 79%, respectively; Fig. 88).
However, as illustrated in the previous section, zooplankton layers were
generally thicker, usually extending from 6 to 10 m depth to the bottom, aa
whale feeding thari at control stations. At depths with no obvious layers
average biomasses were typic~lly low at both station types, averaging 72 mg/m3

at feeding stations and 144 mg/m3 at control stations. At both types of
stations~ the lower biomasses outside the layers were primarily due to a
reduction in copepod biomass. Excludiag copepods, the average biomass of all
other groups combined was similar within layers (feeding vs. control: 141 vs.
178 mg/m3) and outside layers (53 vs. 119 mg/m3).

Arctic Water was evident near the bottom at only two control stations,
86-2 and 86-6; it was absent at whale feeding stations. Horizontal tows taken
within distinct layers in the Arctic Water at control sites revealed
relatively low biomasses (mean 187 mg/m3; Fig. 88), consisting mainly of
copepods (59%) and hydrozoans plus ctenophores (23%).

The species composition of zooplankaon in the water column as a whole was
determined for all five feeding and control locations (Table 13, Appendix 1).
The copepod Limnocalanus macrurus was by far the dominant zooplankter,
contributing an average of 85% of the total biomass in the water column at the
five feeding locations (Fig. 89).
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Species composition at discrete depths was determined for only one of khe
five locations, the deepest feeding location. At the whale feeding .sEation
(86-12), the copepod L. macrurus was by far the dominane zooplankter  at all
three depths~ represen~ing 94* 72 and 92% of the total biomass at 6, 13 and 15
m$ respectively (Fig. 89). Calanus glacialis and ~. hyperboreus, two copepod
species generally associated with colder Arctic Wa~er (and the dominant
copepods in stomachs of most bowheads taken at Kaktovik--Lowry  and Frost
1984.), were important only at the two deeper depths (13 and 15 m).

The dominance of ~. macrurus at all whale feeding stations (and at all
ehree depths at Station 86-12) was somewhae surprising~ given the cold water
at these stations. This species has been thought to be associated with
nearshore brackish water. Apparently it can tolerate a wide range of
Temperatures and salinities. ~. macrurus was also the dominant zooplankter at
whale feeding stations along the Yukon Coast in 1985-86; there too it was most
common in cold saline water (Bradstreet and Fissel 1986; Bradstreet et al.
1987).

Biomass Comparisons: Feeding vs. Control Stations, --In the water column
as a whole, total biomass was significantly higher at feeding than at control
sta~ions when all five sessions were considered (Table 14). Mysids were the
only major group for which the difference was significant. However, if only
the ‘three locations where feeding bowheads were actually observed during
sampling are considered~ then both copepod biomass (t = 7.01, df = 2, p =
0,01) and total biomass (t = 27.41, df = 2, p<O.001) were significantly higher
at whale feeding stations. &limilarly5 the biomass of, Limn;calanus  macrurusj
the dominant copepod at both feeding and control stations~ was significantly
higher at the three confirmed whale feeding stations (t = 10.3, df = 2,
p<o.oo5).

Within distinct zooplankton  Iayersj there were no significant differences
between feeding and control stations for any major zooplankton group or for
Eotal biomass (Table 14). This was not surprising in view of the low sample
size. Also, the previously described hydroacoustic  data suggested that one of
the main differences between feeding and control stations was in the thickness
of zooplankton layers. The layers tended to be thicker at whale feeding than
at control stations, particularly at the three locations where bowheads were
actually observed during sampling.

Major Groups of Zooplankton

Copepods .--Copepod crustaceans were the major components of the
zooplankton community in the Eastern Alaskan Beaufort Sea in both 1985 and
1986 and have been found in the stomach contents of most bowhead whales taken
at Kaktovik in autumn (Lowry and Frost 1984; Lowry e~ al. 1987). Five species
of copepods were major contributors to the zooplankton  community in 1985:
Calanus hyperboreus, C. glacialis~ Derjuginia tolli, Limnocalanus macrurus and
Euchaeta glacialis. ~bree species were importane in 1986: L. macrurus, C,
glacialis,  and C. hyperboreus. The three species important in-both years a~e
discussed below; for an account of the other Ewo species important in 1985,
plus Pseudocalanus, see Griffiths et al. (1986, p. 100-101).
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Table 14.- Paired comparisons of the biomass of major
presumed whale feeding and control stations,
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zooplankton groups at
4-7 September 1986.

In Distinct Layer In Water Column

Major Paired Paired
Group t-value df P a t-value df Pa

Copepods

Pteropods

Mysids

Euphausiids

Amphipods

Fish larvae

Hydrozoans &
Ctenophores

Chaetognaths

Decapod larvae

Total

1.428

-0.771

1.340

-0.845

0.394

-0.130

-2.448

-1.158

-0.372

4

4

4

4

4

4

4

4

4

0.113

0.758

0.126

0.777

0.357

0.549

0.965

0.844

0.635

1.652

-0.381

3.587

-0.396

0.472

-0,529

1.061

0.300

-0.689

4

4

4

4

4

4

4

4

4

0.087 (*)

0.639

0.012 *

0.644

0.331

0.687

0.174

0.389

0.736

1.599 4 0.093 (*) 2.335 4 0.040 *

* o.05y>osol (*) 0.1>>0.05.
a One-tailed tests on logarithmically transformed biomass data.

Linmocalanus macrurus: This small copepod, in which adults are <2 mm in
length, has been reported from near-surface waters of the marginal seas of the
Arctic Ocean (Grainger 1965). In the southeastern Beaufort Sea it is
reportedly abundant wherever water of low salinity occurs (Grainger and Grohe
1975), and it is’ mainly restricted to nearshore shallow waters. Similar
results have been obtained in the Alaskan Beaufort Sea (Homer 1981). Johnson
(1956) found this species to have estuarine affinities, and suggested that its
presence may indicate the spread of river water out over the ocean. Griffiths
and Buchanan (1982) found that the biomass of ~. macrurus varied widely during
a two-season study in the Mackenzie Delta area; it was not a major componene
of the total copepod biomass in either year.

In 1985, L. macrurus was found in oblique samples at 10 of our 12
stations, but ?ts biomass was significant only at shallow stations on
Transects 1 and 4 (Fig. 90; Griffiths et al. 1986, p. 96). In 1986, this
species was found in oblique samples from 13 of 18 stiations along our four
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.

broad-scale transects (Fig. 90). It was generally the dominant copepod at
nearshore stations, but was only a minor contributor to total biomass at inner
and outer shelf stations. In addition, ~. macrurus was the dominant
zooplankter at bowhead whale feeding stations, accounting for 85% of the total
biomass in oblique tows and over 90% of the total in discrete zooplankton
layers at these locations. This species also was the dominant zooplankter near
the Yukon coast in August 1985 and early September 1986 (Bradstreet and Fissel
1986; Bradstreet et al. 1987).

The life-cycle of Limnocalanus macrurus is well known in temperate and
arctic freshwater systems~ but has not been studied in any detail in arctic
marine waters. In Georgian Bay, Ontario, L. macrurus has a one-year life
cycle. Breeding starts in September and naupiii can be found the same month;
by the following June over 50% have developed to adults. In Char Lake, NWT,
breeding starts in October and peaks in November; nauplii become abundant in
December and by the following July over 50% have become adults (Carter 1969;
Roff and Carter 1972). Females do not brood the young; eggs are released
directly into the water, sink to the bottom and hatch after a variable resting
period, usually less than one month. Development appears to be temperature
dependent but even in temperate waters it is not known to produce more than
one generation per year (Roff 1972).

Adult males and adult females were by far the dominant life stages of ~.
macrurus  collected in.both years of this study (Fig. 91, 92), and along the

“ Yukon coast in 1985 (Bradstreet and Fissel 1986). We found a few copepodite
stages III and V in 1985. Similar results were reported by Griffiths and
Buchanan (1982), who found that adult males and females and copepodite stage V
were the most abundant life stages in late August and September 1980 off the
Mackenzie Delta. Only adult females were found during the October ‘Polar Star’
cruise. Homer and Murphy (1985) found ~. rnacrurus  along the Alaskan 13eaufort
Sea coast in November but found none in March and April. These data suggest
that ~. macrurus has a one-year life cycle in the nearshore waters of the
Be&ufort Sea and that adult stages may not survive through the winter. Because
the females extrude their eggs directly into the water? one would expect
maximum energy content in autumn.

Calanus hyperboreus: This species, the largest arctic copepod (4-6 mm
long), occurs over most of the southern Beaufort Sea region and constitutes a
major element of the copepod community (Grainger 1965, 1975). Calanus
hyperboreus was the most common copepod reported from bowhead whale stomachs
taken in the Kaktovik area (Lowry and Frost 1984) and is common in zooplankton
samples collected at all distances from shore in that area (Johnson 1956;
Homer 1981).

In 1985, C, h~ occurred in oblique samples at all 12 stations.
It was the do~inant copepod, in terms of biomass, at all except the two
nearshore stations on Transect 4 and at Station 1 on Transect 1. where it was
second in abundance to ~. macrurus (Fig. 90). In 1986, ~. hyperb~reus occurred
in oblique samples at 15 of 18 stations along the transects, and was a major
contributor to copepod biomass at inner and outer shelf but not nearshore
stations. It was the dominant copepod only at Stations T3-3 and T3-4 on
Transect 3 (Fig. 90). Although present at all bowhead whale feeding stations,
it was only a minor contributor there S providing less than 1% of total biomass
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(Appendix 1). These results were similar co bhose reported by $radstree~ eb
al. (1987), who found
parts of the Canadian
feeding bowheads.

The life cycle
depending on location,

Calanus hyperboreus to be the dominant copepod in most
Beaufort Sea, although not along the Yukon coast near

of Calanus hyperboreus varies from one to two years
In the Beaufort Sea a two-year cycle is dominant. h

1985, ~. hyperboreus biomass was composed primarily of adult females (62%)
wi~h lesser contributions from copepodiEe seages IV (18%) and V (19%). In
September 1986, the dominant life stage was copepodite IV (60%), followed by
adult females (22%) and copepodi~e stage V (18%; Fig. 91, 92]. In terms of
numbers, copepodi.te IV was the dominant life stage for both years of the
study. Adult females accounted for 26% of the numbers in 1985 but only 5% in
1986. The same patterns were apparent for ~, hyperboreus collected-in the
study area during the October cruise of the ~Polar Star’ (Fig. 91). This
reduced contribution of large females in 1986 may partially account for the
decreased importance of ~. hyperboreus in the study area in 1986.

Calams glacialis: This species is widely distributed throughout the
Arctic Basin arid Canadian arctic archipelago in the upper 300 m of the water
column (Grainger 1965, 1975; Mohammed and Grainger 1974; Sekerak et al. 1976a;
Homer 1979, 1981g Griffiths and Buchanan 1982; Bradstreet and Fissel 1986).
This species was the second most common copepod found in stomachs of bowhead
whales taken near Kaktovik (Lowry and Frost 1984).

Calanus glacialh was the second most important copepod, in terms of .
biomass, collected in oblique samples in both years of this study; it occurred
at all 12 1985 stations and 16 of 18 1986 stations (Appendix 1; Fig. 90). As
with C. hyperboreus, C. glacialis was on average more abundant at inner and
outer-shelf stations ~han ac nearshore stations in both 1985 and 1986. This
species was collected at all bowhead whale feeding stations but was only a
minor contributor to total zooplankton  biomass there (<1% of total). q.
glacialis was also scar$e in oblique plankton  samples (6% of total zooplankton
biomass) collected in August 1985 off the Yukon coast (Bradstreet and Fissel
1986]. It was widespread in the Canadian Beaufort Sea in 1986 (Bradstreet et
al. 1987).

The life cycle of C. glacialis appears LO be two years in duration in the
Arctic Basin. Most indi~iduals spend their first winter as copepodite stage 11
or 111~ mature to copepodite Stage V the following summer, and pass the second
winter as stage V or adult females (Grainger 1975: Sekerak et al. 1979). In
both years of this study, copepodite stages III-V and adult females were the
main life stages (Fig. 91j 92). The older and larger life stages (i.e.
copepodite stages IV and V; adult females) dominated ~he biomass, while
copepodites  111 and IV were mose abundant numerically.

H~and Ctenophores,--These taxa, taken together, were typically
the second mose important group, after copepods, in terms of wet-weight. Two
hydrozoans, the jellyfish Aglantha digitale  and Halitholus cirratus~ plus one
ctenophore, Mertensia ovum, accounted for most of this biomass.
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FIGURE 91. Percent contribution of each life-stage to total biomass and total
numbers of three major copepod species collected. in oblique tows in the
Eastern Alaskan Beaufort Sea, September 1986, and in oblique and vertical tows
during the ‘Polar Star’ cruise, October 1986. I-V denote copepodite stages; F
and M denote adult females and males.
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Aglantha digitale: This jellyfish is one of the most common arctic
zooplankters (Grainger 1965). The known arctic distribution of ~. digitale
(Point Barrow, “-southern Beaufort Sea, Jones Sound, Ellesmere Island, Foxe
Basin) has been summarized”by Shih et al. (1971). It was the major hydrozoan
in each part of the Canadian Beauforb Sea sampled by Bradstreet et al. (1987).
Homer (1978$ 1981) found ~. digitale to be a significant component of the
zooplankton community, in terms of numbers, within our study area. In 1985, ~.
digitale was collected at all 12 stations and was a major contributor to the
zooplankton biomass below the pycnocline (Griffiths et al, 1986, p. 103). In
1986, ~. digitale occurred in oblique tow samples at 17 of 18 stations.
However, on average it was not a major component of the zooplankton biomass in
the nearshore, inner shelf or outer shelf zones (Appendix”l; Fig. 77 and 93)*
Similarly, Aglantha digitale, although preserit, was not an important
contributor to total biomass at bowhead feeding stations in September 1986, or
at stations across the Alaskan Beaufort Sea during October 1986 (Fig. 81, 89)*

Ealitholus cirratus: ~ This jellyfish has been documented as occurring
from point Barrow, Alaska, east to F’robisher Bay, N.W.T. (Dunbar 1942;
MacGinitie 1955). Grainger (1965) classified ~. cirratus as being primarily
coastal and restricted, in the southern Beaufo”rt  Sea, to nearshore shallow
waters. Griffiths and Buchanan (1982) found this species to comprise a
significant portion of the hydrozoan biomass at all stations off the Mackenzie
Delta in 1980-81. Low average biomasses were present in each part of the
Canadian Beaufort Sea sampled by Bradstreet et al. (1987). In this study, H.
cirratus occurred in oblique tow samples from 6 of 12 stations sampled ~n
1985, and from 8 of 18 stations sampled in 1986 (Appendix 1; Fig. 93). In
general, its biomass during both years of the study was greatest at shallow
s“tations, although it was not a major contributor to biomass in the nearshore,
inner shelf or outer shelf zones (Fig. 77 and 93). Halitholus cirratus Was a
significant contributor to biomass, 1.4% of the total, at whale feeding
stations in nearshore waters during 1986 (Fig. 89).

Mertemia ovum: This ctenophore  has been reported from the Chukchi
Sea-Point Barrow region east through the southern Beaufort Sea to Frobisher
Bay, Baffin Island (Shih et al. 197,1). Grainger (1965) reported that y. ov~m
has a wide temperature-salinity tolerance (-1.5 to 4.O*C; 18-32 PSU). This
species has not been reported commonly from our study region; Homer (1981)
did noc record it in the Alaskan Beaufort Sea. Grainger (1965) found it in the
southeastern Beaufort Sea in 1951-62, but Grainger (1975) did not report it in
the same waters in 1974-1975. Griffiths and Buchanan (1982) did not find any
~. ovum off the outer Mackenzie Delta in 1980-1981. However, this species
occurred in oblique tow samples at 11 of our 12 staeions in 1985, and at 14 of
18 stations in 1986 (Appendix 1; Fig. 93). Mertensia ovum was not a major
component of the zooplankton community at bowhead whale feeding stations in
1986. It was, however, a significant contributor to total zooplankton biomass
in vertical tow samples collected in the top 50 m of deep waters in the study
area in October 1986 (Fig. 81).

Amphipods. --Amphipods occurred in the stomachs of all eight bowhead
whales examined in 1979-82 at Kaktovik, Alaska; however, in none of the whales
did they form over 3% of the stomach contents (Lowry and Frost 1984). In our
study, amphipods were generally only minor contributors to zooplankton biomass
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along broad-scale transects and in whale feeding areas. In this study,
Parathemisto libellula accounted for most amphipod biomass.

Parathemisto libellula: This circumpolar  species is also found in the
Pacific Ocean and the Bering and Okhotsk seas, and it is known to occur in our
study area (Homer 1981). Parathemisto Iibellula is the largest member of the
genus (up to 60 mm in length) and has a two-year life cycle in arccic waters
(Shoemaker 1955; Dunbar 1957). Late in the winter, males mature at lengths of
19-21 mm and females at 21-25 mm (Wing 1976). The species is predominantly
carnivorous but also ingests some vegetable matter (Dunbar 1946). Parathexnisto
libellula was found in the stomachs of six of eight bowheads harvested at
Kaktovik, but it and other less common hyperiid amphipods accounted for only
0.1% of their stomach contents by volume (Lowry and Frost 1984).

Along our broad-scale transects, ~. libellula was found in oblique tow
samples taken at 10 of 12 stations in 1985 and at 13 of 18 stations in 1986
(Appendix 1; Fig. 94). In 1985, this species showed no consistent distribution
pattern. In 1986, it was not found at the most nearshore stations (Fig. 94).
Similarly, it was only a minor contributor to total zooplankton biomass at
whale feeding and control stations in nearshore waters in 1986. This species
was not found in the top 50 m of the water column in the official study area
during October 1986 (Fig. 81). Most ~. libellula collected in both years were
first-year individuals and not yet sexually mature.

Mysids and Euphausiids. --Mysids and euphausiids appear to be important
food items in the diets of some bowhead whales in the Alaskan Beaufort Sea
(Lowry and Frost 1984; Lowry et al. 1987). Mysis litoralis and Thysanoessa
raschii were the only important members of the two groups, in terms of
biomass, during this study.

Mysis Iitoralis: This species is common in nearshore shallow waters in
the Alaskan and Canadian Beaufort Sea$ including our ,study area (Broad et al.
1980; Griffiths and Dillinger 1981; Homer 1981; Griffiths and Buchanan 1982;
Jewett e~ al. 1984; Bradstreet and Fissel 1986). In 1985, M. litoralis was
found in oblique tow samples from only 3 of 12 stations, all-in nearshore or
inner shelf waters. In 1986, it was found in oblique tows from only 3 of 18
stations along broad-scale transects, all in the nearshore zone (Appendix 1;
Fig. 94). Most mysids taken in horizontal tows were taken near the bottom
(Fig. 76, 78; Griffiths et al. 1986, p. 105). It was also found at 4 of 5
whale feeding stations and one of the control stations, all in shallow waters.
Mysis Iitoralis was common at some whale feeding stations in 1986 (Fig. 89).
It was not found in the upper 50 m of the water column at mid-shelf and deep
stations during October 1986. The apparent absence of M. litoralis from deeper
inner and outer shelf waters may have been real, or ~t may have been due to
the few samples taken near the bottom at these stations.

Thysanoessa raschii: This euphausiid is common in the Arctic Basin
beyond the continental shelf, and has been reported in the Alaskan and
Canadian Beaufort Sea and over the continental shelf of the Chukchi and
Barents seas (Geiger et al. 1968; Homer 1978, 1979, 1981; Broad et al. 1980).
In August 1985, euphausiids, primarily Thysanoessa raschii, comprised 1.0% of
the total zooplankton  biomass in oblique samples taken off the Yukon Coast in
the Canadian Beaufort  Sea (Bradstreet  and Fissel 1986). Thysanoessa raschii
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was found commonly in the stomachs of bowhead whales taken near Kaktovik and
Point Barrow (Lowry and Frost 1984). During oblique sampling along our
broad-scale transects, T. raschii was collected at 8 of 12 stations in 1985
and at 5 of 18 stations-in 1986 (Appendix 1; Fig. 95). Although not a major
contributor to total zooplankton biomass, this species was found at 3 of 5
whale feeding stations sampled in 1986. Along the four 1986 transects,
Thysanoessa raschii occurred mainly at the deeper nearshore and inner shelf
stations. ~. raschii was abundant in the Western Alaskan Beaufort Sea in
Oc”tober  1986, but was uncommon in the official study area during the same
period. Similarly, its apparent abundance in the Canadian Beaufort declined
from west to east in 1986 (Bradstreet et al. 1987). All of these results
should be interpreted cautiously, given the known tendencies of euphausiids to
concentrate in dense patches and to avoid approaching sampling gear..

Fish Larvae.--Three groups of larval fish were collected in the study
area in 1985 and 1986: Gadids, Liparids, and Cottids. Only Gadids, represented
by the Arctic cod, Boreogadus  saida, were a major contributor to the
zooplankton biomass in either year.

Boreogadus  saida: This species occurs throughout the marine waters of
northern North America, including the northern Bering Seas northern Alaska,
the Canadian arctic islands, and south to the Grand Banks (Craig et al. 1982;
Bradstreet et al. 1986). It “has been reported as far north as 88”N in the
Arctic Ocean. During oblique sampling along our broad-scale transects, B.
saida was found at 10 of 12 stations in 1985. and at 13 of 18 stations in 1936
=ndix 1; Fig. 95). There was no obvious pattern to its 1985 distribution,
but in 1986 it was absent from the most !aears~ore stations (Fig. 95). Although
it was widely distributed, ~. saida generally was not a major contributor to
total zooplankton biomass along the transects in September 1985 and 1986, or
at whale feeding or control stations in 1986. Boreogadus saida also was only a
minor contributor to zooplankton biomass in the top 50 m of the water column
at stations over deep wa;er during October 1986 (Fig.

Echosounder  Surveys of Zooplankton Biomass

Hydroacoustic surveys at individual stations and
data on zooplankton at far more locations and depths
traditional net-sampling methods. The hydroacoustic

along transects provided
than could be sampled by
volume scattering data

(VS) collected at s~ations and along transects were converted to estim;tes of
total zooplankton biomass using the regression relationships developed above
(see ‘Acoustic Biomass vs. Net Biomass’ subsection, p. 169-171). The results
from broad-scale transects were then used to investigate (1) the vertical
distribution of estimated zooplankton  biomass at individual stations, (2) the
depth-integrated horizontal distribution of zooplankton, and (3) zooplankton
patchiness. Comparable data from shorter transects near feeding whales were
presented earlier, in the ‘Zooplankton in Whale Feeding Areas’ subsection
(Fig. 83-87; p. 187-198).

Vertical Distribution. --Studies in other areas have shown that the
vertical and horizontal distributions of zooplankton in the water column are
patchy and dynamic in nature (Mackas et al. 1985). They can be affected by.
numerous factors including, but not limited to, light intensity, food
availability, temperature and salinity. Typically, zooplankton is concentrated
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in patches or layers tha~ can vary widely in both horizontal extent (from
to 1000s of meters) and thickaess (from centimeters to 10s of meters).

214

10s

1985 Results: The vertical distributions of estimated zooplankton
biomass in the region during September 1985 were described by Griffiths et al.
(1986, p. 114-116). Typically, from one to three layers were evident at each
station along the two extended transects. Most of these zooplankton layers
were 5 to 8 m thick and most were found in the upper 35 m of the water column.
Only in shallow nearshore areas (water depth <25 m) did they occur through the
entire water column. Biomasses within layers were typically 300-1450 mg/m3,
although lower values were found in some layers in outer shelf waters. Between
these dense layers the estimated total biomass below the pycnocline was
&ypically  100-300 mg/m3. In September of 1985, most if not all concentrations
of zooplankton in the region were -close enough to the surface to have been
easily accessible to feeding bowhead whales.

1986 Results: In September 1986, VS data from depths below the
pycnocline showed from one to three layers at each station in the study area
(Fig. 96).

At stations in shallow waters (<34 m depth; Stations 1 and 2 along each
transect), zooplankton layers 2 to 8 m thick occurred at various depths
throughout the water column. A total of 11 major zooplankton layers (biomass
>400 mg/m3) were recognized at the eight stations, excluding layers at or near
the pycnocline (Fig. 96). Within the 11 layers, estimated biomass ranged from
400 to greater than 1600 mg/m3. The estimated zooplankton biomass was at
least 200 to 300 mg/m3 at virtually all depths below the pycnocline. These
results are similar to those from 1985 shallow water stations~ where

J
eak

biomasses  in layers ranged from 400 to 1450 mg/m3 and exceeded 300 mg/m at
most depths (GriffiChs  et al. 1986). Thus, at shallow water stations during
both years of the study, significant amounts of zooplankton were available at
most depths below the pycnocline.

At stations in intermediate depths (35 to 45 m depth; Station 3 along
Transects Tl, T3, and T4), zooplankton  layers occurred at scattered depths
(Fig. 96). About eight major layers were evident ab the three stations; they
were at depths 10 to 45 m. Estimated biomass within the layers ranged up to
1550 mg/m3, while between the layers biomass varied from 150 to 350 mg/m3
(Fig. 96). Likewise in 1985 estimated total biomasses at stations in similar
wat,er depths were 300 to 1100 mg/m3 within layers and 150 to 300 mg/m3 between
layers (Griffiths et al. 1986, p. 114).

In deeper waters (>50 m), major zooplankton layers were scattered
throughout the water column only at Stations 4, not at Stations 5 (Fig. 96).
These layers varied in thickness from about 5 m to over 20 m (Fig. 96). Within
the recognized layers at Stations T1-4, T3-4, and T4-4, estimated zooplankton
biomass ranged up to 1000 mg/m3, while outside the layers it varied from 150
to 300 mg/m3. At the deepest stations, estimated biomass was relatively
uniform over a wide range of depths, typically 250 mg/m3 at Station T1-5 and
<100 mg/m3 at Stations T3-5 and T4-5 (Fig. 96). The estimates of zooplankcon
biomass at Station T1-5 should be viewed with some caution since most of the
water column consisted of Bering Sea Water and physical gradients may have
produced artificially high readings. In 1985, the estimated biomasses in
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FIGURE 96. Vertical distributions of .escimaced zooplankton  biomass at
stations along broad-scale Eransects} September 1986,- based on 200 kHz
echosournder  data. All acoustic data collec~ed at a given station were
averaged. Depth scales are corrected for transducer depth. Triangles show
dep~hs at which horizontal EOWS were taken; open triangles indicate tows Caken
at pYCnOClineSe See Griffiths et al. (1986, p. 115) for corresponding 1985
daea.
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layers at the deep stations were somewhat lower, 150 to 800 mg/m3. Values
between layers were 100 to 150 mg/m3 (Griffiths et al. 1986, p. 114-116).
Considering both years, the major zooplankton layers (>400 mg/m3) found in
waters >50 m deep were all at depths of 10 to 50 m.

Smmarys 1985-86: The vertical distributions of zooplankton biomass were
similar in both years. Throughout the study area, most zooplankton layers were
5 to 8 m thick. Most dense zooplanktou  layers were in the upper 45 m of the
water column. At some shallow water stations (<25 m depth) the zooplankton
layers occurred throughout most of the water column, extending all the way to
the bottom. Since most concentrations of zooplankton were <45 m below the
surface during both years, even where water depth was over 100 m, most
zooplankton  would be easily accessible to feeding bowhead whales. The
echosounder  did not measure zooplankton biomass in surface waters, but net
tows showed that there was little zooplankton above the pycnocline.

Horizontal Distribution.--The depth-integrated horizontal distributions
of estimated zooplankton biomass along each transect are shown in Figure 97.
Comparable data from 1985 are shown in Griffiths et al. (1986, p. 116-117).

1985 Results: Along Transects 1 and 2 the mean biomass appeared to
decrease with increasing water depth and distance from shore. Over the inner
continental shelf, depth-integrated biomasses were relatively high but
variable, 300 to 1500 mg/m3 along Transect 1, and 100 to 2000 mg/m3 along

_ Transect 2. Over the outer shelf, estimated mean biomass tended to be lower
and more uniform (Transect Is 40 to 300 mg/m3; Transect 2, 120 to 480 mg/m3).

1986 Results: Along Transect Tl, average” biomasses were relatively
uniform over the nearshore and inner shelf waters between Stations T1-1 and
T1-4, ranging from 150 to 350 mg/m3. Along the outer portion of this transect
apparent biomasses were higher, reaching 600 mg/m3 (Fig. 97). The seemingly
higher biomasses at the end of the transect, where Bering Sea Water was
present, may have been partially an artifact of density gradient interference.

Along Transect T2, the average estimated biomasses varied widely, bu~
were highest in the nearshore zone near Station T2-2 (range 150 to 650 mg/m3).
Thereafter, biomasses tended, to decrease with increasing distance from shore
and increasing depth (Fig. 97).

Along Transect T3, the estimated zooplankton biomasses  were variable.
They ranged from 200 to 550 mg/m3 in the nearshore zone, increased to a
maximum of 750 mg/m3 over the inner shelf, and then decreased to lower levels
(150 to 300 mg/m3) in outer shelf waters (Fig. 97).

Along Transect T4, average biomasses  varied widely, particularly in the
nearshore zone (175 to 1200 mg/m3). Over Ehe inner and outer shelf, estimated
biomasses showed peaks of 400 to 600 mg/m3, but generally were less than 300
mg/m3. The lowest biomasses were found over the deepest depths (Fig. 97).

ln the nearshore zone, the highest zooplankton biomasses were typically
close to the bottom (depth range 10 to 30 m; Fig. 98). Over the inner shelf,
the maximum zooplankton biomasses were either close to the bottom or about 20
to 30 m deep, varying from point to point along each transect (Fig. 98). Over
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the outer shelf, the highest zooplankton biomasses were between 25 and 35 m on
Transect T1 and between 10 and 40 m depth on Transects T3 and T4 (Fig. 98). No
echosounder data were available for Ehe outer shelf zone of Transect 2.

Sunnnary, 1985-86: Echosounder surveys showed that zooplankton biomass
was generally highest in the nearshore zone and tended to decrease with
increasing distance from shore and increasing depth. The two notable
exceptions were the outer shelf zone of 1~136 Transect TI (possibly an
artifact) and the inner shelf region of 1986 Transect T3. Although no
echosotmier data were collected beyond the 200 m contour in 1985 or 1986$ net
sampling over waEer depths up to 2000 m during October 1986 showed that
bicnnasses in the top 50 m far offshore were low.

Maximum zooplankton biomasses occurred near the bottom (depth range 10 to
30 m) in the nearshore zone and often in the inner shelf zone as well.
Elsewhere in the inner shelf zone, and at all Dlaces over the outer shelf, the
depths of maximum zooplankton bio~ss were’10 ~o 40 m.

Zooplankton Patchiness. --Zooplankton patchiness was
of four broad-scale transects surveyed in 1986 and two
1985 (Fig. 99, 100). The 1986 data are for the depeh
hydroacoustic  “data are available from the surface layer

determined along each
of those surveyed in
range 4 to 50 m; no
(O to 4 m depth). It

should be noted that the biomass categories represented by the contours are
arbitrary. Although the edges of the zooplankton paEches appear abrupt because
of the biomass categories selected; the edges were actually rather diffuse.
AIs02 the IocaEions of 1985 ‘EransectS 1 and 2 were not quite the same as Chose
for 1986 TransecCs T1 and T2, and they were noe sampled at quite the same time
in Septembere

1985 Results: Along Transect 1 zooplankton patches were more abundant in
nearshore and inner shelf water masses (depths <40 m) ehan in the outer shelf
wabers (depths >50 m). Almost all zooplankton  patches in the outer shelf
waters of Transects 1 and 2 were within the top 35 to 40 m (Fig. 99). Although
the sizes of patches varied, most were quite extensive horizontally (i.e.
1000’s of meters in length) and 5 to 10 m thick. The highest biomasses were
generally just below the pycnocline (Griffiths et al. 1986, p. 119-123).

1986 Results: Along Transect Tl, most zooplankton  patches occurred at
dep~hs between 10 and 40 m within the nearshore~ inner and outer shelf zones
(Fig. IOOA]. In the nearshore region, between St.aeions T1-1 and TI-3, only a
few small zooplankton  patches with density >1000 mg/m3 were evident. One was
located near the bottom (16 to 20 m depth) between Stabions T1-1 and TI-2, and
some smaller ones were found at various depths in the water column near
Station TI-3 (Fig. 100A). The largest of these patches with biomass >1000
mg)m3 was only 0.5 km in length and 2 to 3 m in depth. There were more
extensive patches containing 500 to 1000 mg/m~ scattered throughout the
nearshore zone, although at mosb depths the biomass was ~00 to 500 mg/m3 (Fig.
IOOA]. The Eop 6 m of the water column generally contained little zooplankton
(<100 mg/m3), based on the hydroacoustic and surface tow data.

In waters over the inner shelf, between Stations TI-3 and T1-4, patches
of zooplankton with densiey >1000 mg/m3 were sparse; however$  patches with
500-1000 mg/m3 were more extensive and larger than in the nearshore zone (up
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to T km in length and 15 m in depth; Fig. IOOA). Be&ween patches the biomass
usually was similar to that in the nearshore zone--100” to 500 mg/mS. However,
near SEation T1-4 estimated zooplankton biomass typically was higher.
Near-surface waters contained little zooplankton (<100 mg/m3; Fig. IOOA).

Over the outer shelf, between Stations T1-4 and TI-5, physical gradients
associated with the Bering Sea Water prevented the collection of meaningful
hydroacoustic data from about 20 to 35 m dep~h. Above these depths the
estimated zooplankton biomasses were generally very low (<100 mg/m3). Below
them at 35-45 m depth Ehere appeared to be an extensive zooplankton patch
about 6 km in length and 10 m in depthj with a density >1000 mg/m~ (Fig.
IOOA). However, net sampling at these depths revealed low biomasses  (range 44
to 85 mg/m3). This suggested that either the zooplankeon were not effectively
eapeured by the nets, or that there was also interference from physical
gradients at these depths, or some combination of the two.

Along Transect T2, hydroacoustic data are available only for the
nearshore and inner shelf regions. In these waters$ zooplankton  patches with
density >1000 mg/ms were scattered throughout much of the water column, but
were more abundant in the nearshore than in the inner shelf area (Fig. 100B).
These patches were generally small in size (maximum length 1.0 km; depth 3 m).
In nearshore waters, high density patches were most common near the bottom but
sometimes were present at mid-water, In the inner shelf area, patches Of
zooplanleton  (>500 to 1000 mg/m3) were typically at mid-wa~er 15-25 m deep
(Fig, IOOB). Waters near the surface all along the transect contained low
estiiated biomassesa and the thickness of this depauperate  surface layer
increased with increasing distance’from shore (Fig. IOOB).

Along Transect T3$ zooplankton patches were scattered throughout the
water column within the nearshore and inner shelf zones$ but were much less
common in-the top 50 m of the outer shelf region (Fig. IOOC). In the nearshore
zone (Stations T3-I to T3-3), only isolated patches of zooplankton with
densiey >1000 mg/ms were found , primarily near the bottom around Station T3-2.
The largest patch was approximately 1.0 km in length and 2 t’o 3 m in depth
(Fig, IOOC). Numerous small patches with density 500-1000 mg/ms were evident
in this zone; however$ at most depths zooplankton biomass was 100-500 mg/m~.
Estimated biomasses were low (<100 mg/m~) in near surface waeers (4 to 7 m
depth) across the whole nearshore zone (Fig. IOOC).

- Over the inner shelf between Stations T3-3 and T3-4, estimaeed
zooplankton biomasses were higher than anywhere else on the transect (Fig.
IOOC). Offshore from Station T3-3, patches of zooplankton with biomass 500
mg/ms or greaeer occurred almost continuously through the water column, and
>1000 mg/ms were found near the bottom (Fig. lQOC)e Some patches were quite
extensive. For example$ an almost continuous layer started just shoreward of
Station TS-3 between 16 and 20 m depth, and continued for approximately 17 km
seaward. There was a shorter (4.5 km) but much thicker (about 15 m) patch near
the bo~tom seaward of StaCion T3-3. As in the nearshore area, estimated
biomasses were low (<100 mglm3) in the near surface waters (4 to 7 m depeh).

Over the outer shelf, between Stations T3-4 and T3-5, there were few
zooplankton  patches; the only noteworthy case was a relatively small patch
between 40 and 45 m depth near the end of the transect (Fig. IOOC). Although
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no net tows were taken at these depths, the possibility exists that the patch
was partially an artifact of the Bering Sea Water. At most depths the
estimated biomasses were 100-500 rng/rn3. Biomasses <100 mg/m3 were also common,
particularly in the top 25 m (Fig. 100C).

Along Transect T4, zooplankton patches occurred mainly near the bottom in
the nearshore and inner shelf zones, and higher in the water column in the
middle and outer shelf region (Fig. 100D) . In the nearshore area between
Stations T4-1 and T4-3, zooplankton patches with estimated biomass >1000 mg/m3
were generally near the bottom and small, about 1 to 2 km in length and 1 to
2 m thick. The one exception was a large patch (approximately 7 km by 1-5 m)
near the
biomasses
(4t07m

Over

bottom nea~ ~tation T4-3 (Fig. ‘IOOD). At most depths, estimated
between patches were 100-500 mg/m3. However, in near surface waters
depth) biomasses were lower (Fig. 100D).

the inner shelf between Stations T4-3.and T4-4, zooplankton patches
of >1000 mg/m3 were evident near the bottom around Station ‘T4-3 and at mid-
water (depths 32-34 m) seaward of this station (Fig. 100D) . Outside these
patches, estimated zooplankton biomasses at most depths were 100-500 mg/m3,
even in near surface waters.

Over the outer shelf between Stations T4-4 and T4-5, the densest
zooplankton  layers (>1000 mg/m3) were in the upper portion of the water column
(but below the surface layer) at depths from 6-11 m (Fig. 100D). These patches
were relatively small, about 1.0 km long by 1-5 m deep (Fig. 100C). In
addition, just seaward of Station T4-4 there was a relatively large
zooplankton  patch of medium density (500 to 1000 mg/m3) at mid-water. At most
other depths zooplankton biomass was 100-500 mg/m3. However, in near surface
waters (4 to 7 m deep) biomasses  were lower (Fig. IOOD).

Summary, 1985-86: With the exception of 1985 Transect 2 and 1986
Transect Tl, zooplankton patches were more abundant in the nearshore and inner
shelf water masses than over the outer shelf. The apparent exception for 1986
Transect T1 may have been an artifact of hydroacoustic  return from physical
gradients. In 1986, zooplankton  patches were generally smaller in both length
and depth than in 1985. In 1985, the highest biomasses were generally just
below the pycnocline.  (”6 to 10 m depth]. In contrast, during 1986 the highest
biomasses were usually deeper in the water column, typically just above the
bottom in nearshore and inner shelf waters, and at mid-water in the middle and
outer shelf regions. In waters near the surface (4 to 7 m depths), zooplankton
biomass was typically low in both years.

In both years of the study, only a fraction of the water along t~e
broad-scale transects contained a high biomass of zooplankton. Based on the
hydroacoustic data shown in Figures 99 and 100, we determined the frequencies
of various biomasses$ with the units of observation being segments of water
with lengths about 250 m in 1985 and 365 m in 1986 (2-rein of boat transect),
and thicknesses 2 m in 1985 and 1 m in 1986. Of these segments, 90% contained
an estimated biomass <500 mg/ms in 19S5, and 88% did so in 1986. In each year,
only 2% of the segments contained an estimated biomass >1000 mg/ms, and only
0.3-0.5% contained >2000 mg/ms (Table 15). The overall averages of the
estimated zooplankton biomasses along the broad-scale transects were similar
in the two years of study, 249 and 270 mg/m3 for 1985 and 1986 respectively.



Table 150 Frequency of occurrence of various zooplankton biomasses  in small
segments of the broad-scale transects. Estimated from 200 kHz
hydroacoustic  data from the top 50 m of the water column, excluding
&he same situations as were excluded from Fig. 99 and 100.
Segments were about 250 m long x Z m thick in 1985, and 365 m long
x 1 m thick in 1986.

1986 Transects 1985 Transects
TI to T.4 1 and 2

Range of
Biomass
(mg/ma) Noe of Sege - % B?oa of Seg. % “

O-249
250-499
500-749
750-999

1000-1249
1250-1499
1500-1749
1750-1999
2000-2249
2250-2499
2500-2749
2750-299!3
3000-3249
3250-3499
3500-3749
3750-3999

13969
6630
1788
600
246
144
84
30
7
1

-1
0
1
1
1
0

59.4
28e2
7.6
2.6
101
0s6
0.4
0.1
0.0
0,0
O*O
0 . 0
0.0
0.0
0,0

.0.0

3617
111!3
322
100
27
24-
10
17
12
5
8
2
0
0
0
0

68.7
21.3
6,1
1.9
005
0.5
0.2
0.3
0.2

“ 0.1
0,2
0.0
0.0
0.0
0.O
0.0

23503 100.O 5263 100.0

Biomass vs. Water Depth and Sampling Depth--- Table 16 shows the average
zooplankton biomass for each part of the continental shelf, dep~h and
Eransect, based on the same hydroacoustic  data. The overall estimates were

similar for corresponding zones in the two years, In September 1985, the
biomasses estimated from hydroacoustic surveys decreased with increasing
diseance from shore, consistent with the results of the net sampling. In
SepEember 1986, estimated biomasses did not show this trend as clearly (Table
16). This was due in par~ to the high estimated biomasses at the north ends
of Transects Tl and T3, where some estimates may have been artifacts caused by
the Bering Sea Water.

Depth related differences in the estima~ed zooplankton  biomass were
evident between the two years of the study. The highest estima~es were
between 11 and 25 m depths in’ September 1985, but typically were between 26
and 50 m in September 1986 (Table 16). For almost all categories, the average
was <400 mg/m3.
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Table 16. Estimated zooplankton biomass for small segments of the broad-scale
transects, subdivided by zone, transect and depth in the water
column. Estimated from 200 kHz hydroacoustic data from the top 50
m of the water column, excluding the same situations as were
excluded from Figures 99 and 100. Segments were about 250 m long x
2 m thick in 1985, and 365 m long x 1 m thick in 1986. In each
case, n ~ 10.

Nearshore Inner Shelf Outer Shelf Al 1

Mean A SD Mean + SD Mean + SD Mean + SD

390 * 444 133 * 74

1985

Depth <10 m
11-25 m
26-50 m

308 * 387
323 & 372
175 * 155

276 * 354
170 ● 143

475 & 539 344 * 345
-a 184 * 171

Transect 1
2

539 & 492 285 * 345
344 k 535 254 k 237

167 * 160
266 * 326

232 * 286
263 * 299

455 * 519 266 * 286 214 * 258 249 * 293 .

1986

Depth <10 m
11-25 m
26-50 m

203 * 216
318 * 235
304 * 255

134 * 146
284 k 178
331 & 254

163 & 258
132 * 137
328 & 342

168 + 207
260 * 207
325 * 284

Transect 1 263 * 181
325 * 274
261 * 198
294 & 291

313 * 211
216 * 147
330 k 235
261 * 250

442 k 534

149 * 131
243 A 225

321 * 308
266 * 222
248 & 209
263 A 254

2
3
4

285 * 241Al 1 283 k 226 232 & 288 270 * 249

a Values no~ shown when number of segmenes <10.

These findings have important implications for bowhead whales. In both
years, zooplankton biomass in the top few meters of the water was very low.
Thus, bowheads would not be expected to feed at the surface in our study area
and study periods. The majority of the zooplankton was at depths >5 m, but in
the upper 50 m of the water column. This was true even over waters as much as
200 m deep. Thus, concentrations of zooplankton would be easily accessible to
feeding whales.

Most of the water, even at depths <50 m, contained relatively low
biomasses of zooplankton (Table 15). At many places there were no major
concentrations of zooplankton at any depth (Fig. 99, 100). Bowheads would be
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expected to concencraee  their feeding at the relatitiely
locations and depths in the water column where zooplankton
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small number
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of
was most abundane.

The proportion of the study area where food was-sufficiently abundant for
energetically profitable feeding is evaluated in the ‘Integration’ section
after energetic requirements of bowheads have been discussed.

Zooplankton Near Fronts

Oceanographic fronts were found in the study area during September of
1985 and 1986 (see ~Wat.er Masses$ section, p. 114-124). We examined the
physical and biological data to determine if zooplankton tended to accumulate
near these features (Table 17).

Chlorophyll ~ concentra~ions  at the surface were extremely low in 1986
and were almost undetectable. Changes in these low concentrations along the
Cransects have little meaning. Average concentrations were about five times
higher in 1985 (0.5 mg/m~ in 1985 vs. 0.1 mg/m3 in 1986).

In 1985 the echosounder  data provided weak evidence that zooplankton was
more concentrated within frontal areas than outside frontal areas. Mean
zooplankton concentrations within and outside fronts were not different.
However, considering Ehe maximum biomass at any depth, the mean of this
variable was 50% higher within fronts than outside fronts (Table 17).
Although variability-was high, ‘the difference was marginally
1.82, df = 46, l-sided p<O.05). Griffiehs et al. (1986, p.
more details.

In 1986 there was no obvious relationship between the
oceanographic properties and the broad-scale distribution

significant (t-=
138-142) provide.

distribution of
of zoo~lankton

biomass (Fig. ‘IO1-105, Table 17). Mean and maximum biomasses wer~ similar
within and outside frontal areas.

The locations of the fronts considered here were determined from surface
water properties. Frontal features evident at the surface were not always
indicative of a corresponding subsurface front. This lack of correspondence
between surface and subsurface fronts may have been responsible for the
apparent lack of concentration ‘of zooplankton near surface fronts. Also, the
horizontal resolution of the data may have been inadequate to detect some
concentrations.

Caloric Content of the Zooplankton

The summer growing season for arctic phytoplankton  is short. During this
period the herbivorous zooplankters must store enough energy to enable them to
survive the long period of food scarcity in winter, Zooplankters  store energy
in the form of lipids (Raymont 1983). In arctic zooplankters, lipid content
and thus caloric content is lowest at the end of winter and highest at the end
of summer (Lee 1974). Lowry and Frost (1984) suggested that feeding in the
Eastern Alaskan Beaufort’  Sea and elsewhere during late summer and early autumn
may be especially important to bowhead whales because of ~he high energy
contene of zooplankton at that ~ime of year. No data on energy content of
zooplankton had been acquired in our seudy area before 1985.



Table 17. Oceanographic parameters and zooplankton  within and away from fronts, September 1985 and 1986. Based
on measurements within 15 minute (temperatures salinity, chlorophyll, 1985 zooplankton) and 2 minute
(1986 Zcmplankton]  segments of echosounder  transects. Each segment was categorized as being within ~
or away from the fronts described in ‘Water Masses” and shown on Figures 63 and 64 (p. 118-119).
Zooplankton biomasses  were estimated by 200 kiiz echosounder.

1986, Transects T1-T4 1985, Transects 1 + 2

Within Fronts Away from Fronts Within Fronts Away from Fronts

Mean ~ s.d. n Mean k s-d. n Mean t s.d. n Mean * s.d. n

Surface Tem~erature (“C) 2.7 k 1.0 (57)

Surface Salinity (psu) 25.9 k 1.1 (57)

Chlorophyll ~a O.O9 ~ 0,04 (56)

Mean estimated zooplankton 294 A 111 (304)
biomass (mg/m3;
total water column)b

Maximum estimated zooplankton 901 * 446 (304)
biomass at any depth (mg/m3)b

2.Ot 1.1 (46) 1.3 i 0.7 (23) 1.4 t 0.8 (23)

25.8 * 0.5 (46) 27.0 t 1.8 (23) 26.5 * 2.4 (32)
N

0.06 t 0.02 (46) 0.58 t 0.36 (23) 0.46 t 0.36 (32) :
w

266 i 122 (344) 270 t 159 (21) 279 t 178 (27)
#
al
a
s
g

803 *412 (344) 1050 * 777 (21) 666 k 683 (27) @
9&
*
.Gno

a 1986, relative units (0.1 unit is roughly 0.1 mg/m3); 1985, mg/m3 :
b 1986, between depths of 4 and 50 m; 1985, below the pycnocline  to 50 m. m
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FIGURE 101. Mean and maximum zooplankton  biomass in the water column vs.
chlorophyll j temperature and salinity at. the surfacej ‘Transect 12 September
1986. Biomass was eseimated from ~he 200 kHz echosounder  data, considering
depths from 4 &o 50 m and noc including the pycnocline. Maximum biomass is Ehe
maximum biomass at any depth. Biomass data are plotted for each 2 miri (approx.
365 m) segment. Chlorophyll, salinity and temperature were recorded at 15 min
intervals. Chlorophyll data are expressed as relative fluorometer  units. Also
shown are the Iocaeioas of the fronts described in the ‘Water Massesr section
(Fig. 63, 67).
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In 1985, copepods had higher caloric conhent per unit dry weight than did
any other taxon analyzed. Caloric content of the copepods was considerably
lower in 1986 (6297 callg) than in 1985 {7368 cal/g for large copepods;  6635
cal/g for s~all copepods). The caloric content of copepods collected in
October 1986 was much lower than in September (Table 18). Bradstreet et al.
(1987) also found a lower caloric content in zooplankton samples from the
Canadian Beaufort Sea in 1986 ‘than in 1985. Conditions appear to have been
more conducive for growth of copepods in 1985 than in 1986. Differences in
September chlorophyll concentrations between the two years provide one clue as
to the cause of differences in caloric content. In 1986, surface chlorophyll
~ concentrations were barely detectable and were at least 5 times lower than
those recorded in 1985 (Table 17). .

To assess the relative caloric content of various major taxa in the
Eastern Alaskan Beaufort Sea, the data in Tables 18 and 19 were used to
convert wet weight biomass to caloric content for each major group of
organisms in each sample (Table 20). Copepods accounted for about 80% of wet
weight, 85% of dry weight, and 89% of caloric content in both years.
Hydrozoans  and ctenophores accounted for 8-9% of the wet weight, but their
energy content was low. Euphausiids  were less common in the study area in
1986 than in 1985. Dry weight of zooplankton in all samples was 16.5% (1985)
and 17.3% (1986) of wet weight. These values are comparable to those found by
most other authors (Parsons et al. 1977; Ikeda and Motoda 1978).

Considering all horizontal. and oblique tows, mean caloric content of
zooplankton per cubic meter of water sampled was considerably higher in 1986
tihan in 1985 (Table 20). However, this difference was largely attributable to
the many horizontal tows taken in zooplankton  patches within whale feeding
areas in 1986. Mean caloric content/m3  for zooplankton taken in oblique tows
along broad-scale transects was 225 cal/m3 in 1985 and 179 cal/tu3 in 1986.
The lower average in 1986 reflected the lower energy content of the
zooplankton per gram in 1986.

The highest concentrations of caloric content/m3 were found within layers
of zooplankton  where whales were observed to be feeding (Table 21). In these
areas a mean of 2132 cal/m3 was available to feeding bowhead whales. This
value is 4 &imes higher than values recorded in nearby control ‘areas and twice
as high as the mean for other nearshore areas (570 and 1005 cal/m3,
respectively; Table 21). The mean values for layers of zooplankton in the
nearshore and inner shelf zones in 1985 in the absence of whales were only
511 and 667 cal/m3 (Griffiths et al. 1986, p. 129), The caloric contena of
the zooplankton in terms of cal/g dry weight and cal/g wet weight were also
highest in samples taken from the whale feeding stations (Table 21). Thus ,
not only was the biomass and caloric content of the zooplankton, on a ‘per m3’
basis, highest in the whale feeding areas, but the nutritional value of the
zooplankton per unit weight was also higher there.
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Msan caloric content (caUg dry weight) of copepods snd other zoophnkton taxa
taken in thelilaskan  lkaufort Sss in September 1985-86 and October 1986. Sam#e
sizes are shown in parentheses.

Copepods Gs.d. . n Other Tsxa M?ans.d. n

September 1986

All Copqwds
Whale Feeding Stations
Control Stations
Nearshore (C2O m)
Inner shelf (20-50 m)
Chter shelf (50-200 m)

CktOk 1986

Au Copepods
@ter shelf (50-200 m)
Off the shelf (>1500 m)

Septeder 1985

~ a.8 m (d~)
Neaxhore (C20 d
Timer shelf (20-50 m)
@ter shelf (50-200 m)
~ >1.8 m (all)

Nearshore (CKl m)
Inner shelf (20-50 m)
CMer shelf (50-200 m)

6297 % 619 (47)
6391 * 677 (10)
5914 k 151 (8)
6219 A 384 (15]
6636 k 857 (8)
6399 & 872 (6)

4718 & 351 (13)
4905 * 182 (3)
4662 & 377 (10)

6635 & 483 (10)
6552 & 469 (5)
7087 & 240 (3)
6161 A 69 (2)
7368 & 406 (17)
7353 & 246 (2)
7313 * 653 (6)
7407 & 228 (9)

Amphipods  <15 am
Anphipds >15 mm
Hydrozwls
Fish krvae
CcmpOsite smples

Euphsusiids 10-15 urn
17-25 m
25-30 m
All

Ctenophores
Chsetognaths
8cyphozos
Cd Larvae

~riid amphifi
Gmnmrid Smphipds
My.sids
Pteroplds
Oecapd larvae
Cod larvae
Liparid larvae
Ccmposi@ ssmples

5480 A 63 (2)
7117 k 380 (6)
4867 ~ 742 (8)
5193 k 56 (3)
4835 * 588 (19)

4332 k 17 (2)
5079 * 243 (16)
“5342 & 244 (7)
5093 * 344 (25)
2050 & 688 (7)
4205 & 127 (4)
802 & 218 (6)
3980 k 90 (5)



Zooplank50n and Hydroacoustics 236

Table 19. Mean dry weighb expressed as a percentage of wet weight for various
zooplankton taxa taken in plankton tows in the Eastern Alaskan
Beaufort Sea, September 1986.

Mean k s.d. n

Copepods
Euphausiids
Mysids
Hyperiids
Chaetognaths
Hydxozoans
Ctenophores
Decapod larvae
Fish larvae

18.3
19.8
2001
16.6
6.6
11.4
9.8

13.4
16.8

1,1
1.6
1.2
2.5
0.6
2.2
1.8
1.3
1.4

5
5
5
5
5
5
5
5
5

Table 20. Wet weight, dry weight and caloric content of major groups of
zooplankton collected in the Eastern Alaskan Beaufort Sea,
September 1985-86. Mean values are expressed as percentages of the
mean total of all samples.

a

% Wet Weight % Dry Weight % Caloric Content

Taxa 1985 1986 1985 1986 1985 1986

Copepods
Pteropods

. . Mysids
Euphausiids
Amphipods
Fish larvae .
Gelatinous Zooplanktona
Chaetognaths
Other taxa

78.0
I*4
1.7
2.6
2.2
1.5
8.0
2.6
2.0

80.8
1.1
2,4
0.2
1.2
1.5
9.1
0.9
2.8

85.1
1.2
1.8
3,4
2.6
1.3
2.0
1.5
l.l

85.3
l.O
2.7
0.2
1.2
1.4
5.6
0.4
2.2

89.8 89.2
0.8 0.8
1.3 2.3
2.5 0.2
2.4 1.3
0.9 1.2
0.5 3.1
1.1 0.2
0.7 1.6

Mean of all samples (/m3] 230 393b mg 38 68b mg 259 4~ob Cal
s.d. ( /m3 ) 236 710 41 129 290 807
sample size (tows) 43 119 43 119 43 119

a Hydrozoans and ctenophores.
b Mean for 1986 exceeds that for 1985 because 1986 sampling included whale

feeding areas.



Table 21. wan (t s.d. ) wet ~~ght, dry we~ght and calork content of zoopkkton collected ~n w%@ skuatbns in 1986.
Caloric contenc  per unit dry Wight and wet weight is also slmwn. For similar 1985 data, see Ckiffiths et al.
(1986, p. 129).

Dry wt.
Wet Weight Dry weight tw percent Dry Weight Wet Weight Sample
[q#d) (rqg/n831  , Cal/d of wet wt. bug) GxMg) Sizea

A. TOP 50 in of Water Cc&mm

‘iWlak? R?ediUgAreas,  siept ’86
Mlale Stna 586 * 476
Control stns 86 65

~~ma*#@~ “.
Wearshore
Inner Shelf
Cuter Shelf

296 389
170 128
43 21

105 & 87
13 10

52 71
28 22
63

643 & !555
72 56

317 449
162 141
29 18

5726 A 611
5417 6 4 0

5 6 3 0  716
5568 687
5052 625

977 k 209
842 160

919 233
$87 178
696 170

AH Transects

fHdlelr ifllvi
Main Study Area
All ~ $&RlfOrt

B. Surface’hws,  Sept ’86

&hale Fseding AreaS
Whale Stns
Control Stns

Ihx&Scak? lhnsecta
Nearshore
Inner Shelf
titer Shelf

177 280

20k  28
9 12

70 73
13 19
23

30 51

M 12
22 29

3& 5
12

13 13
2 2
00

179 322

6 4 4 8
96 111

2(I* 31
66

78 84
$, 10
2 2

5395 698

5 0 3 4  810
4 8 9 3  770

5265 k 653
50%2 921

5837 669
5162 7 9 5
5 6 5 7  380

All Transects 26 47 49 26 53 16 2 5563 609

827 220

677 188
67? 189

806k 183
76$ 260

975 242
775 210
912 89

890 180

6
5

8
3
7
—

18

M
25

6
5

3
3
4
—

10

!2
--J

Continued . . .



Table 21. Concluded. ,

Dry wt.
Wet Weight Dry Weight as percent Dry Weight Wet Weight Sample
(I%@) (E@l?l calja? of w?t wt. (cal/gl (cal/g) Sizea

C. Horizontal Tows Below Surface, sep~ ’86- Within Zooplankton  Layersb

Wale Fee&g Areas
Whale Stns 1899* 1276 344 k 233 2132 & MO 18 ~’1
Control Stns , 568 594 96 106 570 650 15 2

Brm&&ale Transects
Nearshore 923 913 163 167 m05 1059 ‘ 17 1
Inner Shelf 559 494 96 90 573 577 16 1
@ter Shelf 246 272 36 44 188 272 13 2

All Transects 541 658 92 120 545 763 15 2

D. Horizontal Tows Below Surface, Sept ‘86- C&kside ZooplankLwnLsyersb

Me Feedirg Amaa
Wale Stns 66* 29 lok 5 49* 31 14*2
Control Stns 166 83 25 14 126 87 14 1

BmUHcde mansects
Nearshore 108 60 17 11 94 69 15 2
Imer Shelf 49 10 7 1 3 4 7 15 1
titer Shelf 71 44 8 5 34 16 13 2

All Transects 92 56 14 10 73 62 15 2

6083 k 358
5330 838

5842 530
5671 659
4684 925

NY79k 128
830 239

993 156
937 186
629 243

5275 922

4855 & 812
4872 620

5191 721
4821 122
4294 776

814 265

693* 199
710 163

798 198
699 11
549 187

4946 745 731’ 201

10 “
5

9
5
12
—

26

4
5

9
2
3
—

14

a Number  of bongo tows
bmrizontal  tows ~lw the Surfacewre  ~ateg~rized as being~detithi nor mtside layers of zoopl~ton detectable by the

echosounders.

t

in

M
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Discussion

The official study area represents the westernmost portion of the summer
feeding range for bowhead whales. During the arctic swmer~ July-August, few
bowheads have been observed in the region, By September, many bowheads have
begun a gradual westward movement from the Canadian Beaufort Sea; these whales
are still feeding much of the time. Feeding late in the season may be
especially important since it may be the last feeding period for several
months and the energy conkent of zooplank~on  is high at this eime of year, In
relakion  to the Alaskan Beaufort Sea as a wholes the study area appears to be
a favored region since feeding bowheads have been identified there each year
since 1979 (Ljungblad eb al. 1986a; this study). Feeding in this region se’ems
to .be more frequent and prolonged than in areas farther wes~.

Group and Species Composition

The group and species composition of the zooplankton communities are
similar in different areas of the Beaufort Sea and in various other arctic
regions. Typically, copepods (particularly Calanus) contribute most of the
numbers and biomass,” alehough their vertical movements can cause seasonal
variations in their relative abundance near Che surface. Hopkins (1969) found
that copepods were the major contributors in the Arctic Surface, Atlantic and
Arctic Deep water layers, representing 83, 85 and 89% of the biomass,
respectively. Similarly in the eastern high arctic, copepods constituted 79%
of the total zooplankton  biomass in the upper 150 m of’Lancaster  Sound and 84%
in the upper 150 m of aorthwesc Baffin Bay (Sekerak et al. 1976a, 1979;
Buchanan and SeKcerak 1982).

Copepods domina~e the zooplankton in the Beaufort Sea. Grainger and Grohe
(1975) found that copepods contributed over 90% of the individuals in the
Mackenzie Delta and Herschel Island area; Griffiths and Buchanan (1982) found
that copepods represented 72% of the zooplankton biomass off Ehe outer
Mackenzie Delta in 1981. Homer (1979, 1981), in a study that included
port-ions of our study area, reported that copepods coneribuced an average of
63% (range 3-91%) of Ehe individuals in the zooplankton community. Bradstreet
and Fissel (1986) found that copepods constituted 86% of the biomass and 99%
of the individual zooplankters just to the east of our study area, along the
Yukon coast, in 1985. In the present studyj copepods represented 87 and 98% of
the individual zooplankters  collected during SepEember of 1985 and 1986,
respectively. They represented 78 and 81% of the wet weight zooplankton
biomass in those two periods. In October of 1986, copepods accoun~ecl for 85%
of the individuals but only 24% of the biomass in the upper 50 m of the water
column at mid-shelf and deeper stations in our main study areaj probably
because the downward migration had begun.

Other groups that occasionally contribute significantly to the
zooplankton community include hydrozoans$ ctenophores  ~ amphipods~ mysids$
euphausiids, chaetognaths, pteropods,  decapods~
(Hopkins 1969; Sekerak et al.

fish larvae and Iarvaceans
1976a, 1979; Homer 1979, 1981; Griffiths and

Buchanan 1982; Bradstreet and Fissel 1986; this study). Any of Che above
groups may be locally abundant and at times overshadow the importance of
copepods. This type of variable local abundance has been reflected in the
stomach contents of bowhead whales. For example, several groups of
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zooplankters (e.g., small and large copepods, euphausiids, mysids, hyperiid
and gammarid amphipods)  have contributed to the stomach contents of bowheads
taken near Kaktovik in autumn. At Barrow, euphausiids contributed
significantly to the diets of two whales taken in autumn and four whales taken
in spring (Lowry and Frost 1984; Lowry et al. 1987).

In September of 1985-86 and October of 1986, the group structure and
species composition of the zooplankton community were similar to those of
arctic regions in general, and to other results from the Beaufort Sea.
However, the dominant species differed somewhat between years. For example, in
September 1985, five species of copepods contributed significantly to the
zooplankton biomass in the area--Calanus hyperboreus, C. glacialis,
Limnocalanus macrurus, Derjuginia tolli and Euchaeta glaci~lis --while in
September of 1986 only the first three were major contributors. In the mid-
shelf and deeper waters sampled during October 1986, a single species, ~.
glacialis, was the dominant copepod. In other years, different copepod species
have been found to be dominant in portions of our study area. Homer (1981)
found Pseudocalanus  spp. to be very abundant in this region in 1977-78,
whereas it was only a minor contributor to the zooplankton biomass during
1985-86. AI1 these species have been reported commonly in the Beaufort Sea,
and most have been found in other arctic regions.

Each of the other major zooplankton groups was “generally represented by
one or a few species, each of which has been reported commonly from the
Beaufort Sea. For example, hydrozoans were dominated by Aglantha”digitale and
Halitholus  cirratus, ctenophores by Mertensia ovum, chaetognaths  by Sagitta
elegans, m-y Mysis litoralis, euphaus~s by ,Thysanoessa  raschii,
amphipods by Parathemisto  libellula and fish larvae by Boreogadus saida. -Thus,
although individual groups and/or species of zooplankton—
among years and locations, the zooplankton  community in
Beaufort Sea is not noticeably different from communities
Beaufort Sea coast and in other arctic regions.

Density of Zooplankton

change in dominance
the Eastern Alaskan
elsewhere along the

Comparisons of zooplankton standing crop within different areas are
confounded by patchiness in the abundance and distribution of zooplankton, the
wide variety of net and mesh sizes used in various studies, and the fact that
most authors report their results in terms of numbers (densities) rather than
biomasses. Despite these limitations, some general patterns in zooplankton
density in the Beaufort Sea have emerged.

Zooplankton densities are higher over the continental shelf than over
deeper offshore waters. Hopkins (1969) sampled zooplankton from ice islands
T-3 and Arlis II in the Arctic Ocean north of the Beaufort Sea. He found the
Arctic Surface Layer (depths 0-200 m) to be more ‘productive’ (averages of 56
indiv/m3; 0.62 mg dry wt/m3) than either the Atlantic Layer (depths 200-900 m;
13 indiv/m3; 0.14 mg dry wt/m3) or Arctic Deep Water (depths >900 m; 3-4
indiv/m3; 0.04 mg dry wt/m3). However, densities and biomasses in all three
layers were very low when compared with shallower areas. In September of 1985
and 1986, we found a decrease in zooplankton  biomass with increasing distance
from shore
zooplankton

and increasing water depth. In October 1986, the average
biomasses in the top 50 m of water over the mid-shelf area and



continental  slope “were similar to those at our farthest offshore stations in
September 1985, but were slightly higher than at similar September 1986
stations.

Zooplankton densities have been determined at many stations over the
continental shelf in the Alaskan and Canadian Beaufort Sea. Table 22 compares
Che abundances (no./m3) of the major zooplankton groups collected in vertical
and oblique tows during various studies in the Beaufort Sea. overa~lj the
abundances are much higher than the 56 indiv/m3 reported by Hopkins (1969) for
t-he Arctic Surface Layer of the Arctic Ocean farther north. Thus, the southern
margin of the Beaufort Sea is apparently more ‘productivee than the Arctic”
Ocean in general. ~is is to be expected since nearshore waters  Of the
Beaufort Sea are relatively ice free during summer, and receive higher input -

of solar energy, and of nutrients from the land, than does the permanently
ice-covered portion of the Arctic Ocean.

near
1978
1986
near

Zooplankton abundances off the Mackenzie Delta (avg: 1176 indiv/m3) and
Herschel Island (avg: 1103 indiv/m3) were higher than near Kaktovik in
( avg: 137 indiv/m3), or in our study area during September of 1985 or
( avg: 239 and 175 indiv/m3, respectively). However, sampling conducted
feeding bowheads in the eas~ern portion of our study area during

Sep&ember 1986 and along the Yukon Coast in August 1985 revealed high
zooplankton  abundances (avg: 1168 and 1266 indiv/m3, respectively), similar to
Ehe high abundances reported off the Mackenzie Delta and near Herschel Island
(Table 22). The seemingly higher abundances in the Canadian Beaufort Sea may,
in parts account for the fact that most Western Arctic bowheads apparen~ly
spend most of the summer feeding in the Canadian as opposed to the Alaskan
Beaufort Sea. However, it must be stressed that the results in Table 22 are
not totally comparable since the confounding factors of variable mesh sizes
tow type and sampling date cannot be eliminated.

Biomass of Zooplanliton

Zooplankton  biomass data from the Canadian and Alaskan Beaufort Sea are
available from our study in 1985-86~’ from a similar study farther to the east
in ehe Canadian Beaufort Sea in the same two years (Bradstreet and )?issel
1986; Bradstreet et al. 1987), and from an earlier study conducted near the
Mackenzie Delta in 1980-81 (Griffiths and Buchanan 1982). All of these studies
were conducted to document food availability to bowhead whales. Griffiths and
Buchanan (1982) collected zooplankton opportunistically during August of 1980
and 1981 from a boat engaged in other work on bowheads. They were not able to
sample systematically-selected stations. Their sampling locations and gear
types differed beeween 1980 and 1981; in 1980 they used mainly vertical tows
whereas in 1981 they integrated the results from horizontal tows at several
sampling depths. In con~ras~~ zooplankton sampling was the first priority of
Bradstreet and colleagues in’ 1985-86. In both years tlaey sampled at
pre-defined  stations along Eransects perpendicular to the coast using methods
very similar to ours. Both Ehe 1980-81 study of Griffiths  and Buchanan (1982)
and the 1985 study of Bradstreet and Fissel (1986) sampled within only a .
small portion of the nearshore and inner shelf waters of the Canadian BeauforC
Sea. The 1986 study of Bradstreet et al. (1987) sampled a larger area,
including waters off the Yukon coa”stj Mackenzie Delta and western Tuktoyaktuk
Peninsula.



Table 22. Abundance (no./m3) of major zooplankton  groups collected during various studies in the Alaskan
and Canadian lkaufo~t Sea.

SaIUOvika lkcknzle  IMt$ mrectd Idar@ wan caastd Yre3mcSnriy.Se~# Oxcber i986f

t3rakeFed  }km-Feal Nwelmre Irmer Swd.f Ikrert%elf  Wha3aFerd !km+ed Hid-shelf lkeplkxer
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Average Biomass in Water Column,--The best s’ources  of data for general
comparisons of the zooplankton  biomasses from different areas and years are
vertical or oblique tows. Mean zooplankton  biomasses determined by oblique or
vertical tows from the top 50 m of the water column show some consistency
among years and locations~ but there were also some noteworthy differences
(Table 23). Samples collected during August 1980 in the Canadian Beaufort Sea
contained the highest average zooplankton biomass; samples collected during
October 1986 in the Eastern Alaskan BeauforE Sea contained the lowest.
Hydrozoans and ctenophores dominated the 1980 samples and caused the high
biomass. Excluding these two groups, mean biomass was 161 mg/m3 in 1980$
aboue Che same as that from o~her studies when hydrozoans and ctenophores were
not dominant zooplankters. The average biomasses for the Canadian Beaufort
Sea in 1981, 1985 and 1986 and the Alaskan Beaufort in September of 1985 and
1986 were remarkably similar. However, the methodology for the 1981 study was
not directly comparable to that of the other studies.

Within the official study area, the overall average zooplankton biomass
in the top 50 m of the water column decreased from September to October in
1986 (Table 23). However, the October samples were collected in the upper 50 m

Table 23. Canparison of man zooplanktonbiaaass in the top 50mof the water columnat various
locatious  intheAlaskanandCanadisnBeaufort Sea, 1980-86.

Lxation “ Year Month mg/m3 II Source

caMdiaQBealhrt

1%. TukRninsula

Msckerlzie Delta/
W. Tuk. Pminsula

Yukon coast

AlaakanBealbrt

Eastern Alaskan
Beaufort

86 ‘ Aug-sept

al Aug
81 &
86 Au&sept

80 &

85 h
86 Sept.

85 Sept
86 Sept
86 Ott

210b

632
(237)a
153b

M%
211b
173b

224
177
112

4
h5
15

Bradstreet  et al. (1987)

Griffiths  and Euchanan (1982)
Griffiths and Buchanan (1982)
Bradstreet etal. (1987)

Griffiths and Buchanan (1982)
BradsEreet and Fissel (1986)
Bradstreet et al. (1987)

This study (Appendix3)
This study (Table 21)
This study (Table 21)

a 1981 mean based on depth-integrated horizontal tows.
b Broad-scale transects only; inchieswhde feeding stations onpre-pknned  transects but not the

special off-transect whale feeding stations sampled h 1985.
c Broad-scale transectx only; ~hdes oblique tows to depths >50 m and 1986 samples frcm whale

feeding stations and their controls.
d CkIly samples frcm Eastern Alaskan kaufort Sea considered.
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over waters 55 to 1730 m deep, with no sampling in the inner shelf or
nearshore zones where biomass likely was higher. The average zooplankton
biomass in the October 1986 samples from the official study area was higher
than the biomass at the outer shelf stations during September.

Because zooplankton biomass in the Beaufort Sea can vary among and within
years~ and among locations, comparisons must be interpreted with caution.
Specific comparisons of the September 1985 and 1986 results from this study
and from Bradstreet and colleagues are warranted, because these two studies
were conducted during the same years, at almost the same time of yearj in two
adjacent areas of the Beaufort Sea, and (in the case of oblique tows) with the
same tiype of sampling gear. Bowheads were present near some sampling locations
during our September 1986 work, and during both years of the study by
Bradstreet and colleagues.

Mean biomasses in oblique tows taken during the two years and the two
studies were remarkably similar (Table 23), although species composition
varied somewhat (Table 24). Copepods accounted for 60-86% of the total
biomass in the Canadian Beaufort Sea in 1985-86, vs. 73-75% of similar samples
taken within our study area (Table 24). Although the group composition of the
zooplankton  was similar in both studies and years, the species composition of
the copepods was quite different (Table 24). The small copepod Limnocalanus
macrurus was the dbminant copepod off the Yukon coast, especially in 1985, and
off the Alaskan coast in 1986 but not 1985. The large copepods Calanus
-hyperboreus and ~. glacialis accounted for most of the remaining copepod
biomass in each area; they were the predominant copepods in the Alaskan
samples in 1985, and off the Mackenzie Delta and Tuktoyaktuk Peninsula in
1986. The year-to-year differences in copepod species composition in our study
area may have resulted from differences in the distributions of the water
masses.between 1985 and 1986, particularly in the nearshore area.

Zooplankton Biomass vs. Water Masses.--An evaluation of zooplankton
biomass vs. water masses is confounded by a number of factors. For examples
within our study area in 1985, the nearshore water mass was relatively narrow
and restricted to water depths less than about 15 m. In 1986 the waters that
we have classed as ‘nearshore’ covered a much wider area and encompassed
depths from 10 to 34 m. Correspondingly, the ‘inner shelf’ zone (beyond the
nearshore zone) was farther offshore in 1986 than in 1985. Within the same
year and area, water masses can and do change rapidly. Also, water masses
along the Eastern Alaskan and Yukon coasts of the Beaufort Sea are not always
directly comparable because of the differing influence of the Mackenzie River
plume on each area. Comparisons of zooplankton biomasses in various water
masses should be interpreted with these factors in mind.

In our study area, zooplankton biomass was low in surface and near-
surface waters above the pycnocline (Table 25A). Biomasses  at and near the
surface were higher in the nearshore zone than in inner shelf or outer shelf
waters (Table 25A). This may have been due to ‘the greater influence of
Mackenzie plume water , with its depauperate  zooplankton community, in offshore
waters, particularly h 1985. In the Canadian Beaufort Sea, zooplankton
biomass in surface waters was much higher where Arctic Water was present at
the surface than where Mackenzie plume water was present (Table 25B).



Table 24. Dcminant zooplankton taxa taken in oblique bongo tows through the top 50 m of the water column along
broad-scale ;ransects in the Canadian and- AlasG BeauforE SQL 14hAe ‘feeding and control seations Wr;
excluded unless they were along pm--planned broad-scale Eransects.

Canadian BeauforE Sea
Alaskan lleaufort Seac

Yukon C.osst Yukon Coast MaCkenzb E ‘lS&.
1985a 1986b Delta 1986~ Pen. 1986b 1985 1986

mgh% lig/n3 % Eg/n? % Iug/u? % Ii&J %42%
.

Copepds 181 86 121 70 99 65 126 60 168 75 130 73

Linnocalams  macrurus ‘ 144 68 67 39 <1 <1 <1 <1 43 19 59 33
Cdanus hy~rboreus 15 7 27 16 74 48 97 46 80 36 17 10
Calanua .gIacialis 13 6 23 13 21 14 26 12 25 11 52 29

Mysids 84 74 74 52 5211
Euphaus iids . 21 11 6 21 00 94 0.5 0.2
Hydrozosns  + Cknophores 73 18 10 24 15 35 17 .22 10 15 8
ChaeCognaths 42 63 5 3 17 8 6 3 4 2

Total 211 173 153 210 224 177
Number of tows 16 M 21 10 10 18
Max. Sample Depth (m) 10-25 10-50 9-50 9-50 10-50 8-50
Station Depth (m) 12-171 14-167 10-68 12-52 13-80 U1-205

.
a Bradstreet and Fissel [1986).
b~radstreet  et al. (1987).
c This study, considering only stations with oblique  tows to depths ~50mo
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Table S. F&an total biomass (u@?} of zooplankton  collected (A) on broad-scale transects in this
StU@, 1985-86, and (B) in the (kMdiaQ&lufOrt See, 1985-86.

Geographic Zones

Nearshore Inner Shelf Cuter Shelf ‘Polar Star’ 1986

Depth Type of Mid Beyond
zone Tow 1985 1986 1985 1986 1985 1986 Shelf Shelf

Aamisstud.y$

Akove Pycnodine
Surface Her. 70 - 13 -
Below Surface Her. 131 301 46 20 14

Belcw Pycnccline
Arctic Wate$ Her. 463 2181 448 659 136
Baring Water Her.

Top Ylmof Obliq. 487 296 209 170 133
Water tilunn or Vert.

‘2
43

312
2 2 5 - -

43 124 100.

Diffuse Diffuse/ Arctic
Elm Arctic Water

Type of
Tow 1985 1986 1985 1986 1985 1986

B. Bmklxeetet al. (1987)C .,

Surface Her. 59 9 - 12 1008 73
Within Zoopl. layers Her. 71 35 - 104 462 229
Top 50 mof Water Cohmn ObLiq. 202 142 243 221 “ 170 326

a Broad-scale transects only; whale feeding and control stations are &cluded.
b Samples taken within and outside zooplankton layers are pmled.
C B=d-S~e tr~~~s ~y; ~~e f- s~ti~ mt on pre-plti traIISectS are eXCklded.



Zooplankton

Arctic Waters below the pycnocline  contained much

and Hydroacoustics 247

hider biomasses than
did surface waters during bot~- years of our study. The av~rage biomass found
in Ehe Arctic Water in the Canadian Beaufort Sea was comparable to biomasses
in Arctic Water in our s~udy area. “As in surface waters, the average
zooplankton biomass in Arctic Waters appeared to decrease wi~h increasing
distance from shore (Table 25A).

Biomass Near Feeding Bowheads. --Zooplankton  samples have been collected
near feeding bowhead whales in the Canadian Beaufort Sea in 1980-81 (Griffiths
and Buchanan 1982) and in 1985-86 (BradsEreet, and Fissel 1986; Bradstreet et
al. 19879, and in the Eastern Alaskan Beaufort Sea in September 1986 (this
study) . The opportunistic sampling by Griffiths and Buchanan (1982) showed
that average zooplankton biomasses near whales were somewhat higher than the
regional mean (558 vs. 476 mg/m3 in 1980; 499 vs. 237 mg/m3 in 1981). The more
comprehensive studies in 1985-86 showed that mean biomasses in Ehe whole water
column were much higher at whale feeding locations than at other locations
(Alaska 1986: 828 vs. 177 mg/m3; Yukon Coast 1985: 562 vs. 160 mg/m3; Canadian
Beaufort Sea 1986: 532 vs. 130 mg/m3; Fig. 106, Table 26). The differences in
biomasses between whale feeding locabions and other areas were attributable
to differences in the abundance of copepods. The total biomasses of all other
groups of zooplankton were virtually identical at whale feeding areas vs.
other locations in both areas and years (Fig. 106).

The small copepod Limnocal’anus macrurus (adults <2 mm in length) .-
dominated the zooplankton  biomass in the wa~er column at all nearshore
locations where whales were feeding. IE represented 26-97% of the total
biomass at feeding sites near the Yukon and Alaskan coast in 1985-86.
Previous work had suggested that bowheads feed on larger copepods and other
macro-zooplankters (Lowry and Frost 1984). However, Bradstreet  and Fissel
(1986) suggested that bowhead whales must be able to feed on copepods <2 mm in
IengEh, since they comprised most of the zooplankton  biomass in areas where
bowheads were observed feeding in 1985. The same argument would apply ~or
whales feeding along the Alaskan and Yukon coasts in 1986~ where L. macrurus
was again the major contributor to the zooplankton  biomass at wha-le feeding
Ioca&ions. The facb that bowhead whales are able CO feed on these small
copepods was confirmed by Lowry et al. (1987). Small copepods (1.1 to 1.9 mm
in length) of the genera Limnocalanus, Pseudocalanus  and-Jaschnovia were major
food items in the stomach of bowhead 86KK1, taken in nearshore waters within
our study area on 10 September 1986.

Food availability in concentrated layers of zooplankton is more relevant
to bowheads than are the above-noted average biomasses in the water column as
a whole. At most locations sampled in this study, we found that zooplankton
biomass in one or more layers was much higher than the average for the waeer
column as a whole. This was evident both from the hydroacoustic  surveys and
from horizontal vs. oblique tows (see ‘Results’). These differences were also
evident at specific locations where feeding bowheads were observed during
1985-86 (Table 26). Biomasses within these concentrated layers at most whale
feeding locations exceeded 1 g/m3 and reached a maximum of approximately 3
g/m3 at our Station 86-5. During September 1986, high density layers were more
common at whale feeding locations than in the region as a whole. Seven of
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FIGURE 106. Comparison of average biomass (mg/m3) in

n=39 n=4

. .

1986

Beaufort Sea

the top 50 m of the
water column at whale feeding stations vs. stations along broad-scale
transects, Eastern Alaskan Beaufort Sea and Yukon Coast, 1985-86. Only the top
35 m of the water column was sampled along the yukon Coast in L985. For each
situation, n is the number of oblique zooplankton tows. See Table 26 for list
of whale feeding stations considered here.
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Table 26. Meari biomass (mg/m~) of zooplank~on in the entire water column
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and
in the densest zooplankton  layer ac each station where zooplankton
available to feeding bowhead whales was studied in the Alaskan
Beaufort Sea during 1986 (Ehis study) and the Canadian Beaufort Sea
during 1985-86 (Bradstreet  and Fissel 1986; Bradstreet et al.
1987.). Includes only the stations where whales were feeding near
the boat at the time of sampling.

Layer of HighesE
Density .

Water Column
Avers e

5
Biomass %

LocaEion Station Year Month mg/m mg/m3 Copepods

Alaska 86-5
86-7, 86-9

86-12

Yukon 14
2
3

26
2
3’

1986

II

1985

1986

Sept
Sept
Sept

Aug
.AUg
A.ug
Aug
Sept
Sept

1228
853, 318

912

288

836

776
455

3023
2886 -

2137

1098
2142
1203
22!34
1543
771

97
83
97

95
99
97
98
99
64

Flack. Delta 6 0 II Aug 369 -a

TIAO Pene 79. It Sept 527 .a

a Echosounder not functioning so net could not be guided to densest layer.

een recognizable layers at feeding stations had biomasses that exceeded 1
g/m3, while only 4 of 24 layers identified at stations along the broad-scale
transects exceeded this biomass,

In all cases, copepods were by far the major contributors to zooplankt,on
biomass (64 to 99%) in the concentrated layers a~ whale feeding stations in
our study area and in ~he Canadian Be-aufort Sea (Table 26). In all cases
where copepods were identified to species, Limnocalanus  macrurus was the
dominant copepod (26 to 97% of total biomass in water column) at whale feeding
stations along both the Alaskan and Yukon coasts. However, Calanus
hyperboreus and ~, glacialis  dominated in samples taken near bowheads off the
Mackenzie Delta and Tuktoyak~uk Peninsula in 1981 and 1986 (Griffiths  and
Buchanan 1982; Bradst,reet  et al. 1987).

Average zooplankton  biomass in the Eastern Alaskan Beauforc Sea during
September of 1985-86 was not greatly differen~ from that in the Canadian
Beaufort Sea during the same period. In 1985, most waters along the Alaskan
coast contained relatively low biomasses of zooplanktonj  with only occasional
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dense layers scattered throughout the water column (Griffiths et al. 1986).
Within the official study area, few bowheads were observed from the aircraft
in early-mid September 1985, and only one was seen from the boat. Whether the
low number of bowheads that apparently used our study area for feeding in
early-mid September 1985 was due to the low zooplankton biomasses in the area
cannot be determined. However$ during 4-7 September 1986, zooplankton
biomasses typically were high and zooplankton layers were thick in nearshore
shallow waters (depths <25 m) in the southeastern portion of our study area.
Numerous bowheads were feeding in that area between 4 and 7 September.
Zooplankton biomasses were lower and layers were thinner along the broad-scale
transects from 10 to 19 September 1986. Few bowheads were seen from the boat
along these broad-scale transects in mid September 1986.

The overall results suggest that zooplankton concentrations containing
biomasses that would be energetically profitable for bowhead feeding occur in
portions of the study area in some but not all years. The overall importance
of the Eastern Alaskan Beaufort Sea to individual bowhead whales and to
bowheads in general is discussed in the ‘Integrationt section, p. 449 ff).—

Caloric Content of Zooplankton

The caloric content of copepods and other taxa collected during this
study was similar to that reported for other arctic areas. Considering all
copepods collected in 1985, the caloric content in our study area appeared to
be slightly greater than that in Ehe Canadian Beaufort Sea (Table 27; t’ =
2.19, df = 33, p<o.05). In 1986, ca}oric content of all copepods averaged
about 1200 cal/g greater in our study area than in the Canadian Beaufort Sea
(t = 9.9, df = 109, p<O.001).  The Canadian collections were made only about
two weeks earlier than ours in both years, and it is not certain whether
seasonal, regional or methodological differences account for the differences.

Caloric content’ of copepods collected in October was about 1600 cal/g
lower than that of copepods collected one month earlier in the same area
(Table 27). Copepod biomass in the upper 50 m was very low in October. Most
copepods had probably descended to overwintering depths >50 m. At this time
of year, lipid content of copepods at depths >200 m is higher than in copepods
at depths <50 m (Head and Harris 1985). Presumably animals remaining in the
upper 50 m had not yet stored sufficient reserves for winter, and had a lower
caloric content than those at depth.

During the season of peak productivity, caloric and lipid content of
copepods can change by a large amount over a short period of time, especially
in spring. Lee (1974) found that lipid content of Calanus hyperboreus from
the Arctic Ocean increased by 80 percent between June and July. Changes in
lipid content were less dramatic later in the season; between August and

September, lipid content dropped by 11 percent, In Frobisher Bay, caloric
content of copepods increased by 12 percent between late July and late
September. In the Bering Sea, caloric content of the euphausiid Thysanoessa
increased by only 24 percent between spring and fall.

Head and Harris (1985) believe that
enough food to meet the requirements
production, there is no further increase

once Calanus hyperboreus has stored
of overwintering and spring egg
in lipid storage--i.e., there may be
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Table 27. Caloric content (cal/g dry wt.) of copepods from arctic regions,
Bering Sea, and North Atlantic Ocean.

Mean k s.d. n

Late Summer Data

Alaskan Beaufort  Sea 1986 Sept, all copepods 6297 & 619
(Ehis study) October, all copepods 4718 A 351

1985 Large copepods
Small copepods

All copepods

Canadian Beaufort Sea 19$6 Large Copepods
(Bradstreet and Small Copepods
colleagues 1986-87)

All -copepodsa

198,5 Large Copepods
Small Copepods

All copepods

(>1.8 mm) 7368 A 406
(<1.8 mm) 6635 & 483

7096 k 559

(>1.8 mm) 5080 k 653
(<1.8 mm) 4712 & 910

5023 k 704

(>1.8 mm) 6867 k 107
(<1.8 mm) 6840 & 163

6845 & 149

Frobisher  Bay Calanus sppo (large)a~c 7690 & 310
(Percy and Fife 1980)

47
13

17
10

—

27

54
10

—

64

3
11

—

14

4

(l@her Seasons

Bering Sea Neocalanus cristatusa 6186 k 953 8
(Harris 1985) tietridia pacifiea~ 5166 k 462 3

Average copepod
(average of 6 species) 5912

Lancaster Sound Calanoid copepodsa 6537 k 834 7
(Bradstreet 1982 )

North Atlantic
(Laurence 1976)

Calanus finmarchicusa
Pseudocalanus  minutusb

a Large copepods >1.8 mm. b Small copepods <1.8 mm.
d August samples.c September samples.
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a maximum lipid content for a particular overwintering life stage. If most
arctic zooplankters have a similar life cycle, then increases in lipid content
in the fall could be minimal.

In both the Eastern Alaskan and Canadian Beaufort Sea, caloric content of
copepods was significantly lower in 1986 than in 1985 (t = 5.53, df = 72,
p<O.001 for Eastern Alaskan Beaufort, t’ = 18.9, df = 78, p<O.001 for Canadian
BeauFort). In the Canadian Beaufort Sea, lip-id- content of copepods was also
lower in 1986 than in 1985 (Bradstreet et al. 1987). These results suggest
that copepods had consumed less food in 1986 than in 1985. The timing and
magnitude of changes in caloric content depend on the timing of primary
production. When the productivity cycle begins early, copepods may have
stored overwintering reserves early and late summer increases may be minimal.
Late summer increases could be large if the start of the spring bloom were
delayed. Thus , annual differences in the primary productivity regime could
account for year-to-year differences in caloric content of copepods at a
particular time.of year.

Annual differences in the quantity of primary production could also
account for annual differences in caloric content. In the high arctic,
copepods may be able to adjust their life cycles according to quantity of food
that is available (Cairns 1967). Reproduction is delayed until the copepods
have stored sufficient energy for egg production. Under these circumstances,
caloric content would be low in a year when primary productivity was low.

The total caloric content of copepods per unit weight would not be as
important to feeding whales as the total energy available per unit volume of
water. Even though caloric content of copepods was lower in 1986 than in 1985,
maximum concentrations of potential food organisms (in terms of cal/m3) were
greater in 1986 than in 1985.

Fronts and Other Concentrating Mechanisms —

Mean biomass of zooplankton, as determined from the echosounder data, was
similar in 1985 and 1986 (Table 16). However, there were differences in the
distribution of patches containing a high biomass of zooplankton. The
distribution of sub-surface oceanographic properties was also differene in the
two years and these differences may have affected the locations of zooplankton
patches. In 1986, apparent biomass was highest on the outer shelf of Transect
T1 . This high biomass, if real, may have been due to strong sub-surface
frontal development caused by the intrusion of Bering Sea Water into the study
area. The influence of this intrusion decreased east of Transect Tl, and
estimated zooplankton biomass was lowe’r along the outer shelf portions of
transects T3 and T4. In 1985 the higher biomass ‘found in the nearshore zone
than farther offshore could have been related to coastal upwelling  present
during and before the time of sampling (see ‘Water Masses’). With these two
exceptions, broad-scale distributions of zooplankton biomass appeared to have
been quite similar in 1985 and 1986 (Table 16).

Oceanic fronts are boundaries between water masses of different
properties. Most of the ‘fronts’ noted in this study were discontinuities of
surface properties. These discontinuities did not extend much below the
surface and apparently had no major effect on the distribution of zooplankton.



Some sub-surface fronts were also present:

1. In 1986 only, a fronb between Bering Sea Water and cold Arctic Water,
located around the 50 m contour and diminishing in intensity to the
east.

2. A front between cold saline Arctic Water and water of Mackenzie River
origin, located in the southeastern part of the study area in 1986
and along much of the nearshore zone in 1985.

A seasonal thermocline was also present in the study area in 1985 and 1986.

Our data on zooplankton aggrega~ions  associated with sub-surface
discontinuities  in temperature and salinity are less detailed than we would
like. This was partly a result of the difficulties in characterizing
subsurface physical gradients; even the rather closely spaced CTD stations
occupied in 1986 did not provide adequate horizontal resolution for this
purpose. Another limitation was the questionable reliability of hydroacoustic
data in areas with strong physical gradients. This has proved to be an even
more serious problem in the Canadian Beaufort Sea$ where physical gradients
tend to be stronger than in the Eastern Alaskan Beaufort Sea (Bradstreet et
ale 19879. In 1987, an inves~igation of echosounder performance ‘for
zooplankton sampling is to be done in the Canadian Beaufort Sea (D. Fissel and
M. Bradstree’t, pers. comm.). It is hoped that their 1987 study will lead to
improved methods for measuring zooplankton biomass and patchiness in the

.Beaufort  Seaa

In 1986, zooplankton biomass was highest and dense patches of zooplankton
were most common at locations where feeding whales were observed. The
s~ructure  of the water column at these stations was complex. Strong vertical
and horizontal gradients were caused by the presence of warm iurbid water of
Mackenzie River origin adjacent to cold saline Arctic Water. These strong
gradients appear to have provided an aggregating mechanism for zooplankton,
making the area attractive co feeding bowheads. Fissel et al. (’Water Masses’
section) do not believe that strong gradients of these types existed in the
nearshore portion of the study area in 1985. The presence of strong horizontal
tempera~ure  and salinity gradients in the s~u~y area may be important for the
formation of zooplankton patches that are of sufficient magnitude and density
for efficient bowhead feeding.

There is considerable year to year variability in the distribution of
water masses in the Beaufort Sea (Thomson et al. 1986). The results of this
study and the simultaneous Canadian studies indicate that the distributions of
these water masses strongly influence the distribu~ion of zooplankton.
Bowhead whale distributions appear to be strongly linked to the distribution
of their prey and thus to water properties.

Conclusions

1. The group and species composition of the zooplankton in the Eastern
Alaskan Beaufort Sea, during September of 1985-86 and October 1986,
was similar to that elsewhere along the Beaufort Sea coast and in
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2,

3.

4.

5.

6.

7*

8.

9.

other arctic regions. However, relative abundances of some species
and groups vary between locations and years.

Copepods dominated the zooplanktori  along the broad-scale transects
during September 1985-86, representing 78 and 81% of the wet weight,
respectively, and 87 and 98% of the individual zooplankters. In
October 1986, copepods accounted for 85% of the individuals but only
24% of the biomass in the upper 50 m of the wa~er column over the
mid-shelf and continental slope in our main study area.

In September 1985, the large (>1.8 mm in length) copepods Calanus
hyperboreus  and ~. glacialis were the dominant contributors to total
zooplankton  biomass$ while in September 1986 the small (<1.8 mm in
length) copepod Limnocalanus  macrurus was the dominant contributor.
In both years, Limnocalanus  dominated in nearshore waters and Calanus
dominated farther offshore; the nearshore zone where Limnocalanus  was
abundant was more extensive in 1986. ,

In both years, euphausiids and mysids were most abundant near the
bottom in nearshore waters. Whether they also occurred in similar
abundances near the bottom farther offshore is not certain, since few
near-bottom samples were taken offshore. In October 1986, euphausiids
were much-more abundant farther west, between Pt.- Barrow and Prudhoe
Bay, than in the official study area.

In September 1985-86, average zooplankton biomass was highest in the
nearshore and inner shelf areas (south of the 50 m contour), and
lower on the outer shelf (north of the 50 m contour). Biomass in the
intrusion of Bering Sea Water over the outer shelf in 1986 was
unremarkable.

Biomass in the top 50 m over the continental slope (near 1800 m
contour) was similar to that over the outer shelf, and much higher
than previously reported for the top 200 m of the Arctic Ocean far
offshore (q. Hopkins 1969).

The average zooplankton biomass in the top 50 m within our study area
was similar in both years, about 200 mg/m3. Our average biomasses
were similar to those over the continental shelf of the Canadian
Beaufort Sea during late August-early September 1985-86 (cf.
Bradstreet et al. 1987).

.

Hydroacoustic  surveys showed that zooplankton distribution was patchy
in both years. Patches tended to be more abundant in nearshore and
inner shelf waters (<45 m deep) than over the outer shelf. Average
zooplankton ”biomass within patches was also higher in nearshore and
inner shelf areas than farther offshore.

Zooplankton patches often extended for several kilometers in the
horizontal plane, but usually were only 5-10 m thick. Patches along
broad-scale transects were typically more extensive in the horizontal
plane in September 1985 than in September 1986.
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.

10. Bowhead whales were absene during zooplankeon  sampling in 1985.
Feeding bowheads were present in nearshore wa~ers in the SE corner of
ehe study area (and to the east along the Yukon coast] in early
September 1986. In 1986, average zooplankton  biomass was higher at
five whale feeding stations than at corresponding control stations.
Average biomass at our whale feeding stations was similar to that at
whale feeding stations farther east along the Yukon coast in 1985-86
(~. 13radstreet et al. 1987). Bowheads usually feed in areas where
zooplankton biomass is about 1-3 g/m~ at the depth of maximum
biomass,

11. In all cases the higher zooplankton biomass at whale feeding stations
was due to unusually high copepod biomass. The biomass of all other
zooplankters combined was similar a~ whale feeding and control
stations.

12. Limnocalanus macrurus was the dominant copepod in layers of
concentrated zooplankton  at whale feeding stations along both the
Alaskan and the Yukon coasts. These small copepods, <2 mm in length,
can be filtered from the water by bowhead whales; L. macrurus was a
major food item in the stomach of one bowhead ta~en in nearshore
waters within our study area in September 1986.

13. Although dense layers of concentrated zooplankton were most common in
nearshore watersa especially near feeding bowheads, such layers did
occur farthe~ offshore over the continental shelf. Other ~axa}
usually Calan~s~ dominated in these patches. Although these patches
were not being used by feeding bowheads during our zooplankton
sampling periods, they presumably are used at other times.

14. In SepEember 1985-86, zooplankton biomass was very low in surface and
near-surface waters. The majority of zooplankters  were between the
pycnocline and a depth of 45 m, except at some nearshore staeions
where the pycnocline layer was continuous from a few meters depth to
the bottom. MOSE zooplankters were in.one or more layers a few mebers
thick at mid-water or near-bottom positions. This was true at whale
feeding and control stations as well as along broad-scale transects.
Consistent with this, almost all whales observed feeding in the study
area ~ ~ were feeding in the water column9 below the surface.

15. At whale” feeding stations, zooplankton patches tended CO be thicker
than a~ corresponding control stations and often stretched from just
below the surface to the bottom.

16, In September 1985, zooplankton  biomass was slightly higher within
than ou~side frontal areas, In SepEember 1986, there was no such
relationship. However, the subsurface concentrations of zooplankton
in the nearshore feeding &reas were within cold saline waters
overlain by much warmer turbid water$ and inshore of areas where
subsurface waters were slightly warmer and less saline.
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17. Copepods had a higher energy content per unit weight than other major
groups. Copepods contributed 90 and 89% of the toeal caloric content
of the zooplankton in 1985 and 1986, respectively. Caloric content
per gram of zooplankton was higher in 1985 than in 1986, and higher
in our study area than in the Canadian Beaufort Sea about two weeks
earlier.

18. Along broad-scale transects, mean caloric content of the zooplankton
in &he top 50 m~ on a ‘per cubic meter’ basis~ was similar in 1985
and 1986: 225 vs. 179 cal/m3, respectively. At whale feeding
seations, mean caloric content was much higher, 643 cal/m3 in the
water column as a whole and 2132 cal/m3 in concentrated layers of
zooplankton.
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BOWEEAD DISTRIBUTION, NUMBERS AND ACTIVITIES*

Introduction

Bowhead whales of the Western ArcEic population migrate westward through
the study area in early autumn while en route from their main summering areas
in the Canadian Beaufort Sea to their wintering grounds in the Bering Sea (see
Fig. 1 on p. 2). Aerial surveys have shown that a few bowheads occur in the
study area during August of some years~ but that bowheads do not become common
Ehere until September. Migration through the area is largely completed by mid
October (Ljungblad et al. 1986c). Some of Ehe whales moving westward through
the study area, particularly during the early stages of migration, do not
travel strongly or consistently. At least some whales feed at this Eime
(Ljungblad et al. 1986a).

Previously Available Information

Pre-1985 data on the utilization of the Eastern Alaskan Beaufort Sea by
bowhead whales were summarized by Ljungblad et al. (1985a, 1986a-c) and by LGL
and Arctic Sciences (1985). Since 1979, aerial surveys for bowheads have been
conducted in this area during late summer and early autumn of each year. In
1979-81 the coverage was mainly in nearshore areas and there was little
coverage of our study” area before 1 September. From 1982 to date$ the survey
coverage has extended far offshore and has included most if not all of the
period of westward migration. In most years, more whales have been seen per
hour of surveying in the nearshore portion of our study area than in any other
part of the Alaskan Beaufort Sea (Ljungblad et al. 1986c, p. 80-84).

Bowheads were seen in the Eastern Alaskan Beaufort Sea during August in
~ome years, especially 1982, but not in all years. Considering our official
study area only, the dates of first., and last sightings (as summarized by LGL
and Arctic Sciences 1985) were as follows:

First Apparent Last
Year Sighting Peak Sighting

1979 20 Aug 24-26 Sept 6 Ott
1980 4 Sept 14 Sept 21 Sep
1981 7 Sept 12-29 Sept 9 Ott
1982 2 Aug 6 Aug - 24 Sept 6 Ott
1983 2 Aug 2 Aug - 6 Sept 2 Ott
1984 15 Aug 4-26 Sept 10 Occ

Bowheads may have been present earlier or later in some years, especially
1979-81 when survey coverage was most limited. NO bowheads were seen farther
west before the dates of first sightings listed above~ but a few were still “
present farther east in mid October 1982 (Ljungblad et al. 1983).

Bowheads seen in the Eastern Alaskan Beaufort  Sea during August were
generally not traveling actively westwa-rd.  They tended to be farther offshore
than bowheads seen there in September-October. The same trend was evident for

~ BY W. John Richardson, B. Wrsig and G.W. Miller.
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the Alaskan Be,aufort Sea as a whole (Fig. 107; Ljungblad et al. 1986c, p.
92-95) .

Pronounced westward migration through our study area usually begins in
early or mid September and continues until early or mid October. Most whales
travel west over the mid-shelf region, but some travel west through shallow
nearshore waters, and others are far offshore near or beyond the shelf break
(Fig. 107)0 In one year, 1983, the westward migration through the study area
and elsewhere tended to be farther offshore than in all other years since
1979. Considering September and October data only, median depths at sighting
locations in and near the study area (longitudes 141”-146”W) were 732 m in
1983, as opposed to 33-49 m in other years from 1979-84 (Ljungblad et ‘al.
1986c, p. 102). The unusual pattern in 1983 may have been related to heavy ice
cover in that year.

Bowheads that were believed to be feeding have been seen during late
summer and autumn at many locations across the Alaskan Beaufort Sea. During
the 1970’s, groups of feeding bowheads were seen just east of Barrow on
several occasions (Braham et al. 1984; Ray et al. 1984). However, during
1979-84, Ljungblad et al. (1986a) found that feeding was more common and
consistent in the Eastern Alaskan Beaufort Sea than farther west. Although the
distribution of feeding and non-feeding whales overlapped, feeding whales
tended to occur closer to shore (Fig. 108).

Up to”1984, ‘definite’ observations of feeding bowheads within the study
area were confined to waters less than 200 m deep, and mainly to waters less
than 50 m deep (Fig. 108, 109). The dates of these observations ranged from 12
to 29 September (or perhaps as early as 9 Sept in 1980, Lowry and Frost 1984,
p. 11). Within the continental shelf zone, specific locations where feeding
occurred seemed to vary among years. However, the data on feeding in 1979-84
were obtained incidental to studies with other purposes. Thus, the available
data for 1979-.84 do not provide detailed information about within- and
between-season changes in utilization of specific areas.

Although all ‘definite’ observations of feeding bowheads within the study
area up to 1984 were over the continental shelf during mid-late September~
feeding may sometimes occur in deeper waters and in August. Groups of bowheads
have sometimes been seen two or more times. over periods of several days in
deeper parts of the study area, often in August (summarized in LGL and Arctic
Sciences 1985, p. 15-21). There is no proof that the same individuals were
present from one date to the next, or that these whales were feeding. However,
these observations suggest that feeding m= occur in the continental slope
portion of the study area (“depths 200-2000 m) on some occasions, particularly
in August.-

Stomach contents of bowhead
Kaktovik (in the study area, n = 8)
by Lowry and Frost (1984). All of
mainly on copepods, euphausiids, or

whales harvested during early autumn at
and at Barrow (n = 2) have been described
these whales had been feeding recently,
both. At Kaktovik, the composition of the

stomach contents varied widely among whales, with as much as 99.7% copepods in
some whales, and as much as 97.9% euphausiids in others. Of the whales taken
at Kaktovik and described by Lowry and Frost (1984); the three containing
significant amounts of euphausiids  were all taken in 1979.
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Limitations of Previously Available Data

Previous aerial surveys have provided valuable data on
timing of bowhead movements through the study areaa and some
feeding. However, utilization of the study area has not been
quantitative basis:

1. The average distribution and timing of occurrence of

the routes and
observations of
documented on a

bowheads in the
study area are relatively well known (Ljungblad et al. 1980-85a;
Richardson et al. 1985a, 1987). However, distribution and times of
occurrence within the study area vary somewhat from year to year$ and
cannot be predicted. For examplej whether or not significant numbers
of bowheads will be present in August of any given year is not
predictable. Variation in ice cover may affect the timing and routes “
of autumn migration (Ljungblad  et al. 1984a, 1986b). We hypothesize
that some of the remaining variation is related to annual and
seasonal differences in food availability within and east of the
study area.

2. Aerial surveys by Ljungblad et al. (1980-85a) have documented Ehe
relative numbers of bowheads in various parts of the Eastern Alaskan
Beaufort Sea during different years and months. However, absolute
numbers of whales there have not been estimated for any specific
time. Absolute estimates are difficult to obtain because allowance
musE be made for the many whales that are inevitably missed during
aerial surveys. Correction factors must be determined to allow for
whales at the surface but uoc seen, and for the many whales below the
surface as the survey aircraft passes, Prior to this study,
correction factors had been derived for aerial surveys of the
Canadian summering grounds in 1981 (Davis et al. 1982), but not for
other areas or years,

:“3e The composition of the whale groups that feed within the study area
had not been studied prior to this projecc, aside from observations
of mother-calf pairs that were widely distributed in the study area
throughout the period when bowheads are present (Ljungblad  et al.

l ’980-85a; LGL and Arctic Sciehces 1985). Recent photogrammetric  daha
from feeding areas in the Canadian Beaufort Sea show that bowheads
sometimes segregate strongly by size, and thus by age and breeding
status (Davis et al. 1983, 1986a,b). It is important to know whether
a disproportionate number of the bowheads feeding in the study area
are from one segment of the population. Information about the
composition of the whales utilizing the study area is also important
in assessing the food requirements of bowheads feeding there. Food
requirements differ considerably according to whale size and breeding
status (see ‘Energetic of Bowheads’ section, beyond).

4. Residence times (and Eurnover) of individual whales in specific
feeding locations within the Eastern Alaskan study area were unknown
prior to this study. For example, the study area might be used by a
rather low number of bowheads that feed there for prolonged periods~
or by larger numbers of bowheads that each feed there for only a
brief period. In the former case, the study area might be a feeding
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.

area for only a few whales, but might provide a significant fraction
of the annual food supply for those few individuals. In the latter
case, the study area would be less important as a feeding area for
any one individual.

5. Stomachs of several whales taken near Kaktovik during the autumn hunt
contained mainly co’pepods and euphausiids (Lowry and Frost 1984).
However, prior to this study little was known about where in the
study area or water column these prey are taken. For whales within
the study area, the amounts of time devoted to skim-feeding at the
surface, near-bottom feedings and water column feeding had not been
documented. The numbers and durations of feeding dives of each type
were unknown, as was the volume of water filtered during an average
dive or an average day.

Objectives and Approach

To determine the extent and nature of utilization of the study area by
feeding bowheads, it is necessary to determine how many bowheads are present
at various times in the late summer-early autumn period. It is also necessary
to determine the activities of these whales, including the proportion that are
feeding and the nature of feeding (e.g. near-surface, water column, near
bottom).

As part of the 1985-86 study of bowheads in the Eastern Alaskan Beaufort
Sea, we conducted aerial surveys to determine the seasonal distribution of
bowheads in ‘the study area, including their distribution relative to
oceanographic factors and food availability. (Previous sections of this report
document the results concerning water mass distributions and zooplankton
availability.) We also obtained aerial observations of bowhead behavior to
evaluate the proportion of the whales that were feeding, feeding modes~ and
other aspects of behavior. Data on the durations of surface-dive cycles were
acquired to assist in deriving a correction factor for submerged whales missed
during aerial surveys. Calibrated vertical photography was used to determine
Ehe sizes of the whales utilizing various parts of the study area. Because
many bowheads are individually recognizable from natural markings, the
photogrammetry  program also provided refighting data. This helped to determine
whether specific individuals lingered in certain preferred feeding areas, and
whether they returned to the same feeding areas in successive years. We also
radio-tagged bowheads
behavior and residence

All aircraft work

i.n an attempt to provide additional data on feeding
times in feeding areas.

Methods

was done using a DHC-6-300 Twin Otter aircraft. which
was based at Kaktovik from 4 Septemb~r to 3 October 1985, and from 2’ to 27
September 1986. The Twin Otter is a high-wing aircraft powered by two
turboprop engines. The aircraft was equipped with wingtip fuel tanks for
extended endurance, a GNS 500A Very Low Frequency navigation system, a radar
altimeter, an inverter for 120 v/60 Hz power, three bubble windows (right
center, left center, left rear), and a ventral camera port. During the first
half of September in both years, airborne remote sensing equipment was also
aboard the aircraft (see ‘Water Masses’ section, p. SO-34).
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Systematic and Reconnaissance Surveys

Systematic Aerial Surveys. --During September of 1985 and 1986, we
a~tempteci to conduct weekly surveys of the southern 2/3 of the study area
(from the shore or kmier islands north to the 2000 m depth contour). Because
previous observations of feeding whales within the study area were in water
<200 m deep, more effort was devoted to the 0-2.00 m depth stratum (continental
shelf zone) than to the 200-2000 m stratum (continental slope zone). A series
of transects was established within each of these two strata.

Transect positions were randomized and transectq were oriented roughly
perpendicular to the depth contours to ensure that denpity estimates would be
unbiased (Eberhardt 1978; Anderson et al. 1979). The shelf zone was divided
into 12 strips 10.6 km wide (plus a triangular 13th strip). The slope zone was
divided into eight strips 18.5 km wide. Within each strip, a transect was
selected at random (Fig. 110). The 13 ‘continental shelf’ transects totalled
832 km in length; the eight ‘continental slope’ transeces tot.ailed 428 km.

In 1985, systematic surveys of the shelf area were completed four times,
on 5-6, 12-13, 18 and 25-27 September. Fog precluded a survey of the
continental slope on or near 5-6 September, but it was surveyed on 12j 19-21,
and 27 September. In 1986, the shelf and slope zones were each surveyed three
times, on 4-5, 11-15 and 22-26 September.

Surveys of these transects were at an airspeed of about 200 km/h. Survey
altitude was normally 305 m above sea level, but in 1985 some surveys were at
15~ m a.s.l. when the cloud ceiling was below 305 m. On the right side of the
aircraft~ two observers were always present, one in the co-pilot% seat and
another adjacent to a bubble window two seats farther back. “On the Iefc side,
one observer was adjacent to a bubble window two seats behind the pilot, and
another observer was sometimes present in a rear seat. For each bowhead
sighting, the position, time, number of whales, presence of calves, headi~g,

estimated speeds and lateral distance from the flight line were dictated into
tape recorders. Lateral distances were measured with Suunto inclinometers when
the whale’s position was 90° to the left or right of the flight track.

Because few bowheads were detected during systematic surveys, especially
in 1985, line transect methodology could not be applied to estimate bowhead
densities. Instead, we used strip-transect methods. Based on the results of
Davis et al. (1982), we defined on-transect sightings to be those at lateral
distances 200-1200 m when survey altitude was 305 m, and at 100-1100 m when
survey altitude was 153 m. Thus3 transect width was 1 km on each side of the
aircraft, or 2 km in total. The 200 m or 400 m s~rip directly below bhe
aircrafb was considered to be off-transects since sightability  is reduced in
this zone even when observations are through bubble windows.

The two right-side observers usually observed independently; Eheir
sightings were not announced eo other observers. This was done to develop a
correction factor for missed whales$ based on the method of Magnusson  eti al.
(1978) as applied to bowheads by Davis et al. (1982). This calculation is
based on the number of whales that are sighted by only one observer vs. ~he
number seen by both observers. Because there was a bulkhead between &he two
right-side observers, neither observer received any visual cues indicating
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thak the other observer had seen a bowhead. When a bowhead was seen on the
right side of the aircraftj it was not possible to circle to obtain more
detailed observations, since this would have required notifying tihe other
right-side observer that a bowhead had been seen. However, when a bowhead was
seen by observers on the left side, the sighting was announced and the
aircraft circled, usually once. Additional sightings (or confirmatory data)
acquired during these brief periods of circling were included in density
calculations.

Reconnaissance Surveys. --In addition to near-weekly sys~ematic surveys of
the slope and shelf strata, we conducted numerous reconnaissance surveys in
these areas from 5 September to 3 OcEober 1985 and 3-27 September 1986. The
reconnaissance was done while we searched for whales for- purposes of
behavioral observations, photogrammetry,  and radio-tagging. Most bowhead
sightings during this project were obtained during the reconnaissance flights,
which were concentrated in areas where the probability of whale sightings was
highest. All flight lines and sightings are mapped below.

While the boat. chartered for zooplankton  studies was moving along its
transects during the 4-18 September 1985 and 3-19 September 1986 periods (see
9Zooplankton  and Hydroacoustics’  section, p. 141-143), an observer maintained
a watch for bowheads whenever visibility was adequate. Similarly, observers
aboard the smaller boat used for the 1986 radio-telemetry program (see below)
watched for bowheads. No bowheads were seen along the boat transects in 1985.
Numerous bowheads were seen from both boats in 1986. However, all 1986
sightings were i.n areas where aerial observers also detected bowheads. Thus$
the boae-based  sightings are rarely mentioned here.

Supplementary Survey Coverage by Other Projects .--Several other studies
of bowhead whales in the Canadian and Alaskan Beaufort Sea were conducted
during the late summer and autumn of 1985 and 1986. Most of Chese studies
included aerial survey coverage of parts of our study areaj in some cases
including periods before or after our field seasons. We mapped the resules
from these other studies tosupplement our own data.

.

In both 1985 and 1986, the Naval Ocean Systems Center (NOSC) conducted
extensive surveys of the Alaskan Beaufort Sea for MMS. Their surveys provided
some coverage of deep waters north of the area surveyed by us, plus some
additional coverage of the areas where we worked. NOSC also obtained some
coverage of our study area in August and Octobers before and after our study
periods. Our ‘supplementary coverage’ maps show all of the NOSC flight lines
and bowhead” sightings within the mapped area (approx. 139°W to 145*W) during
the 1 August to 20 October periods of 1985 and 1986. The 1985 NOSC data are
from Ljungblad et al. (1986c, Appendices A and C]. The 1986 NOSC data are from
pre-publication  copies of their flight line and sighting maps (J. Clarke and
D. Ljungblad,”pers.  comm.).

Several industry-funded studies of bowheads were conducted by LGL in
1!385-86,  mainly in areas east or west of our study area. However, these
studies provided additional aerial reconnaissance of parts of our study area.
In 1985, these studies included the following:
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1. Photogrammetric flights near the east edge of our study area, 14 Aug-
8 Sept 1985 (four flights into the area that we mapped; Davis et al.
1986b) .

2. Reconnaissance flights in October 1985, including nine flights into
‘our’ area by Evans and Holdsworth (1986) and one by Johnson et al.
(1986).

3. Systematic surveys near the west edge of our official study area, 5
Sept-20 Ott 1985 (21 flights into the area that we mapped; McLaren et
al. 1986).

For each of these studies, flight lines and sightings within the area
considered in this report are shown on our ‘supplementary coverage’ maps and
are taken into account in our description of the seasonal occurrence of
bowheads in the Eastern Alaskan Beaufort Sea during 1985.

Similarly, for much of September 1986, LGL conducted near-daily aerial
surveys and other observations around the Corona drillsite north of Camden Bay
(Evans et al. in prep.; Koski and Johnson in prep.). Their work overlapped the
western edge of our study area. Their flight lines and sightings within our
study area are included on the ‘supplementary coverage’ maps in this repo~t.

Systematic aerial surveys of the Canadian Beaufort Sea were conducted in”
late August and early September of 1985 (Norton and Harwood 1986) and 1986.
(Rwwood and Norton 1986; ESL unpubl. data). Their survey coverage and bowhead
sightings west of Herschel Island are mapped here.

Behavioral Observations

On 11 occasions in 1985 and 17 occasions in 1986, we used ~he aerial
observation procedures described by Richardson et al. (1985b) to observe the
behavior of bowheads (Fig. 111). Four observers in the Twin Otter aircraft
circled high above the whales. Aircraft altitude was 457 m or (on 13 Sepe
1985) 610 m, either of which is high enough to avoid significant aircraft
disturbance (Richardson et al. 1985b).  Airspeed during circling was 155 km/h.

The 28 behavioral observation sessions ranged from 0.2 to 2.8 h in
duration, and tota12ed 32.5 h (15.2 h in 1985 and 17.3 h in 1986). In 1985,
five sessions were within the ‘official’ study area, as outlined by the dashed
lines on Fig. 111A. Two sessions were slightly to the east and well offshore.
Four sessions were slightly to the east and within 3 km of shore near Komakuk
(Fig. 111A). In 1986, eight sessions were within the official study area, two
were slightly to the east and well offshore, and seven were to the east and
within 10 km of shore (Fig. lllB). In analyses of behavior within the official
study area, we included the offshore sessions just east of the study area,
since sea conditions, ice, and whale activities there seemed similar to those
farther west within the official study area. However, we often treated the
nearshore sessions east of the official study area separately. Water depths at
observation locations were usually about 5-50 m, but in 1985 the depth was 280
m at one location. Sea states were O-3 but usually 1-2. In 1985, ice cover at
the 11 observation sites ranged from O to 100% grease ice, and from O to 6s%

thicker ice. In 1986, there was no ice near any observation site.
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Throughout each observation session, two observers on the righa side of
the aircraft dictated behavioral observations into a tape recorder, and a
third observer on the right side operated a video camera whenever whales were
at the surface. The fourth observer, on the left side, watched for whales
‘outside’ the area being circled and operated sonobuoy receiving equipment
(see below). During each surface/dive sequence, we recorded the same
behavioral variables as in our previous behavioral studies (Wtirsig et al.
1984, 1985a; Richardson et al. 1985b). In addition, we estimated the net
distance travelled during dives, i.e. the distance between the location where
an identifiable individual dove and the location where it next surfaced.

Behavioral data were transcribed from audiotape between flights, aid the
videotape was examined for details not noted during the real-time behavioral
dictatio-n. The combined data were coded numerically as in our previous work.
These records were hand checked, and then entered into an Apple 11+
microcomputer for computerized validation and analysis. In total, 679
surfacing and 69 dive records were obtained during this study. Of these, 472
“and 33 were obtained under ‘presumably undisturbed’ conditions. Of the
remaining ‘potentially disturbed’ records (207 surfacings and .36 dives), most
were obtained in the presence of noise from distant seismic vessels. Because
surfacing, respiration and diving behavior of bowhead calves (<1 yr old) is
considerably different than ‘that of older ‘non-calves’ (Wtirsig et al. 1984,
1985a), most of our behavioral analyses exclude our few data from calves.

Measurements of Underwater Noise .

During mos,t behavioral observation sessions, underwater sounds near the
whales were monitored by sonobuoys (AN/SSQ-57A or AN/SSQ-41B,  Sparton
Electronics). Hydrophore depth was either 18 m or 9 m. Sonobuoys with a 9 m
depth setting were specially manufactured for our use in water shallower than
18 m. Sonobuoy  signals were received and recorded aboard the aircraft via
calibrated equipment (Greene 19851.

Industrial sounds audible on the sonobuoy recordings were analyzed by
Greeneridge Sciences Inc. using their standard analysis methods for these
types of sounds (Greene 1985). Three types of results were derived:

1. Power spectrum graphs showing spectrum levels vs. frequency, along
with levels in various standard bands. For frequencies up to 1000 Hz,
each power spectrum analysis was based on about 8 s of digitized
sound data in 1985, and about 30 s of data in 1986.

2. Waveforms and peak lev-els for pulses from distant seismic survey
vessels.

3* Waterfall graphs
seismic pulses.

No specific analysis

showing the rapid changes in frequency content of

of the bowhead calls audible on the sonobuoy tapes
was. needed for our purposes. However, we did note the occasions when calls
were and were not detected.
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Radio Telemetry*

Radio tagging was planned for two primary purposes: (a) to determine how
long whales remain in a feeding area, and (b) to provide behavioral data on
surfacingldive sequences and small-scale movements within feeding areas,
including data on behavior ae’ night. The tags
longer distance movement patterns, although this
J. Goodyear provided two types of small radio
whales by crossbow from distances up to 25 m.

might also provide data on
was not a primary objective.
tags that are deployed onto

The primary type of tag was a small (about 7 x I* cm) custom-built
~capsule* tag that penetrates no more than 9 cm inCo the blubber, leaving only
a fine wire antenna (1 mm x 45 cm) protruding from the surface. The. electronic
components consisted of a 148.00-149.00 MHz telemetry transmitter with
high-impact crystal and power output 4 or 12 mW (L. & L. Electronics or
Telonics, respectively). Four small backward-angled blades were mounted to the
front of the tag to aid in penetration. Six tines protruded laterally near the
front end of the capsule, and were angled backward to hold the tag within the
blubber. Maximum attachment time has not been tested, but up to several weeks
or possibly months is expected. Battery lifetime is several weeks. Capsule
tags have been tested on gray whales (Swartz et al. 1986) and, less
extensively, on fin whales (Goodyear et al. .l985), The main advantages of the
capsule tag are (a) its small size, (b) its relatively long lifetime, and (c)
the fact that the antenna is the only part that remains external to the

surface of the whale. The” small size of the tag was an important consideration
in obtaining local community approval of the project. Point (c) was expected
to be an important advantage with bowheads, which

For backup purposes, we were prepared to
‘remora! tags (Goodyear 1981, 1983; Goodyear et
Cags were in fact not used, and are not discussed

In early-mid September 1985, J. Goodyear was
13-m boat, while it conducted zooplankton and

often move amidst ice.

use Goodyearfs well-tested
al. 1985). However, remora
further,

aboard the ‘Annika Marie~~ a
physical sampling in the

official study area (see ‘Zooplankton  and Hydroacoustics8 section). However~
whales were virtually absent from the official study area at that timej and
there were no good tagging opportunities in 1985.

In September 1986, a smaller boat, an 8-m Munson, was made available by
MMS specifically for radio telemetry work. Although there were considerable
logis~ical  problems, bowheads were accessible in 1986, and five bowheads were
tagged during ehis projeca. Threew hales were tagged from a 2-man sea kayak
and two from an outboard-powered Zodiac, both of which were deployed from the
Munson. Methodological details are given in Appendix 4. In addition, two
capsule tags were deployed in the same area by B.R. Mate of Oregon StaEe
University (pers. comm.; see Appendix 4).

We were equipped to monitor the radio tags from a boat, aircraft and
shore. Boats (~Annika Marie! in 1985; Munson in 1986) were equipped with a
manually rotatable Yagi-Uda antenna system. The bearings of whales (relative

* Prepared with assistance from J. Goodyear; Appendix 4 gives details.
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EO boat heading) were determined using a compass wheel mounted on the pole
holding the antenna. Similar equipment was used from shore in 1986. In both
years, the project aircraft was equipped with two 3-element Yagi-Uda antennae
for detection and tracking purposes. Telonics TR-2 receivers were used. Tests
showed that detection range was a few kilometers when the antenna and receiver
were in a small boat or on a shoreline near sea level, but at least 30-60 km
for a receiver in the aircraft at altitude 900 m (see Appendix 4).

In addition to the primary project aircraft, several other aircraft
involved in different bowhead studies off northern Alaska were equipped to
monitor any tagged whales in both 1985 and 1986. However, no aircraft other
than our project aircraft detected any of the whales that we tagged.

Photogrammetry

We photographed bowhead whales using LGL’s calibrated vertical
photography technique (Davis et al. 1983). There were two objectives:

1. To re-identify  individually recognizable whales and thereby obtain
data on their residence times in feeding areas and their movements
between locations. The between-day refighting data presented here
include sightings in this project of whales photographed during LGL’.s
other photogrammetry projects, as well as whales that were sighted
more than once during this project.

2* To obtain measurements of the sizes of whales in different parts of
the s“tudy area.

Field Procedures.--In 1985, vertical photographs were obtained at the end
1 of 8 of the 11 behavioral observation sessions and on two other occasions
(Fig. 111A). In 1986, photos were obtained after 9 of 17 behavioral sessions,

“- and on four other occasions (Fig. lllB). During ‘behavioral observation
sessions, the aircraft circled at altitude 457 m or more. At the end of 17 of
those 28 sessions, the aircraft descended to lower altitude and attempted to
photograph the whales that had just been observed. During photo sessions, the
aircraft flew back and forth above the group of whales at an altitude of about
145 m, attempting to pass directly over whales when they were at the surface.
Photographs were taken with a hand-held Pentax 6x7 cm camera with 105 mm f2.4
lens pointed vertically downward through a camera port in the floor of the
aircraft. The majority of the photographs in 1985 and all of those in 1986
were on Ektachrome 200 color film. When lighting was poor during 1985 (i.e.
under heavy overcast or late in the day), we often used Ilford XP1 black and
white negative film pushed to ASA 1600 and exposed through a yellow filter.
Shutter speed was 1/500 s. As each photograph was taken, the altitude of the
aircraft was read from a radar altimeter. Two identical camerallens systems
were used; the system used for each roll of film was recorded. An acoustic
levelling device designed by J. Cubbage was attached to the camera on most
occasions in 1986 to warn the photographer when the camera was not pointed
vertically.

On two occasions in 1985 and one in 1986, we obtained calibration
photographs of a target of measured dimensions. This target was spread out on
land in a ‘+’ configuration, with total length and width of 20.0 m. During
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each calib~ati.on  session, 5-10 photos of the target were taken with each
camera and, in 1985, with each film type.

Measurements. --Images of targets and whales were measured directly from
Ehe processed film to the nearest 0.01 mm using a Zeiss binocular dissec~ing
microcope and a stage micrometer. The average of three blind replicate
measurements was used to calculate the dimensions of the target or whale using
the following equation from Jacobson (1978):

Calculated length = Altitude x Image size
Focal length of lens

The dimensions calculated from the above formula were then corrected for
distortion caused by aircraft motion (image elongation and focal plane shutter
effects; see Davis et al. 1986b).

Calculated target sizes (corrected as above) were regressed against the
known target measurements to give the following regression equations:

1985: Actual length = (calculated length - 0.03) / 0.99513
1986: Actual length = (Calculated length - 0.02) / 0.95841

These equations correct for any systematic biases, e.g. in the” altitude values
derived from the aircraft’s radar altimeter. The equation was used to convert
calculated whale lengths to actual lengths. Davis et al. (1986b) provide.
additional information about the corrections that were made~ validation
analysess precision and repeatability.

The quality of the measurements varied from one photograph to another
because of the varying postures of the whales and changing sea state and
lighting conditions. The repeatability of each measurement was assigned a
grade from 1 to 6, following Davis et al. (1986b). A grade 1 measurement was
the highest quality measurement.

Individual Identification.--The 10 photographic sessions in 1985 provided
a total of 267 images of bowheads, 258 of which were of a quality suitable for
firinting.  The 13 sessions in 1986 provided 305 images of quality suitable for
printing. Each whale image was assigned a re-identification grade, as in
previous studies (Davis et al. 1983, 1986a,b). Photographs of whales that
would be recognizable in another photo of simi-lar or better quality taken in
another year were grade A. Photos of whales that would be recognizable in a
photo of similar or better quality taken the same day or within a few days
were grade B. Photos of whales that probably would be unrecognizable in
another photo of similar or better quality were grade C.

The grading of prints involved a subjective assessment of focus,
resolution, ligh~ing, glare, reflection, sea state and posture of the whales
as well as distinctiveness of the whaleEs markings. A poor quality photo of a
very distinctively marked whale might be graded A while an excellent photo of
a whale with no distinctive markings might be graded C. We have not considered
grade C photographs in this analysis.
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.

The within-1985 refighting data presented here are based on an analysis
of the 212 grade A and B whale images (134 different whales) acquired during
the present study, plus a comparison of these images with 1136 grade A and B
whale images (753 different whales) obtained by LGL in the Canadian Beaufort
Sea on 3 August-14 September 1985 (~. Davis et al. 1986b). Our 212 images
were also compared with 21 whale images (13 different whales) acquired on 19
September-15 October 1985 during a study in the Alaskan Beaufort Sea west of
our study area (Johnson et al. 1986). To identify between-year resightings, we
also compared our 212 grade A and B images with all grade A whale images
acquired by LGL in the Canadian Beaufort Sea in 1981, 1982, 1983 and 1984 (cf
Davis et al. 1982, 1983, 1986a,b; Wiirsig ek al. 1985b).

— “

The within-1986 refighting data are based on analysis of 291 grade A and
B whale images (223 different whales) obtained during this studv in 1986. DIUS
a coraparis-on of these images with 151 grade A
obtained in a study conducted primarily west
overlapping with it, from 4 September to 3 October
prep.). To identify between-year resightings, we
images (n = 81) with all grade A images acquired
Canadian Beaufort Seas in 1981-85 (n = 729).

Results
—  .

Seasonal Occurrence of 130wheads,  Autumn 1985

~nd B imag~s (61 w~a~es)
of our study area, but
1986 (Koski and Johnson in
compared our 1986 grade A
by LGL in the Alaskan and

The results of aerial surveys
.

in and near our study area during
August-October 1985 are shown in Figures 112-120 and summarized below. We
consider survey coverage by all bowhead investigators,” not just ourselves.

August 1985. --During August, no bowheads were seen west of the study
area, and only four single whales were seen within it. More bowheads were
present just east of the study area, both well offshore and close to shore
between Komakuk and Clarence Lagoon (Fig. 112-113; Davis et al. 1986b;
Ljungblad et al. 1986c; Norton and Harwood 1986).

September 1985 .--Little surveying was possible during the 1-10 September
period because of frequent low cloud. However, it was apparent that few if any
bowheads were within the official study area in early Saptember. None were
seen during our systematic survey of the continental shelf port’ion  of the
study area on 5-6 September or during NOSC surveys farther offshore (Fig.
114). Survey conditions were relatively good, and there was virtually no ice
in the areas surveyed. In contrast, very large numbers of bowheads were
present east of the study area in southern Mackenzie Bay (138”W) on 6
September (Davis et al. 1986b).

On 11-13 September, we saw only two bowheads during a systematic survey
of the ice--free continental shelf and slope strata (Fig. 115A). Other workers
saw none within the official study area, but saw several bowheads farther west

(Fig. 115B; Ljungblad  et al. 1986c; McLaren et al. 1986). Thus, migration of a
few bowheads through the study area had apparently begun. However, numbers in
and west of the study area were low compared with numbers farther east. Many
bowheads were near Komakuk, just east of the official study area (Fig. 115).
Some of these fed near the surface; they were not traveling strongly
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wes~ward. Vertical photography demonstrated that some individuals lingered
near Komakuk for prolonged periods (see p. 319-323). Numerous whales were
still present farther east in Mackenzie Bay (137e-1380W) on 14 September when
surveys of that area stopped (Davis et al. 1986b).

By 18-21 September, much of the study area (but not the SE corner)
contained extensive pack ice, which was blown into the area by strong westerly
winds on 16-17 September. Bowheads were present in the shelf and shelf break
portions of the study area, but none were seen far offshore (Fig. l16A,B).
About eight bowheads were seen traveling rapidly westward near the shore at
Demarcation Bay on 19 September (Fig. 116A). A few bowheads were seen west of.
the study area on 19-20 September (Johnson et al. 1986; McLaren et al. 1986.).

By 22-24 September, whales were found in three main areas (Fig. 117):
along the coast between Komakuk and Clarence Lagoon, well offshore north of
Komakuk, and north of Kaktovik. These whales were not moving strongly
westward, and were observed or suspected to be feeding. Whales were seen in
each of these three areas on two or three different days in the 22-24
September period, and whales were seen north of Kaktovik on later days as well
(Fig. 118). However, vertical photography results provided no evidence that
individual whales were lingering off Kaktovik (see p. 326).

On 25 and 27 September, only two bowheads were seen during our systematic
survey, most of which was over extensive pack ice. However, there were several
sightings north of Kaktovik during reconnaissance surveys on 25-2!3 September
(Fig. 118A, B). Ice cover had become less. extensive there than it was during
the previous week. Whales were suspected to be feeding in the water column
well offshore from Kaktovik and Komakuk. Whales ‘left the nearshore waters
around Komakuk by the 26th. Other workers saw several whales well to the west
of the study area in late September.

October 1985.--Poor weather conditions from 30 September to 3 October
resulted in little survey coverage in early October (Fig. 119A). However,
bowheads had apparently left the area off Kaktovik where they had been feeding
in late September. A few bowheads were seen farther west during early October$

including some just west of the official study area (Fig. 119A).

Our field program ended on 3 October, but other projects provided some
coverage until 20 October, Bowheads were still present in Canadian waters ease
of Herschel Island (139°W), in apparently diminishing numbers, until at least
18 October (Evans and Holdsworth 1986). Repeated surveys in the Komakuk area,
both nearshore and offshore, found no bowheads (Fig. I19B, 120A). Only three
bowheads were seen in the official study area during October (Fig. 119B,
120A). Coverage of the study area on 16-20 October (Fig. 120B) revealed no
bowheads even though there were a few stragglers east of Herschel Island
(139°W) until at least 18 October. Thus, the surveys suggest that few if any
bowheads fed in the official study area during October, but that
late-migrating bowheads must have travelled west through the study area,
largely undetected, during early-mid October.

Summary, 1985. --There were a few bowheads in the southeastern part of the
official study area in mid-August 1985, but numbers there were low. Contrary
to results from some previous years, bowheads were not found in deep parts of
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the study area in Augus& 1985. Bowheads were apparently absent from the study
area in late August-early SepEember  1985. The western edge of their
distribution at’ bhis Eime was just to the east of the official study area.
Westward migration through the continental shelf and slope zones began by 11
Septembef (cf. Ljungblad e~ al. 1986c, p. 39). HoweverS  the initial numbers
were low. S~gnificant numbers were not seen in the study area until late
September j when there were numerous sightings in the mid-shelf area. There
were only two sightings in the official study area in October. However$ based
on sightings farther east, migration apparently continued through the area
until ae least 18 October.

Seasonal Occurrence of Bowheads, Autumn 1986
.

August 1986.--There were no- aerial surveys before 15 AugusE. In mid
August, NOSC found bowheads close to shore along the Yukon coast just ease of
Che official study area, and in deep water along the eastern border of that
area (Fig. 121A). Bowheads were present in these areas when NOSC first
surveyed them, so it is not known when whales first arrived there. NOSC~s
intensive survey coverage in August extended west to Flaxman Island (146°W).
However, the only August sighting west of the eastern edge of the study area
was a single whale near the shelf break at 144°35’ on 16 August (Fig. 121A).
The occurrence of some bowheads in deep water in the eastern part of the
Alaskan Beaufort Sea during, August is consistent with the typical pattern (cf.—
Fig. I07A, 1129.

September, 1986,--Our surveys began on 3
daily until 27 September; there were only four
effective surveys (Fig. 122A-126A). Additional
by the NOSC/MMS and LGL/industry  studies (Fig.

September, and con~inued almost
days wlwin bad weather prevented
September coverage was provided
122B-126B). There was little or

no ice anywhere within the continental shelf or slope portions of the study
‘area at any time in September 1986, in contrast to the extensive ice af~er 17
September in 1985.

Whales were present close to shore in early-mid September of 1986.
Consequently, part of our survey coverage on most days was along the coast to
direct the zooplankton or radio--telemetry crews to whales (Fig. 127). In early
September numerous whales fed close to shore at three locations:

1. Off the Kongakut Delta (141”45’) within the official study area;
first seen on 3 September by the zooplankton crew and on 4 September
by Koski and Johnson (in prep.). Probably not present in mid-late
August (g. Fig. 121). We saw at least 30 different whales here on 5
September. Considerable numbers remained here until 7 September. On 8
and 10 September groups of whales were seen several kilometers to the
eases off Demarcation Bay (Fig. 127).

20 In the Clarence Lagoon-Demarcation Point area (140°45’-141000’),
where whales had been present as early as NOSCES first flight on 15
August (q. Fig. 121A).

3. Between Herschel Island and Nunaluk Lagoon (139°15’-139045’), where
whales had been present as early as 20 August (~. Fig. 121A).
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h mid September, whales were scarce off the K.ongakut  Delta (area 1), but many
fed along the Yukon coast ac varying locations between areas (2) and (3) (~igo
124, 125, 127)-, We estimated that there were 50 or more whales along this part
of the Yukon coast on each of several dates in mid September. Distances from
shore typically ranged from ~-10 km. These whales had apparently left by 22
September; none were seen during a boat survey from Nunaluk Lagoon tO
Demarcation Bay on that date
126A, 12-t).

~ or during an aerial survey on 25 September (Fig.

Bowheads were also seen farther offshore, in much lower densities, during
early-mid September 1986. During the first systematic survey on 4-5 September
we saw nine whales widely distributed across the official study area in waters
about 100-1000 m deep (Fig. 122A). Of theses eight Were oriented ~w~ w or ~
(Table 28). Most of the whales seen in shallower waters were not oriented
west. The first sighting west of the study area (aside from the isolated 16
August whale mentioned earlier) was of about 10 whales off Camden Bay on 9
September (Koski and Johnson in prep.).

Table 28. Headings of bowheads seen during systematic
and reconnaissance surveys, September 1986.
Behavioral and photo sessions are excluded.
Whales heading NE-SSE and SW-NNW (True)
were grouped together because they were
considered EO be travelli.ng roughly
parallel to the coast and, respectively,
eastward or westward.

Dates in September 1986

Depghs 50-2000 m

N-NNE
Pm - SSFJ 1 - - - -

s - Ssw
SW-NNW 8----

Ik2pths -20-50 Ii%

N - NNE 1- 1 1 1
NE - SSE 1 - 4 1 4
s - Ssw 4- ~---

Sw-mlw 3 - 4 3 27

a Excludes Flight
were affec~ed by

6 on 5 Sept, when whale headings
boae disturbance.



Bowheads 292

By 11 September, there were widespread sightings across the middle shelf
area (water depths mainly 30-50 m; Fig. 124A,B), although there was no clear
tendency for westward orientation (Table 28; NOSC in prep.). The Kaktovik
whalers struck bowheads on 10 and 15 September. Sightings west of the study
area became increasingly common in mid September (Koski and Johnson in prep.;
NOSC in prep.). However, bowheads were still common in the Canadian Beaufort
Sea in mid September, with numerous sightings as much as 375 km east of the
study area (Harwood and Norton 1986).

Many bowheads were seen in the middle and inner shelf parts of the study
area during late September (Fig. 126). These whales tended to orient westward
(Table 28), but there were indications that many were feeding as well “(see
later). We found a large concentration of whales near the eastern edge of the
study area during our last two days of surveys (26-27 Sept; water depth about
45 m). In late September there were considerable numbers of whales as far east
as 130° in the Canadian Beaufort Sea (23 Sept survey of Harwood and Norton
1986) and as far west as Flaxman Island (146°W; Koski and Johnson in prep.;
NOSC in prep.). In late September, whales occurred close to shore from’ Pokok
Bay west past Kaktovik (Fig. 126B). The Kaktovik whalers took their third
bowhead on 26 September, and acoustic monitoring close to Kaktovik detected
many bowhead calls from 27 September to 3 October (Moore et al. 1987). Whales
were also seen close to shore at Flaxman Island (Koski and Johnson in prep.),
In contrast to the increasing numbers of whales in the middle and inner shelf
area in mid and late September$ no bowheads were seen far offshore (depths
>100 m) after 5 September (Fig. 123-126).

October, 1986---Survey coverage in and near the study area during October
was very limited (Fig. 128); our field season had already ended. There were
four survey flights into the western portion of the study area on 2-10
October. Bowheads were seen close to shore near Kaktovik on the 2nd (4 seen by
Evans et al. in prep.) and 6th (3 seen by NOSC in prep.). The only October
survey in the. Canadian Beaufort Sea was along part of the Yukon coast on 3
October, when several whales”were seen near King Point (138°W) and two at
Herschel Island (Harwood and Norton 1986). Many whales were seen in the
Flaxman Island area (146”W) and farther west in early October (Evans et al. in
prep.; NOSC in prep.]. The last -bowhead sighting near or east of Prudhoe Bay
was a NOSC sighting off Prudhoe Bay on 17 October. However, there is no
information with which to determine when the 1986 migration through the study
area ended.

Summary, 1986 .--h mid August 1986, as in August 1985, the western edge
of whale distribution was near the eastern edge of the official study areas
with only a single isolated sighting farther west. As in most past years,
those in ‘the study area in August were offshore in deep water. However, just
east of the official study area there were bowheads close to the Yukon shore,
as in August of 1984 (Richardson et al. 1985a, 1987) and 1985. In early
September 1986, unlike 1985, whales also fed close co shore in the
southeastern part of the study area off the Kongakut Delta.

Bowheads began moving west through the official study area, mainly near
the shelf break, during Ehe first week of September 1986. This was slightly
earlier than in 1985. Thereafter none were seen in deep water, and numbers in
the mid shelf area increased. Feeding whales remained along the Yukon coast
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just east of the official study area until about 20 September,
had fed near the Kongakut Delta left earlier. Many whales were

but those that
in the mid and—

inner shelf areas in late September, mainly o~ien~ed westward but with
evidence of some feeding. Late September sightings within the study area were
more widespread and more numerous in 1986 than in 1985. There also were more
September sightings close to Kaktovik in 1986 than in 1985, and this was
reflected in the whaling results: no whales were taken in 1985; three in 1986.
The last bowhead sightings in the study area in 1986 were near Kaktovik on 6
October, but survey coverage in October 1986 was meagre.

Number of Bowheads in the Study Area

Raw Densities, Autumn 1985 .--Only seven bowheads were seen du’hing our
four aerial surveys along randomized transects over the continental shelf and
our three surveys over the slope. These surveys totalled 4301 km in length and
8602 km2 in area (Table 29). Three bowheads were on-transect; four were off
(i.e. >1.1 or 1.2 km to the side of the aircraft; see Methods, p. 263). The
Naval Ocean Systems Center also conducted systematic aerial surveys in the
shelf, slope and (occasionally) far” offshore portions of the study area during
1985. NOSC surveyors saw two on-transect bowheads during random north-south
surveys within the official study area up to 20 August, but none thereafter.

Based on the randomized survey coverage by LGL and NOSC, raw densities of
bowheads in the shelf and slope portions of the study area, expresspd as
bowheads/100  km2, were roughly as follows:

She 1-f Slope

1 Aug - 20 Aug 1985 0.07 0
21 Aug - 10 Sept 1985 0 0
11 Sept - 30 Sept 1985 0.06 .0 e 04
1 O t t - 20 Ott 1985 0.05 0 ’

The derivation of these values is given in Richardson et al. (1986b, p. 167-
173). These figures are very approximate, given the extremely small number of
bowhead sightings during systematic surveys in 1985, However, it is obvious
that relatively few bowheads were in the study area at any time during the
late summer and autumn period of 1985.

Utilization of the study irea by bowheads was much lower in 1985 than in
most years. Table 30 summarizes NOSC~s 1979-86 randomized survey data for the
same depth strata as are used’ here, although for a somewhat broader range of
longitudes (141°-146”W). NOSC found lower densities of bowheads in and near
our study area during 1985 than during any ocher year in the 1982-86 period.
(Before 1982, NOSC’S randomized coverage of the present study area was
limited.)

Raw Densibies,  Autumn 1986. --We saw 39 bowheads during the three surveys
of the 21 randomized transects in September 1986, compared with 7 bowheads
during three (continental slope) or four (continental shelf) surveys in 1985.
of the. 39 whales, only three were seen  al~~g  1284 km of surveys  in the

continental slope zone; all three of these were seen on-transect during the
first survey. The remaining 36 whales were seen along 2190 km of surveys in
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Table 30. Survey results from the Naval &ean Systems Center’s ramhized north-scuth (approx~ ) surreys
within the Eastern M.askan l!eaufort Sea ( 141”-146”W longitude) during August-October in 1979-86.
1979-84 data supersede those in Richardson et al. ( 1986s, p. 174), which were based on incorrect
values in Ljungblad  et al. (1984a, 1985a, 1986b)a$b.

Axjust September October

Deptha @verage Noe of #/loo
(~) IM’leads &

Coverage W. of #/&l) &werage Noe of #/100
Year (m) (k?) &Wkade (~) Bowheads #

197P

1980a

1981a

.1982a

198P

1984a

1985

1986

>2000
2oo-2oaJ

am

o
421
3827

4
(OYJ 84
0 1803

0
0
0

28
961

(o) 1748

0.18 2
0 92
0 1590

0
0
2

0
0
0

0
0
1

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

(OP
(o)

0.11

—

( o )
(o)

oeo6

(o)
(o)
o

(o)
(o)
o

(o)
o

(o)
o
0

(o)
(o)
o

0
3
1

0
0
0

0
0
0

4
38

3

0
0
0

0
0
3

0
0
1

0
1
0

(O%
0.03

0.11
0.75
0.04

0,,
0
0

0
0

0.06

0
0

0,02

0
198

3817

0
0
0

>2000
2W2000

alo

o
0
0

0
0
0

0
0
0

>2000
2C&201M

o
0
0

0
0

74

0
0
0

>2000
2*m

3626
5095
7107

2178
2047

4
0
0

“3905>2iM)o
2a3-2ooo

aoo

‘2243
2917

0 58
0.14 976
O*O7 1391

0 0
0.06 437
0.20 1079

0 231
0 1185
0 2803

0 61
0 482

0.23 1023

-0
4
2

3265
2469 2829

>2000
20&2aJo

<200

3049
3701
4784

2284 0
1
6

1598
3025

>2000
2oo-2CQ0

1221
3339
5431

2168
2399
3387

0
0
0

>2000 2237 o “ 2697 0
0.0$ 4258 0

0 6495 15
2cxY-2oaJ 2729

5331

>20ixl .14037 4 0.03 11569 4 0.03 383 0 (o)
1979-86 a 200-2000 18549 42 O*23 u417 5 0.04 4217 0 0

<20a 28949 8 0.03 23717 23 0,10 11436 3 0.03

a 1979-84 values are baaed on pm-publication corrected survey coverage and sighting totals supplied by J.
Clarke (pers. comn., Aug 1987). 1985 values are based on Ljungblad et al. (1986c). 1986 values are based
on pre-publication data supplied byJ. Clarke (pers. ccmm.,  Feb 1987).

b parentheses imiicate that density is based on <1000 h? of sumey coverage.
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the continental shelf zone (20 on-Cransect; average density 0,46 bowheads/100
~m2 ) * Based on on-transect sightings, bowhead. abundance in the shelf zone
seemed to be declining from early to mid to late September (densities 0.718
0.44 and 0.30 bowheads/100 km2, respectively). However, this trend was not
evident when off- as well as on-~ransect whales %me considered (Table 29).

‘The high average density in the shelf zone in early-mid September was
largely attributable to the concentration of bowheads feeding near shore off
the Kongakut Delta and Demarcation Bay. Three of 8 whales seen on-transect in
early September were in that area, as were 4 of ‘7 seen in mid-September.
Hence, we recalculated the densities for the continental shelf zone, excluding
surveys and sightings in .s 10-km by 50-km strip along the shore from Beaufort
Lagoon to Demarcation Point. Excluding this feeding area$ the raw densities in
Ehe shelf zone during early, mid and late September were 0.47, 0.20 and 0.32
bowheads/100 km2 (Table 29).

The Naval Ocean Systems center also conducted randomized surveys within
the continental shelf and slope portions of our study area in 1986. Their 1986
coverage began earlier in the season than ours, and ended later (1S August -

10 October). NOSC also conducted limited surveys in the far offshore part of
the official area (depths >2000 m) where we did not work. Based on preliminary
maps of fligh~ routes and sightings provided to us by NOSC, we estimated the
amount of randomized survey coverage obtained by NOSC within the shelf, slope
and far offshore parts of the official study.area  in 1986. We excluded NOSC’S
‘coan”eceg and ~searcht coverage and sightings (see Ljungblad et al. 1986c for
definitions). From these NOSC data, we calculated raw densities of bowheads in
three depth strata (Table 31).

NOSC detected no bowheads  in the far offshore part of our study area
(depths >2000 m) during 1986, and saw bowheads in the continental slope zone
( d e p t h s  2 0 0 - 2 0 0 0  d only in the mid-August perbd (Table 31; Figo ~21-~28)0 “
However, our surveys showed that bowheads were still present in the slope zone
in early September (Table 29; Fig. 122A).

NOSC found no bowheads in the continental shelf zone (depths 0-200 m) in
mid or late August 1986, before our field season began. NOSC~s data from that
zone in early, mid and late September 1986 give raw densities of 0.14, 0.21
and 0.33 bowheads/100 km2. NOSCSS randomized north-south transects provided
essentially no coverage of the main feeding area off the Kongakut Delta in
early-mid September (Fig, 122B-125B). Thus, their density figures should not
be considered representative for the continental slope zone as a whole.
Instead, NOSCts da~a are most directly comparable to our figures for the shelf
zone ex~lusive of the nearshore stri~ off- the Kongakut  Del-ta
Bay (all values in bowheads/100  km2):

1-10 Sept 11-21 Sept 22-28 Sept

NOSC 0014 0.21 0.33
LGL 0.47 0.20 0.32

The mid and late September results from the two studies
similar. However, our densities for the shelf zone in

and Demarcation

are remarkably
early September

considerably excee-d those obtained by NOSC. As noted earlier, we a~so saw



Table 310 lWEX survey -exage ad bowkai &sities within our official study area, 15 August-NJ Octobr 19860 (hly
transects ofiented roughly north-south are considered. Bssd m unpubliskd data @OSC in prep. ) fran both NOSC
swvey aircraft ~ &transect dasles were ansidered  to k thwe 200-1200 m latexally from tb fl~ht lines.
Hxwer, tkre were M sightings G2(M or 1000-1200 m to tb side dlorg these lb so this assumption wss not
critical .

(bntbntd SxiLf amtinental Slope F= tifslmre
(0-2f)0 m deep) (200-20CKI m deep)

.
(>XXIO m deep)

bverage No. MKls lknsity (bvenge M. H IMasity (bverage lb. Ekls lkll%ity
Dates (km) Q’@f (/lm h2) (km) ch/c&Ef (/100 knz) (km) Ck@Jff (/100 km2)

15-20 &.lg 846 0/0 o 398 3/0 (Oa!l)a 387 0/0 (0)a

21-31 Aug 845 0/0 o “ 557 0/0 o 321 0/0 (o)

1-1o sept 703 2/0 0. M 854 0/0 “ o 6(EI 0/0 o

11-21 Sept 959 4/3 0.21 665 0/0 o 159 010 (o)

22-28 Sept 601 4/9 0.33 215 0/0 (0) 104 0/0 (0) .

1-1o tit 106 0/0 (0)a 87 0/0 (o) 15 0/0 (0)

.
a Parentheses indimte  that density is based on <KM) km2 (i.e. CKXl linear km) af coverage.
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whales in the continental  slope portion of the study area in early September
whereas NOSC did not.

There are no data with which to estimate Che raw densiey of bowheads in
the study area in October 1986. Our surveys ended on 27 September. NOSCfs
randomized coverage of the study area in October was very limited (Table 31).
NOSC detected no bowheads in the area during their randomized October
coverage. However, they and Evans et al. (in prep,) both found whales in the
shelf zone during reconnaissance flights. Also, NOSC’S acoustic monitoring
near K.aktovik suggested that bowheads were common there until 3 October and
present until at least 7 OcEober (Moore et al. 1987). Thus, the density in the
shelf zone in early October was clearly norn-zero$ but there are no
quantitative da~a from which a density could be calculated.

For ‘purposes of calculating the number of ‘whale-dayst within the study
areas it is necessary to have an estimate of density for all portions of the
period when whales might be present. The randomized survey coverage by
ourselves and NOSC provides usable values for mid August to late September
1986, but not for early August or for OcCober. Table 32 shows the assumed raw
densities in the various parts of the study area in 1986. We emphasize that
the early-mid September values for the continental shelf zone exclude the area
of whale concentration off the Kongakut Delta and Demarcation Point. The
number of whales Chere can be eskimated  most accurately” from the frequent
coas~al reconnaissance flights and the behavioral observation and
pho~ogrammetry sessions in that area (Fig. 127).

Table 32. Assumed raw densities of bowheads
(bowheads/100 km2) in the study
area, 1986.

She 1 f Slope Far Offshore

11-20 Aug ~a (0.38)asc (0)a,c
21-31 kg Oa Oa [O)a
1-10 Sept 0.28b o.12b Oa

11-21 Sept o.21b ob (0)a
22-30 Sept oe33b ob (0)a
1-10 Ott (Oelo)d (OP (0)d

NOSC data (Table 31).
Pooled results from this study (Table 29,
excluding feeding area off KongakuE Delta
from ‘Slope’ serabum) and NOSC. (Table 31).
Densities in parentheses based on <1000
km2 of survey coverage.
NO quantitative data; estimated value.
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Correction Factor for Submerged Whales. --Bowhead whales are below the
surface and invisible to aerial surveyors the majority of the time. If all
surfacings are of duration s, all dives are of duration u, and the duration of
potential detectability is t, the probability that a whale will be at the
surface while it can be seen is

s t S+t
—+——=
S+u S+IJ s+lJ

(Eberhardt  1978). Here, s/(s+u) is the probability that the whale will be at
the surface when its location first comes into visual range, and t/(s+u) is
the probability that the whale will surface while its location is in visual
range. Davis et al. (1982) estimated that t was 18 s during their surveys from
a Twin Otter aircraft, and we have also used this value. The uncorrected
estimate of the number of animals present can be divided by Ehis correction
factor, viz. (s+t)/(s+u), to allow for animals that are undetectable because
they are~low the water as the survey aircraft passes.

The above formula assumes that t~u and that s and u are constants. In
fact, some dives are very short (u<t), and s and u are both highly variable
(Wtirsig et al. 1984, 1985b; Ljungblad  et al. 1984b, 1985b; this study, p. 342-
343). Eberhardt (1978) and Eberhardt et al. (1979) expressed concern about the
legitimacy of the (s+t)/(s+u) formula under these conditions. Davis et al.
(1982) developed a modification of the formula that allows for short dives,
and variable durations of surfacings and dives.

Behavioral observations during the 1985 phase of this study provided
information about the durations” of 16 surfacing/dive sequences, excluding
those of calves and those near boats (Table 33A). We considered all known dive
durations for which the duration of either the preceding or the following
surfacing was known. If durations of both adjacent surfacings were known, the
average was used. All of the timed dives were >1 min in duratiion. Hence, the
modified method of Davis et al. (1982) was not needed for the September 1985
data, and any uncertainty in the estimate of t = 18 s was of very little
consequence. The mean surface and dive durations for Che 16 timed sequences

. were 99 and 856 s (1.65 and 14.27 rein), respectively. Hencej bowheads were at
the surface only 10% of the time, and only 12% of the on-transect bowheads
would be expected to be detectable (Table 33A).

In September of 1986, we measured durations of 30 surfacing/dive
sequences (Table 33B). Also, in September and early October 1986, another LGL
crew using the same methods measured 75 sequences (Koski and Johnson in prep.;
Table 33C). Some of the latter data were obtained within the study area; the
remainder were obtained <100 km west of the west edge of the study area.

Based on the combined 1.986 data from both studies (Table 33D), bowhead
whales were at the surface 11% of the time, and about 14% of the whales would
be detectable during surveys. The method of Davis et al. (1982, p. 53 ~) was
used to obtain this 14% estimate, although the uncorrected value was almost
identical in this case (Table 33D). Whales that were close to shore in the
Kongakut Delta to Herschel Island area were at the surface more of the time
than were those farther offshore (15.4% vs. 10.5%). Thus a higher proportion
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Table 33. Calcula&ion of the probability that an average on-
transect bowhead whale will be at Ehe surface
while within an observer~s  field. of view.
Presumably undisturbed whales plus chose exposed
&o noise pulses from diseane  seismic vessels are
included; whales exposed &o nearby boats are

exskded~ All calf data are excluded.

b b
hof sullof # dives Surface dive s+IS
diva alrfsce tine Eb —

ktiol?s * *d* (s) (u) S+u

MVSS <18s
Ii= %8 S

o
16

L5
15

M

o
75

15
90

105

14
2s

42

1
62

63

13,701 1581 98.8

11.4
61.7

36.6

102.6

11.4
95.8

8%8

11.4
64.7

46.9

H
109.9

108.3

856.3 0.122

ILs?pn&r1986
(this SQdg)

13.8 -
402.1 0.172

207 170.5
fo31 926

Au divsa 623 1096.5 207.9 0.223
OmSCM# 0.215

casqt-&t19e6
Ofmd-rY maly)

62,513 7697.5 833.5 0.129

msqt-ctt l%%
(Luth Stalks)

IKvas g s
DLw >18 s

207 170.5
68,544 8623.5

13.8 -
761.6 0.133

65408 0.133
oJrrectScF  00137

Au diws 68,751 8794

Sc.sqti%,aob
frmsborle(bttlslYxtiss)

. .

1% 159.5
10,625 1812

Males g3 s
Dives >18 S

14.0 -
379.5 0. 18b

Au  divas 10,821 1971.5 257.6 0.213
C&erectefoem

Fe~ m6,>Iobs
frm shxe  @th sesiies)

D&s &18 S
DiVSS >18 S

11 -
934.2 0.122

Au dives 57,930 6822.5 919.5 0.123
Cbrracteda  0.122

a sea tkvia et al. (1982) for mtlud of raLcu16t* co-ted (s + tj/(s + u). M ‘m %pt*r

1986 (tbia  stwly)’,  tk corrected vab is

[(207 + 170.5) x 1.0] + [(6031 + 926] x 0.172]
= 0.215

(6239+1C9605)

. .
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of the whales
during aerial

The few
follows:

along the shore than of those farther offshore would be detected
surveys (20.9% vs. 12.2%; Table 33E vs. 33F).

previous estimates obtained with comparable methods are as

Proportion
of time at Detection

surface probabil.

Summer 1981, E Beaufort (Davis et al. 1982) 15-22.5% 0.261
Shammer 1982, E Beaufort (data of Wtirsig  et
Autumn 1978-79, Baffin 1s1, (da~a of Koski

Davis 1979, 1980)a

al. 1985b)a 17.3% 0.205
and 15.5% 0,184

a Data from these studies were re-analyzed by Richardson et al. (1986b, p.
176).

Previous studies have given higher proportions of time at the surface and
higher detection probabilities than we found in September 1985 or for whales
offshore in autumn 1986. Nonetheless, we believe that the 1985-86 results are
realistic. Our general impression was that most bowheads were diving for long
periods and surfacing for short periods, at least in offshore areas.
Furthermore, data from earlier years also suggest that the proportion of time
at the surface is lowet in Alaskan waters in early autumri than in the Canadian
Beaufort Sea in summer (13.1% vs. 21.2%; Table 34), Thus, we consider the
1985-86 data on proportion of time at surface and detection probability to be
appropriate figures for use in estimating the number of bowheads missed by
aerial surveyors.

Correction Factor for Unseen Bowheads at the Surface.--Besides missing
submerged bowheads, aerial surveyors fail to detect some of ehe bowheads that
are at the surface as the aircraft passes. In an attempt co estimate the
proportion missed, cwo surveyors observed independently from the right side of
the aircraft during most of the systematic surveys conducted during this
study. There were 17 sightings of one or more bowheads by right-side observers
during these surveys. Of these, six were by both observers (B = 6), five by
only the front observer (S1 = 5)9 and six by only the rear observer (S2 = 6).
Considering only on-transect whales, the figures were B = A; S1 = A and S2 =
~. Based on the method of Magnusson et al. (1978), the estimated number of
singles or groups present along these transects was

~=(s~+B+l)(s2+B+l)
-1 = 21.3

(B+ 1)

considering .on- and off-transect whales, or 13.4 considering on-transect
whales only. The actual numbers of singles or groups sighted by one or both
observers were 17 of the estimated N = 21.3 on- plus off-transect (80%), and
11 of the estimated N = 13.4 on-transect (82%),
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Table 34. Durations of
Canadian and
obtained in
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surfacings a n d  dives by bowhead whales in the
Alaskan Beaufort Sea, 1980-84. AU data were
the absence of potential disturbance. with the

possible exception of aircraft d-isturbance in Alaska. - Calves are
excluded.

Canadaa u askab

Mean s.d. n Mean sad. n

o

Duration of Surfacing (tin)

1980 1.25 0.9723 94 - - -
1981 1.06 Oo764 204 1.82 0.94 42
1982 2o05 le320 70 1.41 0.57 36
1983 1.05 1*484 248 1.33 1.10 168
1984 1.10 0.559 99 1.19 0.87 155

An 1019 1.137 715 I*34 0s98 401

1980 2.25 3.549 25 - - -
1981 3.80 4.986 80 13.31 6.81 20
1982 12e08 9.153 51 8.321 4.43 13C
1983 1.88 2*357 140 7.11 5.94. 59
1984 6.27 7.195 37 9.61 8*I4 30

AN 4.42 6.319 333 8.386 6.85 122C

.Proportlon of time at
surface, all years 0.212 Oml%lc

a
b

c

Canadian data are from mid-late summer (Wursig et al. 1984, l!385b).,
~Alaskan* data for late summer and early autumn of 1981-84 are from Fraker
et al. (1985), Reeves et, al. (1983), and Ljungblad  et al. (1984b, 1985b),
respectively. A few of these data came from the western part of che
Canadian Beaufort Sea.”
These. corrected values differ from values in Fraker et al. (1985, p. 35)
and Richardson et al. (1986b, p. 178), who used apparently erroneous 1982
data derived from Reeves et al. (1984) rather than the apparently correct
1982 daea from Reeves et al. (1983).
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Again following Z4agnusson et ala (1978), the probability that a single
observer would detect a bowhead or group of bowheads that is at the surface is
a.s follows:

S~+S2+2B
P =

2N

or 0.54 for all whales and 0.56 for on-transect whales. Thus, if a single
observer is present on one side of the aircraft, the uncorrected number of

bowheads seen on-transect by that observer should be divided by 0.56 to allow
for animals present at the surface but not detected. If two observers are
present on one side, their joint uncorrected count should be divided by 0.82.
These correction factors are independent of any correction for submerged
whales.

During surveys in ~he Canadian Beaufort Sea in 1981, a total of 33
different single bowheads or groups of bowheads were sighted on the right side
of the aircraft during periods when two observers were observing independently
on that side (Davis et al. 1982). Of these, 17 were seen by both observers (B
= 17), 7 by only the front observer (S1 = 7), and 9 by only the rear observer
(s2 = 9). Based on the method of Magnusson et al. (1978), the estimated number
of singles or groups present was 36.5. Of theses 33 (90%) were seen by one or
both observers. The probability that a. single observer would detect a bowhead
or group of bowheads that is at the surface was 0.685. Thus, the 1981 data
indicated that$ with a single observer on one side of the aircraft, the
uncorrected number of bowheads seen by that observer should be divided by
0.685 to allow for animals present at the surface but not detected. If two
observers are” present on one side, their joint uncorrected count should be
divided by 0.90.

A somewhat lower proportion of the bowheads that
apparently detected during this study (82% with two
with one) than in the 1981 study (90% and 68.5%). We

were at the surface were
observers per side; 56%
do not know whether this

difference was attributable to- sampling error or to differences between
observers, between years, or between whale behavior in summer vs. early
autumn. Given the small sample sizes, the difference could be a~tributable to
sampling error alone. Davis et al. (1982, p. 49-51) calculated that the
standard error of their 0.685 factor for a single observer was * 0.177. Our
corresponding factor, 0.560, was within 1 se. of their value, so the
difference was not statistically significant, In any case, we use the values
obtained in 1985-86 in the following subsection.

Estimated Numbers Present, 1985. --Ideally, the number of whales within
Ehe study area can be estimated by applying the two correction factors
discussed above to the raw densities, and then multiplying the corrected
density by-the size of the study area. Because we expected different densities
of bowheads in the continental shelf, continental slope, and far offshore
parts of the study area, we attempted to derive separate estimates of
densities and numbers in each of these three strata.
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The es~imates of densities and numbers of bowhead whales present in the
study area in 1985 are very uncertain because of the low number of whales
seen. The” estimates in Table 35 differ slightly from the preliminary values
given in Richardson et al. (1986b, pm 180) because we now use the new
correction factors for missed whales (see above). The systematic survey data
suggested that there were about 70 bowheads in the southeast pare of the study
area in early-mid August 1985. This figure is based on the September 1985
correction factor for submerged whales. It may be an overestimate, since
previous studies suggest that bowheads are at the surface and detectable a
higher proportion of the time in August than in September (Table 33, 34).
There were apparently no bowheads in &he skudy area from 21 August to about 10
September 1985. Abou& 90 bowheads were presene in mid and late September, and
about 50 were present in early-mid October (Table 35E). We emphasize that
these figures are approximate. The estimates for early-mid Aug, late Aug-early
Sept, mid-late SepC, and early-mid Ott are based on sightings of only 2, 0, 5
and 2 bowheads$ respectively!

The rough estimates based on the systematic surveys are consistent with
other evidence. Reconnaissance flights detected no bowheads in the study area
in the 21 Aug-10 Sept 1985 periods or in October 1985. Reconnaissance flights
did detect bowheads in the study area during mid-late September (Fig. 116-
118). We saw about 15 bowheads in a concentration north of Kaktovik during a
flight on 26 September, and NOSC saw 19 in the same area the next day. These
sightings undoubtedly did not account for all bowheads within the concentra-
tion area, but may have represented part of &he largest concentration within
the study area. The concentration was within the one part of the study area
where there was considerable open water; we and NOSC searched that area of
open water intensively. The sightings of a peak of 15-19 bowheads there are
not inconsistent with an estimate of 90 bowheads in the entire study area in
late September.

If the average number of bowheads  in Ehe study area was 70 whales for 20
days in August, 90 whales for 20 days in September
in Oc&ober~

~ plus 50 whales for 20 days
then total utilization was only 1400 whale-days during August and

.2800 whale-days during migration (Sept-Ott), The August figure may be an
overestimate, as noted earlier. The Sept-=Oct figure is u~expectedly  low. If a
bowhead swam steadily wes~ward through the study area at a speed of 5 km/h
(Koski and Davis 1980), It would require about 24 h to traverse the area.
Assuming that the Western Arctic population conbains at least 4417 bowheads
(l.W. C. 1986, p. 49), a total utilization of about 4400 whale-days would be
expected even if no bowheads stopped (or slowed) to feed in the study area. If
the population contains as many as 7200 bowheads, as is now believed possible
(1.W.C. in press), the minimum total utilization would be expected to be about
7200 whale-days with no lingering to feed. Behavioral observations showed that
at least a few bowheads did indeed feed in the study area {see below). Thus,
at least some of the ~numbers present t figures in Table 35E are apparently too
low.

We suspect that the apparent discrepancy is attributable to a combination
of factors:
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Table 35. Estimated densities  and numbers of bowhead whales
in the official study area, 1 August-20 October
1985. All densities are numbers per 100 km2.
Values in parentheses are based on <1000 km2 of
aerial survey coverage. Values in sections B-E
differ from those in Richardson et al. (1986b, p.
180) because the new correction factors for missed
whales are used here.

Continent 82 Cent inenta.1 Far
Shelf slope Off ahore

(0-200 m daep) (200-2000 m) (>2000 m)

A. Ifmorreceed  Density

1-20 Aug
21-30 Aug
1-6 Sept
8-13 Sepe
18-24 Sept
25-29 Sept
1-20 Ott

B. Density (A) Oxrectcd
for Unseen Sowheads at
the Surf ace

1-20 Aug
21-30 Aug
1-6 Sept
8-13 Sept

ltl-2Li Sept
25-29 Sept
1-20 Ott

C. Lhmeity {B) 12xrectad for

oao73a
Oa
Oa ~

o.057b
0.062b
0.060b1
0.051 asd

Oa
Oa

(0)S

o.04b’c Oa
Oa,d (oy%d

C1.lof) o

(:)
(o)
(0)
(0)

o
0

10.070’3
0.076e
o.073e
0.07$+

O. 06f o

0 (0)

Suke&~ i!owheadai

0.85

:
0.s7
0.62
0.60.
0.60

(0)
(0)
(0)

.1-20 Autf
21-30 Aug
1-6 Sept
8-13 Sept

18-24 Sept
25-29 Sept
1-20 Ott

o

(:)
0.5 0

0 (0)

Axaa (I&j within stratum 8440 7589 9441

PMimeted  Number of
Bowheads  Present (C x D)

1-20 Aug 72
21-30 Aug
1-6 Sept :
S-13 Sept

1

48
18-24 Sept 52
25-29 Sept 51
1-20 Ott 51

0 (0)
(o)(:) (o)

38 0

0 (0)

a Saeed on NOSC’a  randomized surveye (see Slchardson et al. 1986b, p. 172).
b Based  O n  this study.
c Rough estimate taking off-transect sightings into account.
d
a

f

Based on LCL reconnaiaaance  surveys.
Based on one sighting from a aide of the aircraft where there wwre two
obaervere; therefore the raw density wae divided by 0.82 ( aee text).
Saaed on two sightings, one sighting from a side of the aircraft where
thera ware two observers and the other when there waa onl~ one observer;
average correction factor of O. 7 was assumed.
The two whalea seen on-tranaect were seen during LGL aurveya with only one
observer on each side of the aircraft; however, 65% of the coverage was by
NOSC with >2 observers. An average correction ‘factor of 0.7 assumed.
Baaed on NOSC survey with one observer on one side of aircraft, and one
fwll-time  and one part-tima  observer on other side. An average correction
factor of 0.7 is assumed.
Based on Oensity  (B) divided by the 0.122 correction factor from Table 33.

h



.

BOwheads 307

1. We probably overestimated the detectability of bowheads in the study
area in 1985. During the periods” of SepCember and October when mos~
bowheads traversed the study area, most of the area was )90% ice
covered. Bowheads are often difficult to detect in such conditions.
Both of the correction factors applied to the raw densities were
based primarily on observations of bowheads in open or largely-open
water.

2. Some bowheads migrate westward over deep waters beyond the 2000 m
contour (Table 30; Ljungblad et al. 1986c). Survey coverage far
offshore was meagre in 1985. The failure to detect whales there in
1985 may have been partly attributable to limited survey coverage far
offshore as well as the heavy ice conditions after mid September.

3. Some bowheads may not have entered the Canadian Beaufort Sea in ~he
summer of 1985, Despite very wide-ranging surveys, Davis et al.
(1986b) could not account for the entire population. In particular,
they did not locate many adult bowheads (those >13 m long). If some
of these whales remained north or west of the study area all summerj
they would not have migrated west through that area in autumn.

Another possibility is &hat the present population estimates are coo high.
Both the 4417 and the new 7200 estimate have wide confidence limits (e.g. 95%
C.I. o% 2613-6221 around the 4417 estimate--I.W.C.  1986).

Estimated Numbers Present, 1986. --The densities and estimaeed numbers o“f
whales presen~ in 1986 were higher Ehan in 1985 (Table 36 vs. .35). The aerial
survey results suggest that about 220-370 whales were presene at various times
in September. NOSCFS results from August suggest that there may have been
about 340 bowheads in the study area in mid August, but none in late A,uguse.
However, &he 340 figure is based,on limited survey coverage and sightings of
only three whales, all very close to the eastern edge of the study area. We
believe that 340 is an overestimate of the number present in mid August. The
assumed density of whales presen~ in early October is speculative so &he
estimaee of 100 whales present at tfiat time is also very uncertain. There is
no information about numbers present in early August or in mid-late October.

If the numbers present were as shown in Table 36E, total utilization of
Ehe study area would be 3400 whale-days in August, 8550 whale-days in
September, and 1000 whale-days in October--a total of 12950 whale days. Even
if the Auguse figure is an overestimate, as we believe, the total for che
season apparently exceeded 10000 whale-days. The estimate for the migration
period in September-October 1986 is 9550, as compared with 28(30 for
September-October 1985. If Ehe population contains 4417 whales, then an
average whale apparently was in the official study area for at least 2-3 days
in August-October 1986. The average would be somewhat higher, perhaps 3-4
days, if some whales were present in early August or in mid-late October, or
if the assumed density in early October was eoo low. If the population size is
about 7200 rather than about 4417, then the average bowhead was present for at .
least l+ days, and possibly 2-2+ days.



Table 36. Estimated densities and numbers
in the official study area, 11
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of bowbead whales
August-10 October

1986, All densities are” number; per 100 km2.
Values in parentheses are based on <1000 km2 of
aerial survey coverage.

C o n t i n e n t a l Continental Far
Shelf Slope Offshore

(0-200 IQ deep) (200-2000 m) (>2000 m)

A.

B.

c.

D.

E-

Uncorrected Density

11-20 Aug
2P31 Aug
1-10 Sept

11-21 Sept
22-30 Sept
1-10 Ott

Density (A) Corrected

for Unseen Bowheads at
the Surface

11-20 Aug
21-31 Aug
1-10 Sept

11-21 Sept
22-30 Sept
1-10 Ott

Density (B) Corrected
Submerged Bowheadsg

11-20 Aug
21-31 Aug
1-10 Sept

11-21 Sept
22-30 Sept
1-1o Ott

for

Area (kI#) uithinstratum

Estimated Nuuber of
Ikwheads Present (Cx D)

11-20 Aug
21-31 Aug
1-10 Sept

11-21 Sept
22-30 Sept
1-1o Ott
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0.28b*  c
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o
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(4.43)i
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1.23
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o
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0
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Oa
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(op
(0)d

(o)
(o)

(;)
(o)
(0)d

(o)
(o)

(:)

::]d

9441 “

(o)
(o)

(:)

w

a
b
c

d
e

f

g
h

i

Based on NOSC”S randomized surveys (Table 31).
Based on this study (Table 29) plus NOSC’S  randomized surveys (Table- 31).
Excluding 10 km x 50 km feeding area off Kongakut Delta and Demarcation Bay
(see text).
Rough estimates; data are inadequate or lacking.
Based partly on LGL surveys with two observers on each side of aircraft,
and partly on NOSC surveys with an observer plus part-time observer andlor
pilot on each side. Therefore, raw density was divided by 0.8.
Based on either NOSC surveys as in footnote ‘, or NOSC surveys plus LGL
surveys with two observers on one aide and an observer plus pilot-observer
on the other aide. Raw density was divided by 0.7.
Based on Density (B) divided by the 0.122 correction factor from Table 33F.
Estimated number in 10 km x 50 km feeding area off Kongakut Delta and
Demarcation Bay, based on Fig. 127 with allowance for missed whales.
Probably an overestimate -- see text.
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These estimates of utilization of the official study area during
August-October 1986 exceed the ~1 day figure for the corresponding period of
19$5. As noted earlier, the 1985 figure was probably underestimated because of
the heavy ice cover and low detectability of whales after mid September 1985.
Whale detectability was better in 1986 than in 1985 because ice was virtually
absent throughout the 1986 survey period, and because the wea~her and sea
conditions were unusually favorable in 1986. Thus, the calculated whale-days
values for 1985 probably were underestimates~  whereas the values for 1986
probably were more accurate. As a result, utilization of the study area by
bowheads may have been more similar in 1986 and 1985 than is suggested by the
whale-days figures. Nonetheless, utilization of the study area by feeding
whales was clearly greater in 1986 than in 1985. Whales fed in the nearshore
portion of the official study area in early September 1986, whereas this did
not happen in 1985.

Presence of Mothers and Calves in the Study Area

In 1985, bowhead calves were present in two and possibly all three of the
areas where significant numbers of older bowheads were detected (Fig. 129A).
In late September of 1985, we saw calves far offshore from Komakuk and
Kaktovik. We did noe see calves amidst the many whales close to shore near
Komakuk. Our photogrammetry in the Komakuk area also showed no calves and very
few animals large enough to be mothers (see Fig, 130 on p. 313), However,
Ljungblad et al. (1986c, p. C-7) reported visual sightings of a total of five
calves in the Komakuk area on 13 and 24 September 1985 (Fig. 129A). On 13
Sepeember, we photographed and measured 15 different whales at the location
where Ljungblad et al. reported three calves on Ehe same date, Two probable
yearlings 7.0 and 7.4 m in length and one adult-sized whale (13.0 m) were
present, but we found no calves and no other potential mothers.

In total, of the 199 bowheads that we saw in and near the official study
area during 1985, 9 (4*%) were calves, We and NOSC saw more calves in late
September (14) than in early September (3) (Table 37). Within the official
study area, 4 of 47 bowheads seen by us (8+%) were calves, Late September was
Ehe only period when significan~  numbers of eieher calves or older whales were
detected in the official study area.

In 1986, bowhead calves were present in each of the areas where
significant numbers of older bowheads were found-- along Ehe Yukon coas~ near
Komakuk, along the Alaskan coast near the Kongakut Delta, and offshore in the
mid and outer shelf regions (Fig, 129B). We saw a total of 21 calves in
September 19863 of which 10 were in the official study area. (We do noe
express these values as percentages of total number of bowheads present
because the latter could not always be estimated accurately in areas where
many whales were feeding.) NOSC saw three calves in the area that we map! of
which one was in the official study area. On one occasion$ 27 September~  the
photo~rammetric  work confirmed that there were at least five different calves
amidst one concentration of whales; they were near the 50 m con~our just east
of the official study area (Fig. 12913). Significant numbers of calves (and
larger whales) were in the official study area in early September
1986--earlier t,han in 1985 (Table 37).
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FIGURE 129. Locations where bowhead calves were seen by ourselves and Naval
Ocean Systems Center during the period 1 August to 15 October in (A) 1985 and
(B) 1986. NOSC data for 1985 and 1986 are from Ljungblad et al. (1986c, in
prep.). For each visual sighting, the date is given as day/mo/yr, followed in
parentheses by the number of calves confirmed by photogramnietry. Note: Fig.
129A follows Ljungblad et al. (1986c, p, c-7) in showing three ~ves at
Clarence Lagoon on 13 Sept 1985; preliminary NOSC data quoted by Richardson et

al. (1986b, p. 181-184) showed only two.



The calves seen in both years were usually in very close association with
large adults, almost certainly their mothers. Occasionally we saw calves
diving under the genital region of the associated adult in order to nurse, as
described by Wtirsig et al, (1985a). Thus, calves seen in the groups of feeding
whales present . along the coast in September 1986 were obtaining their
nourishment from their mothers~ which were in turn feeding in the coastal
waters near the Kongakut Delta and Komakuk.

The pattern of sightings of cow-calf pairs in 1985-86 was generally
consistent with that in earlier years. Over the 1979-86 period as a whole,
both cow-calf pairs and other whales have been seen from early August to
October, with a peak in late September (Table 38). Numerous cow-calf pairs
have been seen in ‘both the continental shelf zone (depths 0-200 m) and the
continental slope zone (200-2000 m). Furthermore, two of the few whales seen
in waeer deeper than 2000 m were also calves. Cow-calf sightings, like ocher
sightings, tended to be farther offshore before than,after 15 September (Table
38).

Length Measurements*

Usable length measurements (grades 1 to 6) were obtained from 189 whale
images in 1985 and 218 whale images in 1986. Of these, 70 and 47 measurements,
respectively~ were repeats of previously measured whales. Hence 119 and 171
different whales were measured in 1985 and 1986, respectively. In the
following sections, only one measurement of “each whale is included in each
frequency distribution. When a whale was photographed on differen~  days, it is
included in each of the daily frequency distributions~  but only once in the
combined data for the area.

Each location where whales were photographed is shown by an X in Figure
111 (p. 267). At most of these locations ~ whales were photographed immediately
after a behavioral observation session. However~ the photo session often
covered a somewhat larger area than the associated behavioral observations~
i.e. some photo sessions included whales that were not observed in de~ail
during the preceding behavioral observations. For purposes of comparison,
whale measurements have been summarized for five areas where we found whales.

Whales less than about 7 m long in late summer are generally calves <1
year old; some calves may be as much as 7.5 m long in September. Whales over
13 m long are considered to be mature adul~s (Davis et al. 1983, 1986a,b;
Nerini et al. 1984, 1987). Intermediate-sized animals (age >1 year but noc
mature) are referred to as subadults in this report.

Nearshore Komakuk, 1985-86. --Whales were measured from photographs taken
along Ehe Yukon coast near Komakuk on five dates in 1985 (28 Aug and 8 Sept
from Davis et al. 1986b; 11, 13 and 24 Sept from this study) and on seven
dates in 1986 (Fig. 131; ehis study). Almost all whales photographed near
Kornakuk were in water <25 m deep, and <15 km from shore (Fig. 111 on p. 267).
These whales did not show strong directional movement. They were predominantly
subadult wha,les, many of
the 106 different whales

which ‘were <10 m long (Fig. 130A~B, 13iA, 132A). Ok
measured there in 1985, 47% were small subadults (non

~ Prepared by William R. Koski, LGL Ltd.
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1980-85b)  sml LIZ data (Johnson 1984; urrpubl. 1984 &ta). Data for 198N6 are fran this study,
Ljumgblai  et al. (1986c)  ami J. CLsrke ad D. Ljungblai (pers. CCUUI. ).
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F’IGURE  130, Pooled length-frequency distributions of bowheads photographed in
and near the official study area in 1985 by ourselves and Ilavis et al.
(1986b). Ilata are from 28 August-29 September 1985. See Richardson et al.
(1986b, p. 186) for daily results from &he Komakuk area. Within- and
between-day repeats are excluded.
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calves <10.0 m), another 47% were larger subadults, and only 6% were adults
(Table 39). Similarly, 55% of the 89 different whales measured in this area in
1986 were small subadults,  35% were larger subadults,  and only 6% were adulbs
(Table 39). The size distribution near Komakuk was relatively constant
throughout the periods when whales were photographed in this area--late August
to late September in 1985 (Richardson et al. 1986b, p. 186), and early to late
September in 1986 (Fig. 131A).

In 1986, unlike 1985, a few calves were photographed in nearshore waters
off Komakuk. In 1985, none of the small whales photographed there were
believed to be calves, although one apparent yearling from 13 September was
only 7.0 m long. As noted earlier~  we did not recognize any of the small
whales seen visually near Komakuk in 1985 as calves, although Ljungblad et al.
(1986c) reported visual observations of calves there on two dates, including
13 September (Fig. 129A). In 1986, in contrast, four calves (4%) photographed
in this area ranged in length from 6.6 to 6.9 m. An additional whale slightly
smaller than 7.0 m was believed to be a yearling. There were several visual
sightings of calves near Komakuk in 1986 (Fig. 129B).

Bowheads were also present along the Yukon coast near Komakuk in late
summer of 1984. In 1984, like 1985 and 1986, most bowheads near Komakuk were
subadults (mainly 8-11 IU); 74% of the whales measured from this area in 1984
were subadults <10.0 m long (Table 39). However, a 13.8 m mother and 5.8 m
calf were found here on 18 August 1984 (Davis et al, 1986a). In 1983-85, the
large numbers of bowheads farther east along the Yukon coast, i.e. southeast
of Herschel Island in Mackenzie Bay, were also predominantly subadults (Wiirsig
et al. 1985b; Davis et al. 1986a,b).

Nearshore Kongakut Delta, 1986. --Whales were photographed in nearshore
waters within the southeastern part of the official study area, off the
Kongakut River Delta, on three occasions in 1986 (5$ 6 and 7 Sept; Fig. lllB
on p. 267). The sizes of whales photographed here were similar to those
farther east in nearshore waters off Kotnakuk (Fig. 131A,B, 132A,B). Of the 30
measured whales, the majority (60%) were small subadults (Table 39). The
single large whale (14.0 m) was a cow with a 6.3 m calf.

Migrants Near Demarcation Point, 1985 .--A loose group of about 8-10
bowheads was photographed on 19 September 1985 as they were migrating rapidly
westward parallel to the coast in about 13 m of water (Fig. 111A). This group
was slightly west of the whales near Komakuk, but appeared to be coming from
that area. Because of its migratory behavior, this group was considered
separately. The seven measured whales were 8.2-11.2 m long (Fig. 130c).
Although one possible calf was identified during behavioral observations that
preceded this photo session , neither a calf nor an adult large enough to be a
mother was measured.

Offshore near Eastern Edge of Study Area, 1985-86.--In 1985, whales were
photographed about 70 and 35 km offshore from Komakuk on 22 and 26 September.
Water depths were about 280 m and 40 m, respectively. IrI 1986, whaies were
photographed at two offshore locations on 26 September and one on 27
September. All three 1986 locations were about 50 km offshore and in water
about 45 m deep. Three of these five sessions were just east of the official
study area and two were inside the eastern part of that area (Fig. 111).
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b Includes dats of H et al. (1986b)  fran Ikmskuk area ~ Al, as our data..
c Data are all from this study.
~ A L2e&ln Mlther is counted as sn Mdte
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The size distribution of these offshore whales was quite different from
that of whales in shallow water. Adulti-sized whales comprised a much higher
percentage of the whales in offshore waters (Fig. 1301), 131C, 132C). Only 7%
of the 27 whales measured in the eastern offshore area in 1985 were small
subadults  and 41% were adults (Table 39). Similarly, in 1986, only 2% of 52
measured whales were small subadult.s  and 46% were adults. A substantial
proportion of the large whales in this area were accompanied by calves. One
15.2 m adult was photographed here with a 7.1 m calf on 26 September 1985, and
three calves were seen but not measured on 22 September 1985. In 1986, 21% of
the measured whales in this area (11 of 52) were calves. These calves averaged
6.8 m in length (range = 6.1-7.4 m). The seven measured mothers from this area
averaged 14.9 m long (range = 12.8-16.1 m).

Offshore from Kaktovik, 1985. --The whales photographed in this area on
23-29 September 1985 were in 40-50 m of water over 30 km from the Alaskan
coast (Fig. 111A). The size distribution was similar to that in offshore
waters near the east edge of the study area, and quite different than that in
nearshore areas (Fig. 130E). Of the 20 measured whales, 50% were adults, and
only 5% (one whale) were small subadults (Table 39). Two small whales, both
7.3 m long, were identified as calves although neither was in the same photo
as its mother. Two mothers photographed here were 13.7 and 15.6 m long. The -
latter animal was the largest individual measured during 1985.

Summary. --Subadults  comprised most of the bowheads feeding along the
Alaska and Yukon coasts in or just east of the official study area during the
late summers of 1985 and 1986. About half were <10.0 m long. In 1985, no
calves were identified in nearshore areas near Komakuk during our study; in
1986, 4% of the measured whales in nearshore areas (5 of 119) were calves. In
contrast, adults and calves were proportionately more common and subadults

“ less so in offshore waters during late September of both years. Calves
constituted 6% and 21.% of the measured whales in offshore waters during 1985
and 1986P respectively (3 of 47 and 11 of 52). The 21% figur”e is the highest
relative abundance of calves that has been recorded for any area where
extensive length data.have been collected.

.
Within-Year Resightings  and Residence Times

Besides providing data on sizes of whales using different parts of the
study area, the photogrammetry was designed to document residence times of
individually-recognizable whales in various feeding areas. Information on
residence times was obtained in both years. In addition, by comparing our
photos with those from other LGL projects in the Canadian and Alaskan Beaufort
Sea, we documented several long-distance within-season movements and several
between-year resightings.

In1985, we acquired a total of 212 potentially re-identifiable (grade A
and B) photos of bowheads during 10 photo sessions. Of these, 91 photos
represented whales photographed only once insofar as we could determine,
whereas 121 photos were of 43 individual whales that were photographed 2-5
times within one session (’within-day repeats’).. The numbers of whales
photographed once, twice, . . . five times during the 1985 photo sessions
totalled 91, 25, 13, 3 and 4, respectively (Richardson et al. 1986b, p. 189).
This section deals only with the smaller number of ‘between-day repeats!. Two
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whales were photographed on two different dates during our 1985 work. AIs03 11
of Ehe whales photographed by us had been photographed earlier in 1985 during
the more extensive photogrammetric  study of Davis et al. (1986b). Three more
whales in our area were photographed on more Ehan one day by Davis et al.
(1986b) but not by us. In total, 16 whales were photographed on two or more
days in 1985, including at least one date when the whale was in our extended
study area (139°-1450W).  (This total excludes the many whales photographed on
>1 d by Davis et al. [1986b] in areas east of our study area. ) These 16
between-day repeats are mapped in Figure 133, and more details about them are
given in Richardson et al. (1986b, p. 190).

In 1986, we obtained 291 re-identifiable  (grade A and B) pho~os of
bowheads representing a maximum of 223 different whales. Most of these whales
(192) were photographed only once, but 41 individuals were photographed 2-6
times within particular photo sessions, and eight were photographed on more
than one day in 1986 (Table 40). One of these eight whales, plus four others
that we photographed on only one day, were also photographed on different days
by Koski and Johnson (in prep.), who worked simultaneously with us within and
west of our study area. Considering both 1986 studies3 12 whales were
photographed on two or three different dates (Table 41).

The radio-tagging program was also designed to deeermine residence times
and movement patterns of individual bowheads. Five bowheads were tagged during
the 1986 phase of tlais study, and three of these were relocated at different
locations on subsequent days. Appendix 4 gives a cietailecl account of the
radio-tagging work; the results are summarized briefly in Ehe ‘Nearshore
Komakukf section, below.

Nearshore Komakuk, 1985~86--Photogrammetry. --In 1985, we photographed
bowheads along the Yukon coasc near Komakuk on 11, 13 and 24 September (Fig.
111A). During-these sessions we obtained 97 grade-A and B images- reFresenti~g
a maximum of 73 individuals thae were potentially recognizable in other photo
sessions within 1985. Two of these whales were photographed within the same
general area on different da~es (11 Sept-13 Sept and 13 Sept-24 Sept; Fig.
133). In addition, four whales photographed by Davis ec al. (1986b) during
&heir three photo sessions near Komakuk (14 and 28 Aug; 8 Sept) were later
re-photographed in the same general area during this study. One of these
whales was photographed on three different dates (28 Aug-8 Sept-13 SepC); the
other three were photographed on two dates (8-11s 8-11, and 8-13 Sept).
Furthermore, another whale was photographed twice in the Komakuk area by Davis
et al. (28 Aug-8 Sept).

Overall, seven bowheads were photographed near Komakuk on two or more
daees in 1985 (Fig. 133). The periods between successive resightings  ranged
from 2 to 11 d, averaging 6.4 d (n = 8). The periods between first and last
sightings were 2 to 16 d, averaging 7.3 d (n = 7). Net distances travelled
between_ successive resightings  were 2 to 24 km, averaging 10.3 km or 1.6
km/day, Net movements in the Komakuk area were small but mainly easterly (6 of
8 resightings). The cluster of resightings in the Komakuk  area shows tha~ this
area was occupied at least intermittently by some of the same individual
bowheads during late August and September of 1985.
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Howevera there was also some exchange between Komakuk and other areas in
1985. A whale photographed near Komakuk on 8 September was re-photographed  66
km to the norbh on 22 September (Fig. 133). Other bowheads were still present
at Komakuk on the latter date (Fig. 117). Another whale at Komakuk on 24
Sep6ember had been 123 km to the southeast near King Point. on 6 September
(Fig. 133). Thus, the composition of the group of whales at Komakuk in
Sep~ember 1985 was not static.

In 1986~ we photographed bowheads along the Yukon coast between Clarence
Lagoon and Herschel Island on seven occasions from 3 to 20 September (Fig.
IllB). We obtained 142 grade A and B images of 128 different whales (Table
40). Seven more grade A and B images of five bowheads were obtained there on 5
and 8 September 1986 during another LGL study (Koski and Johnson in prep.).
Four bowheads were photographed in this area on more than one day in September
1986 (Table 41; Fig. 134). The periods between successive re-sightings  wer-e
1-14 d, averaging 6.6 d (n = 5]. Periods between first and last sightings were
also 1-14 da averaging 8.25 d (n = 4). Net distances travelled between
successive resightings were 1-32 km~ averaging 14.6 km (n = 5). Apparent rates
of movement were very low, 1.0-6.0 km/d, averaging only 2.2 km/d (n = 5, Table
41). Net movements associated with the longer intervals (8-14 d) were easterly
or northeasterly.

Rates of movement and re-sighting intervals in nearshore waters ,near
Komakuk were similar in 1985 and 1986. Combining the data for the two years,
Ehere were 13 between-day resightings of 11 different whales. Intervals
between successive resightings  were 1-14 d, averaging 6.5 d (n = 13].
Intervals between first and last sightings were 1-16 d, ,averaging  7.6 d (n =
11). Diseances between successive locations were 1-32 km, averaging 12 km (n =
13). Net rates of movement averaged 1.8 km/d, most commonly to the east.

Nearshore Komakuk, 1986--Radio-Taggin~.--Although  none of the bowheads
photographed near Komakuk in 1986 was subsequently re-identified  elsewhere,
three whales radio-tagged near Komakuk during this project were detected
farther west. Two whales ~agged near Komakuk on 18 and 19 September were
detected to the northwest, in the official study area$ on 22 and 21 September$

respectively. A whale tagged near Clarence Lagoon on 15 September was detected
. passing Point Barrow, over 600 km to the west$ on 1 October (see Appendix 4).

These radio-tag data confirm that whales moved generally west when they left
the Komakuk area. The exact times and routes of departure are not known.
However, the approximate dates of departure determined from radio Eags are
consistent with the disappearance of whales from the Komakuk area beeween 20
and 22 September (Fig. 127). It should not be assumed that all whales moved
directly west when they left the Komakuk area. Short-distance movements wiehin
that area were more often east than west in bo~h years. Furthermore,
photogrammetry results from 1985 show that one whale moved 66 km north from
the Komakuk area to offshore waeers beeween 8 and 22 SepEember 1985 (Fig.
133) e

Nearshore Kongakut Delta, 1986. --h 1985 bowheads did not concentrate in “
this area, but in 1986 we photographed bowheads here on 5, 6 and 7 September
(Fig. IllB). We obtained 62 grade A and B images of 40 different whales (Table
40). One more grade B image was obtained here on 4 September by Koski and
Johnson (in prep.). Six of the whales photographed here on 5 September were
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re-photographed  in the same general area on the 6th (3 whales.) or 7th (3
whales; Fig. 134; Table 41). The whales had travelled 1-13 km in the 1-2 days
between photographs; net rates of movement averaged 4.4 km/d (n = 6, Table
41).

Moderate numbers of wha~es were observed in the Kongakut Delta-
Demarcation Bay area until 10 September 1986, although there were no photo
sessions in this area after the 7th. There were few whales along  this par~ of
the coast after the 10th, but many whales remained about 25-75 km to the east
in the Komakuk area until about 20 Sep~ember (Fig, 127). Despite good
photographic coverage in the Komakuk area until the 20th, none of the whales
photographed off the Kongakut Delta on 5-7 September were re-identified  near
Komalcuk. We speculate that they travelled north or west rather than east when
they left the Kongakut Delta area..

Migrants Near Demarcation Point, 1985.--As described earlier, whales that
were migrating rapidly westward near Demarcation Bay were photographed on 19
September 1985 (Fig. 111A). We obtained 19 images (13 grade A and B)
representing a maximum of 10 potentially recognizable whales. None of these
migrating whales were photographed during other photo sessions. These whales
were apparently migrating westward from the Komakuk area, yet there were no
matches with whales photographed earlier in that area. “

Offshore In and Near the Study Area---In 1985, aerial surveys indicated
that some whales were in the area offshore from Komakuk during August (Fig;
112, 113 on p. 273-274). Two whales photographed there on 28 August by Davis”
et al. (lS186b) had been recorded earlier at very differene  places: one about
640 km to the east, in Amundsen Gulf, 25 d earlier; and another about Ill km
to the southeast, near King Point, 10 d earlier (Fig. 133). ~nteresting~y,  the
latter whale returned southeastward after 28 August (later sightings not
listed in Richardson et al. 1986b]. On 30 August this whale was photographed
NE of Herschel Island (69”40.2’N, 138”38’W), about 65 km SE of its location
off Komakuk on 28 August. By 6 September it had moved 71 km farther southeast
to 69”1O.2’N, 137°291W, north of Shingle Point and only 22 km SE of the first
location on 18 August.

On 22 and 26 September 1985, we photographed bowheads well offshore from
Komakuk (Fig. 111A). Our 63 bowhead images represented as many as 27
recognizable whales. Five whales photographed on the 22nd had been
photographed earlier in 1985 by Davis et al, (l!386b) (Fig. 133). One had been
along the coast near Komakuk on 8 September. Another had been about 112 km to
the eastj near King Points on 6 September. Three whales had been photographed
about 600 km to the east in Amundsen Gulf and Franklin Bay earlier in the
season. One of these had been near Cape Bathurst (473 km to the ease) as late
as 12 September--only 10 d before we found it off Komakuk.

These sightings suggest that whales offshore from Komakuk on 22 September
1985 had not been there for long, but we have little direct information on
their duration of stay. Most were well marked, and many were adults  (Fige

130D). A high percentage (60 of 63, 95%) of the images obtained were
considered re-identifiable$ but none of these whales were lacer
re-photographed. One distinctively-marked whale pho~ographed on the 22nd may
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have moved about 31 km SSW by the next day, based on a probable visual
refighting.

We also photographed bowheads farther west, 30-40 km north and northeast
of Kaktovik, on 23, 26 and 29 September 1985 (Fig. 111A). Bowheads were
apparently common in this area from about 22 to 29 September (Fig. 117, 118 on
p. 278-279). The 49 images represented up to 26 recognizable individuals. Only
one of these whales had been photographed earlier in 1985; a whale
photographed on 29 September had been 749 km to the east in Amundsen Gulf 57 d
earlier (Fig. 133). No whales photographed offshore from Kalccovik were
re-photographed  during later sessions (in the case of the 29 Sept photo
session, there were no opportunities for resightings  within this project).
These results suggest that the residence times of individual whales off
Kaktovik were brief, and that they were not part of the group of whales that
had fed near Komakuk in late August and much of September.”

None of the bowheads that we photographed in 1985 were among 13 whales
photographed farther west near Prudhoe Bay in September-October 1985 (Johnson
ee al. 1986).

In 1986, we photographed bowheads near the 45 m contour in or near the
eastern part of the study area on three occasions on 26 and 27 September (Fig.
lllB). We acquired 87 grade A and B images of a maximum of 55 whales (Table
40). There were no between-session resightings in this area. However, a
cow-calf pair photographed during our last pho~o sessions on the 27th, was
re-photographed  by Koski and Johnson (in prep.) on 1 October off Flaxman
~sland, west of the study area (Table 41, Fig. 134) . This was the only

long-distance movement documented by photogrammetry  in 1986; this cow-calf
pair moved 212 km in 4 d (53 km/d).

There was only one refighting in offshore waters of a bowhead
photographed earlier close to shore within the ‘extendedt study area; this
case was in 1985 (Fig. 133). In both years, the whales offshore were mostly
larger than those near the coast (Fig. 130, 132). ~ese results, plUS the

involvement of the offshore whales in long-distance resightings in both years,
suggest that most of the whales occurring offshore in late September were
migrating through the area from locations farther east.

Inter-Year Resightings of Identified Individuals

Sixteen bowheads photographed in 1985 and 1986 had also been photographed
by LGL in an earlier year (Table 42). Five whales photographed in 1985 had
been photographed in 1984. One of these was also photographed in 1986. Another
11 bowheads photographed in 1986 had been photographed in a prior year (1981,
1982, 1984 or 1985). One additional whale photographed west of the study area
in 1986 (Koski and Johnson in prep.) had been photographed in 1982 near
Herschel Island (Table 42).

Nearshore Komakuk, 1985-86 .--Eight bowheads photographed hear Komakuk in
1985 (2) and 1986 (6) had been photographed in an earlier year (Table 42, Fig.
135, 136). Seven of these eight individuals were subadults 9.1-12.5 m long,
and were resighted <150 km from where they had been photographed the previous
year. These whales–were first photographed near Komakuk (2), offshore from
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Komakuk (l), near Herschel Island (l), in offshore Mackenzie Bay (1), or along
the eastern Yukon coast (2). The eighth whale was a 14.2 m bowhead
photographed at Franklin Bay on 6 September 1984, 482 km east of the
refighting location near Komakuk on 19 September 1986.

The resi.ghtings  near Komakuk occurred an average of 6 days (n = 8) later
in the calendar year than the first sightings (range 21 d before to 28 d after
the original sighting date]. Net distances from sighting to refighting
location were 10-482 km, averaging 119 km. All resightings were west of the
original locations.

Nearshore Kongakut Delta. --Two subadult bowheads photographed on 5
September 1986 near the Kongakut Delta had been photographed in 1985 (Table
42, Fig. 136). Both had been about 150 km to the east in Mackenzie Bay in
1985, one on 18 August and the other on 13 September.

Offshore Komakuk, 1985-86--- Seven bowheads photographed offshore from
Komakuk in 1985 (3) and 1986 (4) had been photographed in a previous year.
These whales were 9.1-15.2 m long and included 3 subadults and 4 adults. Five
resightings involved one year intervals; the others were at 4 and 5 yr
intervals. Resightings were 8-65 d later in the year than the original
sightings, averaging 32 d later (n = 7). Net distances between sighting and
refighting locations were 54-589 km, averaging 288 km. In general, the
resightings were of two types: long distance resightiugs  of large (13.5+ m)
whales, and shorter distance resightings,  primarily of subs’dults.

The three long distance resightings (>500 km) offshore from Komakuk may
reflect westward migrations that
summering areas in Amundsen  Gulf
first photographed in those areas
and 1985, and were re-photographed
of 1985 or 1986. These resightings
than the original sightings. The

some large individuals undertake from
and Franklin ‘Bay. These three whales were
in late July-early September of 1981,. 1984
offshore from Komakuk during late September”
were 21-65 d ‘(mean 41 d) later in the year
net distances between these sightings and

resightings were 518-589 km, averaging 560 km. The one between-year refighting
of a large whale close to shore off Komakuk (Table 42) was similar in many
respects to these three resightings  farther offshore. We do not know whether
these adults had summered in the same area during the refighting year as in
the first-sighting year. However, they were re-photographed late” in September
1985-86 during periods of active ’westward migration. As suggested in the
lInter-Day  Resightingsl subsection, above, use of waters offshore from Komakuk
by migrants is probably of short duration.

The four other inter-year resightings offshore from Komakuk involved
relatively short (<150 km) net distances from the location of the first
photos : near Komakuk (2), Herschel Island (l), and King Point (l). These four
resightings (3 subadults  and one adult) occurred 8-39 d later in the year than
the original sightings, averaging 25 d later. Net distances were 54-132 km,
averaging only 84 km. Three of the four refighting locations were west of the
first sighting locations. These four resightings were similar in most respects
to the seven between-year resightings of subadults close to shore near
Komakuk. Indeed, one whale originally photographed riear King Point in 1984 was
resighted offshore from Komakuk in 1985 and near Komakuk in 1986 (Table 42,
footnote c).

.
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West of MM Study Area, 1986. --One large whale photographed west of the
study area on 19 September 1986 (Koski and Johnson in prep.) had been
photographed on 24 August 1982 near Herschel Island (Table 42, Fig. 136).

5M!E!ZZ” --The combined inter-day and inter-year refighting data confirm
Ehat the study area and environs are used both as a migration corridor and a
feeding area. The area is used as a migration corridor by adult whales in late
September. Many of these whales are traveling from summering areas far (>500
km) to the east, and their occupation of the study area appears to be brief.
We have few data concerning their length of stay in the area, but a cow-calf
pair pho~ographed  north of Komakuk on 27 September 1986 travelled west at a
race of 53 km/d over the subsequent 4 d period.

In contrast, some subadults use the area as a feeding area for more
prolonged periods. The range of the numerous intier-day  and inter-year
resightings of primarily subadult whales encompasses the entire coastal area
from the Kongakut Delta, AK, in the west to Shingle Point, Yukon, in the east,
including pare of Mackenzie Bay, wa~ers near Herschel Island, and waters
offshore from Komakuk. Some individuals, mostly subadultsj reoccupy this area
in subsequent years, and use it for prolonged periods within a year. For
examples two of the inter-day resightings in the Komakuk area in 1986 involved
bowheads that had been there in 1985 (Fig. 134). One of these whales was
photographed offshore from Kouiakuk in 1985 and in nearshore Komakuk waters on
three da~es in 1986. The other was photographed near Komakuk on two dates in
1985 and two dates in 1986.”

The entire neakshore area from Shingle Point to the Kongakut Delta may
be, from the subadult  bowhead’s perspective, one elongated feeding area
Ehrough which subadults  may range freely. Within this area, nearly all of the
large-scale inter-day and inter-year ‘movements’ were from east to west. This
suggests that there may be a gradual movemen~ west along the coast in the late ‘
summer period. Howevei~ the numerous between-day resightings of subadult
bowheads very close to (or slightly east of) their earlier positions showed
that many remain in one area for periods of at least several days. Also, the
apparent scarcity of large-scale west to east movements could be partly the
resulE of limited pho~ographic coverage east of Herschel Island in September
of 1985-86 (little after early Sept 1985; none in Sept 1986).

Subadults presumably migrate Chrough the official study area after
leaving the Komakuk-Yukon coast feeding area. However, we photographed active
nearshore migrants on only one occasion (19 Sept 1985) during this study, and
none of those whales were identified on any other date. The radio-telemetry
data from 1986 showed that some bowheads from the nearshore Komakuk area moved
west into ehe continen~al shelf portion of the official seudy area after
leaving Komakuk.

Behavior of 130wheads  in the Study Area

We observed the behavior of bowhead whales during 11 behavioral
observation sessions on eight different days in September 1985, and during 17
sessions on 13 days in September 1986. These observations extended from the
area off Kaktovik to Herschel Island (Fig. 111 on p. 267, Tables ’43, 44).
Total observation time was 15.2 h in 1985 and 17.3 h in 1986. In 1985, several
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of the behavioral sessions in offshore areas were in areas with loose pack
ices new ice, or both. The nearshore sessions in 1985 and both offshore arid
nearshore sessions in 1986 were in areas of open water. Water depths aC
observation locations ranged from about 8 to 280 m in 1985 (only one session
in water >50 m deep), and about 5 to 48 m in 1986. Sea state was usually
Beaufort 1 or 2.

General Activities. --In 1985, whales were encountered in aggregations
coverinsx from about 4 km2 (in a small area surrounded by ice) to about 40 km2.
The est~mated mean number of whales in these areas was 14 & s.d. 10, with a
range of 3-40. Estimated number of whales within the circle of observation. was
5 k s.d. 2 (range 1-10). In 1986, we sometimes observed small and localized
groups of whales, as in 1985. Howevera on other occasions in 1986 we observed
samples of the whales within larger and more widespread groups (e.g. on Sept
14, 15, 19, 20, 26A, 27).

Based on aerial observations of bowhead whales in the Canadian Beaufort
Sea during summer, three main categories of feeding activity have been defined

.,(Wtirsig et al. 1985a): near-surface feeding, near-bottom feeding, and
water-column feeding. Near-surface feeding is readily recognized because the
whales are visible as they move at the surface with mouths open and baleen
exposed. Near-bottom feeding has not been observed directly, but has been
recognized on the basis of whales surfacing with mud streaming from their
bodies and, less commonly, their baleen. Consistence with thisj stomachs of
some bowheads (mainly small individuals) taken in Alaskan waters contain
organisms that are normally found on or near the bottom (Lowry and Frost 1984;
Lowry et al. 1987). Water-column feeding encompasses feeding at all depths
other ehan the surface and the bottom. It undoubtedly includes some cases of
feeding within a few meters of surface or boetom as well as feeding at
mid-water. The fact that zooplankton is often concentrated in thin layers at
mid-water depths (see ‘Zooplankton’  s-ection$  p. 187 ff, 219 ~) makes it
likely Ehat” water column feeding is very common. However, water column feeding
by bowheads has not been observed directly. Ie is assumed to occur when
bowheads dive repeatedly in one area, but it is not possible to be sure that
feeding has occurred during any specific dive (Witirsig et al. 1985a).

Feeding near the surface or suspected feeding in the water column
occurred on 19 of 21 days of observation and during 23 of 28 observation
sessions (Tables 43, 44). Whales fed at or near the surface~ with mouths open,
during all or parts of nine sessions; on two of these occasions several whales
t.ravelled  side by side in small echelons. Six of the nine cases of
near-surface feeding were along the shore near Komakuk; others occurred in or
just east of the official study area on 29 September 1985; and 5 and 26
September 1986, Water-column feeding was suspected to occur when whales dove
for generally long times in an area. It may have occurred during ac leasC
seven sessions in 1985 and thirteen sessions in 1986 (Tables 43, 44). Nine of
these cases were within the ~official~ study area; three were slightly to the
east, and eight were near shore off Komakuk. We saw defecations assumed to be
indicative of recent feeding, during eight sessions; during six of these
sessions at least some surface feeding was taking place, while only ”water
column feeding was noted during the remaining two sessions. A mud plume,
indicative of bottom feeditig (Wtirsig et al, 1985a), was seen during only one
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Table 44A. Summary of behavioral observation sessions, 1986.
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‘Table 44B (Concluded).
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surfacing of a whale, on 5 September 1986, close to shore off the Kongakut
Delta (69°50’N, 141°45tW).

Vertical photographs of whales were acquired immediately after several of
the behavioral observation sessions. From many of these photos, it was
possible to determine whether the whale’s mouth was open or closed as, the
aircraft passed over. Photos often showed open mouths on “occasions when
behavioral observations provided no evidence of feeding near the surface (see
Richardson et al. 1986b, p. 195]. It is possible that some ‘water column
feeding’ occurs at depths shallow enough for the whale to be visible (and
photographable) when directly below. the aircraft, but too deep to be visible
at the oblique angles from which most behavioral observations. are obtained.
Another possibility is that some whales that were pri-rily water column
feeding or traveling were doing some neai-surface ,feeding not detected by the
behavioral observations.

Whales were definitely traveling toward the west during only two
observation sessions, on 19 September 1985 near Demarcation Point (141”W),  and “
on 22 September 1986 north of Demarcation Bay at 69”531N, 141”241W. Except for
two sessions involving log playing wliaMs (22A and 26B Sept 1986), and a third
session of possible travel (27 Sept 1986$ see below), these were the only
observation sessions for which we had no evidence of feeding, ‘knd it is likely
that the whales were actively migrating. During five additional sessions,
there was slow-to-medium speed travel generally westward, perhaps indicative
of a low level of migratory,,activity:,  These cases were on 13, 23 (2 sessions)
and 29 September 1985, and on ’27 September 1986. We observed surface feeding
by the traveling whales on: 13 September 1985,. and suspected ie from open
mouths seen just after the behavioral session on 27 September 1986. We
suspected that water-column feeding was occurring during. the other three
sessions of possible westward movement. Thus, it is apparent that bowheads
sometimes feed as they travel. slowly west through the study area.

,.,
,

We observed actiye social interactions, generally of low intensity,
during 14 of 28 observation sessions (Tables 43, .44, 45). On 22 September
1985, social activity occurred frequently. On. 12 occasions, socializing.
occurred when surface feeding or, possible water-column feeding was also
occurring in the same general area;” onoue occasion (22B Sept .1986),
socializing occurred while whales in the area were generally traveling west.

,,- ‘:

In 1.985, calves were seen during four sessions, all well offshore. Two of
these sessions were in the lofficiall study area (26, 29 Sept) and two were
just to the east (22, 26 Sept-; Fig. 129A on p. 310). On three oc~asions, two
or more calves were’present in the general area of observation. At times
during periods of suspected water-column feeding, we saw lone calves at the
surface, presumably waiting there whiie their mothers fed below (~. Wdrsig et
al. 1985a). On each of these four occasions, subadult whales were also noted
(Fig. 130). In 1986., we’saw calves during or just after seven sessions; during
at least 5 of these 7 sessions, more than one calf was present (Table 44B,
Fig. 129B). On 26C September, a calf played with a small log for at least 7
min while its presumed mother was diving.
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a Whales within 1/2 body length but not overtly interacting. Mothers with calves and whales skim-feeding in echelon
formation are not counted as socializing.
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Whales were heard to vocalize during 16 of 18 observation sessions when
sonobuoys were used and were workirig properly. During the afternoon of 26
September 1985, high-frequency calls were heard while a calf was alone at the
surface with the mother presumably feeding in the water column. .We suspect
that these unusual calls may have come from the calf, but this is not certain.
A similar case was noted in August 1982 (Wtirsig  et al. 1983, P. M-87). “

Potential Disturbance*.--Several geophysical exploration vessels operated
in or near the official study area during September 1985. The vessels present
included some with high-energy noise sources for deep seismic exploration, and
others with low-energy sources. Seismic exploration within the official study
area was much reduced (and perhaps ended altogether) after pack ice was blown
into the area in mid Septembe* 1985. However, some of the whales north of
Kaktovik and near Komakuk in late September 1985 were still exposed to noise
pulses from distant vessels ope’ratihg outside the official study area. There
was less seismic exploration in and near the study area in September 1986 than
in September 1985, bu~ some “whales were again exposed to noise pulses from
distant seismic vessels.

Overall, seismic pulses were detected near bowheads during 12 of the 20
behavioral observation sessions when underwater sounds were monitored near
whales--during 7 of 9 sessions ,in 1985 (Richardson et al. 1986bj p. 200) and 5
of 11 sessions in 1986 (Table 46). In most cases the pulses were weak. The
strongest pulses received near whales were recorded on 22 September 1985 in
deep water -far north of Komakuk. The received level on that occasion, 123 dB
re 1 @a, was typical of levels 25 km or more’ from seismic vessels (Greene
1985). The:strongest pulses recorded near whales in 1986 were 117-119 dB re 1
@a, detected in shallow water off Demarcation,,Bay, on 10 Septem~eri  Inno case
during this study was the seismic vessel close enough to the whales to be
noticed from the observation aircraft. : Previous studi,eg ,,.havp.,.:shown  that
bowheads continue their ‘usual activities in the presence of ’”seikmic pulses
with ‘the intensities “recorded during this study: (Richqrdso~  et al. 1986a).
Possible relationships of seismic noise to surfacing, resplr~tion and dive

. !.,

patterns during this study are discussed below.

The characteristics of the noise pulses received near bowheads were quite
variable””’(see Table 46 for 1986 data and Richardson et al. 1986b, p. 200, for
1985 data):

1. Pulse interval: In 1986 and on some occasions in 1985, the pulses
were 10-14 s apart, which is typical of high-energy sources. On other.,,.
occasions in 1985 the pulses were as closely spaced as one every 1.4
s (Fig. 137G), typical of low-energy sources.

2. Pulse duration: Single pulses ranged in duration from about, 0.1 to
0.9 s (Fig. 137).

3. Predominant frequency: The predominant received frequency content
ranged from 100-20.0 Hz to 500-1000 Hz on various occasions (Fig.
137). Components below 100 Hz were presumably attenuated strongly
because of the relatively shallow water at most recording sites.

* Acoustical analyses were performed by Greeneridge Sciences Inc.



Table 46. Qwracceristics  of seismic pulses received near whales during behavioral observation sessions in 198&. (See
Richardson et d. 1986b, p. 200, for correspo- 1985 data.)

Apprac. R&e Ekdc Puke Abieflt
Cbservati.cn Depth IntHval Frequmcies T.J2vd Between

session UKatim (m) (s) (HZ)a (cIB r~d~a~a -a,b

7 Sept off Kmgakut lklta 20 Irreg. XXI 115e 103

8 sept off Kkmgakut Delta 19 Meg. 420 107-1 I& 103

m Sept off Demarcation Bay 15 I(M . 250-300 117-119 - 91-95

26 sept A far off KcmakMk 44 lotB5~ 150-350 110-118 92

26 S2pt c far off KOngakut Delta M“ UP 150-350 ‘ lE1-lKi 91-93

a !Wse anslyses  wme performd ‘by Oreeneridge Scimces, Inc., following mthods of Greene (1985).
b 20-MMO HZ band, averaged over 30 s =chdlng tires of arrival of seismic @ses, in dB re 1 pa.
e Seismic pulseg ded at 12 :47s during behavioral observations.
d Seismic pikes startd at 17:24, during behavioral observations.
e ~st @~ ~ ~ ~ 8 &pt ~re -r tk tw, ~ barely audible.



.,

ffiINT SEISMIC SZGNRL A
[2 SEP ES 17:32

aa 0.24 0.49
TIME,  SEC

~ CLCRR SEISMIC SIGNFIL c~ 22 SEP 85 11:11

m
N%x ‘1
+-8.yul
l..!am~s?.~v
L
3.m

‘%.00 0.49 0.99

m

TIME, SEC

HIGH FREQ SIGNRL . FIRCHINERY E

L10 0.1s 0.36
TIME, SEC

TIME,  S E C

Bowheads 340

m’.
0.00 0.13 0.2s

‘$
~ SEISMIC SIGNRL, STRTIC Dg 23 SEP ES 17:30

m’s
0.00 0.49 E.99

TIME, SEC

THULbLIKE  SEISMIC SIGNRL
29 SEP 85 094 I

F

aa 0.2s 0.s1
TIME, SCC

26 SEP S5 1 laE , 14HFILE  CHLL  WITH SEISMIC SIGNFILS w

~1
E1.00 0.49 0.90 1 . 4 7 1 . 9 6

TIME, SEC

FIGURE 1370. Frequency vs. time characteristics of underwater noise pulses
received by sonobuoys at locations where bowhead whales were observed,
SepEember  1985. Waterfall analyses were done by Greeneridge  Sciences Inc. Note
that both scales vary among panels A-G.
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4. Temporal pattern of frequencies: The predominant frequency some~imes
swept downward during the brief interval while a single pulse was
being received (Fig. 137A,B,D). This downswept frequency pattern is
typical for seismic pulses received in shallow waters of the Beaufort
Sea (Greene 1985). However, on some occasions during 1985 there was
an upswept frequency pattern (Fig. 137E,G)j or a more complex pattern
that included an upsweep as one component (Fig. 137C),

Within any one observation session these four pulse characteristics remained
more or less constants as one would expect during continuous operation of a
single noise source. .

During 3 of 28 behavioral observation sessions, other sources of
potential noise disturbance were evident. On one occasion (24 Sept 1985),
whales near Komakuk DEW site were exposed not only to faint seismic pulses bua
also to faint engine noise, possibly from generators at Komakuk. On another
bccasion (19 Sept 1985), whales were probably exposed to noise from a distant
maneuvering boat (lAnnika Marie’) and zodiac during a radio tagging attempt.
In neither of these cases was the behavior of the whales believed to be
seriously affected by the noise. On 15 September 1986, a zodiac with a special
Lype of outboard motor approached the whales at the end of the behavioral
observation session. Its engine was modified to reduce underwater noise (B.
Mate, pers. comm.), but nonetheless strong underwater noise was received at
medium and high frequencies including a harmonic family of strong tones at

. 1522, 3042 and 4564 Hz.

Behavioral observations under potentially disturbed conditions are
distinguished from those under presumably undisturbed conditions in most of +
the following analyses.

Surfacing, Respiration and Diving Behavior.--In order to estimate the -
amounti of feeding within the .sCudy areas it is necessary to estimate average
distance travelled during feeding dives, duration of feeding dives, aid
interval between successive dives. From these data, it may be possible to make

rough estimates of the number of dives per day and volume of water filtered
per day. Data on respiration are important in estimating energy utilization.
It is also necessary to determine wheeher these behavioral characteristics
vary according to location or depth, status or activity of the whale, presence
of potential sources of disturbances and other factors.

We routinely recorded four measures of surfacing, respiration and diving
behavior, using ehe same definitions and criteria as in our previous studies
(W~rsig et al. 1984):

- blow intervals --the intervals between successive breaths within
surfacings (n = 2(331);

- number of blows per surfacing (n = 123);
- duration of surfacing (n = 192); and
- duration of dive (n = 60).

These sample sizes exclude calves. The means, ranges, and distributions of
these four variables during September 1985 and 1986 (Fig. 138, 139) were
generally similar to those observed during previous studies in the Beaufort
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Sea dqring summer (Wdrsig et al. 1984, 1985b) and autumn (Ljungblad et al.
1984b, 1985b; Fraker et al. 1985).

Intercorrelations: The durations of the dives preceding and following a
surfacing were correlated more strongly during September ‘1985-86 than during
summer 1980-84 (rs = 0.862 vs. approx. 0.435; Table 47A). Previous autumn
results are inconsistent on this point: the correlation between previous and
subsequent dive duration was weak in autumn 1983 (rs = 0.286, n = 32, ns;
undisturbed whales only--Ljungblad  et al. 1984b) but strong in autumn 1984
(product-moment r = 0.782, n = 38, P<0.001; based on potentially disturbed
whales --Ljungblad et al. 1985b). In general, during both summer and autumn it
is likely that consecutive dives tend to be of similar durations, since
bowheads tend to engage in one activity for at least a few hours or perhaps a
few days. “

In September 1985-86, as during other studies in summer and autumn,
number of blows during a surfacing was positively correlated with the duration
of the surfacing (Table 47B).

Previous summer work has shown that both number of blows per surfacing
and duration of surfacing are positively correlated with duration of the
preceding dive (Table 47C,D). During summer, correlations of both
blows/surfacing and surface time with duration of the following dive were less
strong although still significant (Table 47E-F). During September 1985-86, all
of these correlation coefficients were higher than in the earlier summer work.
In general, during both summer and autumn bowheads tend to remain at the
surface for longer and breathe more times per surfacing when dives are long
than when dives are short,

Disturbance Effects: Previous studies have shown that the four
surfacing, respiration and dive variables can be affected by seismic or boat
noise (Ljungblad et al. 1985b; Richardson et al, 1985b,c, 1986a). During 7 of
28 behavioral observation sessions, whales were classified as “potentially
disturbed by underwater noise from seismic exploration (Sept 13, 22, 23B, 26A
in 1985; and Sept 10, 26A, 26C in 1986). On a few other occasions with fainter
seismic noise, we treated the data as presumably undisturbed. During two
sessions, whales were observed during possible boat disturbance (Sept “19A in
1985; part of Sept 15 in 1986), but this disturbance represented only a small
portion of our data base, and is not summarized here.

The mean blow interval was significantly longer with seismic noise than
under presumably undisturbed conditions and the mean duration of surfacing was
marginally so (Table 48A). In and near the official study area, only mean blow
interval was higher under seismic than under presumably undisturbed conditions
(Table 48B; Fig. 140). Along the Yukon coast near Komakuk, blow interval and
duration of surfacing were both significan~ly higher with seismic noise. No
such differences were found for number of blows per surfacing or duration of
dive, but sample sizes were low for some comparisons (Table 48A-C; Fig. 140).

Previous summer and autumn data from the Beaufort Sea indicated that
durations of surfacings and dives tended to be reduced when seismic vessels or
boats were nearby. For duration of surfacing the opposite trend was observed
here, at least in the Komakuk area. However, all ‘seismic’ data for th~
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Talk 47. Intercorrelaths betwen statdani  surfacing, respiration * dive variales  in mmm
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Table 48. Summary statistics for..the principal surfacing, respiration and dive variables~ September 1985-86.
Calves are excluded excepti where noted in section E. ‘Official Study Area g Mnes include observa-
ti.orts in offshore waters north of Komakuk on 22 and 26 Sept 1985 and on 26 and 27 Sept 1986.
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Komakuk area
observations

came from a single observation session (13 Sept 1985). During the
in September 1985-86, the seismic vessels were many kilometers

away, and the actual disturbance to the whales was probably minimal. We
suspect that few of the bowheads studied in September 1985-86 were reacting
overtly to seismic noise, albhough the ‘Calves vs. Other Bowheads’ data (see
below) provide some evidence of an effect. Natural factors that differed
between observation sessions may have been responsible for the apparent
differences in behavior in the presence and absence of weak sources of
potential disturbance. Nevertheless, we separate data during seismic and
presumably undisturbed conditions in most subsequent analyses.

Whales in llfficial Study Area vs. Komakuk Area: Seventeen of the 28
observation sessions were in the official ,study area or just east of it in
offshore waters; eleven sessions were east of the study area in shallow water
close to the Yukon coast near Komakuk (Alaska/Yukon border east to Herschel
Island; Fig. 111 on p. 267). We examined whether the behavior of bowheads in
shallow water near Komakuk was similar to that elsewhere in and near the study
area. For undisturbed whales, all four surfacing, respiration, and dive
variables tended to be higher for whales in the official study area than for
whales near Komakuk; the differences were significant for blow interval,
duration of surfacing, and duration of dive (Table 48D; Fig. 140). The lower
values for whales near Komakuic were probably related to the fact that these
whales were in shallow water. All four variables tended to be lower for whales
in shallow water (see Table 51, later).

For whales exposed to seismic noise, no significant differences were
found between the two areas; however, sample sizes were small for all
variables except for blow interval.

Calves vs. Other Bowheads: We gathered few behavioral data on calves
during September 1985-86. The mean blow interval was longer for undisturbed
calves than- for other bowheads seen during the same observation sessions.
However, in the presence of seismic noise, the mean blow interval was
marginally shorter for calves than for “others (Table 48E). As in earlier
studies (Ljungblad et al. 1985b; Richardson et alti 1985c, 1986a), the mean
blow interval of ‘non-calves’ was significantly  higher i.n the presence  of

seismic noise than in its absence (Table 48A). Hence”, the data suggest that
blow intervals of calves may be less affected by seismic noise than those of
non calves, or possibly even show a reversed trend.

Sample sizes for other variables were too low, in the case of calves, for
meaningful comparisons of calves .vs, other whales. In the autumn of 1983,
undisturbed calves exhibited relatively long surfacings with many blows
(Ljungblad  et al. 1984b). In previous summers, calves tended to have
relatively long blow intervals and few blows per surfacing (Wtirsig et al.
1985b); the present data are consistent with those trends. In view of the
generally low sample sizes in autumn and the indications of differences
between calves and non calves, we have continued our previous practice of
treating calves separately from other whales in analyses of surfacing,
respiration and dive variables.

Effects of Whale Activity: We categorized 26 of the observation sessions
into five groups based on- the main activities of the bowheads:
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apparent water-column feeding,
apparent water-column feeding plus slow-moderate travel,
apparent water-column feeding plus definite near-surface

- definite near-surface feeding, and
- travel.

We Ehen compared respiration, surfacing, and dive variables for

feeding,

whales engaged
in these five activities. Two sessions, those designated 22A and 26B September
1986, were not included in these analyses because they involved whales (one on
each occasion) playing with a log at the surface. In this subsection, we
consider only the 19 observation sessions when activities could be categorized
and when the whales were presumably undisturbed.

Blow intervals were more often significantly different among whale
activities than were other respiration, surfacing and dive variables probably
because of the much greater sample sizes available for blow intervals than for
the other variables (Table 49). For presumably undisturbed whales, blow
intervals of whales feeding in the water column and of traveling whales were
higher than those of whales engaged h water-column feeding plus traveling,
water-column feeding plus surface feeding, and surface feeding only (Table
49A). The longer blow intervals during water-column feeding as compared to
other activities are due almost exclusively to data from the Komakuk area
(Table 49C). No such trend was observed in the official study area (Table
49B) .

The only other situation in which a surfacing, respiration or dive
variable differed significantly according to whale activity was duration of
surfacing of undisturbed whales in the Komakuk area. As expected (Witirsig et
al. 1986), whales showed longer surface times when engaged in surface feeding
or in a combination of water-column and surface feeding than when engaged in
water-column feeding only (Table 49C).

During previous summer work, we found that bowheads feeding at the
surface tended to have long surface times and long blow intervals (Wtirsig et
al. 1985b, 1986). Although whales feeding near the surface off Komakuk
exhibited long surface times, blow intervals were not consistently longer
during surface feeding than during other activities, One possibly confounding
factor exists in the data: we categorized the predominant activity during a
behavioral observation session, but some particular whales that we observed
did not behave as categorized. For example, during sessions labelled ‘surface
feeding’, not all the whales were feeding at the surface throughout the
session. In contrast, in analyzing surface feeding in summer, we considered
only the individual surfacings during which particular whales were observed
feeding at the surface. Low sample sizes for some activities in autumn
prevented us from categorizing whales in the same way as for summer data.

Effects of Speed of Motion: We categorized speed of motion of whales
while. at the surface into four relative speeds, from none to fast. The
category ‘none’ signifies a whale that is not noticeably moving its tail and
appears to make no forward progress. Fast movement generates a wave of water
at the head of the whale, as well as whitewater along the sides and near the
tail. The two intermediate categories of slow and mo-derate
separated, with slow movement indicating barely perceptible

are less clearly
forward progress,

.
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Table 49. Relationships between activities of undisturbed whales and the principal surfacing, respiration
and dive variables, September 1985-86. Data from potentially disturbed whales and all calves are
excluded. ‘Official Study Area8 includes observations in offshore waters north of Komakuk on 22
and 26 Sept 1985 and on 26 and 27 Sept 1986.
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and moderaee movement indicating a definite forward motion with strong
ta.ilbeats but with no generation of whitewater. Because of the inability of
aerial observers to measure speeds of motion accurately in units of distance
per time, we present only the relative speeds here.

There was no discernible relationship between mean blow interval and
speed of motion. However$ number of blows per surfacing$ duration of
surfacing, and duration of dive all decreased from no speed to moderate speed.
The few data available for fast speed followed the same trend (Table 50). This
trend for shorter surfacings, shorter dives and fewer blows per surfacing with
increasing speed was the same for presumably undisturbed whalesj potentially
disturbed whales, and all whales combined (Table 50). ,

3

observations in the autumn of 1984 demonstrated a’ similar trend, wieh
mean number of blows per surfacings  duration of surfacing, and duration of
dive all tending to decrease from no speed to fast speed (Ljungblad et al.
1985b). This trend existed for both presumably undisturbed whales and for
whales subjected to seismic noise. As in the autumn data for 1985-86, blow
interval showed no consistent relationship to speed. In contrast, data from
five years, of observations (1980-84) in summer do not show clear relationships
between speed and any of the respiration, surfacing, and dive variables
(Dorsey et al. in prep.). We do not know why there should be such a difference
between summer and autumn. It may be due, at least in part, to the greater
importance of travel in autumn than in summer ~ even though travel often occurs
at the same time as o~her”activities  (primarily feeding) in both summer and
autumn, Directed and prolonged travel at moderate or fast speed may have a
more profound effect on respiration, surfacing and dive variables than do
other behaviors.

Effects of Water Depth: Depths of water at locations where whales were
observed systematically during September 1985-86 almost always were 5-50 m.
The one exception involved whales in water 280 m deep on 22 September 1985,
when there was moderately strong seismic noise. C)ur overall resul~s from
September 1985-86 showed that mean blow interval, number of blows per
surfacing, duration of surfacing, and duration of dive were all positively
correlated with water depth (Table 51), The same ~rends were evidenk for
presumably undisturbed whales, potentially disturbed whales, and all whales.

Previous observations in both summer and autumn have also demonstrated
that mean” duration of surfacing and mean number of blows per surfacing tend to
increase with increasing water depth (Ljungblad et al. 1984b, 1985b; Wiirsig et
al. 1985b). Previous su~er data, and autumn data for presumably undisturbed
whales (Ljungblad e~ al, 1985b) , indicate that mean duration of dives
increases with increasing wa~er depth. No clear correlation between blow
intervals and water depth has been demonstrated in previous work.

D5stanees  Travelled  lhxlerwa&er: To estimaee &he volume of water filtered
by a bowhead whale during a feeding di,ve,  ari estimate of the distance
Cravelled  during an average dive is needed. men possible, we estimated the
distance between the locations where a recognizable whale dove and resurfaced.
The estimates were done by eye from the circling aircraft, and were based on
estimates of bearings and distances from dye markers and distinctive ice pans.
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Table 51. Correlations between water depth and the various
surfacing, respiration and dive variables September
1985-86.

Spearman
Rank

Correlation n ~b

Mean Blow Interval~  vs. DepCh
Presum. Undisturbed 0.225 330 ***
Potent. Disturbed 0.263 137 **

All 0,280 467 ***

#Blows/Surfacing vs. Depth
Presum.
Potent.

Duration of
Presum.
Potent.

Duration of
Presume
Potent.

Undi~turbed  -
0.441 68 ***

Disturbed 0,674 55 ***
All 0.484 123 ***

Surfacing vs. Depth
Undisturbed 0.436 114 * * *
Disturbed 0.595 78 ***
Al 1 0.458 192 ***

Dive vs. Depth
Undisturbed 00539 28 **
Disturbed 0.642 32 ***
All 0.575 60 ***

a Mean of all blow intervals ,within a given surfacing.
b **means 0.01 > p > 0.001, and ***means p ~0.001.

Although doubtful cases were excluded, all estimates were approximations.
Also the estimates are ne~ straight-line values in the horizontal plane. For
some whales~ the results undoubtedly ~nderestimate  the actual horizontal
distance” travelled, and in all cases they exclude the vertical distance
travelled. We have almost no information about the underwater paths of the
heading from that when they dove, indicating that their underwater paths were
not straight lines. We also do not know how deep they dove, except on the one
occasion on 5 September 1986 when we saw a whale surfacing wieh mud brought
from the bottom.

Estimated distances travelled  during dives ranged from O to 700 m during
dives of duration 0.3 to 30.7 min (Table 52 and Richardson et al. 1986b, p.
213). During observation sessions when non-calf whales were classified as
feeding in the water column$ the average distance tx=avelled during 17 dives
was 337 k s.d. 203 m, and the average duration of those dives was 17.3 & 8.05
min. There was a non-significant tendency toward a correlation between
distance travelled and dive duration (r = 0.29, n = 17). If we consider 10
additional dives during observation sessions when there was some surface
feeding, bottom feeding, or traveling as well as water-column feeding, the
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Nle 52. Estimated cHstsnces travelkl underwater during dives by individually zeccgmizable
bowkds , Septemhr 1986. See Richadson et al. (1986b, p. 213) for corres-
1985 data.
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averages are 303 & 194 m and 14.8 & 9.09 min (n = 27); the correlation between
distance and dive duration was stronger, at r = 0.46, n = 27 (significant at
p<O.01, l-sided comparison).

These figures should not be ‘extrapolated to other situations. Migrating
bowheads and other actively traveling bowheads sometimes travel considerably
farther than 700 m during a dive (e.g. Koski and Johnson in prep.). No
estimates were obtained for whales whose only activity was traveling, largely
because most whales suspected to be traveling westward were apparently
engaged in feeding at the same time.

summary: Surfacing, respiration and diving behavior of bowhead whales
during September of 1985 and 1986 was generally similar to that recorded
during previous summer and autumn studies. Durations of surfacings, durations
of dives, and number of blows per surfacing were positively correlated with
one another and with water depth.

Blow intervals and (less consistently] durations of surfacings differed
significantly between whales that were undisturbed vs. those exposed EO noise
pulses from distant seismic vessels. However, in the case of duration of
surfacing, the direction of the trend was inconsistent with that observed
during previous more detailed work. We suspect that at least some of the
apparent trends were actually in response to naturally varying factors.

Blow intervals and durations of surfacings and dives of bowheads feeding
in shallow waters near Komakuk (along the Yukon coast) averaged slightly less
than those of bowheads in and near, the official study area. This was probably
a result of the shallower average water depth at observation locations near
Komalcuk, since all of these variables are correlated with water depth. Blow
interval was longest for whales engaged in water-column feeding or travellingj
and duration of surfacing was longer for whales engaged in surface feeding or
traveling than for whales engaged in other activities. When bowheads were
feeding in the water column, net distances travelled during single dives
ranged from about O to 700 m$ and averaged about 300 m.

Other Behavioral Variables. --Undisturbed and potentially disturbed
bowheads did no~ differ significantly in their speeds of movement, frequency
of turns while at the surface, frequencies of pre-dive flexes, and frequencies
of fluke-outs before dives. However, amount of. social activity$ when whales
were actively interacting, was higher during potentially disturbed than at
undisturbed times (21% vs. 11% of surfacings). Aerial activicy (breaches$ tail
and flipper slaps), although rare overall, also occurred slightly more often
during potentially disturbed than undisturbed times (4% vs. <1% of surfacings;
Table 53).

Undisturbed whales raised their flukes above Che water surface during a
greater proportion of dives when engaged in suspected water column feeding
than when surface feeding (62% vs. 27%; Table 53). Interestingly, pre-dive
flexes occurred more often during surface feeding than suspected water column
feeding (53% vs. 33%). Flexes may occur often during surface feeding when
whales raise their headk higher than eheir mid-bodies in order to feed as
close as possible to the surface.
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Table 53. Contingency tables for categorical behavioral variables, September
1985-86. Units of observation are surfacings. Calves are excluded.

Social Potentially Presumably Aerial Potentially Presumably
Activity Disturbed Undisturbed Activity Disturbed Undisturbed

None 138 369 None 192 479
Yes Yes

% Yes (;:) ($:) % Yes (:) (<?)
X2=12.2, df=l, p<O.001X2=9.4, df=l, p<O.01

.

Flukes Water Water
Out on Column Surface Pre-Dive Column Surface
Diving* Feeding Feeding Flex* Feeding Feeding

No 43 43 No 54 17
Yes Yes

% Yes (:;) (i;) Z Yes (::) (;:)
x2=4.3, df=l, p<O.05X2=18.8, df=l, p<O.001

Nearshore Official Flukes Nearshore Official
Pre-Dive Komakuk Study Out on Komakuk Study

Flex* Area Area Diving* Area** Area**

No 96 86 No 47 21
., Yes Yes

% Yes (:!) (:3 Z Yes (;:) (::)
x2=I0.6, df=l, p<~.ol X2=12.5, df=l, P<O.001

“Turn Nearshore Official Speeds Nearshore Official
During Komakuk Study of Komakuk Study
Sfcing* Area Area Movement* Area Area

No 58 21 None-Slow 96 51
Yes Mod-Fast 54

Z Yes (:;) (::) % Mod-Fast (36) (i:)
x2=4.0, df=l, p<O.05 x2=3.84, df=l, p=O.05

* Presumably undisturbed whales only.
** 1985 data only.
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Undisturbed whales also showed pre-dive flexes more often in the Komakuk
area than in the official study area (41% vs. 23%; Ta”ble 53), and we surmise
that this was due to the occurrence of surface feeding in the Komakuk area.
Although undisturbed whales fluked out more often in and near the official
study area than in shallow water close to Komakuk in 1985 (62% vs. 30%; chi2 =
12.5, df = 1, p<o.ool), this was not evident in 1986, nor in 1985-86 data
combined. Significantly more reorientations (or ‘turns g) occurred while whales
were in &he official study area than in the Komakuk area (60% vs. 43%; Table
53). This may have been due to the significantly longer surface times in the
official study area than in the Komakuk area [means of 1.57 min vs. 1.02 min~
see Table 48), allowing greater time for whales to initiate turns.

Our summer work showed that pre-dive flexes eend CO be associated wi~h
fluke-outs, but occur less often (Wiirsig et al. 1985a,b). We found the same
trend in September 1985-86. Pre-dive flexes occurred more often in September
1985-86 than during August 1982, a month for which comparable data exist
(pre-dive flexes preceded 24% of dives in Aug 1982 vs. 34% of dives in Sept
1985 and 1986; Aug 1982 data from WGrsig et al. 1985a). In 1982, pre-dive
flexes were more common in late August than in early August; the 1985-86 data
suggest that the increasing trend extends into September. We do not know why
this is so, but a general decrease in social activity from summer to fall may
be at least partly responsible.

.Whales tended to move fas~er in and near the official study area than off
Komakuk. The percentages of surfacings with moderate or fast speeds were 48%
and 36%9 respectively (p = 0.05, Table 53]. This is consistent with the fact
that several identifiable whales were resighted at Komakuk over periods of
several days in both years. In contrast, there were no confirmed between-day
resightings in and near the study area in 1985 (Fig. 133), and none other than
those close to the Kongakut Delta in 1986 (Fig. 134). .

We observed whales playing with logs once:on 22 September and three times
on 26 September 1986. On 22 September a small whale associated with a log for
at least ~ h. On the 26th a young male (identified to sex a’s it rolled ventrum
up) pushed and nudged a log for at least 16 miti. Later in the day a female
pushed, nudged , and often balanced on her back a log for at least 44 rein; and
finally on that day, a calf associated with a small log for at least 7 min
while its mother was apparently diving. The calf and mother were later seen
together, and the calf was observed nursing.

Log playing has been seen sporadically during summer and autumn (Wtirsig
et al. 1985a,b; D.K. Ljungblad, pers. coti.), and calves have also been seen
playing with other debris in summer (Wiirsig et al. 1985a,b). Association with
objects has been described for other whales, including humpback whales (Couch
1930), right whales (Payne 1972), gray whales (Swartz 1977), and many ~oothed
whales. We assume that log and other play by individual whales is a form of
entertainment by lone animals, perhaps a~ times in lieu of socializing with
conspecifics. It is also possible that object manipulation, especially  by

calves, provides practice in skills associated with socializing and perhaps
wikh feeding.
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Discussion

Numbers of Feeding Bowheads Present

Some bowhead whales feed in the southern part of the study area during
late suugner or early autumn in most if not all years. However, the amounts,
locations and timing of feeding vary from year to year. Prior to this study,
bowheads that were believed to be feeding were seen within the continental
shelf portion of the study area each September from 1979 to 1984 (Fig. 109 on
p. 260; Ljungblad et al. 1986a). Most of these feeding whales were in the
southeastern part of the study area, but a few were north of Kaktovik.
SComachs of almost all whales taken during autumn near Kaktovik contain
zooplankton (Lowry and Frost 1984; Lowry et al. 1987).

Utilization of the study area was less intense in 1985 than in most other
recent years, including 1986, In 1986, the southeastern corner of the official
study area was within the western edge of the late summer feeding range of the
population. In early September 1986, feeding whales extended west along the
coast to the Kongakut Delta, just west of the Canadian border (141°50’W
longitude). At that time in 1985, the western edge of the feeding range was
about 40 km farther east, just east of the Canadian border. Although feeding
bowheads were quite conspicuous in the Kongakut Delta area in 1986, they were
concentrated into a small area and the number of whales present was not large.
We estimate that, in early September 1986, about 50 bowheads were feeding
within the southeast part of the study area. In both 1985 and 1986, many more
bowheads fed in coastal waters farther east, along the Yukon coast, but these
whales were not in the Eastern Alaskan study area.

Besides the difference in the western extent of the coastal feeding area
between 1986 and 1985, utilization of waters farther offshore over the
continental shelf was also greater in 1986. More whales were seen over the
middle and outer shelf in mid September of 1986 than at the same time in 1985.
Most of these whales were not traveling strongly westward, although some
westward movement did occur as early as early September 1986, particularly in
deep waters. Westward migration through the middle shelf portion of the study
area became conspicuous in late September of both 1985 and 1986, but even then
many of the whales were feeding part of the time.

The apparent low abundance of whales in the study area during 1985 was at
least partly a real. phenomenon, but may also have been partly a result of low
detectability of whales after ice moved into the area in mid September 1985.
The virtual absence of whales before mid September 1985 was real; early
September surveys were conducted under good conditions with almost no ice,
However, most of the study area was >90% covered by pack andlor new ice after
17 September in 1985. The behavioral and sighting data used to derive our
correction factors for missed whales came from areas with much open water.
Detectability of bowheads during surveys over areas with much ice has not been
measured. Under some types of ice conditions detectability may be as high or
higher with ice as in open water (McLaren et al. 1986); in other types of ice
detectability may be considerably lower than in open water. We suspect that
numbers of whales migrating through the study area after mid September in 1985
were underestimated. However, detectability of the bowheads feeding in the
study area in late September 1985 was probably little (if any) lower than that
indicated by the behavioral observations, and little if any lower than that in
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ocher years. The feeding whales were in the few areas with considerable open
water ~ and those areas were surveyed intensively. For further discussion of
detectability in 1985, see Richardson et al. (1986b, p. 179-181 and 214-215).

Utilization of the study area in August was not studied during this
projec~j but has been observed by Ljungblad  et al. (1986a-c).  Small numbers of
bowheads have been seen in the Eastern Alaskan Beaufort Sea in August of some
years. Most of these whales have been in deep waters over the continental
slope (Fig. 107A). Although whales have some~imes been seen in the same part
of Ehe study area over a period of several days during Augusts none of Ehese
whales have been specifically recorded as feeding. CornsisCent  with earlier
years, a few bowheads were seen within the official study area in August
1985-86 (Ljungblad et al. 1986c, in prep.). MOSE were over the continental
slope, and most were near the eastern edge of the study area, east of 141”W
(Fig. 112-113, 121).

Utilization of the study area in October also is not well documented. Our
field seasons ended on 3 October 1985 and 27 September 1986, before the end of
migration. In most years NOSC~s October surveys in our study area have been
limited because their October survey coverage has been concentrated farther
west. Based on 1985-86 and earlier data, the peak of westward migration
through the study area is normally in mid-late September (Johnson 1984;
Ljungblad et al. 1986b%,c; this study). However, some whales remain in the
Canadian Beaufort Sea until early-mid October (Evans and Holdsworth 1986;
Harwood and Norton 1986). In 1985, bowheads continued to pass through the
study area in early-mid October. The numbers seen were very Iow$ but this was
at least partly a result of limited survey coverage and {perhaps) the heavy
ice cover. In 1986, westward migration past Kaktovik continued at least
through early October (Moore et a~. 1987’), but the numbers passing are
unknown, as is the date when the 1986 migration through the study area ended.
Whales present late in the migration season probably feed less often than
those present earlier. Whales seen late in the season are usually swimming
steadily westward. The late migrants often Cravel west “in heavy ice
conditions, although this was not the case in 1986.

To summarize the occurrence of feeding in the Eastern Alaskan Beaufort
Sea, some feeding whales occur there during September of most if not all
years. A limited amount of feeding may also occur there in August and October,
but this has not been documented conclusively. Whales present in August tend
to be farther offshore than those present later in the season. The locations,
amounts and timing of feeding within the study area vary from year to year.
However, within the Eastern Alaskan Beaufort Sea, the main feeding area is the
continental shelf, and the main feeding period is September. The western edge
of the main late summer feeding range is within the Eastern Alaskan study area
in some years, like 1986, and just to the east of that area in other Years.
like 1985. However, even in the latter types of years, some whales
the Eastern Alaskan Beaufort (and farther wes~) as they migrate
mid-late September.

feed ~ith.in
westward in

Mothers, Calves, and Population Segregation

Many if not all
continue to accompany
Alaskan Beaufort Sea.

bowhead calves born during the spring or early summer
their mothers during Che-autumn  ‘mig~ation through the
In September 1985-86, calves were 6-7+ m long, although
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not all bowheads 7-7+ m long were calves. Mothers were observed feeding in
near the study area on several occasions during September 1985-86. Mothers

360

and
and

calves have been seen throughout the August-October period, and in waters of
all depths (Tables 37, 38; Fig. 129).

The photogrammetric  data, on the other hand, showed that there were
marked and consistent differences in the percentage composition of bhe whales
at different locations in and near the study area, The whales present well
offshore during late September 1985-86 included a wide variety of sizes,
including calves, subadults and adults (Fig, 130-132). Numbers of adult-sized
whales (>13 m long) and calves were proportionately higher, and proportions of
subadults lower, than are often found on the summering grounds (cf. Davis et
al. 1983, 1986a,b; Cubbage et al. 1984; Cubbage and Calambokidis  fi87a,b). We
found that 44% of the whales in offshore areas were >13 m long (Table 39). In
contrast, whales along the shore near Komakuk (1985) and the Kongakut Delta
(1985-86) were predominantly subadults; only 5% were >13 m long (Table 39).
Although a few mother-calf pairs were found close to shore, mothers and calves
made up a much lower proportion of the whales in nearshore than in offshore
areas.

During the summers of 1983-86, bowheads close to the Yukon coast east of
Herschel Island were also predominantly subadults (Wiirsig et al. 1985b;
Cubbage and Calambokidis 1986, 1987a; Davis et al. 1.986a,b).  In contrast,
large bowheads are common far to the east in Franklin Bay and Amundsen Gulf.
Our within- and between-year refighting data show that at least some of Ehe
large adult whales that migrate through the middle shelf portion of the study
area in late September summer far to the east. In contrastj  some of the
subadults along the coast in and near the study area have also been sighted in
the same or earlier years along the coast east of Herschel Island. It is
noteworthy that large concentrations of subadults do not occur along the Yukon
coast in all years; for example, they were absent in 1980-82 (Richardson et
al. 1985a, 1987). Photoidentification  data show that at least a few of the
subadults near the Yukon coast in the late summers of 1984-85 had been in
deeper water off the Yukon coast in the late summer of 1982 (Davis et al.
1986b, p. 170-172).

Feeding Areas

In previous years, bowheads known or suspected to be feeding have been
observed at many locations within the continental shelf portion of the
official seudy area (Fig. 109 on p. 260). In 1985, the only part of that area
where much feeding was observed was 30-40 km north and northeast of Kaktovik
in late September. Most feeding in that area was in the water column well
below the surface, but some near-surface feeding was observed on 29 September.
Feeding bowheads had also been observed in that area in late September of
1983-84 (Fig. 109). Our only other observation of feeding bowheads within the
official study area in 1985 was close to shore at 142”W on 19 September, where
2-3 whales appeared to be feeding in the water column. Just east of the
official study area , many subadult whales fed in shallow water along the Yukon
coast in August and September 1985, and both subadults  and adults fed well
offshore north of Komakuk.
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.

h 1986, whales fed along the coasc as far west as the Kongakut Delta
(141”50’W), about 40 km farther west than in 1985. Most of this feeding was in
the water column, not at the surface. Zooplankton sampling showed that dense
concentrations of the small copepod Limnocalanus macrurus were present at
mid-water or near the bottom at the feeding Iocaeions off the Kongakut Delta
(see ‘Zooplankton and Hydroacoustics’ sections p, 187-199). This nearshore
feeding area was only used for a few days in early September. In contrast, the
Yukon coast east of the official study area was again used for several weeks
during August-September. There are no previous definite reports of bowheads
feeding close to the Kongakut Delta. However~ whales fed equally close to
shore slightly farther east, at Demarcation Points in 1979 (Fig. 109;
Ljungblad et al. 1986a). Also, on 22 September 1982 many bowheads were present
close to shore from the Canadian border west to Beaufort Lagoon$ including the
Kongakut Delta area (Johnson 1984); some of them appeared to be feeding (S.R.
Johnson, pers. comm.).

Many of the whales that travelled west through the middle shelf region in
late September 1986 also appeared to be feeding in the water column. Some of
Ehese observations were offshore from Komakuk--just  east of the official study
area and not far from locations where feeding had been seen in late September
1985. Other cases were within the southeast part of the official study area.
Feeding was also common in middle shelf waters of the SE part of the study
area in mid-late September of 1981-82 (Fig. 109; Ljungblad et al. 1983, p.
87-92; 1986a; Fraker et al. 1985).

The predominance of water-column feeding over other feeding modes within
the official study area was consistent with observations in previous y&ars.
Near-surface feeding has rarely been observed in this area, and the only
report of near-bottom feeding (as evidenced by mud brought to the surface) was
our one observation off the Kongakut Delta (5 Sept 1986). The predominance of
water-column over near-surface feeding was consistent ‘with the very low
biomass of zooplankton in surface waters within most parts of the study area
in September 1985-86. Zooplankton biomass was usually much higher in one or
more 81ayers’ of plankton?  each 5-10 m thick~
(see ‘Zooplankton’

at dep~hs between 10 and 40 m
section). Bowheads feeding in the water column presumably

concentrated their feeding in those layers. In nearshore and inner shelf
waterss the densest layers of plankton were often close to the bottom (e.g.
Fig. 98 on p. 218). At least some of the bowheads that bring mud to the
surface are probably whales that contact Che bottom while feeding on
zooplankton concentrations just above the bottoin.

Feeding bowheads were found more commonly just ease of the official study
area than within it, especially in 1985. Bowheads were present for several
weeks during both 1985 and 1986 in shallow waters (<15 m) along the Yukon
coast near Komakuk. They fed near the surface as well as in the water column.
Bowheads had also been present and feeding along the coast near Komakuk at
corresponding eimes in 1984 (Richardson et al. 1985a; Ljungblad  et al. 1986a).
In all three years , most bowheads feeding in shallow wa~er near Komakuk were
subadults (Table 39). Previous to 1984, no concentration of feeding whales had
been noticed near Komakuk. At least in I$ISS, survey Coverage duri,~g late

summer was sufficient to show that no concentration of whales was present
there (Richardson et al. 1984, 1985a).
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The only data on food availability close to shore near Komakuk are our
limited results from 4 and 7 September 1986 (Fig. 83, 86 on p. 190, 196). Most
zooplankton biomass was at mid-water or near the bottom. However, zooplankton
abundance is occasionally high in surface waters close to arctic shorelines
during late summer {see Bradstreet and Fissel 1986). The cases of near-surface
feeding that we observed probably involved such occasions.

The behavior of the whales that fed in the official study area in 1985-86
was similar to behavior during previous summer and autumn observations of
water-column feeding (cf. Wiirsig et al. 1984, 1985a,b). Brief surfacings were
interspersed between l~g dives, and net motion during dives was generally no
more than a few hundred meters. However, during some observation sessions in
late September, headings were predominantly westward when the whales surfaced
between feeding dives. This suggests that the whales feeding within the
official study area in late September 1985-86 were traveling gradually west
rather than remaining in one specific location. The lack of resightings of
individually recognizable whales in the middle-shelf region in late September
also suggested that individual bowheads did not linger for long at feeding
locations in that area.

Feeding locations in and near the Eastern Alaskan Beaufort Sea have
differed among years (Fig. 109; this study). Certain areas were used by
feeding whales in more than one year, but feeding has not been observed in any
one area in all years when it was surveyed. Although variations in ice cover
may have some influence on areas used for feeding, utilization of ice-free
areas also differs from year to year. For example, the Kongakut Delta area was
largely ice free in early September of both 1985 and 1986, but bowheads were
present only in 1986. Thus , we must look to factors such as variation in food
availability in the Eastern Alaskan and Canadian sectors of the Beaufort Sea
for an explanation of the year-to-year differences in feeding locations (see
‘Integration’ ).

Residence Times

The whales (mainly subadults) that fed along the Yukon coast near Komakuk
from mid August to late September in both years included some individuals that
were present repeatedly (if not continuously) for lengthy periods. Periods
between first and last sightings were 1 to 16 d, averaging 7.6 d (n = 11).
These figures underestimate the maximum and average residence times, since
whales near Komakuk were photographed on only 6 d in 1985 and 7 d in 1986, and
only a fraction of those present were photographed on any one day. Thus, the
re-identification data from the Komakuk area showed that some individual
bowheads utilized a specific feeding area close to the official study area for
prolonged periods. These individuals presumably acquired a significant
fraction of their annual energy intake in that one location. Furthermore, one
bowhead photographed in nearshore waters off Komakuk on two dates in 1986 had
also been photographed there on two dates in 1985.

Whales utilized waters off the Kongakut Delta for several days in early
September 1986 (Fig. 127). Although this area was not used for nearly as long
as was the Komakuk area, we confirmed that some individual whales were present
1-2 d after they were first photographed. Zooplankton sampling on 5 September,
just after these whales were first photographed, disturbed the whales and
caused them to swim at least several kilometers offshore away from the feeding
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area. Whales had returned to the same feeding location by the next day (6
SepE), including at least three of those photographed there the previous day.
The whales were again exposed to boat maneuvers during zooplankton sampling on
the 6th. At least three more of the whales present on the 5th were feeding
about 10 km farther easti on the 7th (Table 41; Fig. 134). These data show that
a~ least some of the whales feeding off the Kongakut Delta had sufficient
affinity for their specific feeding location that they returned to it after
being displaced by vessel disturbance. We do not know whether the repeated
zooplankton sampling off the Kongakut Delta (5~697 Sept; 13-m diesel-powered
boae) was responsible for the ultimate departure of whales from that area.
Food availability in that area after 7 September is not known.

Although so’me individual bowheads fed in specific nearshore areas for
periods of at least several days, we obtained no evidence that specific whales
remained in any one offshore area for comparable periods. There were no
between-day re-identifications  of whales north and northeast of Kaktovik in
1985, or north of the Komakuk-Demarcation  Bay area in 1985 or 1986. In
contrasts some of the whales seen in these areas were seen earlier in the
season well to the east, or in one case 4 d later well to the west. This
evidence, although not conclusive, suggests that there was rapid turnover of
the bowheads present in middle shelf (and deeper) waters during late
September. Although we did observe whales feeding in these areas, it does not -
appear that individual whales fed for very long in any one offshore area.

Importance of the Study Area for Feeding

Results from this and other studies showed that few bowhead whales fed
within the official study area at any time during the late summer or autumn of
1985. After the aerial survey data were corrected for submerged and other
missed whales, the calculated number of ‘whale-days”’ within the study area was
low--possibly about 1400 in early-mid August and 2800 during the migration
period’in September and October. These values are very approximate because of
the low sample sizes and extreme degree of extrapolation involved. Howeverj

the 2800 estimate for the migration period is lower than the 4400-7200
expected if the Western Arctic population had migrated steadily westward
through the study area at 5 km/h without stopping to feed. (The 4400 value is
based on an approximate transit time of 1 day and the most recent published
population estimate [1.W.C. 1986]; the 7200 value is based on a recent
revision of the population estimate [1.W.C. in press].) In fact, at least a
few whales did stop to feed in the study area in late September 1985. Thus,
the 2800 ‘whale-days’ figure was probably underestimated, perhaps by a factor
of X2 or more. Whales migrating through areas covered by heavy pack ice were
probably even less conspicuous than our correction factors assume. Even so,
the number of whale-days of feeding within the study area in 1985 was very
low. This conclusion would be true even if bowheads fed as they swam westward,
as our behavioral observations on some dates suggested.

It should not be assumed that the entire Western Arctic bowhead
population travelled through our study area during August-October 1985. Some
probably travelled westward north of the 2000 m ~ont~ur. and some may have
remained north or west of the study area throughout the
Davis et al. 1986b). Thus, one would not necessarily
4400-7200 whale-days of utilization of the official study
unlikely that avoidance or ‘by-passing’ of that area was

‘summer of 1985 (~.
expece a minimum of
area. Howeverj it is
the main reason for
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the apparent scarcity of bowheads there in 1985. Numerous bowheads Were
detected in Canadian waters during early-mid September of 1985 (Davis et al.
1986b; Norton and Harwood 1986). In Mackenzie MY done, several hundred
bowheads were present in early September 1985. Some remained there well into
October (Evans and Holdsworth  1986). These whales presumably migrated through
our study area under heavy ice conditions in late September or October 1985.
Indeed, this was confirmed by photoidentification  in a few cases (Fig. 133).

In 1986, total utilization of the study area was estimated as about 3400
whale-days in Auguse (probably an overes~imate), 8550 whale-days in September,
and an unknown amount in October. If utilization in October was 1000 whale-
days, then the calculated utilization during &he September-October period was
about 9550 whale-days in 1986, as compared with 2800 in 1985. Assuming a
population of about 4400 whales, an average whale was apparently in the study
area for at least 2-3 d in the late summer of 1986, and perhaps 3-4 d if there
was significant utilization in August or October. Assuming a population of
7200, the corresponding figures were at least l+ d, and perhaps 2-2* d.

Although some bowheads are seen in the study area in August and early
September, the majority remain in Canadian waters at those times. Results from
several years of surveys have shown that some bowheads regularly remain as far
east as Franklin Bay, 550 km east of-the Alaska-Yukon border, until early-mid
September (see Richardson et al. 1985a for review). In 1981, there was a major
effort to survey the entire summer range and .to correct the aerial survey
results for missed whales (Davis et al. 1982). In that year, the majority of
the population was accounted for in Canadian waters on 7-14 September, even
though it was not possible to survey all” Can~dian waters where bowheads were
known or expected to occur. The Canadian results, along with data on the
timing of peak migration through Alaskan waters in various years (p. 257;
Johnson 1984; Ljungblad et al. 1986b,c), show that most bowheads do not move
into the Eastern Alaskan Beaufort Sea before mid September.

At least a few bowheads remain in Canadian waters until early or even mid
October (Ljungblad et al. 1983, 1985a, 1986c; Evans and Holdsworth 1986;
Harwood and Norton 1986). The numbers that do so are not known because, before
1985, there had been almost no survey coverage of the Canadian Beaufort Sea
after mid September. Ice conditions in the Alaskan Beaufort Sea worsen rapidly
in October, and very few bowheads remain there after mid October (Ljungblad et
al. 1986c). The last sightings in the official study area in 1980-84 were on
21 September-10 October (see p. 257). The last records there in 1985-86 were
on 12 and 7 October, respectively (Fig. 120A; Moore et al. 1987). Hence, the
whales that remain in Canadian waters until October probably travel rapidly
through the Alaskan Beaufort Sea without lingering to feed.

In their analysis of trophic relationships in the Alaskan Beaufort Sea,
Frost and Lowry (1984) assumed that an average Western Arctic bowhead feeds
for 25 days/year within the Alaskan Beaufort Sea. Some of this feeding would
be during spring migration or in autumn west of our study area. However, the
primary feeding area and feeding period within the Alaskan Beaufort Sea is
believed to be within the study area during-late summer and early autumn
(Ljungblad et al. 1986a). The average duration of feeding within the study
area in the late summer and autumn of 1985 and 1986 was much less than 25
days. Our estimates were <1 d in 1985 and 3-4 d in 1986, or lower if the
actual population size is greater than 4417 bowheads. Even if these figures



Bowheds 365

are underestimates, as the 1985 value almost certainly is$ average utilization
of our study area was only a small fraction of 25 d.

The only i.nformaeion  about the amount of time taken to travel across the
Alaskan Beaufort Sea as a whole during autumn migration is the following:

1.

2*

Some of
However,
to swim

A bowhead radio-tagged just east of the Alaska-Yukon border (15 Sept
19869 passed Point Barrow 16 d later on 1 October (Appendix 4). We
have no definite information about when this whale left the tagging
site~ but it was probably by 22 September (g. Fig. 127).

A bowhead photographed near the east edge of our study area (27 Sept
lg$(i) had reached Flaxman Island, about 1/3 of the way across the
Alaskan Beaufort Sea, in 4 days (Fig. lSL+). Thus, this whale might
have taken 12 d to cross the Alaskan Beaufort.

this time may have been spent feeding in and west of our seudy area.
even without feeding or rests a minimum of 5 days would be required

west across the Alaskan Beaufort Sea (width 600 km} at a steady rate
of 5 km/h. To assess the importance of the Alaskan Beaufort Sea as a whole for
autumn feeding, more data on migration rates, frequencies of feeding, and food
availability in areas west of our study area would be necessary.

Our two-year study apparently documented utilization of the study area in
a low-use year and a moderate-use year$ but not a high-use year. The low
degree of utilization  of the s~udy area in 1985 is obvious (e.g. Table 30 on
p. ~$)~). Relative utilization in 1986 is more difficult to establish. However,
Ljungblad et al. (1986c, h prep.) summarized the number of bowheads seen
during September of 1979-86 in their ‘Block 5!, the southeastern part of our
study area:

Year

1979
1980
1981
1982
1983
1984
1985
1986

Survey
Hours

5.26
10.01
20.98*
i4.07
4091
8.77

10.89
17.83*

Noe of
Bowheads

53
10

130
159

0
28
19
42*

Bowheads
per Hour

10e08
0.99
6.20

lle30
o

3.19
1.74
2.. 36*

* J. Clarke, pers. Comm.$ August 1987

These values take into account, ~OS~~s ‘connect’ and ‘search’ surveys as well
as the randomized transects considered in Table 30. Caution is necessary in
interpreting these data because of year-to-year differences in survey strategy
and survey conditions; Also the lack of distinction between feeding vs. other
whales is a complication. In particular, the number of sightings per unit
effort in 1986 seems surprisingly low. Nonetheless, Ehese NOSC results suggest
that bowheads can be more abundant in the s~udy area than was documented in
1985-~6. In 1982, a year with extensive survey coverage, NCISC detected many
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more whales per unit effort than in 1985-86. On 22 September 1982, 128
bowheads were actually seen during a brief survey of part of the southeast
corner of the study area (Johnson 1984)--many more than we saw within the
official study area during any one flight in 1985-86;

Thus , the number of ‘whale-days’ of utilization of the Eastern Alaskan
Beaufort Sea appears to
the amount of feeding
greater is not known.

be higher in some years than occurred in 1986. Whether
in the study area in those years is correspondingly

Conclusions

1 .

2.

4.

5*

A,few b;wheads were seen in the Eastern Alaskan study area by other
investigators during August 1985-86, most in waters over the outer
continental ‘shelf and continental slope near the eastern edge of the
study area. Bowheads fed along the Yukon coast jus~ east of the study

‘ area in August of both years, but these whales did not extend into
Alaskan waters in August.

The 1985 migration through the study area began around 11 September,
and apparently peaked in late September after much ice was blown into
the study area. At least some of the whales migrating through
mid-shelf waters in late September fed briefly. Some bowheads
continued to travel westward through the study area, in heavy ice
conditions, during early to mid October 1985.

More whales were in the study area during early-mid September in 1986
than in 1985, including a concentration of feeding whales close to
shore off the “Kongakut  Delta in the SE corner of the study area. The
latter area was the westernmost of several feeding locations along
the Yukon and Alaskan coast. Westward migration began in early
September 1986, and probably peaked in late September. Migrating
whales were closer to shore in mid- and late September than in early
September. Migration continued into October 1986, after our fieldwork
ended.

In 1985, raw density estimates from aerial surveys of the continental
shelf and slope zones were very Iowj only about 0.06 and 0.04
bowheads/100  km2, respectively, during mid-late September. These
figures are very approximate because of the low number of sightings.
In 1986, estimated densities in the shelf zone during September
(excluding the feeding area off the Kongakut Delta) were considerably
higher, ranging from 0.21 to 0.33 bowheads/100  km2; the estimated raw
density over the continental slope was 0.12 bowheads/100  km2 in early
September, but zero thereafter. Limited coverage of the northern part
of the study area (depths >2000 m), mainly by the Naval Ocean Systems
Center, revealed no bowheads in either year; a few bowheads have been
seen there in earlier years.

Behavioral data indicated that only about 12-14% of the bowheads
present ‘on-transect’ during this study were potentially detectable
during standard aerial surveys; whales were submerged and invisible
almost 90% of the time. The available data from 1981-84 suggest thae
detectability of bowheads in and near our study area was similarly
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6.

7,

8.

9.

10.

Il.

low in those earlier years. Detectability was apparently even lower
for whales in areas of heavy ice cover, e.g. in late September 1985.

Even after allowance for the many whales present but undetectable
during aerial surveys, estimated numbers in the study area in 1985
were very lows estimated as <100, at all times during late summer and
early autumn, Higher numbers, estimated as 220-370, were present ac
various &imes in September 1986. Utilization of the study area in
August-October was estimated as about 4200 whale-days in 1985 and
13,000 whale-days in 1986. The 198!5 value may be an underestimate,
given that it is barely adequate to account for steady westward
migration of a population of 4417 whales across the study area, and
inadequate if the population size is about 7200.

Mother-calf pairs sighted within the study area during 1985-86 were
widely distributed geographically and temporally, as in previous
years.

Many feeding bowheads lingered along the Yukon coast near Komakuk,
10-50 km east of the official study area, during late August and much
of September 1985-86. Several individually recognizable whales
photographed near Komakuk were re-photographed  on later days and/or
the next year. Minimum residence times averaged 7.6 d (n = 11), with
a maximum documented period of 16 d. Most bowheads in this nearshore
area in both years were subadules 7-13 m Iongj buc a few adults were
present. We radio tagged five bowheads in thik area in 1986; three
were detected on subsequent days after they had begun migrating
westward through Alaskan waters.

The concentration of feeding whales near the Kongakut Delta, in the
official study area, during early September 1986 was apparently a
weseward excensiou of the nearshore concentration farther east.
Again, most whales were subadults. Several individuals were
re-photographed 1-2 d after first being photographed but the overall
duration of feeding off the Kongakut Delta was briefer than that
along the coast farther east.

I . .

Late September was the only time in 1985 when a concentration of
feeding bowheads was found within the study area. They fed some 30-40
km N and NE of Kaktovik.  Similarly, many of the whales chat were
migrating through middle shelf waters in mid-late September 1986 were
feeding intermittently. In both years, the whales that fed over the
middle shelf during migration included many adults (some with calves)
as well as large subadults~ but few small (<10 m) subadults.  These
whales did not seem to linger in any one area for long; there were no
between-day reidentification at middle-shelf feeding sites. However,—
several of these whales had been photographed earlier in
(or in previous summers) in Canadian waters.

Most bowheads feeding within the official study area fed
surface> consistent with the low abundance of zooplankton
waters. In contrast, bowheads often fed at the surface
Yukon coast. Almost no near-bo~tom feeding was detected.

the season

below the
in surface
along &he
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..

Many of the bowheads observed within and just east of the official
study area during 1985, and to a lesser extent 1986, were exposed to
faint-moderate intensity noise pulses from distant seismic vessels.
Activities seemed normal despite this noise exposure.

The behavior of bowheads feeding within and near the study area was
similar to that documented during previous studies in summer and
early autumn.

When bowheads engaged in presumed water column feeding, net
horizontal distances travelled during single dives ranged from about
O to 700 m, averaging about 300 m during dives of average duration 15
min. Actual distances travelled underwater were undoubtedly greater,
thereby increasing the potential volume of water filtered.

During some observation sessions when bowheads were feeding, the
headings of the whales when they surfaced to breathe were
predominantly westward. This suggests that bowheads sometimes were
migrating gradually westward as they were feeding.

Observed feeding locations in and near the Eastern Alaskan Beaufort
Sea have differed between years. No one part of the study area has
been identified as. a consistent feeding location. The study area is
apparently near the western edge of the main summer feeding range.
Prior to the start of active westward migration, feeding whales.
extend into the.study area in some years (like 1986), but not in a~~
years. During the subsequent period of active westward migrations
considerable feeding takes place in the study area, probably in all
years.

Utilization of the study area for feeding varies between years,
depending in part upon whether the western edge of the main summer
feeding range extends west into the study area in a given year.
Utilization in 1985, when the main summer feeding area did not extend
into Alaska, was less than average. Utilization in 1986 was
considerably greater than in 1985, but apparently less than occurs in
some years.
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EOWEEAD WHALE FEEDING: ALLOCATION OF REGIONAL HABITAT IMPORTANCE
BASED ON STABLE ISOTOPE ABUNDANCES*

Introduction -

To determine the importance of the eastern part of the Alaskan Beaufort
Sea as a feeding area for bowhead whales, we need to know what fraction of
eheir energy intake is acquired there. Western Arctic bowheads spend the
winter and early spring in the Bering Sea (Fig. 1 on p. 2)3 when standing
stocks of zooplankton are at their annual minima. Similarly, zooplankton  in
ehe Chukchi Sea and offshore areas of the Beaufort Sea that the whales
traverse during the spring migration are probably also at annual minimum
population levels. Nonetheless, a limited amount of feeding does occur during
spring (Hazard and Lowry 1984; Lowry and Frost 1984; George and Tarpley 1986;
Carroll et al. 1987; Lowry et al. 1987). Zooplankton stocks and energy content
increase during the open water season. Much bowhead feeding has been observed
in the summering areas in the Canadian Beaufort Sea (Wiirsig  et al. 1985a9b,
1986). In addition, considerable feeding has been observed during the westward
fall migration through the Alaskan Beaufort Sea (Braham et al. 1984; Lowry and
Frost 1984; Ray et al. 1984; Ljungblad et al. 1986a; this study). Some.
bowheads migrate west across the northern Chukchi Sea in autumn. There is some
evidence of feeding off the northeast
whales travel south to the Bering Sea

.
Despite these observations, many

food for bowheads. Prior to this

coast of Siberia in autumn before these
(Marquette et al, 1982).

uncertainties exist as to the sources of
study. essentially no information was. . .

available about the relative amounts of energy acquired in the various areas
frequented by bowhead whales.

Parts of the Canadian Beaufort Sea may be areas of relatively high
productivity (Macdonald et al. 1987), The influx of warm water from Ehe
Mackenzie River melts the seasonal ice cover and contributes both nutrients
and organic matter to the coastal environment. The large polynyas that develop
in the Amundsen Gulf area allow light energy to penetrate into a deepened
euphotic zone that is mixed by wind in the spring when the rest of the
southern Beaufort Sea is still ice-covered. Nutrients that are normally below
the euphotic  zone are consequently carried into the euphotic zone by wind
mixing, allowing increased phytoplankton production. In addition, upwelling
sometimes occurs along the Yukon coast and along the shelf break (Bradstreet
and Fissel 1986; Bradstreet et al. 1987; Macdonald ea al. 1987).

In the Alaskan Beaufort Sea, productivity is apparently highe~ near the
Canadian border and near Point Barrow than in the intervening area (Schell et
al. 1984). Near the Alaska-Canada border, the prevailing easterly winds and
the retreat of the pack ice across a narrow continental shelf provide suitable
conditions for upwelling of nutrient-rich water during late summer. This
upwelling was first described by Hufford (1974) and is deta”iled by Aagaard
(1981) and this study (’Water Masses’, p. 82 ~, 129). This upwelling probably

* By Donald M. Schell, Susan M. Saupe and Norma Haubenscock, Institute of
Marine Science, University of Alaska, Fairbanks 99775
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contributes to the productivity of the region and helps support the prey
species consumed by bowheads in the Eastern Alaskan Beaufort Sea. In the
western Beaufort Sea, the Bering Sea water that moves northeast around Point
Barrow may be partly responsible for the high zooplankton stocks in that
region.

By combining past measurements of primary production, ice retreat, and
nutrient availability, Schell et al. (1984) constructed contour maps of
estimated primary productivity for the Chukchi and Beaufort Seas. They noted
an association between the higher productivity in the western and eastern
Beaufort Sea and the abundance of birds, cetaceans, and pinnipeds observed in
these areas by several investigators.

Primary productivity data alone cannot be used to determine the.carrying
capacity of the region for whales unless the food chains are defined and the
efficiency of energy transfer into whale ‘food’ is known. The coupling of
phytoplankton to small crustaceans such as mysids, amphipods and copepods is
probably efficient but complete consumption of these prey by whales does not
occur. Instead, most prey items may be consumed by abundant predators such as
chaetognaths  and jellyfish, which are apparently not major prey items for
bowheads (Lowry and Frost 1984). Frost and Lowry (1984) also point out that
much of the biomass of small prey items ends up as food for arctic cod,
Boreogadus saida. Cod can be viewed as direct competitors for the same food
resources as the whales. Thus, the carrying capacity of the region for whales
is below the superficially apparent capability projected from the annual
primary or secondary productivity. This would be especially true if standing
stocks of cod have increased’ as a result of overharvesting of bowhead whales
in the 19th century. Any attempt at estimating the importance of the Beaufort
Sea in bowhead energetic must seek to avoid the assumptions inherent
estimates based solely on present standing stocks of the biotic components.

in

Carbon Isotopes as Tracers of Energy Flow

We sought to use the natural abundances of carbon isotopes in whales and
their prey to help determine the regions where feeding occurs. Three isotopes
of carbon are considered here: the predominant stable isotope C-12; the less
common stable isotope C-13; and the radioisotope C-14. Almost 99% of the
carbon in natural systems is C-12; about 1% is C-13. Radiocarbon (C-14) atoms
are rarer, but their abundance can be measured by detecting their radioactive
decay. Analyses of stable isotopes are useful in food web studies because the
relative abundances of the different isotopes often vary somewhat among
different areas and different prey types. Regional differences can occur as a
result of differences in environmental and primary production processes.

Prior to the start of this project, it was apparent that the ratio of
stable isotope abundances (C-13/C-12) in zooplankton  changes progressively
from west to east across the Alaskan Beaufort Sea (Dunton 1985). The C-13
isotope becomes less abundant from west to east. We hypothesized that, if this
trend extended farther to the southwest and east, to the Bering and eastern
Beaufort Seas, it might provide the basis for distinguishing the geographic
sources of carbon in bowhead tissue.
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Previous work has established that the isotopic content of prey items is
transferred conservatively into the tissues of predators (Ehleringer et al.
1986). If the stable isotope composition of zooP~ankton  ‘n the ‘ering ‘ea

differs from that in the Beaufort, then the isotopic composition of bowhead
tissue would be expected to differ between autumn and spring if bowheads feed
appreciably in winter. Conversely, IitCle difference would be expected from
autumn to sprirng if ‘bowheads do not feed in winter. Before this study~ stable
isotope data were available from only a few samples of bowhead tissue (Schell
et al. 1984; Schell 1986). The sources of these samples were poorly
documented, and they represented only the muscle of four whales and the
blubber of five whales. l%? pre-1985 data were insufficient to allow any
conclusions about changes in stable isotope composition of bowhead tissue
between autumn and spring.

The C-14 (radiocarbon) content of the whales sampled before 1985 showed
considerable variation (Schell et al. 1984; Schell 1986). This indicated that
some whales had fed in upwelling areas for at least part of the year,
Depressions in C-14 arise from upwelling of deep water into the euphotic zone
and incorporation of C-14-depleted carbon dioxide into phytoplankton.  This
isotopic signal is also transferred conservatively through food chains and can
be used to identify the significance of upwelling to the overall primary
productivity of a given area.

During this project, we collected additional zooplankton  samples from
several areas to determine whether the trend in isotopic composition of
potential prey extended across the full range of the Western Arctic bowheads.
We also acquired samples of bowhead muscle and fat tissue from whales
harvested in the spring and autumn of 1985-86 to determine whether the “
isotopic composition of bowheads differed between these seasons. An isotopic
shift in bowhead whales between their fall departure from the easte”rn Beaufort
Sea and their return to the Beaufort in spring would indicate that the animals
feed actively during late fall, winter or early spring in waters west of the
sites where bowheads  are harvested in ‘fill. If extensive feeding does occur
in these seasons, we would have evidence that the energetic dependence of
bowheads upon the eastern Beaufort Sea is less than presently Ehought.

Isotopic Composition of Baleen

This section also describes the development, during 1986, of new
techniques based on the natural abundances of stable isotopes along the length
of bowhead whale baleen. Since baleen grows from the upper jaw and is
metabolically inactive once formed~ a baleen plate from a large whale provides
a ‘eemporal record of the isotopic composi~ion of the energy being used over
many years. In a preliminary analysis (Schell et al. in press), we found that
the baleen of bowhead whales contains marked oscillations in C-13 content
(Fig. 141). This report provides evidence that these oscillations record
several aspects of the activities of the animal for3 perhaps, up to 20 years
in large animals and for most of the life span of younger animals (those <10
years old). Preliminary data on the relative abundances of the stable isotopes
of nitrogen (N-15 vs. N-14) show that the isotopic ratio of nitrogen also
oscillates along the baleen. The present report shows that stable isotope
analyses of baleen provide the following:
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ASSUMED YEAR
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I!’mnlE 141. C-13/C-12 isotope ratios along a baleen plate from bowhead 71B, a
16 m male. Base of plate (baleen formed just before death in 1971) is at left,
Year scale at top assumes
later). The peaks (largest
C-13; the troughs (smaller
of C-13.

that the isotope
negative numbers)
negative numbers)

cycle is
represent
represent

1. A method for determining the approximate ages

annual (see Results,
low concentrations of
higher concentrations

of young whales, and
thus a method for developing an age-length curve;

,.
2. An approach for determining the relative time spent feeding in

various habitats (as defined by the stable isotope compositions ‘of
prey) during various phases of each year represented in the baleen
record;

3. Insight into the relative amounts of energy consumed in various
feeding areas along the migration route.

The development of these techniques arose from an inquiry by M. Nerini of
the U.S. National Marine Mammal Laboratory, Seattle, WA, about the feasibility
of using the isotopic content of baleen for a~ein~ the animals. We set out to.-
test that feasibility based upon our findings of marked
variations in zooplankton isotope abundances. The findings
indicate that a broad suite of natural history information,
alone, may be gleaned from the baleen.

geographical
reported here
beyond ageing
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Objectives

Tn summary, the goal of this study was EO use the natural abundances of
carbon isotopes in bowhead whale tissue and their prey organisms to estimate
the regional habitat dependencies of the whales over the annual cycle, To
accomplish these goals, the work was divided into several tasks:

1. Expand the geographic and seasonal data base on the isotopic
composition of zooplankton in regions used by bowhead whales.

2. Determine the isotopic composition of bowhead whale tissues taken
during the spring and fall hunts, and compare these to determine
whether there is evidence of appreciable feeding in winter.

3. Determine wheeher the isotopic variations along the length of bowhead
baleen represent annual events, and whether they are consistent
within and between different baleen plates from the same animal.

4. Document the isotopic content along the length of baleen from
additional bowheads.

5. Evaluate regional habitat dependencies of bowhead whales based on tke
isotopic composition of their prey$ their baleen, and their other
tissues.

It is already evident that isotopes other than carbon also ‘vary i,n
abundance along bowhead baleen. Limited data on nitrogen isotopes in baleen
are presented in this report.

These objectives constitute a major research program. This report
addresses our initial findings; data are continuing to accumulate as
additional zooplankton  samples and whale tissue samples are acquired “and
analyzed. However,
toward the goal of

the resu~ts
understanding

presented here provides substantial start
the energetic of bowhead whales.

Methods

Sampling Program

Zooplankton Samples. --Collection locations fof the zooplankton  samples
analyzed in this project are shown in Figure 142:

1. Southeastern Bering Sea: Samples were collected and frozen in
May-June 1985 by LGL personnel or one of us (SMS) as part
North Aleutian Shelf study for NOAA and MMS.

2. Northern Bering Sea: Samples were collected and sorted by
Cooney on an ‘Alpha Helix’ cruise, August 1!386, These were
board and no preservatives were used.

of LGL’s

Dr. R.T.
dried on

3. Bering Strait and southern Chukchi Sea: Samples were collected,
sorted and dried by us (SMS, NH) on NOAA ship ‘oceanographer!,
Aug-Sept 1986.
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FIGURE 142. Collection sites for zooplankton samples whose isotopic content
was analyzed during this project. (1) North Aleutian Shelf; (2) Northern
Bering Sea; (3) Bering Strait; (4) Alaskan Beaufort Sea; (5) Mackenzie Bay,
off Yukon coast; (6) Mackenzie DelEa and Tuktoyaktuk Peninsula, eastern
Beaufort Sea; (7) Bridport Inlet; (8) Resolute Passage; (9) Wellington
Channel; (10) Lancaster Sound; and (11) Baffin Bay.

4a.

4b .

5-6.

Offshore Alaskan Beaufort Sea, Barrow to Canadian border: Samples
were c~llected, sorked and frozen by D.H. Thomson of LGL and us on
lJSCGS ‘Polar Star”, Ott 1986 (Fig. 143); sampling depths were <250
m over water depths 41-2070 m. For sampling details, see Table 7 in
‘Zooplank~on and Hy’droacoustics’ section (p. 151).

Shelf waters of ~he Eastern Alaskan Beaufort Sea: Samples were
collected by LGL personnel from the M/V ‘Annika Marie’, Sept 1985-
86, and frozen in unsorted condition. Sampling depths were mainly
f50 m over water depths <200 m (see Fig. 69 in ‘Zooplankton and
Hydroacousticsl  section, p. 141).

Canadian Beaufort Sea: Samples were collected and frozen by LGL
personnel in Mackenzie Bay ‘(1985-86) and off the Mackenzie ‘Delta
and Tukeoyaktuk Peninsula (1986) as part of a Canadian study on
food availability to bowhead whales (Bradstreet and Fissel 1986;
Bradstreet et al. 1987). The 1985 samples were frozen unsorted; the
1986 samples were sorted before freezing.

7-11. Central and Eastern Arctic: Archived formalin-preserved samples
collected during 1976-78 in the Canadian Arctic Archipelago,
Lancaster Sound and Baffin Bay” were provided by Denis Thomson of
LGL .
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FIGURE 14.3. ZooPlankton collection stations occupied in the Alaskan Beaufort
Sea durifig USCGS-$Polar Star’ cruise, October 1986.

The samples from the Bering, C%ukchi and Beaufort Seas were collected either
with bongo nets towed obliquely or horizontally, or (in ice-covered waters)
with ring nets hauled vertically. In the collections where immediate sorting
was not feasible, whole samples were frozen and then thawed and sorted at a
Iaeer date in the laboratory. Samples handled in this latter manner were
collections 4b (1985-86) and 5 (1985 only),

In addition, previously-available data on isotopic composition of
zoopladcton samples from the Alaskan 13eaufort Sea (Dunton 1985) and Bering Sea
(McConnaughey  and McRoy 1979) were also considered.

Nutrient Samples. --Water samples were collected along boat transects
1985-2 and 1986-3 in the Eastern Alaskan Beaufort Sea. Sampling locations and
details of sample preserva~ion  are given in the ‘Zooplankton and
Hydroacoustics’  section (p. 160; Fig. 69 on p. 141). Nutrient samples were
analyzed for nitrate, phosphate and silicate at the University of Alaska on a
Technicon Autoanalyzer system. The results were contoured against depth and
distance from shore to look for evidence of upwelling of nutrient-rich deep
waters.

Bowhead Whale Tissues .--Arrangements were made with the North Slope
Borough’s Dept of Wildlife Management to acquire tissue samples from bowhead
whales taken in the autumn of 1985 or the spring and autumn of 1986. In 1985
we requested blubber and muscle samples. In 1986 we requested visceral fat,
muscle and baleen samples. No whales were taken at Kaktovik in 1985, but
blubber samples from single bowheads taken at Barrow in the spring and autumn
of 1985 were received. In 1986$ both the spring and fall hunts for bowheads
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were successful, and we obtained well-documented samples from 12 whales. We
have more confidence in the analytical results from the well-documented 1986
samples than from opportunistically collected pre-1986 specimens.

Stable Isotope Analyses

Bowhead Baleen Samples. --Baleen plates were excised from the jaws to
include the most recently formed tissue and were carefully cleaned. The
entire plate was scrubbed lightly with steel wool to remove the surface film
of algae, etc. A strip of adhesive tape was placed along the length of the
plate and marked off at 2.5 cm intervals from the base to tip. The plate  was
then sampled with a high-speed flexible shaft engraving tool along the
‘outside’  (unfrayed) edge. After several milligrams of material was cut off,
the fine shavings were collected on a piece of paper and placed in a vial.
Approximately 14 mg of baleen was mixed with 750-1000 mg copper oxide and
placed in a dental amalgam mixer and ground for 15-30 s. This produced a
finely incorporated mix of CUO and baleen. The mix was then poured into a
short length of 6 mm quartz tubing that had been sealed at one end. This tube
was then placed inside an outer quartz tube (9 mm x 220 mm) and allowed to dry
overnight in a 100°C oven. The tube was then evacuated on a high vacuum
manifold to a residual pressure of less than 5 millitorr  and sealed with a
propane-oxygen torch. .

The tubes of samples were then combusted in a muffle furnace at 870”C for
30 min and allowed to cool EO 700”C over the course of several hours. The oven
was then opened and the tubes removed when cool enough to handle. At this
point all C,N,H and S was present in the tube as C02, N2, H20 and CUS04. The
tube was then placed in a tube cracker (Des Marais and Hayes 1976) on the
manifold and again evacuated to less than 5 millitorr. After isolating the
manifold from the high vacuum, the tube was broken and the nitrogen, carbon
dioxide and water vapor allowed to expand into the vacuum system, which
contained a cold finger cooled with liqu”id nitrogen. First the nitrogen was
collected by Toeppler pumping it into a short length of 6 mm tubing and
sealing it off with a torch. The residual nitrogen was then pumped off and the
cold finger warmed to -S08C. At this point the C02 vaporized and was collected
in a tube cooled with liquid nitrogen. This tube was then sealed off with a
torch for later analysis.

Tubes containing either N2 or C02 were loaded into the 20 sample
automated inlet system on a VG Isogas SIRA-9 isotope ratio mass spectrometer.
Carbon (or nitrogen) isotope ratios were determined on six runs and the mean
reported. Results” are expressed in the conventional ‘del’ notation, which
represents parts per thousand deviation from the isotopic ratio in a standard:

Rsample - Rstandard
del value = 1000 x

Rstandard

where R is the absolute isotopic ratio. Our reference C02 standard was gas
prepared by Gollub, Inc., referred against PDB limestone. Our nitrogen
standards were cylinder nitrogen gas and yeast powder referenced against air.
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Bowhead Muscle and Fat Samples. --Muscle tissue was carefully trimmed
while frozen to exclude surface layers of whale oil contaminant and then dried
at 100°C to constant weight. Subsamples of 15 mg were then ground and treated
as above.

Visceral fat was rendered by hea~ing overnight after which time 12 mg of
oil was placed by micropipette onto a small piece of glass fiber filter paper.
The sample and filter paper were then ground with CUO and treated as above.
Only CO~ was isolated from oil due to the very small N2 content.

Zooplanktou  Samples.--Most zooplankton samples used for isotope analyses~
including all those from the Bering, Chukchi and Beaufort Seas, had been
frozen or dried in the field. Formalin-preserved zooplankton  samples were also
analyzed to determine stable isotope ratios in areas adjacent to the study
region. Preserved samples contained an unknown amount of formalin even afber
soaking in acidified distilled water for 24 h, but Dunton (1985) and Mullin et
al. (1984) have shown Chat contamination is low and useful data can be
obtained if samples are treated uniformly.

Zooplankters were rinsed lightly with distilled water and treated with IN
HC1 to remove carbonates. Preserved samples were further soaked for 24 h to
remove as much formalin as possible. Samples were then dried at 90°C.
Subsawples of 10-15 mg were ground with CUO, combusted as described above, and
analyzed by mass spectroscopy,

Validation of Methods for Baleen Analyses .

ln~ernal Checks for Uniformity in Balee”n Growth.--Consistency in stable
isotope abundances within a given transverse section of baleen plate was
tested on baleen from whale 86WW2, a very large animal taken at Wainwright. At.
a point 52 cm from the base, small samples of baleen were taken across the
plate at approximately 2.5 cm intervals. These were then run for carbon and
nitrogen isotope ratios as described above.

To test che premise that isotopi,c abundances are similar at corresponding
positions along all plates, two plaCes-- one from each side of the mouth--were
collected from whale 86KK1. These plates were aligned side by side and samples
Eak.en from equivalent locations along each plate. Since the two plates were of
nearly the same length and the transverse ridges aided visual matching of
locations, the paired samples were probably. deposited at very close to the
same time. The matched samples were analyzed for nitrogen and carbon isotopes.

Determine Periodicity of Stable Isotope Oscillations. --Figure 141 shows
the variations in the C-13 content of a 3.2 m piece of baleen from a large
adult whale harvested in 1971. Peaks average 18.~ cm apart and are remarkably
regular over the length of the baleen plate. The marked oscillations are
believed to occur in response to variations in the stable isotope content of
zooplankton consumed as the whale moves through different feeding areas (see
Results, below). The peaks in the baleen record could conceivably have arisen
from three sources: (1) annual migration from the Bering Sea to Beaufort Sea
and back, (2) one or more” intraseasonal  movements from an area of the Beaufort
Sea with zooplankton depleted of C-13 to an area with prey more enriched in
C-13, or (3) shifts in diet at a given location between prey species of
differing isotopic composition. With regard to point (3), copepods are
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depleted in C-13 relative to mysids and euphausiids  (see Results, below] axld
all of these animals are preyed upon by bowheads (Lowry and Frost 1984). A
possible complication is that baleen laid down during periods of partial or
total fasting might incorporate internally mobilized lipids and protein

acquired from food consumed in other regions and seasons. In any case, it was
important to determine if the observed peaks were annual or represented some
other time interval.

The period of the stable isotope cycles can be determined by measuring
C-14 (radiocarbon) content at various points along the baleen. The large whale
harvested in 1971 (Fig. 141) lived through the 19601s, when the USSR and the.
USA conducted much nuclear weapons testing in the atmosphere (especially
during 1960-63). Total input of C-14 CO the atmosphere was an estimated 7 x
1028 atoms from 1954 to 1963, when the Partial Test Ban Treaty was signed.
This C-14 was enough to almost double the atmospheric content in the northern
hemisphere (Nydal et al. 1980), and to provide a unique time-mark at 1963-64.
Prior to 1954, the only change in C-14 other than natural decay was a small
dilution of atmospheric carbon dioxide by inputs of C02 from burning of fossil
fuel. Since the lifespan of a whale is too short to record measurable
radiodecay of C-14 (half-life = 5570 years), any changes in radiocarbon along
the baleen must arise from external factors.

Radiocarbon concentrations in surface ocean water of the Bering Sea and
Arctic Ocean, and in the organisms living therein, were about 90-95% of C-14
concentrations in the overlying atmosphere prior to 1954 (Broecker et al.
1980)”. By convention, the C-14 activity in the atmosphere in 1950 is defined
as ‘normal background’ or ‘modern’ and equals 100 percent. The 5-10% reduction
in C-14 abundance in marine water is due to the delay in equilibrating the
atmospheric C02 with the chronologically older C02 brought to the ocean
surface following deep mixing and upwelling events in the water column. Since
,primary  productivity is usually enhanced by nutrients that are brought Up to
surface waters by these same mixing events~ radiocarbon depressions are often
‘built ‘in’ to oceanic food chains since the carbon, once fixed by plants, is
no longer capable of exchanging with the atmosphere. This process is most
pronounced in highly productive waters of upwelling  areas and the deep-mixed
waters of subpolar regions. The resulting radiocarbon activity in the biota of
northern waters prior to 1954 was therefore about 90% modern. If there had
been no anthropogenic additions to the atmosphere, the radiocarbon content of
the biota would have varied only within the narrow range induced by the normal
year to year differences in oceanic mixing.

In the years 1960-63, the intensive weapons testing irreversibly altered
the radiocarbon regime of the earth for many thousands of years to. come. The
radiocarbon released to the atmosphere was dispersed by atmospheric
circulation within a few months in the northern hemisphere and within a year
throughout the world (Fig. 144; Broecker et al. 1978). Of approximately 511 MT
of atmospheric explosions prior to the 1963 Treaty, about 294 MT were between
fall 1962 and August 1983. Atmospheric C-14 concentrations increased from
near 40% above background to >102% during this period (Nydal et al. 1980).
Large quantities of nuclear explosion products were received promptly in
Alaska. As this radiocarbon transferred to the surface of the ocean, the
radioactivity in the biota underwent a corresponding increase. The rate of
increase in the arctic marine system was not measured, but Figure 145
illustrates modeled increases in radiocarbon in the north temperate Atlantic
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(Broecker et al . 1980) along with C-14 data from known-age growth-rings in
coral from Florida (Druffel and Linnick 1978). The good fit indicates that the
C02 invasion rates calculated for the temperate ocean are quite realistic.
Similar invasion curves can be expected for higher latitudes but with lesser
amounts of radiocarbon being evident, due to the more effective dilution by
deeper mixing during winter months. Broecker et al. (1980) noted that in 1973
the surface water of the Arctic Ocean was at 105% modern. This agrees very
well with the observed value of 105.7% modern in kelp from the Alaskan
.Beaufort  Sea in 1979 (Schell 1983).

To test if the observed oscillations in the C-13 content of the baleen
from whale 71B were annual, nine 10-gram pieces of baleen were cut at points
along the plate and analyzed for radiocarbon content. Samples were analyzed by
Beta Analytic of Coral Gables, Florida, a commercial laboratory specializing
in this service. Radiocarbon activities at various points along the baleen
plate were then compared with the predic~ed values, assuming an annual cycle
of C-13 content, to see if the temporal agreement was correct for an annual
cyclicity in the C-13 peaks.

For further verification, a second piece of baleen was also analyzed for
stable isotope abundances and radiocarbon activity, This specimen, collected
at Barrow in 1966 by Floyd Durham for the ,Los Angeles County Museum, was
supplied by Dr. John Heyning, Curator. Small samples were clipped at 2,5 cm
intervals for stable isotope analysis, and 10 g pieces for C-14 analyses were
cut 5, 22, 55, 80, 105, 132 and 165 cm from the base end.

Results and Discussion

Stable Isotope Ratios in Zooplankton

Geographic Gradients.--The extensive zooplankton collections made” in
1985-86 were analyzed for stable isotope abundances during this study, and
compared with previous findings (g. Dunton 1985). The depletions in C-13 that
were observed in the eastern Beaufort Sea in past years have been confirmed,
and a more complete record of carbon isotope abundances in prey i s  n o w
available for various parts of the range of Western Arctic bowhead whales. The
areas from which data are still absent or scarce are the northern and western
Bering Sea (the wintering grounds), the Chukchi Sea, far offshote parts of the
Canadian Beaufort Sea, and Amundsen Gulf.

.
In 1985, we analyzed the C-13 content of copepods, chaetognaths and other

organisms from the Eastern Alaskan Beaufort Sea and Mackenzie Bay areas, both
of which were farther east than the parts of the Alaskan Beaufort Sea where
Dunton (1985) had worked. The 1985 results showed that the trend for
decreasing C-13 content from west to east noted by Dunton continued east at
least as far as Mackenzie Bay (138”W; Fig. 146).

In 1986, additional samples were obtained across the Alaskan and
Canadian Beaufort Sea, along” with very limited samples from the northern
Bering Sea (Fig. 147). In the official study area, euphausiids collected in
September and October 1986 show a.C-13 depletion relative to the euphausiids
collected farther west in the Alaskan Beaufort and Bering Seas (Fig. 147;
Table 54). Similarly, the copepods collected in the study area in 1986 were
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FIGURE 146. C-13 isobope ratios for copepods, chaetognaths and hyperiid
amphipods  from the Alaskan and Canadian Beaufort Sea. Western Beaufort Sea
data are from Dunton (1985). CenEral Beaufort Sea data are from individual
1985 samples collected in this study and by Bradstreet  and Fissel (1986).
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.

Table 54. Carbon isotope ratios (del C-13) of euphausiids and copepods,
1985-86.

Copepods Euphausiids

Area Year Mean s.d. n Mean s.d. n

N. Bering . 1986 -23.9

W, Alaskan 1986 -22.8
Beaufort Sea

Central Alaskan 1986 -24.6
Beaufort Sea

E. Alaskan, 1985 -25.8
Beaufort Sea, 1986 -26.2
(Study Area)

W. Canadian 1985 -26.7
Beaufort Seaa 1986 -25.1

0.9

0.6

0s8
1.3

0.7
1.0

1 -19.9 - 1

5 -21.7 0.8 15

4 -23.5 0.4 8

7 -21.6 - 2
34 -24.7 1.3 9

6 -24.0 0.2 3
6 -23.3 - 2

a Samples collected by Bradstreet and Fissel (1986) and Bradstreet  et al.

(1987).

isotonically lighter than those collected farther west (Fig. 147). The C-13
depletion of the major prey species of the Eastern Alaskan Beaufort relative
to zooplankton  farther west is shown more dramatically when relative biomasses
of the various organisms in different areas are considered. Copepods
contributed a much larger proportion of the biomass in the eastern than in the
western Alaskan Beaufort Sea. An opposite trend was evident for euphausiids
(Fig. 148). Weighted mean del C-13 values were calculated for the Western,
Central, and Eastern Alaskan Beaufort Sea based on the relative biomasses of
the major prey groups--copepods, euphausiids, amphipods,  mysids (Fig. 148)0
Hydrozoans, ctenophores,  and other soft-bodied organisms were not included in
the calculations. Their biomasses, although sometimes large, are mostly water
and the carbon equivalent is small.

Because of the shift from predominantly copepods (less C-13) in the east
to predominantly euphausiids (more C-13) in the west, there was, in the
available prey, a very marked trend for increasing C-13 content from east to
west across the Alaskan Beaufort Sea. There was a 4 ppt geographic difference
in zooplankton as a whole_ as compared to the 1-3 ppt difference seen in
copepods or euphausiids separately (Fig. 149). Although zooplankton biomass
data are not available from the western and central parts of the Alaskan
Beaufort Sea in 1985, the weighted del C-13 for Eastern Alaskan zooplankton
in 1985 was almost identical to the 1986 value (Fig. 148D vs. C).
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A. Major Prey Fractions - Western, 1986 B. Nlajorl%ey  Fractions - Central, 1986

Euphausiids

Weighted del C-13 = -21.8

Copepods

Amphipods
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C. Major Prey Fractions - Eastern, 1986 ‘ D. Major Prey i%ctions – Eastern,

Copepods
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Copepods
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198!5

%$$pods
Euphausiids

Weighted del  C -13 = -25,7

FIGURE 148. Proportional biomass of major bowhead whale prey types in various
parts of the Alaskan Beaufort Sea, and weigheed mean del C-13 content in each
area. A and B show Occober da~a; C shows pooled Sept-Ott data (values for the
two months were similar); D shows Sept data.
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FIGURE 149. Bean C-13/C-12 ratios in copepods and euphausiids across the
Beaufort Sea in 1986, and the weighted average ratio in the food available to
bowhead whales migrating through the Alaskan Beaufort Sea.

General geographic trends were similar in 1985 and 1986, and consistent
‘wiEh the earlier-data of Dunton (1985). The maximum depletions in C-13 were
found in zooplankton  from the eastern Alaskan and Canadian parts of the
Beaufort .Sea, the summer feeding grounds of bowhead whales. These depletions

may decrease farther east in the Canadian Arctic Archipelago and Baffin Bay
(sites 7-11 in Fig. 142). ~ However, our data from those areas came from
zooplankton  samples preserved in formalin and stored for several years, and
may be unreliable. Hence, we chose not to present the data from formalin-

preserved samples.

Geographic vs. Taxonomic Differences in Isotopic Content.--There is a
difference of 2 ppt or more in the C-13 content of copepods in the eastern and
central Beaufort Sea (summering area of bowheads) vs. the western and southern
parts of their range (Fig. 149 and Table 54), If bowhead whales fed solely
upon copepods and fed in late fall and winter as well as summer, a shift of 2
ppt would be expected in the C-13 content of their tissues over the annual
cycle, assuming a complete replacement of body carbon in six months.

The C-13 content of different types of zooplankton  collected at the same
locations and times differs. We have emphasized data on the isotopic content
of copepods and euphausiids because th-ese are major prey items of bowheads. At
most locations, euphausiids contained 1-3 ppt more C-13 than copepods (e.g.
Fig. 147). Similarly, chaetognaths contained more C-13 than copepods (Fig.
146). Euphausiida and chaetognaths  probably had more C-13 than did copepods
because the former two types of animals are omnivores or predators whereas
copepods are herbivores. Predators generally contain a higher proportion of
C-13 than their prey [McConnaughey  and McRoy 1979; Fry et al. 1984).
Differences in -lipid content may also be a factor, since lipid tends to be

depleted of C-13 (McConnaughey and McRoy 1979; Tieszen et al. 1983). Copepods
have higher lipid content than other major zooplankton groups in the Beaufort
Sea (Bradstreet et al. 1987).



Limited stomach content data from whales harvested near Point Barrow in
autumn are consistent with the hypothesis thae bowheads more commonly feed on
euphausiids in the Point Barrow area than farther east in the Beaufort Sea
(Lowry and Frost 1984). At least in October 1986, euphausiids were more common
in the western than the eastern par~ of the Alaskan Beaufort Sea (Fig. 80 on
p. 184, Fig. 148). If this is also true at other locations in the western part
of the range (e.g. near Herold shoal off the USSR)j and if the bowhead diet
reflects available zooplankton, the combined effects of the geographic and
herbivore-predator differences in C-13 could result in a large change in the
G-13 content of the whale’s diet as it travelled west--much larger than the 2
ppt associated with the geographic trend alone (Fig. 149). This may be the
explanation for the oscillations of >3 ppt in the C-13 content of some baleen
plates ( s e e  b e l o w ) . :?

At present, we have few data on isotopic content
northern Bering Sea and Chukchi Sea, where bowheads
winter and early spring. It is uncertain whether
differs from that in the western part of the Alaskan

of zooplankton from the
occur in late autumns
isotopic content there
Beaufort Sea. We also

have no winter samples-- “an important consideration given the seasonal
variations in lipid content of copepods, and the differences in isotopic
content of lipids vs. o~her components. Continued sampling of zooplankton to
measure its taxonomic composition, biomass and isotopic abundances may resolve
these points, and also allow discrimination between geographical and
environmental effects. During the spring of 1987, samples of numerous
zooplankton  epecies were collected in the northwestern Bering Sea. we will be
collecting in the southern Chukchi Sea-Bering Strait region in fall 1987 a~d
in the northwestern Bering in early winter 1987. Analysis of these samples
will provide data on the isotopic composition of potential prey organisms in
the southwestern part of the range of bowhead whales.

Stable Isotope Ratios in Bowhead Baleen

Preliminary analyses showed that the C-13/C-12 ratio oscillated in a
remarkably regular fashion at intervals of about 20 cm along the length of
baleen plates (Fig. 141). The baleen grows progressively from the upper jaw,
and is inert once laid down. Hence, the isotopic ratio at each point along the
baleen presumably reflects the isotopic composition of the energy source (food
or reserve tissue) at the time of formation of that baleen, with a small C-13
enrichment resulting from metabolic processes. Tieszen et al. (1983) have
shown that- keratin in lab animals is enriched in C-13 by approximately four
ppt relative to lipid and one ppt relative to the muscle tissue. However, to
use the s~able isotope ratios in bowhead baleen as a reliable indicator of the
food consumed at various places and times, it is first necessary to establish
the pattern of variation in isotope content within and be~ween baleen plates.

VY  o --Baleen growth in the jaw does
not occur at a flat site at the end of the baleen. Instead the base of the
plate has a narrow pocket filled with Eissue from which the cells are laid
down EO harden into baleen. In a large whale this pocket may be >3-4 cm deep
in the center. Thus, the baleen in a given cross-section of a baleen plate
could be deposited over 2-3 months if grown at an overall rate of 20 cm/yr. To
reduce this source of possible variability, we limited sampling to the surface
layers, preferably along the outside edge of the baleen plate.
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To test the variability in C-13 content across the width of a baleen
plate, we sampled a large plate from whale 86WW2 at 2-3 cm intervals across
its 25+ cm width. The results display good consistency (Fig. 150). Our overall
analytical precision for c-13/C-12 ratios, including the entire process of
sampling, combustion, cleaning, and mass spectrometry, is typically about k
0.2 ppt. Within this range of uncertainty, the isotopic abundances in portions
of a baleen plate laid down at a given time are constant.

The isotopic ratios for nitrogen were also consistent across the width of
the plate (Fig. 150). The slighely greater range of variation than for carbon
isotopes was consistent with the slightly lower analytical precision (A 0.3
ppt) of the nitrogen analyses.

Variations Between Plates from One Whale. --To test whether all plates in
the mouth of a whale receive identical isotopic abundances at a given times
two plates from opposing sides of the mouth were collected from whale 86KK1.
Matched samples from equivalent locations along 65 cm sections of the two
plates were analyzed. Temporal alignment of the plates was possible because
the plates, like those of other bowheads, had distinct patterns of transverse
ridges that were similar in both plates. By matching the two plates and
cutting the samples at. equivalent locations, we hoped to acquire isotopic
abundance data on baleen laid down at the same time,

-18.5
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5 10 15 20 25

Across plate distance (cm)

FIGURE 150. Carbon (circles) and nitrogen (triangles) isotope ratios across a
baleen plate from bowhead 86WW2, taken at Wainwright in spring 1986. Total
width of the plate was 25 cm. -
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The results indicate that two plates from one whale contain consistent ‘-
patterns of carbon and nitrogen isotopes (Fig. 151). The minor differences
between the two plates probably resulted from slight differences in the
relative locations of sampling in regions of the baleen where isotopic ratios
were changing rapidly. In any case, the data validate the premise that the
isotopic record from any of the longer baleen plates from a given whale w~ll
give a consistent record of the changes in isotope ratio in its past history.

Evidence that Isotopic Periodicity is Annual..--Figure 152 shows the
stable isotope data from whale 71B plus the C-14 content at nine points along
its length. As described in the Methods subsection (p. 378 ~)~ the rapid rise
in radiocarbon content of the ocean surface occurred after 1963, the year when
over half of the atmospheric nuclear weapons testing took place. In the late
summer and autumn of 1963, during the period of maximum open water, Arctic
Alaska received fallout from very large nuclear tests in Novaya Zemlya. Since
the majority of the radiocarbon likely began infiltrating surface waters late
in the summer and autumn of 1963~ the marine biota probably were not severely
impacted that year; most of the primary production for the year had already
occurred. By the spring of 1964, however$ a sizeable fraction of the carbon
dioxide containing C-14 would have equilibrated with the ocean surface and was -

available for plant uptake in the spring bloom. By 1965, radiocarbon activity
in surface water may have risen over half way to its final equilibrium
concentration with the atmosphere (Fig. 145).

The radiocarbon concentrations along the plate ”from whale 71R are widely
scattered~ but show the rise in concentration over the time spanned by the
growth of the plate. The samples were cut from specific points along the
plate; each sample represents about 2.5-3 cm of length or about 1* months of
baleen growth if the .C-13 oscillations were annual. This me~hod of sampling
tends to.accentuate the normally high variability in the radiocarbon content
in marine organisms. As an illustration of the normal variability in radio-
carbon contents C-14, content of seven whales killed in the spring of 1986
varied by a~most 5% (Fig. 153). This variability may be due to the large
between- and within-year variations in the amount of upwelling to the euphotic
zone. Upwelling brings chronologically old water to the surface, with an
accompanying depression in C-14. The occurrence of upwelling  in the Beaufort
Sea is variable from year to year and place to place; for example, it occurred
in the Eastern Alaskan Beaufort Sea in September 1985 but apparently not in
September 1986 (Fig. 154).

Thus , the radiocarbon data from whale 71B reflect both the increases in
C-14 incurred from assimilation of bomb radiocarbon and the depressions
brought about from the intermittent deep mixing and upwelling events that are
typical of the Bering and Beaufort Seas, Nevertheless~ it would have been
impossible for the whale to acquire a radiocarbon content in excess of the
1950 modern value of about 90% withou~ major inputs of bomb C-14. The record
suggests that this occurred about 9 del C-13 cycles before the death of the
whale in 1971, i.e. during the early 1960s if the cycles are annual. However,
the scatter in the C-14 data, most notably the elevated C-14 value occurring
thirteen del C-13 cycles before death, left some doubt thae the peaks are
annual increments.
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FIGURE 151. Carbon (A) and nitrogen (B) isotope ratios along two baleen
plates from bowhead 86KK1, taken at Kaktovik in autumn 1986. Solid line shows
data from full length of plate on left side of mouth; dashed line shows data
for 65 cm of corresponding plate on right side. The year scale assumes that
the c-13/C-12 oscillation is annua~*
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FIGURE 152. Carbon isotope values along baleen of bowhead 7113, a large whale
taken ae Barrow in 1971. Radiocarbon (C-14) activities are shown (diamonds)
for 9 points along &he baleen. The year scale assumes that’ the C-13/C-12
oscillation  is annual. Dashed line is the ap~roximate concentration of C-14
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The scatter in the C-14 data from whale 71B led us to conduct a similar
radiocarbon analysis of the baleen from whale 66BI, which was acquired from
the Los Angeles County Museum. The samples for radiocarbon analysis were cut
lengthwise along the baleen plate such that the 10 g pieces spanned 10-15 cm
of the plate or an assumed interval of 4-7 months if each del C-13 cycle-
represents one year (~. l+ mo for whale 71B). This technique was chosen to
smooth out short-term variability and produce an ‘averagev radiocarbon
activity for the period in question (Fig. 155). The radiocarbon content
averaged about 92% modern for the first five peaks of the seven-peak record~
but then rose rapidly, reaching 106% modern by Che end of ehe plate. This
rapid rise in radiocarbon content after peak five is indicative of the assumed
1964 influx of bomb radiocarbon. Since the main radiocarbon influx probably
occurred two years prior to the death of the whale in 19669 and two C-13 peaks
are present after the rise in radiocarbon in the plates Che C-13 peaks appear
to be annual.

Another important piece of evidence for the annual nature of the
oscillations in C-13 content lies in the measured stable isotope ratios in the
baleen that was being formed when the whales were killed (see left edges of
subsequent diagrams). The most recently formed baleen in most (n = 6) if not
all (n = 8) whales known to have been killed during spring was enriched in
C-13, i.e. at a ‘valley’ in the oscillation as shown on our graphs. (The two
questionable cases were ‘ingutuks’, see Fig. 159, later). These whales were
coming from the Bering Sea, where the zooplankton  is enriched in C-13. In
contrasts the most recently formed baleen in all whales killed in autumn (n =.
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FIGURE 155. Radiocarbon activities
along baleen of bowhead 66B1, taken at
assumes that the C-13/C-12 oscillation
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3) was at or near a ~peakt, i.e. depleted in C-13. These whales had just spent
the summer in the eastern Beaufort Sea, where zooplankton  is depleted of C-13.
This is a strong indication of an annual cyclicity in the record. [Note: The
baleen from whale 71B is undocumented except that the whale was killed at
Barrow in 1971. The isotopic record [Fig. 152] indicates that it was taken in
the spring.)

In summary, several types of data, singly and especially in combination,
provide strong evidence that the observed oscillations in C-13/C-12 ratio
along baleen plates are annual. This evidence consists of (1) the radiocarbon
data, (2) the observed geographical gradients in the C-13 abundance in
zooplankton along the annual migration route of the whales, and (3) the
differences in C-13 values. in the baleen formed just before whales were killed
in spring vs. autumn.

Physical Characteristics of Baleen in Relation to Age.--Over 165 years
ago, the British whaling captain William Scoresby stated that,

‘In some [bowhead]  whales, a curious hollow on one side, and
ridge on the other, occurs in many of the central blades of
whalebone, at regular intervals of 6 or 7 inches. May not
this ‘irregularity,” like the rings in the horns of the OX3
which they resemble, afford an intimation of the age of the
whale? If so, twice the number of running feet in the longest
lamina of whalebone in the head of a whale not full grown,
would represent its age in years. ‘ (Scoresby 1820)

The baleen plates of bowhead whales appear at first glance to be smooth,
narrow isosceles triangles with the characteristic hairs on one side and a
posteriorly curved outside edge. The overall plate usually has a gentle curve
depending upon its position in the row in the whale’s mouth. It is also
noticeable that the plate is actually made up of a myriad of transverse ridges
analogous somewhat to the fine detail that runs lengthwise in a human
fingernail. On most but not all plates, there are ‘zones’ of rougher textured
baleen and sharp increases in width of the plate. These take the appearance of
shallow steps. Durham (1978) described this sculpturing in the baleen; he
noted that Scoresby was the first to assume annularity of the steps and that
this belief continued up into the 1950s (Nishiwaki 1950). Ridges in rorqual
baleen form annually (Lockyer 1981). Durham felt, however, that the steps in
bowhead baleen occurred more often than once a year, and that three steps to
the year was average. He did not have a hypothesis to explain the mechanism of
formation of steps at such intervals.

Several of the baleen plates collected in 1986 show the steps very
clearly along their length. Careful inspection reveals that the onset of a
step marks a general thickening and widening of the plate. Following the
initial thickening, the plate maintains its new width but smooths oug and has
less relief in the transverse ridging. On large whales such as 86WW1 and
86WW2, the steps are not accompanied by increasing width of the plate, but
include the ridge and hollow pattern described by Scoresby (1820).

The stable isotope records for baleen plates revealed that each
thickening in the plate, i.e. the beginning of a step, occurs in the late
summer near the end of a ‘peak’ of del C-13 depletion. The period of maximum
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increase in thickness occurs during the autumn when the whales are presumably
moving westward across the northern coast of Alaska and into the Chukchi Sea.
The roughness of the baleen then lessens, and the isotopic record indicates
that this corresponds to the winter period, In some young whales the baleen
grown in late winker is smooth and thinner than that grown in autumns which
may indicate poor feeding conditions. Figure 156 is a photograph of a plate
from whale 86B3, an apparent six-year-oldj wieh the isotopic record
superimposed ovef the actual locations on the plate sampled. Note that the tip
of the baleen was grown at a much faster rate than the bases and that the
i.sotop~c  oscillations  were much more subdued near the tip. Each year of life
was accompanied by an Lmreased amplitude in the oscillation [Fig. 156). By
year six, the C-13 depletions were similar to the maxima observed in plates
from other, older animals.

Baleen Growth Rates. --Table 55 lists the identification numbers and
lengths of the whales whose baleen was sampled, and the ages of those whales
as determined by isotopic oscillations in their baleen or by counts of annual
ridges along the baleen plate. Table 55 also lists the Fi’gure in which the
isotopic data for each whale”s baleen are presented.

The isotopic records for six young whales (ages 3&9 yr; lengths 7.6-10.7
m) are shown in Figures 151A, 157, 158. Four of these whales, including the
aforementioned whale 86B3j show the gradual depletion in win~er C-13 content,
and all six show increases in the amplitude of annual oscillations with
increasing age.

Also notable is Che apparent decrease in baleen growth rates during the
first half-decade of life. For the small whales 86KIU, 86BI, 86B3, and 86B4
(lengths 7.6-8.9 m), the baleen growth rates during the first isotopic cycle
evident in the baleen were 49, 60, 46, and 35 cm/yr respectively. Growth rates
decreased in later years, and by year 4 all animals had baleen growth rates of
24-27 cm/yr. This is near ehe value for adult bowheads, which averaged 17
cm/yr in 86WW1 (visually inspected), 19 cm/yr in 71B, 17 cm/yr in 86w2, and
17 cm/yr in 86KK2. The trend for decreasing annual increments in baleen was
also evident in whale 86KK3 (age about 6* yr; length 10.4 m; Fig. 158). The
trend was not evident in the largest of the six young whales, whale 86B7 (aege
at least 9 yr; length 10.7 m;’Fig. 157D).

Baleen growth also varies from year to year, as shown by whale 86B4 (Fig.
157c). This whale shows 15 cm baleen growth in 1984-5 compared to an average
growth rate of 24.5 cm/yr in the three years 1981-84. The ‘winter baleen’ for
1984-5 is more depleted of C-13 than that from the previous winter. It is
tempting to speculate that the animal may have found poor feeding conditions
during the autumn-winter of 1984-85. It is interesting that baleen from the
1985-86 winter showed a much greater enrichment in C-13, perhaps due to better
winter feeding. The average growth rate of baleen during the eight months
prior to death projects to an annual baleen growth rate of 23 cm/yr, a more
typical rate. We conclude that young whales have a variable and often high
baleen growth rate, sometimes >50 cm/yr in the first two years of life. The
rate slows to about 20 cm/yr in animals over five years old. This agrees with
the observations of Scoresby over 165 years ago.
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FIGURE 158. Carbon iso~ope ratios along baleen of bowhead 86KK3, a small
bowhead taken at Kaktovik in autumn 1986. See Fig. 151 for data from another
small whale taken at Kaktovik. The year scale assumes that the c-13/c-12
oseilla~ion is annual.

Ingutuks. --The whales taken during the 1986 spring hunt at Barrow
included two animals described as the morphological variant known as
‘ingutuk’.  Ingutuks are described in Neri.ni et al. (1984) as likely yearlings.
The baleen plates from these animals were short and straight with very lit&le
relief in the transverse ridging.

The plate from whale 86B2 was only 65 cm in length and had a noech
approximately 15 cm from the tip. Beyond the notch~ the baleen was featureless
with regards EO ridging. This growth may “have been fetal. Durham (1986)
indicates that” total baleen length at birth, including baleen embedded in the
gum$ is about 18 cm. Only one C-13 cycle was present in the entire 65 cm
length of the baleen plate (Fig, 159A).

The second ingutuk, 86B5, had a baleen plate 100 cm long, and showed 2*
low-amplitude C-13 peaks (Fig. 159B). This whale was probably two years old.

Life History Parameters. --The collection and i.nterpretati.on of carbon
isotope records i.n Ehe baleen of bowhead whales provides the investigator with
a ‘baleen age$ or a count of the number of years (C-13/C-12  oscillations)
represented in the plate of baleen. Given the characteristic shapes and growth
races of Che baleen isotope records in 1--3 year-olds, reasonable judgments and
corrections apparently can be made for wear loss in whales up to 10-12 yrs of
age. This would allow construction of an age-length curve, which would be very
useful in estimating such critical parameters as gross annual recruitment
rates and age at sexual maturity (cf. Davis et al. 1983, 1986b; Nerini et al.
1984). This type of work is curre=ly being done by personnel of the U.S.
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~at,ional Marine Mammal Laboratory, Seattle, US~ng the techniques described
herein.

Figure 160 provides a synopsis of whale lengths vs. ~baleen ages’ (i.e.
assumed minimum ages) of 20 bowheads for which we have~ during this project,
either determined an isotopic age (n = 11) or estimated the age visually  from
the appearance of the baleen plates (n = 9). For young whales whose plates
show various small peaks Chat may result from winter feeding or mixed feeding
and nursing (see below), we counted only what we believed to be the ‘primary~
annual oscillation. For some young whales (86BI, 86B5, and 86KK1) where there
was uncertainty about one or more peaksj we considered the position of the
peak relative to others, and the apparenti  race of growth of the plate. Since
wear is no~ taken into accounts the ages shown are minima.

For the 9 small whales aged isotop~callyj  the relationship between whale
Ieng&h and baleen length i.s statistically  significant (r = 0.783 l-sided
p<o.ol); the correlation is r = 0.97 considering all 11 whales aged
isocopically.  However, the shape of the relationship is unexpected. If our few
data for young whales are representative, bowheads apparently grow rapidly in
length for about 1 year (including the pre-weaning  period), then grow very
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FIGURE  160. Length-’baleen age’ relationship for whales examined in this
study, Circles show da~a for whales isotonically aged (II = 11; Table 55).
Squares are based on visual inspection of baleen plates in the collection  of
the Los Angeles County Museum (n=9). Ages are uncorrected for baleen wear at
the tip, and undoubtedly are underestimates of actual ages for the larger
whales.
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little for the next 2-3 years, and finally begin a period of slow growth at an
age of about 4 years. This pattern is not typical for mammals, and the
apparent growth rate for bowheads is lower than that for the closely related
southern right whale (~. Whitehead and Payne 1981). It is noteworthy,
however, that lengths of three additional young bowheads aged i.sotopically  in
another project were consistent with the pattern shown in Fig. 160: 79H3, 9.1
m, 2 yr; 78B2, 8.4 m, 5 yr; 79KK5, 10.6 m, 8 yr (Schell et al. in press).
Also, the one northern right whale whose baleen has been isotopi.tally analyzed
by us (unpubl. data) showed a baleen growth rate of 32.5 i 4.1 cm/oscillation
over the six isotopic oscillations e“vident in the 1.95 m baleen plate. This
rate is nearly double the baleen growth rate of medium-large bowheads,
suggesting that growth of right whales is more rapid than that of bowheads.

Recent interpretations of photogrammetric  data on the-length composition
of the population (Davis et al. 1986b; Nerini et al. 1987) are inconclusive
about growth rate, but are not inconsistent with our suggestion that yearling
bowheads are 8-9 m long. Photogrammetric  data for individually identified
bowheads seen at intervals of 1-4 years also suggest that growth of subadults
is quite slow (Davis et al. 1986b, p. 170 ff). Nonetheless, the apparen’t
pause in growth at ages 1-4 years (Fig. 160~ is very surprising and needs
further investigation.

Our results to date indicate that determination of the stable isotope
ratios along a piece of baleen is not essential to determine the age. of the
whale. The 1 steps’ evident along the plates were postulated to be annual
“markers over 165 years ago. Until recently, however, there was no independent
means of verifying the assumed annual nature of the ‘steps’. The radiocarbon
event due to atmospheric testing of nuclear weapons over 20 years ago provided
that method. ‘Any of the longer baleen plates collected in the late 1960’s
would be expected to include the sharp rise in C-14 activity. The ‘posi,tion
along the baleen where thaf increase occurred could have ‘been related to the
visually-apparent steps as well as to the stable isotope oscillations.  Thus,
at any time in the past 20 years, the periodi.city of the visible steps could
have been investigated via radiocarbon analysis without consideration of
stable isotope data. If this had been done, it might have been possible to
construct a length-age curve from visual inspection of baleen plates. However,
our radiocarbon and stable isotope data, taken together, provide stronger
evidence that the ‘steps’ are annual markers. If these results are accepted, .
then the ages of subadult whales harvested i.n future years can be estimated by
visual inspection of the baleen.

Stable Isotopes in Baleen in Relation to Feeding

Bowhead whales apparently continue to grow baleen during winter, based on
the differences in isotopic patterns in baleen of whales killed in spring vs.
autumn. Food from areas outside the eastern Beaufort Sea is apparently used
in producing the ‘winter baleen’, based on the observed changes in C-13
content along baleen plates, the temporal pattern of these changes, and the
obse~ved geographic trend in C-13 content of zooplankton. The isotopic content
at each point along the baleen represents the isotopic content of the energy
source used when that baleen was formed , with an added C-13 enrichment due to
fractionation by metabolic processes within the animal. This energy source
could be either prey that was being consumed when the baleen was formed, or
energy mobilized from stored reserves within the whale. In either case,
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analysis of the isotopic record in the baleen has the potential &o provide
information about the energy sources used over much of the lifetime of the
whale.

No definite explana~ion can be identified for some of the observed
patterns of isotopic variation in baleen. HoweverS the data allow us to
propose hypotheses that may provide a focus for future research.

Zsotopic Shifts in Young Whales.--As shown earlier, the C-13 content of
baleen ofeen decreases as Young whales become older, and che arnplitxade  of the.-
annual oscillations in C-13 content increases (Fig. 151A, 157, 1581. Any
interpretation of these trends is speculative~ but some hypotheses can be
formulated. These are not mutually exclusive; several factors may be
involved.

The most distal baleen present in a young whale is formed either before
bir~h or before weaning, and the carbon contained therein comes from the
mother. (The foetal baleen may quickly wear away, but the pre-weaning baleen
persists longer.) Baleen is about 18 cm long in neonates, including the
portion within the gum (Durham 1980). The time of weaning is not known, but
may be toward the end of the first year after birth. The baleen being formed
at any one time presumably incorporates carbon acquired from prey over some
unkaowm period of time. Perhaps this ‘averaging’ period is shorter in the case
of whales feeding for themselves than for calves acquiring carbon from their
mothers. If so, the isotopic oscillations might be less pronounced in baleen
formed before weaning,

The decreasing C-13 content of baleen formed during the first few years
of life might be a result of changes in feeding locations in prey types$ or
both. Both of these factors affect the C-13 content of zooplankton.  During
late summer in some years, many small bowheads feed in shallow waters close to
shore along the coast of the south-central Beaufort Sea (see lBowheads~
sec~ion, p. 311 ff, 360). In 1985-86, the predominant prey type in these areas
was copepods, mainly Limnocalanus macrurus (see ‘Zooplanktou  and
Hydroacousticst  section, p. 198-204, and Bradstreet and Fissel 1986;
Bradstreet et al. 1987). Since copepods in these areas are depleted of C-13,
we would expect the baleen of small whales~ or at least the baleen laid down
in late summer, to have low C-13 content. Thus, it was unexpected that C-=13
coneent tended to decrease with increasing age.

Perhaps the changes are partly attributable to an improved efficiency of
filtration by the growing baleen in the young whale’s mouth. During the first
post weaning years, the animal has short baleen and might be dependene upon
larger zooplankton such as euphausiids,  mysids, and amphipods. These organisms
typically are enriched in C-13 compared to copepods in the same environment.
As the baleen plates of the subadult whale become longer with growth, it might
ob~ain a larger fraction of its food from C-13-depleted eopepods~  including
those in shallow coastal waters. The annual C-13 oscillations in baleen might
increase in amplitude with age if copepods are the dominant prey only during
late summer and early autumn. Unfortunately, the available evidence from whale
stomach contents is insufficient to support or disprove this speculation.
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Another possibility is that, in subadult bowheads, the progressively
greaber C-13 depletion in the baleen formed in recent years is a result of
progressively greater utilization of inshore waters where copepods
predominate . In 1983-86, many subadult bowh-cads fed along the Yukon  coast from
mid-August through much of September (Richardson et al. 1985a, 1987; Davis et
al. 1986a,b; Cubbage and Calambokidis  1987a; this study). In 1986, this
nearshore feeding by subadulcs  extended west into the Eastern Alaskan Beaufort
Sea. Bowheads of unknown sizes concentrated along the Yukon coast in late
summer during some years in the 1970’s (Fraker and Bockstoce 1980), but
bowheads did not concentrate there in 1980-82 (Richardson et al. 1985a, 1987).
1~ is not known where subadult whales fed in the late summers of 1980-82, or
the (3-13 content of their diet in those years. However, many subadults fed in.
nearshore waters in 1983-86, and for 1985-86 we know that they were feeding
mainly on Limnocalanus  macrurus, which has a low C-13 content. This may at
least partially account for the decreased C-13 conten~ in baleen laid down in
the summers of 1983-86 relative to that laid down in 1980-82.

Winter Feeding .--The occurrence in ‘winter baleen’ of a C-13-enriched
isotopic ratio (typical of zooplankaon from the western part of the bowhead’s
range--Fig. 149) suggests that feeding occurs in late autumn or winter.
However, these data must be interpreted cautiously. The baleen data alone do
not prove that bowheads acquire a significant proportion of their annual
energy intake in the Bering Sea:

1. If limited feeding occurs in late autumn and winter, carbon obtained
from this feeding might appear in the baleen without a major
contribution of energy for maintenance of the remainder of the whale.

2. It is possible that some of the carbon laid down in baleen during
winter comes from mobilization of reserves stored in the western
Beaufort Sea or Chukchi Sea in autumn. Zooplankton  from at least some

of those areas is also enriched in C-13 relative to zooplankton from
the eastetn Beaufort Sea. Also, the autumn diet would be further
enriched in C-13 if$ as some evidence suggests, bowheads consume more
euphausiids (or other omnivorous or predatory animals) in autumn than
in summer (Fig. 149). We do not have enough data on isotopic ratios
in zooplankton from the northern Bering Sea to determine whether prey
from that area can be distinguished, on the basis of isotopic
content, from prey in the western Beaufort or Chukchi seas (Fig.
149) ●

Nonetheless, the baleen clearly records a regulai (apparently
oscillation in carbon isotope ratios. A substantial fraction
baleen--that laid down in late autumn, winter and spring--contains

—

annua 1 )
of the
isotopic

ratios which, when metabo l i c  f rac t ionat ion  and  enrichm-ent is taken i n t o
account, could not be obtained from any known prey in the Canadian or Eastern
Alaskan Beaufort Sea. Furthermore, the presumption that there is some feeding
in winter is greatly strengthened when the baleen data are considered in
context with observed changes in muscle and fat isotope abundances, at least
in subadults (see later).

As young whales age, there is a trend toward decreasing C-13 in the
baleen laid down in winter (the ‘valleys’ in our graphs) as well as the
aforementioned similar trend in summer (the peaks). The trend in winter might
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.
reflect progressively increased winter feeding on copepods with age.
Alternatively, it might reflece mobilization in winter of the progressively
more C-13-depleted carbon stored in recent summers.

There are multi-year trends in older whales as well, someEimes in one
direction and sometimes in the ocher. Whale 86WW, a 17.7 m female taken at
Wainwri,ght, contained a 20-yr feeding record in its baleen plates (Fig. 161).
For the eight years prior to 1985-6 (positions 20-150 cm from base of baleen),
the C-13 values in winter had been decreasing. Its baleen revealed other
periods with sharp changes in winter isotope ratios, separated by periods of
slower multii-year trends either toward enrichment or depletion. These
phenomena were also evident in whale 71B, the one other large and old whale
whose baleen was fully analyzed (Fig. 152).

The trends observed in these older animals may reflect year-to-year
changes in oceanographic regimes, If SO, the resulting isotopic changes in
prey organisms could affect large segments of &he total population. In young
whales, these broad-scale changes may be superimposed onto the changes in
isotopic composition that occur with increasing age. A larger sample of baleen
plates from older whales would need to be analyzed in order to search for
possible parallel trends in different whales.

Careful inspection of khe winter portions of the curves shows that a
small peak (i.e. a period of slight C-13 depletion) is often present within
the period of maximum C-13 enrichment, This peak seems to occur between about
January and April, based on its position relative to the apparent autumn and
‘spring portions of Che C-13 cycle. Occasionally, ehese presumed midwinter
peaks are very pronounced, such as in the apparent ‘winter of 1985-861 in
whale 86KK1 (Fig. 151A). For that whale, isotopic depletion in the mid-winter
period of 1985-86 was comparable in magnitude to that in the summers of
19$3-84, when this whaie was apparently a calf and yearling. “

The presumed winter peaks might be due to a prey shift from secondary
consumers (i.e. euphausiids, amphipods) to primary consumers (i.e. pelagic
copepods). Alternatively, the peak might indicate “a mid-winter period of
reduced feeding and utilization of fat reserves laid down in summer and thus
depleted of C-13. Since this peak seems to coincide with the period of maximum
winter ice extent, it may represent a period when most whales are forced
south, perhaps off the continental shelf, by the expanding ice. If this is the
explanation, this secondary isotopic peak might not be present every year or
in every whale, since the maximum extent of winter ice cover varies among
years.

Similarities Between Whales.--The isotopic records along the baleen
plates collected from whales 86B3, 86B4 and 86B7 can be interpreted as
providing evidence that feeding patterns for the” years 1983-86 were similar in
these young whales (Fig. 157). In 86B4 and 86B7 especially, the relative
isotopic abundance patterns match very closely. Perhaps these animals used
similar feeding areas in both summer and winter ~ and acquired similar relative
amounts of food from each habitat. The documented shift in summer feeding
areas of many subadult whales between 1980-82 and 1983-86 was mentioned
earlier. This might account for some of the between-whale similarities in the
summer pattern.
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The high (C-13-depleted) summer peaks of 1984 were followed by a winter
of relative C-~3 depletion. Data from whales 8631, 86B3, 86B4, 86B7 and 86KK3
reveal tha~, for all of these young whales, the baleen formed in the winter of-

1984-85 was depleted in C-13 relative EO that from the winter of 1983-84 (Fig.
157, 158). The difference between winters must have arisen from a consistent
difference in the C-13 content of Ehe food ancl/or stored carbon used in
different winters. It would be unlikely Ehat physiological processes would
produce alterations in baleen isotope content with such similarity in five
whales of varying ages.

Nitrogen Isotopes and Starvation.--NiCrogen isotope ratios also can
provide information about energy flow in ecosystems (Ehleringer et al. 1986).
We analyzed the N-15/N-14 ratio along the baleen of fo~r whales (Table 55)0
The following interpretation of these daea is speculative, given the scarcity
of information about the causes of N-15 enrichments in organisms.

The nitrogen isotope ratios for the two ‘ingutuks’ showed very different
patterns (Fig. 1599. Whale 86B2 showed a very sharp enrichment in N-15, the
heavier isotope, during its first spring and summer season in 1985. Perhaps
this was a period of fasting by the animal. A lack of protein intake would
probably result in preferential loss of the lighter isotope during nitrogeg
metabolism. Such a change might be expected after weaning. However, the
associated C-13 data (Fig. 159A) suggest that the period of N-15 enrichment
was in mid-year, when bowhead calves continue to accompany their mothers. In
contrastj no period of N-15 enrichment was evident in the other ingutuk (Fig.
159B).

An enrichment in N-15 also occurred in whale 86KK1 early in its life
(Fig. 151). In this case, the period of N-15 enrichment was more prolonged
than found in whale 86B2; this might coincide with a post-weaning period
during the animalis first winter. Because the lipids in blubber contain much
more carbon than nitrogens starvation would produce a nitrogen demand much
earlier than an energy demand.

Alte~natively, the oscillations in the nitrogen records may be due to
other less obvious factors such as water stress in recently weaned whales or
in the lactating females from which calves were receiving milk. There are
large enrichments in collagen N-15 in animals from arid regions (Heaton et al.
1986; Ambrose and DeNiro 1987). Analogous situations may arise in marine
mammals that lose large amounts of water in a salt water environment. The
heavy freshwater demands on a Iactacing female, or the water stress in young
animals at weaning~ may lead to preferential renal elimination of the light
isotope (N-IA) during the processing of nitrogenous excretion compounds.

These interpretations are not substantiated; they are mentioned only as
possible mechanisms that might account for the observed changes in the
relative abundance of the N-15 isotope. The physiological and environmental
causes of N-15 enrichments are still in debate.

Within the marine environment, the isotopic rat!io of nitrogen can vary as
a result of changes in the relative amounts of upwelled nitrate versus ammonia
incorporated into the phytoplankton that support the food chain. Data on the
N-15 content of zooplankton are not presently available for the range of
Western Arctic bowheads. Such data would probably assist in interpreting the
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causes of the observed
geographic and erophic

perturbations in N-15 in the baleen. Data on the
variations in C-13 within zooplankton assisted in

interpreting the C-13 oscillations in baleen.

Seasonal Shifts .in Isotope Ratios In Bowhead Muscle and Fat

If whales feed to a significant extent during late autumn and winter in
the western Beaufort, Chukchi and Bering Seas, where the zooplankton  contain
more C-13 than in the eastern Beaufort Sea, bowhead tissues should contain
more C-13 in spring than in autumn. Conversely, if there is little late autumn
or winter feeding, bowhead tissues should have similar isotopic content in
spring and autumn. If bowheads feed extensively in winter on the same types of
zooplankters as are consumed in summer, the postulated seasonal change in
isotopic composition of bowhead &issues should be similar in magnitude to the
geographic change in the isotopic composition of zooplankton. However, if a
major change in prey type occurs between summer and winter, a larger shift is
possible. This could occur if the primary prey changed from copepods in summer
to omnivorous or carnivorous zooplankton
chaetognaths) in winter.

In mammals, the carbon in different
rates. Skeletal muscle, which typically has

(e.g. euphausiids, amphipods, or

tissues turns over at different
about a 30 day turnover time in

laboratory mammals, would be the preferred tissue for studying isotopic
changes. Carbon in oil from the blubber layer may have a much longer turnover
time since its functions include insulation as well as energy storage. Ackman
et al. (1975) found that the percentage of unsaturated fats increased near the
inner layers of blubber and concluded that they represented newer and more
mobile tissue. They felt that the subdermal fats had much longer residence
times than the inner layers , which appeared to be used more for energy storage
and less as insulating tissue. In mammals, muscle tissue is recycled at a more
uniform rate than fat (Gordon 1968; Dowgiallo 1975). We focused on muscle
tissue and on -visceral fat; the IaEter was believed to be more likely than
blubber to be

The 1986
comparison of
of the winter
at Kaktovik
Wainwright in

mobilized in periods of poor feeding.
.

whale hunt yielded the first good collection of samples for
the isoeopic composition of muscle and visceral fat at the ends
and summer seasons. Data were available from. three whales taken
in autumn 1986$ and from nine whales taken at Barrow and
spring 1986. Baleen samples from most of these whales were also

analyz~d for isot~pic content (Table 55). For these whales, the temporal
pattern of isotopes in the baleen can be used to help evaluate the food
sources on which the whale relied while the carbon in the muscle and fat
tissues was being accumulated. Since the muscle and blubber samples analyzed
prior to 1986 (see Schell 1986, p. 303-306) were from poorly documented
samples with no concurrent baleen record, the calculation of carbon turnover
was limited to data from the 1986 samples.

In northbound whales harvested in spring, del C-13 values in muscle
tissue ranged from -18.8 to -20.7 ppt (Fig. 162, Table 55). About 4* months
later, values in the two small whales taken at Kaktovik were both -21.4.
However, the average value for the third Kaktovik whale (86KK2) was -19.2,
similar to results from whales taken in spring.
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Results from the visceral fat samples showed a very similar pattern,
including the C-13 depletion in whales 86KKI
162; Table 55). However, during both seasons,
lower in visceral fat than in muscle. This
possess lower C-13/C-12 ratios than protein or
McAoy 1979; Tieszen et al. 1983).

and 86KK3 but not 86KK2 (Fig.
c-13 values were about 5 ppt
was expeceed; lipids normally
carbohydrate (McConnaughey and

The isotope composition of the recently-formed baleen from the three
Kaktovik whales (Fig. 163) provides a possible explanation for the differences
in isotopes in their muscle and fat tissue. In the two small whales, baleen
laid doti shortly before death contained low amounts of C-13, indicating that
they had fed heavily in the eastern” Beaufort where zooplankton is depleted of
C-13. The baleen of whale 86KK2, however, showed a much smaller ‘peak’ in the
C-13 record shortly before death. That whale apparently had either fed very
little in the eastern Beaufort Sea in the summer of 1986, or fed on prey more
enriched in C-13 than any zooplankton  found by us in the eastern Beaufort Sea.
IE should be noted~ however, that we have no zooplankton samples from Amundsen
Gulf or from offshore wa~ers of the Canadian Beaufort Sea. Large bowheads are
known to frequent some of these areas. Whale 86KK2 was large.

The results from whale 86KK2- may be indicative of a general pattern of
differences in diet between large and small whales. The del C-13 values in the
baleen laid down by whale 86KK2 in the summer of 1986 were >-19 ppt for the
entire summer, consistent with the muscle value. These values were similar EO
chose in the baleen of whales 71B (Fig. 1529, 86WW2 (Fig. 161), and 86WW (not
shown)~ the other large animals that we have studied. The baleen of these
large whales was abotit 1 ppt more enriched in C-13 than that of young (<10
yrs) whales. Interestingly, muscle from two large whales harvested at Kaktovik
in the autumn of 1981, 81KK2 and 81KK3$ was also enriched in C-13 (-18.7 and
-19.0 ppt, respectively) and similar to the value in muscle from a large whale
taken at Wainwright  in the spring of 1981 (-17.95 ppt; Schell et al. 1984;
Schell 1986). All of these 1981 whales were adults ~14 m long. Thus the stable
isotope data suggest that the types of prey consumed in summer may differ
between large and small whales, or alternatively that large adult whales do
not do much feeding in parts of the eastern Beaufort Sea where zooplankton are
depleted of C-13.

For small whales, the differences in the isotopic composition of muscle
and fat tissues in spring and autumn suggest that these whales may feed
extensively in the late autumn-winter-early spring period (i.e. after passing
Kaktovik in autumn and before arriving at Wainwright or Barrow in spring). In
contrast, for large whales there was ‘no seasonal difference between whales
killed in autumn (86KK2, 81KK2, 81KK3) and spring (86WWI, 86WW2). Based on
this evidence, only the smaller whales were considered in the following
calculations of the turnover of carbon that occurred during summer and winter.

Carbon Turnover Rates in Summer and Winter

Calculation of energy dependencies requires that the
in the food be sufficiently different in time or space to
via the equation

isotopic abundances
allow approximation
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del 13Ct = (13Ct=0 - 13Cf)e-kt + 13Cf

In [(13Ct=0 - 13Cf)/(13Ct -

where &he C-13 content at time=O and time=t is
food f. The constant k is the calculated

13C@] =  kt

known for the
turnover rate

calculated turnover ~ime for the C-13 in the organism.

Food isotopic values were estimated from the baleen
adjusted by -1.0 ppt to account for- in~ernal fractionation in
keratin (Tieszen et al. 1983). Since feeding conditions

organism and the
and l/k is the

isotope records~
the formation of
were assumed to

deteriorate in late winter, winter food values were averages for 3 months
prior eo the death of whales taken in spring. The assumed isotopic composition
of food in summer was based on the baleen being formed at the time of death in
fall, since this is the period of maximum zooplankton  stocks. The values used
in the equations are listed in Table 56.

The isotopic ratios in muscle and fat during spring were used as starting
points for the summer turnover calculations. Ratios from autumn whales were
used as the starting points for the winter turnover calculations.

The calculated turnover times (Table 56) are probably overestimated due
EO the long sampling interval between the spring and autumn whale hunts. The
calculated turnover time for muscle carbon in small bowheads is similar in
summer and winter. The actual summer feeding period may be shorter than the
assumed 4* months, since zooplankton stocks are low when the whales arrive.
Thus , the summer turnover rate may be higher than calculated and the turnover
time lower. Similarly, the winter turnover rates reflect the optimum fall
feeding conditions. The autumn-spring interval may be very heterogeneous with
regard to food availability and turnover rate. Other than reported feeding on
euphausiids near Barrow in autumn (Lowry and Frost 1984) and benthic preys
mainly gammarid amphi,pods,  in the St. Lawrence Island  area in late winter
(Hazard and Lowry 1984), nothing is known of actual feeding activities in lace
autumn, winter or early spring.

“Table 56, Average c-13 values in muscle, baleen, and food as used in
calculations of carbon turnover times in small bowhead whales
during summer and winter. Turnover time in months is the reciprocal
of turnover rate (i.e. l/k).

del C-13

Turnover Turnover Time
Muscle Baleen Food k (E-l] (months)

Summer -19.8 -18,4 -22.4 0.21 4.8
Winter -21.4 -21.4 -19.4 0.21 4.8
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The method used to calculate the carbon turnover time in visceral fat
from small bowheads was similar. However, normalizing the fat del C-13 values
based upon baleen values presents difficulties if the above values for c-13
content of food are correct. The measured C-13 content of the lipids in small
bowheads is about -27.3 in autumn (Fig. 162). The assumed C-13 content of the
summer food is about -22.4, based on analyses of baleen. This difference is.
greater than the accepted 3 ppt value for lipid synthesis fractionation
(Tieszen et al. 1983). However, the measured C-13 values in copepods are near
-25 ppt (Fig. 146-147), which is reasonable in relation to the measured values
in bowhead lipids. If the -25 ppt value for food is used in the calculations,
the baleen keratin requires an internal fractionation correction of near 4.!5
ppta which is an unexpectedly high value.

If an internal fractionation value of -5 ppt is assigned for the ‘food to
visceral fat! transfer, the calculated carbon turnover rates in visceral fat
of small bowheads are k = 0.69 in summer and k = 0,17 in winter (turnover
times of 1.4 mo and 5.9 mo, respectively). These rates imply that more food is
acquired in summer than in winter, in contrast to the muscle turnover
calculations. The extreme sensitivity of k to the C-13 values selected for the
average food, and to the correction factor for internal fractionation, makes
calculation of these summer and winter rate constants inconclusive with so few
data and such long sampling intervals.

The answer for this apparent dilemma may be that the small whales derive
most of their lipids from the oil-rich copepods and derive most of their
proteinaceous materials from other prey that are more enriched in C-13, such
as euphausiids, mysids or amphipods. “

In any case, the limited samples currently available suggest that the
carbon in the muscle and visceral fat of small whales is almost entirely——
replaced during both summer and winter. This may mean that the intake of food
by subadults is of the same magnitude in summer and winter. We emphasize thae
&his conclusion is based on a comparison of two small whales killed in autumn
vs. seven subadult whales killed in spring. Larger sample sizes are obviously
desirable. For large whales, the sample sizes are even smaller (3 fall,
including the two 1981 whales; 3 spring, including one 1981 whale). The
results from large and small whales were quite different, with no obvious
change’ in carbon isotope composition of muscle or visceral fat between spring
and fall in large whales. Several hypotheses regarding the feeding locations
of large bowheads could be suggested, but speculation is premature until the
isotopic composition of prey is determined for the wi’nter range, unsampled
areas of the 13eaufort Sea, and Amundsen Gulf’. In any case, the results
suggest that young bowheads may feed for a larger fraction of the year than do
older bowheads.

Other Applications of Baleen Stable Isotope Records

The baleen whales
in assessing migration
detailed investigation
stable isotope records

all contain baleen plates that are potentially useful
and feeding patterns. To date we have not attempted any
of whales other than bowheads. However, we obtained
from one gray whale and one fin whale (Fig. 164).
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Gray Whale Baleen.--Gray whale baleen was obtained from an animal killed
by killer whales near Point Lay, Alaska (69°40’N, 163°30’W), in July 1985. The
plate was only 20 cm long. However, it revealed decreasing del C-13 values
from its tip to its base, with a period of enrichment near the center (Fig.
164A). The C-13 enrichment near the tip is greater than found in any bowhead
baleen and might reflect feeding in warmer water and/or on different prey
types. The marked depletion toward the base of the plate may result from
northward migration to Alaskan waters. The final values of carbon isotope
abundances are similar to those found in the ‘winter baleen’ of bowhead
whales.

Fin Whale Baleen.--A single piece of fin whale baleen  was obtained from
the Smithsonian Institution for another study. This 40 cm sample was from a
whale stranded on Cape Cod, Mass., in 1875. The isotopic records for nitrogen
and carbon are shown in Figure 164B. If the growth rate of the baleen was near
20 cm/yr, as in bowheads, the record spans almost two years. No information is
available as to the season of death, but the oscillations in the C-13 record,
if resulting from temperature effects, indicate that the animal died in the
fall. [Prey from warmer waeers tend to be more enriched in C-13 (Rau et al.
1982).] The del C-13 values are indicative of feeding on prey relatively
enriched in C-13; the values are not far from those observed in the ‘winter
baleen’ of bowheads.

The nitrogen record for the fin whale is out of phase with the carbon
record (Fig. 164B). Since nothing is known of the isotopic composition of the
prey of this whale , we cannot comment on the trace other than to note that the
N-15 values are similar in range to those noted in bowheads.

Summary and Conclusions

The goal of the isotope work was to use the variations in natural
abundances of carbon isotopes in’ zooplankton and in bowhead whale tissue to
estimate the relatiive importance of various feeding areas, emphasizing the
question of winter feeding. The isotopic data obtained in this project provide
insight into both the energetic of bowhead whales and the physical/chemical
environments used by these animals and their prey. Inaddition, the discovery
of regular variations in carbon isotope ratios along bowhead baleen has
provided a potential method for ageing young whales, which would provide
insights into life history. We analyzed baleen and/or tissue samples from 16
whales during this project, ranging from yearlings to large adult animals
(Table 55). Muscle and/or blubber from five other whales had been analyzed
previously (Schell et al. 1984;- Schell 1986, p. 30S). From the analyses
conducted to date, several conclusions can be drawn.

1. The ratio of stable carbon isotopes (c-13/C-12) in zooplankton varied
across the range of bowhead whales. C-13 was more common in
zooplankton from the western Beaufort Sea and (probably) northern
Bering Sea than in zooplankton from the central and eastern Beaufort
Sea.

2. The ratio of stable carbon isotopes a~so differed between primary
consumers (e.g. copepods) and omnivores or secondary consumers (e.g.
euphausiids, chaetognaths, amphipods). The latter groups contained
relatively more C-13, as expected from studies elsewhere.
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3. In young bowheads, the geographic and brophic differences in carbon
isotope composition of zooplankton are apparently manifested as
seasonal isotopic shifts in the muscle and visceral fat. The muscle
and visceral fat of young whales contained relatively more c-13 in
spring than in autumn. If these small samples were representative,
the results indicate that young whales acquire a significant fraction
of their annual food intake during the late autumn-win~er-early
spring period while they are not in the east,ern or central Beaufort
Sea.

4.

5.

60

In large whales, carbon isotope ratios in muscle and visceral fat
were similar in spring and autumn. The muscle tissue was relatively
enriched in C-13 in both seasons, suggesting that most of the carbon
in this muscle may not have come from the southeastern Beaufort Sea.
The significance of these data from large whales is not entirely
clear, given that isotopic composition of zooplankton from some parts
of the summer range is unknown. However, the data suggest that large
whales tended to feed in different areas and/or on different prey
types than small bowheads. Geographic segregation by size has been
documented by photogrammetric studies on the summering grounds.

The ratio of the stable carbon isotopes (C-13/C-12) oscillated in a
regular pattern along the lengths of baleen plates, with a spacing of
>25 cm/oscillation early in life, and about 20 cm/oscillation in
adults, During this study we determined the carbon isotope pattern
along &he full lengths of baleen plates from 11 different bowheads.
In large whales, up to 20+ isotopic oscillations were present. The
pattern of oscillations was consistent along two different plates
from the same whale. The ratio was constant (within measurement
limits) at different positions across the width of a plate.

The C-13/C-12 oscillations along the plates were apparently annual,
based on analyses of the radiocarbon (C-14) contene of baleen from
Ewo whales killed in 1971 and 1!366. C-14 levels in the prey are
believed to have increased around 1964 due to a peak in nuclear
weapons tests, C-14 levels at various points along the baleen
increased at the expected positions~ assuming a 1 yr cycle in stable
isotope ratios. The stable isotope data themselves were also
consistent with an annual periodicity. In whales killed during
spring, the recently-formed baleen was enriched in C-13, like the
zooplankton in the Bering Sea; in whales killed during fall$
recently-formed baleen was relatively depleted of C-13.

7. By counting the stable isotope oscillations along the baleen, the
ages of young bowheads can be determined. After several years$ wear
at Che tip of the baleen makes age determinations imprecise, but a
minimum age can still be determined. The annual isotopic oscillations
also correspond with visual patterns along the baleen. Thusj it is
now possible to estimate the age of a young bowhead based on visual
inspection of its baleen~ without isotopic analysis. It was not the
purpose of this study to investigate bowhead growth rates, However,
the data acquired incidental to our objectives showed that, after the
age of about 1 year, total lengths of bowhead whales increase at a

.

. .
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slower rate than has been suggested previously. F’or example, bowheads
that are 9 m long appear to be several years old.

8. The stable isotope patterns in”ba~een  indicate that, after the first
year or two of life, it grows from the upper jaw in .a near-linear
fashion. Since baleen is ‘deadt tissue once formed and is
metabolically inactive, the carbon present at each point along a
baleen plate is a sample of the carbon in the energy source in use by
the whale when that part of the baleen was formed. Thus, the baleen
provides a multi-year  temporal record of feeding, representing 20+
years in large whales.

90 The C-13-depleted ‘peaks’
.

in the baleen laid down in summer were
consistent witih the isotopic composition of zooplankton in the
eastern Beaufort Sea. The C-13-enriched ‘valleys’ in the baleen laid
down in winter were qualitatively consistent with the elevated C-13
content of zooplankton in the wes~ern Beaufort Sea and probably the
northern Bering Sea. However, the degree of c-13 enrichment in
‘winter~ baleen was greater than that expected based on the
geographic shift in isotopic content of any one type of prey. It
would appear that the ‘winter’ baleen must incorporate carbon from
omnivores or secondary consumers, e.g. euphausiids or amphipods, in

which C-13 is further enriched. Our limited data on isotopic
composition of zooplankton in the northern Bering Sea do not allow a
reliable distinction of carbon from the western Beaufort Sea, Chukchi
Sea and Bering Sea. Thus, it is not posiible to say how much of the
carbon in ‘winter’ baleen comes from feeding in the Bering Sea as
opposed to mobilization of energy stored during late autumn feeding
farther north.

10. The baleen of most young bowheads showed a decrease in overall C-13
content in the first 6-8 years of life, accompanied by increased

amplitudes of the seasonal oscillation in isotopic content.. The
specific causes of these changes are uncertain. The transition from
dependence on mother’s milk to independent feeding may be partly
responsible. Other possible factors are year to year changes in

feeding areas and/or a postulated increase in the filtration
efficiency of the lengthening baleen. Either factor could result in a
shift in the diet toward smaller prey items like copepods, which are
depleted of C-13.

11. In addition to the age-related trends noted above, there are other
year to year changes in the C-13/C-12 isotope ratios in bowhead
baleen. Sometimes there is an unusually high or low C-13 content in
the baleen laid down in a single summer or wincer. There can also be
gradual trends (upward or downward) over a period of several years in
the maximum c-13 values achieved in winter. There seem to be parallel
year to year trends in the isotopic composition of baleen from some
different individual bowheads. Specific causes cannot be isolated at
present, but these changes presumably represent changes in prey
types, feeding areas, or primary production processes.
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Ni&rogen isotope ratios (N-15/N-14)  along the lengths of baleen
plates have also been determined for four bowheads. These ra~ios
often undergo pronounced shifts, sometimes in apparent independence
of shifts in carbon isotope ratios. The causes of these shifts are
unknown. It is possible thae occasional N-15 enrichments reflect
periods of fasting or wa~er stress.

The results suggest that small bowheads acquire a significant amount
of energy from feeding in areas west of Che Eastern Alaskan Beaufort
Sea. How much of this energy is acquired in winter in the Bering Sea
vs. autumn or spring in the weseern Beaufort Sea or Chukchi Sea is
unknown. The results from large whales are more difficult to
i.nterprec, but they may obtain the majority of their energy from
somewhere other than the south-central and southeastern Beaufort Sea.

To resolve some of these uncertainties, it would be helpful to have
tissue samples from additional bowheads harvested in spring and
especially autumn. Tissue samples acquired in winter and summer would
be very useful, but bowheads are not harvested at these times. It
would also be very helpful to have data on isotopic ratios in
zooplankton  from deep waters of the eastern Beaufort Sea, and from
the Amundsen Gulf area. (Presently available samples from the
Canadian Beaufort  Sea are all from continental shelf waters.) More
zooplankton data from the northern Bering and Chukchi Seas are
essential. Direct behavioral observations of bowheads in late autumn$
winker and early spring might provide confirmatiori that they feed in
these seasons. Isotopic analyses of addicioaal baleen samples may
clarify whether there are meaningful common patterns of isotopic
variation in different individuals. Isotopic analyses of baleen will
also provide more data on the age-length relationship, and will be
useful in assessing life historv and reDroduetive Parameters.



.
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ENBRGRTICS OF BOWHEADS*

Introduction

This section of the report relates CO the third and fourth objectives of
the study:

- Estimate the degree of utilization of available food resources in the
Eas&ern Alaskan Beaufort Sea by the Western Arctic bowhead whale
stock.

- Test the following null hypothesis:
Food resources consumed in the Eastern Alaskan Beaufort Sea do
not contribute significantly to the annual energy requirements
of the Western Arctic bowhead whale stock.

In this section we estimate the food requirements of bowheads at the
individual and population levels. These estimates are used in the subsequent
‘Integration’ section to estimate food utilization in the study area and to
test the overall null hypothesis.

Large whales cannot be kept in captivity add are difficult to study in
the wilds especially in the undisturbed stabe. Direct estimation of energetic
requirements for these animals is, thus, difficult. Loekyer. (1981) and
Thomson and ,Marein (1984) estimated the feeding races of Antarctic rorquals
and gray whales, but. their es~imates  were based on circumstantial evidence and
many assumptions. Gray whales are benthic feeders and leave a record of their
feeding activities on the sea bottom; even with this evidence, it was possible
to make only a rough estimate of food consumption. Planktivorous bowhead
whales leave no such record and the estimates of their feeding rates developed
here also involve many assumptions and much circumstantial evidence.

To estimaee the feeding rates of bowheads, we must estima~e (1)
quantities of zooplankton  near feeding whales, (2) size of the mouth opening
and swimming speed while feeding~ and (3) number of hours of feeding per day.
These-data can be used to estipate daily consumption of zooplankton.

As a check on and supplement to the estimates of food consumption made
from field studies, this section also estimates the theoretical energy
requirements of bowhead whales using five approaches, some of which are
interrelated:

1, Respiration method: Energy requirements are estimated using observed
breathing rates and estimated lung volumes to estimate oxygen
consumption and thus metabolic rate. This approach is an adaptation
of a method applied to Antarctic rorquals by Lockyer (1981) and to
gray whales by Sumich (1983).

2. Basal metabolism is estimated using Kleiber~s equation for
terrestrial mammals. This equation is also applicable to marine
mammals (Lavigne ec al. 1986).

* By Denis H. Thomson$ ML Ltd.
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3. Standard metabolism is estimated using the method of Brodie (1975,
1981).

4* Power output: An estimate ‘of metabolic requirements is derived by
estimating musc~e power output using the assumptions of Lockyer
(1981).

5. Cost of motion through the water is estimated using the hydrodynamic
method of Sumich (1983), with improvements.

These five theoretical es~imates are compared to one another and with
es~imates that have been derived for other whales. Based on the results of
this comparison~ we present estimates of energy needs for calves, subadults%
adul~ males, and adult females. Energetic costs of growth, pregnancy and
lactation are taken into account.

As background material for these analyses, it was necessary to estimate
several aspects of the sizes of bowheads. In order to make a direct estimate
of feeding rates, the cross-sectional area of the mouth opening while feeding
must be known. The various theoretical estimates require data on body weight
( for the basal metabolism method), weight of muscle (power output), lung
volume (respiration method), metabolically active surface area (standard
metabolism) and total surface area (hydrodynamic method). To estimate the
amount of energy needed for growth, the proportion of muscle and blubber for
animals of various sizes must also be known. Most of these data were not
previously available for bowhead whales. “

This examination of bowhead energecics  is an update of a similar section
in an interim report (Thomson 1986). The present analysis takes account of
recently acquired data of several types. Although the results are similar to
those of Thomson (1986), the specific values reported here supersede those in
the previous report.

Size of Bowhead Whales

Weight and Surface Area vs. Length

Direct measurements of the weights of bowhead whales are not available.
Volumesj weights and surface areas of bowheads were estimated using measure-
ments made from known-scale aerial photographs. Twenty one vertical photo-
graphs (19 different whales) taken in 1981-86 by Davis et al. (1982, 1983,
1986a,b) and during this study (see ‘Bowheads’ section) showed good definition
of both sides of the whale as well as its length. Techniques used to measure
lengths of whales are described in Davis et al. (1983). The whales were
assumed to be circular in cross section and were divided into five truncated
cones. The length of each segment, its diameter at each end, and the total
length of the whale image were measured (in mm) from the photographic prints.
These measurements were compared to total whale length (in m) as determined
photogrammetrically  in order to obtain actual measurements of the ‘segments’
in meters. As a check on accuracy, the fluke width was estimated from the
prints by the same method, and compared to previous photogrammetric
measurements of the same parameter. The error in our measurements from prints
as compared to the earlier photogrammetric  results was 1.4% & s.d. 1.2%. This
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imprecision is additional to inherent uncertainty in Ehe photographic
technique, which was about 3% (Davis et al. 1983).

The weights and surface areas of the 19 bowheads were estimated by
summing the calculated volumes and surface areas of the truncated cones.
Density was assumed to be 1 kg/L. The metabolically active surface area is
the surface area of muscle (Brodie 1981). ‘f’be region posterior to the
blowhole  was tiaken to be the body core, and the body core was assumed t.o be
covered by 25 cm of blubber (15 cm in neonates; Lubbock 1937; Brodie 19$1).
The surface area and volume of the metabolically active body core were
calculated from the outer dimensions of the truncated cones. The weight of
blubb~r covering the entire body was also calculated assuming that blubber
thickness on the head was the same as that on the rest of the body. The
weight of muscle and viscera was calculated assuming a density of 1 kg/L.

The various estimates for 19 whales (Table 57) were plotted against whale
length and curves were fitted by regression. Analysis of scatter plots and
residuals indicated, as expected, Chat power curves (weight = A lengthB) best
described the length-weight relationships. The resuleant  equations were used
to estimate these parameters for whales of various sizes.

The length-weight relationship of bowheads as derived above is similar to
that of Pacific right whales and that of humpbacks (~. Lockyer 1976). For a
given length, bowheads are much heavier than the rorquals--fin,  blue and sei . .
whales (Fig. 165). 130wheads appear to be slightly heavier than right and
humpback whales of equivalent length; however~ different techniques were used
to estima~e the length-weight regressions of the different speciess so c~ution
is necessary in interpreting small differences.

The area of the tail fluke was calculated from known-scale photographs of
12 whales ranging in length from 4.9 to 16.2 m. These areas were also plotted
against whale Iengeh and a curve was fitted by regression. A power curve b“est
described this relationship:

fluke  area ( mz) = 0.0135 length (m)2e2, r = 0.987

This equation was used to derive estimates of fluke areas for whales of
various sizes.

Mouth Opening

In order to estimate potential feeding rates of bowheads, it is necessary
EO know the size of the mouth opening. The mouth area of a bowhead can be
calculated  from the length of the baleen$ width of the head, and mouth gape.

The maximum length of baleen and whale length are available for 25 whales
taken by the ‘Cumbrian$ in 1823 (Lubbock 19117)~ 6 whales measured by Scoresby
(1820), 2 measured by !%ammon (.1874} and. 11 whales reported on by Schell et
ale (this report). These maximum baleen lengths were plotted against whale
length and curves were fitted by regression. A linear regression best
described this relationship:
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Table 57. Estimates of weight, surface area, weigh~ of muscle and viscera~
metabolically active surface area, and weight of blubber for
bowhead whales of various sizes. All data were estimated from
aerial photographs as described in the text.

Weight of Weight
Surface muscle and Metabolically of

Length Weight area viscera active surface Blubber
(m) (MT)a (m2) (MT) area (m2) (MT)

,
:?

5.82 4.41 15,82 2.12 9.23 2.38
6.40 6.97 21.59 3.93 14.25 4o15

11.57 27.15 56.80 10.86 28.12 14.96
11.24 23.95 52.81 9.48 26,73 12.73
12.96b 36.70 70.34 15.97 38.21 21.40
12.96b 37.05 70.08 16.10 37.76 21.81
9.83 16.90 41.98 6,39 20.84 8.18

11,25 24.16 51.76 9.36 25.17 13.14
13.97 44.15 79.48 19.06 41.21 26.71
14.36 49* 03 84.11 22.60 45.81 30.43
14.68 53.10 90.01 25 e 90 51.69 33,16
10.00 21.60 47.24 8.43 23.41 11.55
11.99 35.98 ,68*OO 16,17 37.11 21.15
12.90 45:77 77.59 21.94 43.75 28.63
14.27b 57.79 92.60 25.78 48.83 37.12
14.27b .60.85 95.19 28.83 52.50 39.56
13.21 44.78 79.50 20.56 42.72 27.28
13.57 45.36 80.11 19.81 42.23 27.72
13.70 44.47 79.23 18.53 3 9 . 3 6 27.04
9.65 15.74 39.35 5.54 18.30 7.58

12.54 39.41 71.18 16,64 36.53 23.80

Regression equationc

A 0.0417 0.6337 0.0214 0.4349 0.0312
B 2.675 1.851 2.606 1 ● 745 2.437
r 0099 0.99 0.96 0.97 0.99

am= Metric tons (1 MT = 1000 kg).
b Replicate photographs of the same whale.
C Y = A(length)B, where y = weight, surface area, etc. Does not include

replicates, for which an average value was used.
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FIGURE 165. Body weight at lengeh in blue, fin, sei, humpback and
righe whales (Lockyer 1976) and bowhead whales (Ehis study).
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Baleen length (cm) = -70.8 +0.25 whale length (cm), r = 0.94

The width of the head near the blowhole, as measured on aerial photographs, is
19.3% k s.d. 1.4% of body length (n = 19), and at this point the width of the
upper jaw is about half that of che lower jaw. Maximum body width posterior
to the head occurs at the position of the flippers, and is 22.7% * s.d. 1.9%
of body length. The mouth is narrow at the anterior end and becomes
progressively wider toward ~he back. At the corners of the mouth, width would
be between the aforementioned 19.3% and 22.7% of body length values. The
baleen is short at the anterior end and becomes longer. farther back. The
cross-sectional area of the mouth openi,ng through which water would enter the
mouth is variable and can be con~rolled by opening and closing the jaws.

Aerial photographs (Fig. 166) and observations of whales by ourselves and
others (e.g., Scoresby 1820; Wiirsig et al. 1985a) show that, at least when
surface feeding, the mouth opening may be quite large. Similarly, right
whales have been observed and photographed feeding near the surface with their
rn~.uths open widely (Watkins and Schevill 1976, 1982). The short anterior
baleen plates apparently do not touch the,lower jaw during feeding. The most
anterior baleen that is in contact with the lower lip is near the blowhole
(Fig. 166). While feeding, the lower lips expand laterally and the baleen
plates are spread to contact the lower lip. When the mouth is open wide while
feeding, the upwardly-arching lower lip maintains the plankton trap effect
even when the anterior baleen is not in contact with the bottom of the mouth.
Since the mouth becomes wider posteriorly, the effective cross-sectional area
of the opening becomes much larger as the mouth is opened wider.

The above observations are of bowheads (and right whales) feeding within
a meter or two of the surface--close enough to the surface to be visible from
an aircraft. We have no information OKI the size of the-mouth opening when
bowheads feed farther below the surface, where most feeding occurs,. However,
some of our observations of near-surface feeding involved whales swimming
below the surface with mouths wide open. For the purposes of energetic
computations, we assume that they feed in the same way when feeding deeper in
the water. The jaws are assumed to be open far enough that the most anterior
baleen to contact the lower jaw is near the blowhole.

The cross-sectional area of the mouth opening was calculated as follows.
The mouth opening at the point where the baleen intersects the lower lip was
assumed to be the width of the unexpanded lower jaw near the blowhole (19.3%
of body length). The upper jaw was estimated to be one-half this width (9.65%
of body length). The length of the longest baleen was calculated from the
above equation. The width of the upper jaw was then reduced by one-third to
allow for the lips and width of the baleen. The tongue was assumed to occupy
one-third of the oral cavity when the mouth was open. Based on these data and
assumptions the cross-sectional area of the mouth opening for whales 7 to 18 m
long can be approximated by the equation

—

Mouth opening in m2 = 0.00948 x (total length in m)2*365

A 14.5 m adult would have a mouth opening of 5.3 m2; corresponding
8, 13.7 and 16 m whales would be 1.3, 4.6 and 6.7 mz, respectively.

values for
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FIGUHE 166. Outline of a photograph of an 8.6 m bowhead whale that was skim
feeding on its side near the water surface. The photograph was taken from an
aircraft off the Yukon coast in the Canadian Beaufort Sea on 30 August 1985 by
Davis et al. (1986b).

.

A wide variety of estimates of mouth open~mg have been reported
previously for right and bowhead whales. Nemoto (1970) estimated the mouth
opening of a right whale to be 8.9 m2. It should be noted that the head of a
right whale is proportionately smaller than that of a bowhead. In contrast,
Kenney et al. (1986) calculated that an average right whale had a 1.1 m2 mouth
opening. This estimate is based on Watkins and Sehevillls  (1976) observations
of mouth size, and assumes that when feeding the short front baleen plates are
in contact with the lower lip. However, Watkins and Schevill (1976, 1982)
also found that~ when right whales are surface feecling$ the mouth is some~imes
wide open and the tongue is visible forward of the long places. Kenney et
al.gs estimate is, therefore, a minimum one. Brodie (1981) assumed that the
moueh opening of a 13.7 m bowhead was only 1 m2~ as compared with our estimate
of 4.6 m2 for a whale of this size. 13rodie did not provide details of how the
1 m~ figure was calculated. Griffiths  and Buchanan (1982) considered both
Nemoto’s 8.9 m2 and Brodie’s 1 m2 figures in their analyses of bowhead
energetic, plus an intermediate 5.0 m2 value. Lowry and Frost (1984)
estimated that the mouth opening of a 13.7 m bowhead was 3.6 m2. Their value
is apparently too low because they underestimated length of baleen and width
of upper and lower jaw.

Size Structure of Population

To estimate the energetic requirements of the whale population, it is
necessary to know the number of animals of each size. Davis et al. (1983,
1986a,b), Cubbage et al. (1984) and Cubbage and Calambokodis (1987a,b)
measur-ed “the Ieng-ths of many bowhead
1982-86. However, these data are
length-frequency distribution of the

whales in the Canadian Beaufort Sea in
no~ necessarily representative of Che
population as a whole because animals
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were segregated by size, especially in 1983-86. This ‘size segregation was
less apparent in 1982. Photogrammetric  studies of the size distribution of
the population during spring migration near Barrow may yield a less biased
estimate (Nerini et al. 1987) . In the spring of 1985 most of the spring
migration period was sampled, and the size structure of the population
(exclusive of calves) was similar to that found in the summer of 1982 by Davis
et al. (1983, p. 42, 79).

Given this similarity, we have followed our previous practice (e.g.
Thomson 1986) of using the 1982 data to estimate the length-frequency
distribution of the population for the purposes of energetic computations
(Table 58). The mean lengths of calves in summer, subadults, and adults were
calculated from the length-frequency distribution of Davis et al, (1983). The
mean weight of individuals in each category was not assumed to be the weight
of a mean-length individual; that procedure tends to underestimate mean weight
(Bird and Prairie 1985), Instead, the weight of each individual whale
represented in the length-frequency distribution was calculated, and then the
average weight for each category of whale was calculated (Table 58).

Estimated Dimensions and Weights for Average Individuals

The previously derived surface area and mouth area estimates were applied
to various components of the population to determine parameters required in
energetic computations (Table 58). Mean weights are the means for all
individuals within each category, calculated as described above. Other
parameters were, calculated on the basis of the length of a mean weight
individual.

In the North Pacific right whale, blubber is 43% of body weight (Lockyer
1976). C. George (North Slope Borough, Barrow, AK, pers. comm.), through
weighing a butchered “whale, estimated blubber to be 44% of body weight in an
11 m bowhead. Scoresby (1820) estimated that blubber was 43% of body weight
in an 18.3 m bowhead. Using the photogrammetric data and assumptions about
blubber thickness, we estimated that blubber is 40% of body weight in adult
bowheads (Tables 57, 58). Lockyer estimated that the bone weight of North
Pacific right whales is 13% of body weight, and that the weight of viscera is
also 13% of body weight. We assume that these values apply to bowheads.

Theoretical Energetic Requirements

Theoretical energetic requirements .can be estimated in a variety of ways.
The respiration method yields an esti,mate of active  metabolism.  If
respiration  r a t e s  a r e  m e a s u r e d  o v e r  a  w i d e  r a n g e  o f  activities,  as h a s  been
done for bowheads, then this estimate may be representative of average active
metabolism. In contrast, the power output and hydrodynamic methods yield
estimates for a specific activity--motion. These methods were used for
comparison with the results of the respiration method as applied to migrating
whales. The basal metabolism method represents the minimum expected rate of
energy expenditure, and applies to resting animals. It is useful for
comparison with active rates. The standard metabolism method Yields  an

estimate that includes basal metabolism and other metabolic
warming ingested food and inspired air. All of these methods

costs such as
are compared in
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Table 58. Estimated dimensions and weights of average bowheads. Mean lengths
and weights are Ehe means of all individuals within the indica~ed
c a t e g o r y . The remaining calculations are based on length of a
mean-weight individual within that category. Rela~ive abundances
of various categories of bowhead whales are based on data of Davis
et al. (1983).

Average
“Calves Subadults Adults Non-Calf

.

Size range (m) 4.1-7.6 7,6-13 13-18 7*6-18
Z of population 10.6 52.3 37.2 89.5

Mean length (m) 6s45 10e8 14.5 12.4

Mean weight (MT)

Length at mean weight (m)a

Body surface areaa (m2)b

Total tail fluke
surface area (m2)

Weight of muscle and
viscera (MT)c

Metabolically active
surface area (m2)

Weight of blubber (MT)

MoueI-i opening (m2)

6.2

6.5

20

1.7

2.8

11

24.9

io.91

53

502

28

10.5

2.7

53*7

14.55

90

9.8

23

46,

21.3

5.3

3707

12.75

71

7.3

37
.,

15.4

309

a Mean weight is not the same as weight of a mean-length individual--see text.
b Not including tail flukes.
~ Includes bones.
d Baleen is proportionately shorter in calves than adults.

this section. The respiration method, which covers a wider range of
activities than the others, is used in later sections to estimate energetic
requirements of various se~ents of the
whole.

Res~iration  Method

population and the population ‘as a

Energy requirements can be estimated
the animals (Sumich 1983). Estimates of
observed breathing rate plus estimates of
and oxygen utilization.

by calculating oxygen consumption of
oxygen consumption are based on the
the size of the lungs, tidal volume,
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Blow Rates .--Available data on blow rates (i.e. breathing rates)
bowhead whales in the eastern and western arctic are summarized in Table

426

of
59.

The mean blow rates ranged from 0.43 to 1.01 blows/rein in various circumstan-
ces. Blow rates for fall migrating whales in the eastern and western arctic
were about 0.61 and 0.73 blows/rein. Blow rates for feeding whales were about
0.52 to 0.92 blows/rein. The highest mean blow rate was for socializing
whales; the lowest was for calves in summer and spring migrants in the Alaskan
Beaufort Sea (Table 59). Mean blow rate for all activities in summer was 0.77
blows/rein (Wtirsig et al. 1985b). Mean blow rate for all activities during
fall migration was 0.66 blows/rein according to Ljungblad et al. (1984b) and
0.70 blows/rein according to this study (Table 59). The weighted average of
the two ‘fall’ values is 0.68 blows/rein.

It should be noted that these data were collected by different groups of
observers using varying techniques. Calculated blow rates depend strongly on
the mean dive times, and dive time data are often biased by observational
problems. Thus , the mean values in Table 59 should be considered to be
approximate, and apparent differences--particularly between results from
different observation teams--should be treated with caution.

Swimming Speeds.--Data on migration speeds of bowheads are a useful
indicator of the animal’s level of activity. Traveling speeds of bowhead
whales have been measured in several areas. During fall migration in Baffin
Bay, Koski and Davis (1980) used a cliff-based theodolite to measure the
traveling speeds of 22 southbound whales as 5.01 * se. 0.28 km/h. The
speeds of 10 other whales recorded over an average distance of 14.3 km using
aerial and cliff-based observations was 4.7 A se. 0.5 km/h. Ljungblad et al,
(1984b), based on aerial observations, estimated swimming speeds of migranbs

- during the autumn migration through the Alaskan Beaufort Sea. Five individual
whales averaged 5.0 k s.d. 1.97 km/h and two groups of approximately 10 whales
each averaged 4.3 and 8.5 km/h. Mean speed of all animals observed by
Ljungblad et al. (1984b) was 6.1 km/h.

Off Cape Lisburne in the Chukchi Sea, Rugh and Cubbage (1980) estimated
that northbound spring migrants averaged 4.7 k s.d. 0.6 km/h. During spring
migration at Barrow, George aud  Carroll (1987) found that swimming speeds of
cow/calf pairs adjusted for current were 4.2 ~ s.d. 1.1 km/h (n = 18). Rugh
(1987), using a photographic refighting technique, measured mean speeds of 5.1
km/h to 1.2 km/h for spring whales migrating past Barrow. The slower mean
speeds were for resightings made >10 h apart.

Fewer data are available on speeds of feeding whales. Wtirsig et al.
(1982), based on theodolite data from Herschel Island in 1980, found an
average speed at the surface of 5.1 ~ s.d. 2.93 km/h (n = 18) for whales that
appeared to be feeding while below the surface. Finley et al. (1986), also
using a theodolite$ measured swimming speeds of bowheads feeding in deeper
water near Baffin Island. Whales feeding at a specific location showed little
horizontal movement from one surfacing to the next. It is not known how far
or fast they travelled  while under water. A whale feeding near the surface
along a windrow visible at the surface travelled at 2.1 to 5.2 km/h over the 5
h that it was tracked. Rate of movement slowed and dive duration increased
where the windrow was most prominent (Finley et al. 1986).



Table 59. Surfacing, respiration and dive characteristics  for presumably undisturbed bowhead
whales from the eastern and western arctic. Mean A standard deviakion (sample size)
are given.

math of Diration  of Nder of

IHW3 %f~ Bf.ow Interval

(U@

Nmtarrkf  Eku9 Rlcu3 psr

(mII’l) (s) px M* Mfnwea I@fereme

Ala6bkm.5fnm sea,kLl

Traveu.irg  drales.

Waterblum feedirg. .

Mltka with calves
“

calves,,

6.01 t 5.19 (31)
8.76 t 11.70 (2)

1.43  t 0.87 (75)
1.4! t 0.79 (8)

16.7 i 9.15 (611)
12.7 * 3.55 (123)

11.7& 6.23 (582)
12.8 f 6.18 (350)

17.6 k 6.49 (87)
12.8 * 5.83 (515)

15.0514.69 (104)
15.6 * 10.49 (111)

14.4 * 9.46 (1261)

11.55 * 5.28 (1295)

5.5 * 3.12 (73)
6.7 ‘t 4.(B (6)

0.73
0.66

0.55
0.64

0,67
0.49

0.80
0.45

W@ldetd6(198W
lhisstJJdy(Tsble 49)

~mgblad  et al. (198$b)
‘Ihia  atuiy (Td.te 49)

I@gbMetd.(19a4b)
lMaatudy(Thble48)

I@@lad at al. (191Y+b)
lhlEsordy(TMe48)

Ijqblad  et sI. (198tb)

mlesMy(Table48)

8.78 k 6.60 (26)
6.46 f 8.31 (10)

LOltO.62  (82)
L25to.84  0 2 )

5.4 i 3.26 (75)
4.9 *3.33  (17)

8.63 i 4.’2% (8)
12.29 * 6.15 (7)

2.11 * 1.02 (11)
1.63 t 0.65 (29)

7.2 f 4.3  (11)
6.8 k 2.73 (18)

8.57 k 4.13 (8)
10.78 * 6.23 (3)

2.10 * 1.C8 (12)
1.92$1.31 (4)

8.5 * 4.25 (11)
5.67 * 4.16 (3)

Aunm-calvea,  au ax.ivitim
.

Baffinm.xdor i%umgratim

mavel~ac4.7ti  51@h

t4XthvatAlakal,q@.Ig  H@ltfrmM3-B85

Wvell-ilg

8cdEatmriBi3mf0?x  Saa,tairnerK3&3-wj4

Calvea

Adultswithralvee

Mm-calvev(mt  irdui@ abve)

Sk&-feeding  Idlab2s

Fbcemfeedingtiaa

Aa.ivelyancializing  Wksls

7.11*  5.94 (59)

6.46i 1.75 (28)

1.33 * 1.10 (168)

1.17 i 0.73 (114)

5.6 i 3.34 (154) 0.66

0.70

0.61

0.49

0.74

0.43

0.52

0.85

0.92

0.77

1.01

5.36*3.64 (68)

8.65* 2.73 (88) 16.ii 8.29 039) Apprrrx. 6.3 YaslddrEvia 19m)

11.72* 5JO( 156) 1.59 *”0.47 (19)

2.32 t0.EO (3S)

13.7* 3.69 (MO)

11.9* 4a5 (361)

6.5* 2.64 (78)

12.6* 2.Z3 (37)

CanxMet  al. (1987)

0,14.70* 6.51 (16)

4.%* 5.36 (45)

8.17* 6.49 (39)

3.92* 6.14(294)

1.80* 2.84 (25)

6.36 *1O.85 (4)

2.66* 3.14 (32)

4.42* 6.32(333)

1.05*1.13  (51)

!.74tl.39  (47)

1.15* !.11 (f(la)

3.19*3.55  (27)

1.2120.67 (12)

1.22 i0.77 (76)

16.0 ~13S8 (178)

16.9* 8.27 (325)

13.3* 8.83(48%)

25.3*21.58  (198)

lL9~ 5.12 (139)

14.2* 9.93 (553)

2.6 *2.45 (41) !lkaig  et d. (1985b)

“

,,

5.1 *4.16 ( 3 3 ) t-r
H.4.3 *3.19(%8)

4.6 *3.63  (23) m

o
m5-8 f3.61 (lo)

3.9 *2.23  (61)

,.

.

A u  mn-cdves,  all Zctivitk 13.5* 8.88(5161) 4.3 *3.25 (626) 0.77

a 
Man blom p mrfacirg  f (Man duratinn nf dive + man &raclon  of w-facing). Vaka  cslcd.amd in thfa my & not akays g wi th blow mte valwa reprtd  in ek ctti

repmm.
-s
&a
-4



Energetic of Bowheads 428

During the present study, several observations were made of distance
travelled and dive duration for whales that were apparently feeding (see
‘Bowheads’ section, p. 353). Mean swimming speed for submerged whales that
were apparently feeding was 1.2 km/h. This minimum estimate includes only the
straight-line horizontal distance from dive to surfacing (mean of about 337 m
in 17.3 rain, n = 17), and does not include vertical distance or curves in the
underwater paths of the whales.

Lung and Heart Size--- Henry et al. (1983) measured the dimensions of one
preserved lung from each of five bowhead whales. Volumes that we calculated
from their measurements were used to estimate the total volume of the
preserved and collapsed lungs. Only one lung was actually weighed. The left
lung of an 8.7 m whale weighed 33.2 kg. The collapsed right lung was not
weighed~ but had a volume of 30.5 L. Based on this, we assumed that collapsed
lung volume (in L) is a close approximation of the weight (in kg), i.e. that
the density of the preserved and collapsed lungs was 1 kg/L (Table 60).

The estimated weights of bowhead lungs (as calculated from volume) are
far smaller than those found in other whales.
blue whales,

For minke, right, sei, fin and
lung weight is 0.65 to 0.85% (mean 0.76%) of body weight (Lockyer

1981; Lockyer and Waters 1986). In blue and fin whales, total lung capacity
in liters is 2.5 to 2.8% of body weight in kg (Lockyer 1981). If we assume
that total lung capacity is proportional to lung weight, which is Iowerin

bowheads than in other baleen whales, then total lung capacity for bowhead
whales (in L) would be about 1.5% of body weight (in kg).

Table 60. Lung size of five bowhead whales, based on measurements by Henry et
al. (1983).

Measured
Measured Estimated Dimensions Estimated Estimated
Length Weight of Weight Lung Weight

of of Collapsed of as a%
Whale Whalea Lung Lungsc of Total
(m) (MT) (cm)c

(kg) Weight

10.9 24.8 1 2 x 7 2 x 4 2 73 (L)d
0.29

1008 24,2 1 3 X 7 7 X 5 0 100 (R) 0.41
10.0 19.7 1 3 X 7 7 X 4 1 82 (L) 0.42
8.7 13.6 1 2 x 7 2 x 3 6 62 (R) 0.46
8.7 13.6 1 1 x 8 7 x 4 2 80 (R) 0.59

Mean & s.d 0.43 * 0.10

a Estimated from equation in Table 57.
b Thickness x mean length x mean width.
c Estimated from calculated volume assuming
dL = left, R = right--”Indicates which lung

tissue density of 1 kg/L.
was used for the estimate.
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The small lung size of bowhead whales may also be reflected in small
heart size. Only a portion of one heart has been weighed. Seventy-five
percent of the heart of a 12.7 m whale was reported to weigh 80 kg (Jones and
Tarpley 1981). The entire weight would have been roughly 107 kg. A 12e7 m
whale would weigh about 37 MT. According to Lockyer (1981), heart weight of a
whale is approximated by the equation Heart weight = 0.00588 Body weight0*g84.
Thus, for a 37 MT whale, the heart is expected to weigh about 184 kg. Thus ,
based on the meager available evidence, bowhead heart weight (n = ?!) is about
58% of predicted weight, and the lungs (n = 5) are about 54% of the weight of
those of o~her whales of comparable size. It should be noted that heart and
lung sizes of bowheads would be more comparable to those of other whales if we
are overestimating total body weight of bowheads (~. p. 441).

In whales, the volume of inspired air or ‘vital capacity’ is about 80% of
Ehe toeal lung capacity; about 10% of the inspired air is utilized as oxygen.
we use these values, although we realize that breaths during some activities
and situations may provide more oxygen than other breaths.

Estimation of Energetic Requirements Through Respiration.--Energetic
requirements of bowhead whales were calculated as follows: The blow rates for
migrating and feeding animals are available for non-calves in general, not by
whale sizes so the computations were made for an average non-calf bowhead
weighing about 37.7 MT (Table 58). The previously discussed estimates of lung
weight., lung capacicy, tidal volume and oxygen. utilization were used to
estimate the amount of oxygen consumed per blow. The blow rates during various
activities were t%en used to compute daily oxygen consumption~  which was then
converted to energy utilization in Kcal (1 L of 02 consumed corresponds to
4*75 Kcal, Sumich 1983). In the southeastern Beaufort Sea in summer, mean
blow rate for all non-calves (all activities combined) was 0.77 blows/rein
(Table 59). Energy expended for an average bowhead respiring at this rate is
2,4 x 105 Kcalid (Table 61). Feeding is the main activity of whales in the
southeastern Beaufort Sea$ so this estimate is heavily weighted to feeding
activities (Wtirsig et al. 1985a$b).

Other Theoretical Estimates

Basal Metabolism. --The basal metabolic rate is the metabolic rate
measured ak a metabolically indifferent temperature at rese or without
abnormal activity (Kleiber  19619. It can be calculated from Kleiber’s
formula :

BMR = 70.5 wO.7325

W is the weight in kg and BMR is the basal metabolic rate in Kcal/d. This
formula was derived from measurements of the metabolism of resting terrestrial
mamma 1s, but. it is also applicable to marine mammals (Lavigne et al. 1986).
Based on this formula, basal metabolic rates for bowhead whales of various
sizes are shown below:

Neonates Subadults Adults Average non-calf

Weight (MT) 6.2 24.9 5.3.7 37.7
BMR, Kcal/d x 105 0.42 1.17 “2,06 1,59
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For an average bowhead of weight 37.7 MT, basal metabolism would be 1.6 x 10~
Kcal/d. This is about 70%-84% of the estimated energetic requirement of an
actively migrating whale, which is 1.9-2.3 x 105 Kcal/d (Table 61).

Standard Metabolism.--This rate includes basal rate plus the cost of
maintaining buoyancy and warming the air and food (Brodie 1975, 1981). Using
Brodie’s (1981) method, for an average bowhead of weight 37.7-MT and with a
metabolically active surface area of 37 mz (Table 58)$ heat production at the
muscle surface would be about 0.39 x 105 Kcal/d. Cost of warming air would be
0.06 x 105 Kcal/d and cost of warming food about 0.28 x 105 Kcal/d (see Brodie
1981]. According to Brodie’s method, standard metabolism (including basal
metabolism) would be about 0.7 x 105 Kcal/dj or only about half the estimate
of basal metabolism computed above from Kleiber8s  equation. However, Brodie
(1981) suggests doubling the estimate of standard metabolic rate to estimate
typical daily energetic cost of all activities. The resulting 1.4 x 105
figure for active metabolism would still be less than basal metabolism as
estimated from Kleiber’s equation.

Power Output. --In Antarctic rorquals engaged in feeding and other
activities at speeds of 5.5 km/h, Lockyer (1981) estimates that power output
is about 0.0001 hp/lb (1.64 x 106 ergs/s/kg). This power output is equivalent

Table 61. Estimated energetic requirements of an average (37.7 MT) bowhead
whale engaged in socializing, feeding and migration, as computed
from estimated oxygen consumption. Blows/rein data are from Table
59.

Weight (kg) 37,700

Lung volume in L (1.5% of weight in kg) 566
Vital capacity in L (80% of lung volume). 453
Oxygen utilization in L/blow (10% of vital capacity) 45

Southeastern Beaufort Sea

Summer, all non-calves,
all activities

Socializing whales
Skim feeding

Alaskan Beaufort Sea.

All activities, all areasa

Water column feedings

Migrating a

Baffin Bay

Migrating at 5 km/h

.
Blowstmin

0.77

1.01
0.92

O*68
0 .58
0.73

0.61

Kcal/d

2.4 X 105

3.1 x 105
2.8 X 105

2,1 x 105
1.8 X 105
2.3 X 105

1.9 x 105

a Weighted average (Ljungblad et al. 1984b and this study; see Table 59).
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to 3.39 Kcal/d/kg  of muscle.
‘ (Lockyer 1981). Our average
viscera and bones posterior

for organs and 3.55 MT for

Only one-half the muscle is used at any one time
37.7 MT whale contains about 16,200 kg of muscle,
to the blowhole (Table 58). If we allow 3.55 MT
bones (see ‘Size of Bowhead Whales’ subsection),

then the musculature operative ab any one time is about half of 9100 kg, i.e.
4550 kg, During this level of activity about 0.15 x 105 Kcal/d would be
required in excess of basal metabolism (4550 kg x 3.39 Kcal/d/kg).

Hydrodynamic Cost of Motion. --The cost of motion through the water can be
computed through hydrodynamic considerations. The cost of transport is

P = o.5”P”ct”sw*v3

where P = power requirements in dyne*cm/s,  P = density of water in g/cm3, Sw =
surface area (cm2), V = swimming speed (cm/s) and Ct = coefficient of drag
(Sumich 1983).

Sumich (1983) computed a coefficient of drag of 0.06 for a 15 MT gray
whale migrating at about 7 kmlh. The estimate was based on breathing rates
and lung capacity. He extrapolated lung volume of a young gray whale to the
adult, assuming that tidal volume in L = 3.5% body weight in kg. However, in
the gray whale, lung capacity as a percentage of body weight appears EO
decrease with increasing size. In the gray whale foetus, total lung weight is
2.5X of total body weight (Blokhin 1984)* Lung weight in a 31,460 kg (not
including blood) female was 333 kg (Yablokov  and Bogoslovskaya 1984). Adding
6% &o the body weight for blood 10SS (Lockyer 1981), the lung weight of this
adult was 0.99% of body weight. MOSC other species of whales also have a lung
weight about 1% of body weight, and a total lung capaci~y (in L) of 2.5 to
2.8% of body weight in kg (Lockyer 1981). Vital capacity is about 80% of
total lung capacity. Based on the higher figure for total lung capacity
(2.8%) and a tidal volume of 80%, tidal volume in L = 2.2% of body weight in
kg. Based on this 2.2% figure and ehe cost of transport equation given above,
cost of transport for a gray whale would be 0.068 Kcal/kg/km and the drag
coefficient would be 0.04.

The above calculations of cost of transport and drag coefficient for is
gray whale are based on an energy utilization figure that includes basal
metabolism. Excluding basal metabolism, the coefficient of drag for a gray
whale is 0.02 and cost of transport is 0.036 Kcal/kg/km. This drag coeffi-
cient will be used to approximate the drag coefficient of a bowhead. It takes
into accounc only the power, over and above basal metabolism, required to move
the animal through the water.

For an average bowhead whale moving at 5 km/h (139 cm/s) and with total
surface area, including the flukes$ of 7.8 x 105 cm2 (Table 58), cost of
transport would be 2.2 x 1010 dyne.cm/s$  or about 0.43 x 105 Kcal/d. Basal

melxbolism for this animal was computed to be 1.6–x 105 Kcal/d, so total
energy requirements at this speed would be 2.0 x 105 Kcal/d.

Comparison of Estimates for Bowheads and Other Whales

Several different methods have been used to compute the energetic
requirements of an average non-calf bowhead whale. With the exception of the
standard metabolism estimate (based on the method of Brodie 1975, 1981), &he
estimates are similar to one another:
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x 105 Kcal/d

Breathing rates - migration (5 km/h) 1.9-2.3
- summer average 2.4

Basal Metabolism 1.6

Power output (5 km/h) 0.15 + BMR= 1s75

Hydrodynamic (5 km/h) 0.4 + BMR = 2.0

Standard metabolism 0.7

The energetic requirements of traveling, as computed from power output
and hydrodynamic considerations, are close to one another and at the low end
of the range of values computed from breathing rates. Active metabolism while
traveling is estimated to be about 9 to 44% in excess of basal metabolism,
depending on the method used to estimate active metabolism (power output,
hydrodynamic, respiration). Based on the respiration method, the summer
average value of 2.4 x 105 Kca2/d for all activities in the southeastern
Beaufort Sea is similar to the 2.2 x 105 Kcal/d estimated for all activities
in the present study area (Table 61). These estimates represent an energy
expenditure 38% to 50% in excess, of estimated basal, metabolism.

The standard metabolism estimate is meant to include basal metabolism
(Brodie 1981) but it is less than half the basal metabolic rate estimated from
Kleiber’s equation. Using empirical evidence, Lavigne et al. (1986) found
that basal energetic requirements of marine mammals are well described by
Kleiber’s equation. The metabolic requirements of whales estimated by several
different methods, including measured feeding rates in the wild and in
captivity, are not consistent with the low metabolic rate predicted from
Brodie’s standard metabolism method (Hinga 1979; Lockyer 1981; Thomson and
Martin 1984: Lavigne et al. 1986). The estimate derived from standard
metabolism is not considered further in this report.

Active bowheads  may have lower energy requirements than expected for
whales of their size (Table 62). The active rate may be only about 40 to 50%
above the basal rate. The active metabolic rates for gray whales (food
removal method), blue whales, and fin whales have been estimated “to be two to
three times the basal metabolic rate (Table 62).. Marine mammals in general
have average active metabolic rates that are about double the basal rates
(Lavigne  et al. 1986). However, Hinga (1979), like US, found evidence that
large whales have average annual metabolic rates that are only about 1.5 times
the basal rate. Recent results from Brodie and Paasche (1985) are also
consistent with the idea that active metabolic rates of large whales are low.
Brodie and Paasche found chat the body core temperatures of large whales were
lower than those of other mammals, and there was a gradient of decreasing
temperature from the core to the muscle/blubber interface. They also found
that body temperature did not rise after exertion (pursuit), and they specu-
late that whales are very hydrodynamically and biomechanically  efficient.
Thus, available data for large whales indicate that active metabolism is about
1.5 to 3 times basal metabolism, with recenc work supporting the lower ratio.
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Table G2, Estimated metabolic rates of large whales.

ikight Metzddic  rate
Species andactivity  (uethod) (k) Kcal/kgJd Reference

Bowhead -basalmetabolisaP
-migrating 5 Ian/’h  (various)
-average sinner (respiration)
- average (standard=t&lismx2)

Gray whale -basaluetabolis@
- average (food removal)
-migrating (71an/h)

We whale - basal mtaboli~
- maintenance (respiration)
- yearly averagea

Fin whale - basal mtaboli~
- maintenance (respiration)
- y-ly averagec

Sperm whale - basal ~tabolisnF
- average (various)

35,000
35$000
35,000
45,000

23,000
23,000
23,cno

72,000
70,790
72,000

43,500
43,410
43,500

43,600
43,600

4.3
5.0 to 5.8

6.4
4.2

4.8
10.9
13.ob

3.5
8.4
10*2

4.0
8.9
10.8

4.0
20.0

This study
This study
This study
I&m&e (1981)

d

Tlxmon and Martin (1984)
Sumich ( 1983)

Imkyer (1981)

Lockyer (1981)

T.ackjer (1981)

a From ~eiber’s formla.
b Mxiified to account for
c No& incldng growth.

The apparently
other whales (Table
lungs and heart of

smil.ler lung size as per Thauson and Msrtin (1984).

low energetic requirement of bowheads relative to some
62) is consistent with the seemingly smaller size of the
the bowhead, along with differences in life history and

anato~~..  Many whales that have higher metabolic rates-spend their summers in
cold high latitude waters, although not necessarily as cold as those occupied
by bowheads in summer. However, those other species winter at decidedly lower
latitudes than do bowheads. The other species may be imperfectly insulated
for either extreme. Their thinner blubber may be necessary to avoid -

overheating in winter, but may lead to higher rates of heat loss in summer
than are experienced by bowheads. Considerable energy may be needed for the
long migrations of these other species, and to counteract heat loss in ~he
cold waters where they summer. Thus , these other species may have higher
metabolic rates and higher rates of food intake than do bowheads.

Body morphology, insulation and metabolism of bowhead whales~ on Ehe
other hand, appear eo be optimal for conditions in high Iatit.udes. In fact,
the bowhead whale could be thought of as a small whale in a parka. The thick
blubber is a suitable adaptation in all seasons, since the bowhead never
leaves cold waters. Aside from the obvious value of its blubber as
insulation, the bowhead’s
necessitated by the rather

adaptations
impoverished

to cold water may also have been
zooplankton  populations of the
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Beaufort Sea. By operating at metabolic levels near the basal metabolic rate,
it is able to sustain itself on the rather meager plankton resources that are
availabie (see ‘Zooplankton a n d  Hydroacoustics’ s e c t i o n ) . Bowheads also
appear to have slower growth rates than these other whales. Female bowheads
reach maturity when they are’ about 13 m in length (40 MT). They may require
15 or more years to reach this size (see Fig. 160 in ‘Isotopes’ section, p.
399) ● Fin whales reach puberty at about the same weight but at an age of only
about 6 years (Lockyer 1981). This slower rate of growth may reflect lower
food availability to bowheads as compared to the other whales. These types of
adaptations have been found in some other mammals (McNab 1980).

Energy Requirements of Rep~oduction and Growth

Reproduction involves a large energy expenditure for females. Energetic
requirements for growth are especially great in young animals. These energy
requirements are additional to the basic requirements for maintenance,
discussed above.

Life History.--Energetic computations for individual bowhead whales and
for the population require some data on bowhead life history. Some of these
data are ,provided by Davis et al. (1983, 1986a,b) and Nerini et al. (1984).
Evidence for some aspects of life history is weak and circumstantial.

Bowhead whales are 4 to 4.6 m long at birth. Mean date of parturition
may be in May( Davis et al. 1983). We have no direct data on weight at birth.
Extrapolation of our length-weight equation (Table 57) to a 4 m individual
yields a weight of 1.7 MT. For comparison, fin whales are about 1.8 MT at
birth, the smaller sei whales are about 0.75 MT, and blue whales are about 2.6
MT (Lockyer 1981). lie shall assume a weight of 1.7 MT for newborn bowhead
whales. In late summer, calves of the year are a mean of 6,45 m (range 4.1 to
7.6 m) in length. Nerini et al. (1984) suggest that young bowheads are
suckled for about one year. Behavioral observations in August and September
show that some calves (most not mea”stired) may be separated from their mothers
for as much as 1.2 h and then return to suckle (Wtirsig  et al. 1985a; this
Study) ● It is not known whether any calves are partially weaned at this time.
l%us~ duration of lactation is as yet unknoyn. We shall assume that young are
suckled for one year.

On the basis of length-frequency data for a small sample of harvested
animals, Nerini et al. (1984) believed that yearlings are 6.6 to 9.4 m long in
spring (mode 8.2 m) and about 10.2 m in autumn. A small peak in their spring
length-frequency data at 10.6 m may represent two-year-old animals. Nerini et
al. (1987) have revised their estimate of the size range of yearlings to 7 to
8.5 m; there is a peak in their photogrammetric length frequencies at 8.2 m.
Extrapolating from right whale growth data, they estimate that yearlings are
8.1 m long, 2 year olds are 10.7 m, and 3 year olds are 11.7 m.

New data on the growth rates of bowheads are inconsistent with some of
these previous estimates. Evidence derived from oscillations in the stable
isotope composition of the baleen suggests a
least after age 1-2 yr (see ‘Isotopes’ section
Schell et al. in press). Photogrammetric

much slower rate of g“rowth, at
of this report, Fig. 160; also
data on lengths of individual



Energetic of Bowheads

bowheads photographed in different years (Davis et al. 1986b; Nerini et
1987) also suggest low growth rates for adults and possibly for subadults.

435

ale

The low and nom-linear growth rate suggested by the isotopic evidence
(Tig. 160) is unlike that of other baleen whales (~. Lockyer 1981; Sumich
1986; Aguilar and Lockyer 1987). Thus , Che actual growth rate of bowheads
remains uncer~ain.  For mos~ adult bowheads, the growth component of the ~otal
energy budget is not a large fraction of the total (see below), so uncertainty
about growth rates has little effect on the calculations. However, for
immature animals and lactating females, uncertainty about growth rate does
affect the energy budget. Hence, we have performed separate energetic
calculations assuming (a) fast growth by subadults, as suggested by Nerini et
al. (1984$ 1987), and (b) slow growth$ as suggested by the isotopic evidence.

Based on sizes of females with calves, female bowheads become sexually
mature at a length of about 13 m. Tarpley {1987a) examined the reproductive
tracts of 28 harvested female whales. Immatures had body lengths of 7.6-14.4
m (n = 18). Mature females were 14.7-17.7 m long (n = 10). Possibly because
of small sample size, and stretching of landed whales (Nerini et al. 1987),
14.7 m apparently overestimates the length at maturity in many females. We
shall assume that bowheads >13 m are sexually mature and that those <13 m are
immature, although we recognize that
maturity. We also assume a gestation
unity (Davis et al. 1983; Nerini et al,

Lactation. --Several assumptions,
made in order to calculate energetic
during the early years.

there- is some variation in length at
period of one year and a sex ratio of
1984).

based on meager information, kust be
requirements of lactation and groweh

Mean date of birth for bowheads may be in early May at a length of about
4 m. At the end of August, 123 d later, mean length is 6.45 m (Davis et al.
1983). This represents an average length increment of 2.0 cm/d during the
first summer after birth. Based on length frequency data, yearlings could be
8,2 m in length in May (Nerini et al. 1!384, 1987). The few ‘baleen age? data
for very young whales are consistent with this 8.2 m estimate (Fig. 160).
Thus , weight at one year would be about 11.6 MT, based on Che equation in
Table 57. If the animal weighs 1700 kg at birth and 6100 kg at length 6.45 m
after 123 d, then initial weight gain would be 36 kg/d. If the animal weighs
11,6 MT after one year, then weight gain during the last 242 d of the first
year would be 23 kg/d.

Assuming a weight gain of about 36 kg/d over the first 123 d and 23 kg/d
over the last 242 d of the year, and active energetic requirements 45% over
the basal rate (see ‘Comparison of Estimates’, above), Ehen the total energy
requirement over the first year (computed for each day at the current weight
and summed over the year) would be 244 x 105 Kcal for maintenance alonea
without growth. Weight gain over the year would be 9900 kg. Sei and fin
whale muscle has a caloric value of about 1500 to 2600 (mean 1900) Kcal/kg wet
weight (Lockyer et al. 1985). Blubber is about 80% oil and wax with a caloric
content of 3700 to 7000 (mean 5300) Kcal/kg wet weight (Lockyer et al. 1985).
Based on our photogrammetric measurements and assumptions about blubber
thickness, blubber is about 48% of total weight in calves (Table
Approximately 4750 kg of the first yearfs weight gain would be blubber.

58).
Thus ,
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total energy required for growth during the first year would be about 350 x
105 Kcal. When this is added to the aforementioned 244 x 105 Kcal maintenance
requirement, the total energy requirement in the first year is about 594 x 105
Kcal.

Assimilation efficiency for milk is about 90% and cetacean milk contains
about 4300 Kcal/kg wet weight (Lockyer 1981; Gaskin 1982). Thus , the female
must provide 660 x 105 Kcal or about 15,300 kg of milk during the year.

Pregnancy.--If we assume ”that, at birth, a bowhead calf is 4 m in length
and weighs 1700 kg, then extrapolation of the equations shown on Table 57
yields a value for total blubber content of 49%. Total energy content of the
near-term foetus would be about 63 x 105 Kcal, Basal metabolism for the
foetus would be included in energetic requirements for the female as
determined by the respiration method. The additional .energetic requirements
of pregnancy would include only the calorific  value of the foetus or about 63
x 105 Kcal.

Growth. --For purposes of energetic calculations, we will calculate
alter- energetic requirements assuming both a fast and a slow growth
rate.

Nerini et al. (1984, 1987) suggest that bowheads may be about 10.7 m and
11.7 m long when two and three years old. Bowheads “of these sizes weigh about
24 MT and 30 MT. If we assume that bowhead growth is similar to that of right
whales ~ mqturity may occur after about 7 years. Average weight gain for a
stibadult would be 5.2 MT/yr. Using our photogrammetric  measurements and an
assumed blubber thickness of 25 cm; 42% of the gain would be blubber. T o t a l
energy required for growth would be an average of 172 x 105 Kcal/yr for
subadults.

If bowheads grow as slowly as suggested by Figure 160 (this report), then
growth of subadult bowheads between weaning and puberty could be as little as
1600 kg/yr. Using our photogranmetric  measurements as above, total energy
required for this growth would be about 53 x 105 Kcal/yr. At puberty: fin
whales weigh between 44,000 and 48,000 kg and their annual growth increment is
3000 to 3500 kg (Lockyer 1981). Assuming that bowheads mature at a length of
about 13 mj their weight at maturity would be about 39,600 kg. At first
maturity, fin whales are about the same weight as bowhead whales. Young adult
fin whales from the southern hemisphere gain about 700 kg/yr and adults about
500 kg/yr (Lockyer  1981). We will assume growth of 500 kg/yr for mature
bowheads. Mature bowheads are about 40% blubber and a 500 kg/yr gain would
represent about 16 x 105 Kcal/yr.

Annual Energy and Food Requirements of Individuals

Computation of total annual energetic requirements must consider timing
of migration, length of the stay on the summer feeding grounds, and energetic
requirements during each part of the annual cycle. Energetic costs of
reproduction and growth must also be included. Annual food intake required to
zneet  all energetic costs is a function of energy requirements and the caloric
content of the food. If the required annual intake can be estimated, then the
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necessary rate of food intake can be estimated by dividing the total annual
food requirements by t%e amount of time spent feeding.

Timing and Movements.--Fraker (1979), Braham et al. (1980~, 1984),
Richardson et al. (1985a, 1987), Ljungblad et al. (1986b,c) and Miller ee al.
(1986) have summarized the seasonal distribution and migrations of Western
Arctic bowhead whales. Bowheads probably return to wintering grounds in the
Bering Sea in November. They pass through the NE Chukchi Sea from mid April to
early June and arrive at summering grounds in the eastern 3eaufort Sea in May
and June. Peak abundance in nearshore wa~ers of the southeastern Beaufort Sea
occurs in late August. Most bowheads migrate west ‘through the Alaskan
Beaufort Sea from mid September to mid October; ~hey have left Che Beaufort
Sea by late October. In September and early October some are-found off the
coast of Siberia. The total length of the migration is about 2500 km in each
direction; the amount of time spent migrating by individual whales is unknown,
but may total 140 d/yr. This figure includes some days when feeding occurs
along the migration route.

Caloric Content of the Bowhead Diet in Late Summer,--The stomach contents
of bowhead whales taken at Kaktovik showed that copepods and euphausiids were
the dominant food organisms (Table 63; Lowry and-Frost 1984). Our data -

provide information on the caloric content of these organisms in late summer.
Assuming that Lowry and Frost’s data are representative of the average bowhead
diet in our study area, and that our caloric data are also representative, the
mean caloric con&ent of the bowhead diet in the study area in late summer is
about 1096 cal/g wet weight (Table 63).

Mean caloric content of plankton samples taken within concentrated layers
of plankton in whale feeding areas in 1986 was 1079 ~ s.d. 128 cal/g, This
value was higher than that. of plankton taken under any other circumstance (see
Table 21 on p: 238).

Table 63, Average composition of stomach contents of eight bowheads taken at
Kaktovik in autumn. Caloric and water content were calculated
using”1986 data (Tables 18 and 19).

% of Contents Z Water cal/g cal/g
by Volumea

ConCent Dry Wt. Wet Wt.

Copepods 66.1 81.7 6297 1152
Euphausiids 31.2 80.2 5093 1008
Mysids 102 7909 5126 1030
Amphipods 0.5 83.4 6299 1046
Other invertebrates 0.5 86.0 4500 630
Fish 0.3 83.32 5193 872

Weighted Mean 81.2 “5865 1096

a From Lowry and Frost (1984).
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These daba for caloric content per unit wet weight are less than half the
values used in previous analyses by-Lowry and Frost-(1984) and ourselves (LGL
and” Arctic Sciences 1985). The values used previously were based on Percy and
Fife (1980), whose data were apparently biased by underestimating water
content and thus wet weight (see Griffiths et al. 1986, p. 125). Our values
for water content are consistent with those found by most other authors
(Parsons et al. 1977; Ikeda and Motoda 1978).

Estimated Requirements of Individuals. --Table 64 shows the estimated
annual energetic requirements for calves, subadults, and adult males; for
non-reproductive, pregnant and lactating females; and for average adult
females. Some of the main assumptions and procedures were as follows:

1. The annual maintenance rate was calculated using the respiration
method. Respiration includes the metabolic costs of growing,
producing milk, and metabolism of the foetus. It does not include
the calorific value of the weight gained, the milk that was produced,
or the foetus itself. These are shown as separate items. The annual
maintenance rate for a calf was estimated by calculating the basal
metabolic rate for each day, given the weight increases discussed
above and adding 45% for active metabolism.

2. Energetic costs of pregnancy and lactation averaged over an assumed
S-yr reproductive cycle are shown for a mature female.

3. Migration to and from summer feeding grounds was assumed, in the
absence of direct data$ to take 140 d. This includes some time spent
traveling within the summer and winter grounds. Energetic
requirements during migration were computed using average respiration
rates of migrating animals. It should be noted that some feeding
occurs during part of both migrations (Lowry and Frost 1984;
Ljungblad et al. 1986a; Carroll et al. 1987; Lowry e~ al. 1987; this
study) e Blow rate for traveling whales was 0.66 to 0.73 blows/rein
in the western arctic (Table 59). For whales engaged in all
activities in ~he western arctic during fall, the mean blow rate was
0.66 blows/rein according to Ljungblad  et al. (1984b) and ().70
blows/rein in the present study (Table 59). The weighted average from
these two studies was 0.68 blows/rein for all activities recorded
during fall migration. This 0.68 figure is used here as an estimate
of breathing rate during migration.

40 Mean blow rate of all non-calves observed in the Canadian Beaufort
Sea (Wiirsig et al. 1985b) was used to estimate energetic requirements
in summer (0.77 blows/rein, Table 59).

5. In the absence of any behavioral observations in winter, the mean
blow rate for non-calves observed during migration (0.68 blows/rein)
was assumed to apply in winter as well. Migration appears to be a
less strenuous activity than summer feeding. Hence, data from the
migration period are used to approximate ~low rates in winter, when
the whales are presumably less active than in summer.
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6. Assimilation efficiencies
energy intake required to

for fin whales were used to estimate the
meet energetic requirements of bowheads.

These assimilation efficiencies are similar to those of carnivores
(75%; Lockyer 1981) but much higher than for herbivores (53% for a
cow; Kleiber 1961). Lockyer (1981) derived an assimilation
efficiency of 87% for pregnant or lactating female rorquals. This
value is higher than for males~ subadults and nonreproductive females
(77=-79%; ~. Lockyer 1981). This is clearly an oversimplification;
ie leads to a lower predicted energy requirement for a pregnant than
for a nonreproductive female--an unrealistic result. We have
therefore assumed that assimilation efficiency for pregnant and
lactating females is only slightly higher (80%) than that of other
groups in the population.

7. The total metabolizable energy cost of gestation is equivalent to
abou~ twice the basal metabolic rate of the foetus as predicted from
KleiberPs  equation (Lavigne et al. 1982). Assuming a 365 day
gestation period and a birch weight of 1700 kg for a bowhead, to~al
metabolizable  cost of pregnancy would be about 69 x 105 Kcal~ or
about 5% of the total annual maintenance expenditure of an adult
female. An estimate of energetic requirements derived Erom the
respiration method includes all metabolizable costs~ including costs
associated with gestation. Not included is the calorific value of
the foetus itself (63 x 105 Kcal) and this is shown as a separate
item in Table 64e

8. The biomass of food required to meet these requirements was estimated
based on an estimate of average caloric content of zooplankton in the
area where whales were feeding. In September, we measured the
caloric content of zooplankton within the concentrated plankton
layers that we detected by echosounder and net sampling over Ehe
inner continental shelf. Caloric content recorded in the Canadian
Beaufort Sea in late August-early September 1986 was similar to that
in the Alaskan Beaufort in September (Tables 18 and 27). We used our
September figure of 107!3 cal/g wet weight (Table 21), based on
sampling within zooplankton layers in whale feeding areas, for both
August and September. Caloric content of zooplankton is lower
earlier in the summer. For example, caloric content of copepods in
Frobisher Bay was 11% lower in July than in September (Percy and Fife
1980). In the Bering Sea, caloric content of euphausiids was 6 to
19% lower in spring than in fall (Harris 1985). For the months of
June and July, we assume that caloric content is 10% lower than our
September estimate of 1079 cal/g wet weight, Thus , an overall
average caloric content of 1025 cal/g wet weight is assumed for food
consumed in the June to September period.

‘The greatest uncertainty is the unknown amount of feeding that occurs in
winter and along the migration route. Three estimages of feeding rates have
been computed in Table 64, assuming that feeding occurs over (a) 105 d, (b)
130 d, and (c) 165 d. The 130 d figure is the one used by Lowry and Frost
(1984). Based on seasonal changes in the isotopic composition of the baleen,
muscle and visceral fat, Schell et al. (this report, ‘Isotopes’ section)
believe that bowheads do feed in winter. However, the amount of feeding in



Energetic of Bowheads 440

Table 64. Estimated annual energetic requirements, food requirements and feeding rates of Western’ Arctic
bmhead whales. A slow rate of growth by subadults is assured.

WorP Average

Adult Reproductive Pregnant bctating  Adult
calf Subaduzt Male Female Female Rmsle Femslea

Mean Length (m)
M2anW@ight  (kg)

Q volume (L)b

Vital capacity (L)b

OXYgen utilization (L)b

Migration (blowahin)
(I@al/d x 10%

Total (140d; Kcalx 105)

Sunner (bkws/min)
(l&al/d  X 105)

Total (MOd; kcalxl~)

winter (bluas/min)
(@aI/d x 105)

Totai (125d; kcal x105)

Total annual maintemmce
(Keel/yr x 10’5)

Growth (KcaUyr x 105)
Lactation (Kcal/yr x 105)
Fregnaocy (KcaUyr  x IN)

Tot&l annual requirements

AasilnilatlotY-/P  x 105
.

Annual food quirelrents
(Kcal/yT x 105
(kg/Y’r)

Average daily rate (kg/d)

Sate of food intake
W Winter feeding

Feeding 105 d (kg/d)
Feeding 130 d (kg/d)
Feediqg  165 d (kg/d)

With winter feediwg

6.4
6200

244C

350

594
0.90

660
15,24*

Feeding 130 d (&/d) IO% Id
Feeding 130 d (kg/d) 30% id

10.8
24900

373.5
298.8
29.9

0.68
1.39

195

0.77
1.57

157

0.68
1.39

174

526

53

579
0079

732
71 ,458f

196

681
55i)
433

514
444

14.5
53700

805.5
644.4
64.4

0.68
3.00
420

0.77
3.39
339

0.68
3*OO
375

1134

16

1150
0.79

1455
141,970

389

1352
1092
860

1022
881

14.5
53700

805.5
644.4
64.4

0.68
3.00
420

0.77
3.39

339

0.68
3.00
375

1134

16

1150
0.77

1493
145,658

399

1387
1120
883

1048
904

14.5
53700

805.5
644.4
64.4

0.68
3.00
420

0.77
3.39
339

0.68
3.00
375

1134

16

63

1213
0.80

1516
147,878

405

140a
1138
896

1064
918

14.5
53700

805.5
644.4
64.4

0.68
3.00
420

0.77
3.39
339

0.68
3.m
375

1124

16
660

1810
0.80

2262
220,697

605

2102
1698
1337

1588
1370

14.5
53700

805.5
644.4
64.4

0.68
3*OO
420

0.77
3.39

339

0.68
3*OO
375

1134

16
220

21

1391
0.80

1738
169,584

465

1615
130$
1028

1221
1053

a bat of reproduction averaged = 3 P.
b Iung volume in L is 1.5% of bcdy might in kg. Vital capacity = &l % of total volmw. Oxygen utilization =

10% of vital capacity.
c @ted as basal mtabolic rate x 1.45. Calculated for each day ad sunnd over the year.
d Fran Imckyer (1981) for equivalent sised fin whale.
e Milk.
f * ~WPla~ton  ~filable  to ~ads in layers of concentrated aooplankton in September 1986: 1079 callg

wec weight for August and Septeder,  10% less in June and July.
g As.sting  tit feeding in winter ad during migration provides 1077 or 30% of daily ener~ requiraents.
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winter is still uncertain, so we continue to show the calculated daily
requirements based on a variety of assumptions about the number of days of
feeding per year.

If feeding occurs for 130 d in summer and not at all in winter, the above
assumptions result in an estimated daily zooplankton in~ake of about 550 kg/d
for an average subadult whale, about 1090 kg/d for an adult male, and about
1300 kg/d for an average adult female. A lactating female would have the
highest food requirement, about 1700 kg/d. This last figure is an upper limit
because it assumes that she would maintain her body weight over the year of
lactation-- an unlikely proposition. The rate of food intake would be higher
if feeding occurs on <130 d/yr, and lower if feeding occurs on >130 dlyr
(Table 64).

Another uncertainty in these calculations is the rate of growth of
subadults. If growth of subadults is as rapid as suggested by Nerini et al.
(1987), subadults would -require about 883 x 105 Kcal/yr; this is about 21%
higher than the 732 x 105 Kcal/yr calculated on the
slow (Table 64). If the faster rate of growth is
have to consume 663 kg/d assuming 130 d feeding
feeding, or 535 kg/d if feeding in winter provided
requirements.

assumption that growth is
correct, subadults would
in summer and no winter
30% of daily maintenance

A further concern regarding energy requirements of subadults  is the
possibility that the length-weight relationship derived by our photogrammetric
analysis (Table 57) may overestimate weight,s~  at least of subadults. If so,
Eheir energetic requiremen~s for growth would also be overestimated. J.C.
George (North Slope Borough, Barrow, AK, pers. comm.) recently weighed an 11 m
bowhead as it was being butchered. Total weight including a 6% allowance for
blood loss was 14.8 MT. Blubber was 44% of total weight. The length-weight
relationship derived from our photogrammetric analysis predicts a weight of 25
MT for an 11 m bowhead, and predicts that a 14.8 MT animal would be about 9 m
long. An 11 m bowhead that was 14.8 MT would be heavier than an 11 m fin
whale but lighter than an 11 m right whale.

m Weight at 11 m Reference

Bowhead whale 14.8 MT C. George (pers. comma)
Bowhead whale . 25 This study
Fin whale - Northern Hemisphere 6.0 Lockyer and Waters (1986)

- Antarctic 1003 Lockyer (19’76)
Right whale 19.1 Lockyer (1976)

In bowheads, a small increment in length is accompanied by a large
increment in weight (Fig. 165). Thus , the fast rate of growth in length
implies large weight increases and large energetic requirements, However, if
the length-weight relationship of the whale measured by (1. George is
representative of subadult bowheads, then a fast rate of growth in length
would be accompanied by more modes~ increases in weight and lower energetic
requirements than are assumed in our calculations. Clearly, more measurements
of the actual weights of
resolving various issues
energetic requirements.

known-length bowheads would be extremely helpful in
about length-weight relationships growth rates, and
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both
Our estimates of food consumption are considerably higher than those of
Lowry and Frost (1984) and LGL and Arctic Sciences (1985). Both of those

analyses used Percy and Fife’s (1980) data from Frobisher Bay to estimate
caloric content of bowhead food. However, the dry weight to wet weight ratio
found by Percy and Fife (1980) for crustaceans is not applicable to this study
(see Griffiths et al 1986, p. 125 and Table 63). Use of the Frobisher Bay
results led to an overestimation of cal/g wet weight, by a factor of about 2,
in the earlier analyses. Other reasons for the higher estimates found in this
study than by Lowry and Frost (1984) are described by Thomson (1986, p. 241).

Annual Population Requirements

To estimate the energy requirements of the bowhead population, we need to
know the number of whales in each of the categories for which we have
estimated the individual annual energy needs. The mosb recently published
~best estimate’ of the number of bowheads in the Western Arctic population is
4417 with 95% confidence limits 2613-6221 (1.W.C. 1986). For illustrative
purposes we have assumed, based on data in Davis et al. (1983, p. 79), that
10.6% of the population would be calves, 52.3% subadults, 18.6% adult males,
and 18.6% adult females. Our analysis excludes the calves, whose energy is
acquired from lactating females. Davis et al. (1983) noted that their data on
whale sizes were probably biased in favor of subadult age classes (defined as
whales <13 m long). If SO, the energetic requirements of the entire
population as shown in Table 65 would probably be underestimates. However,
photogrammetric  data from the summers of 1983-86 (Cubbage et al. 1984; Wiirsig
et al. 1985b; Davis et al. 1986a,b; Cubbage and Calambokidis  1987a,b) showed
even higher percentages of subadults than were found in 1982 by Davis et al.
(1983). Also, data from the spring migration period in 1985 (Nerini et al.
1987) provided a similar adult : subadult ratio as was found in the summer of
1982. Thus , we have used the 1982 results as being most representative of
abundances of different size classes.

A population of 4417 bowheads would consume approximately 4.2 x 105
metric tons of zooplankton  per year (Table 65). This estimate exceeds our
earlier estimate (LGL and Arctic Sciences 1985)$ mainly because of the lower
caloric content per unit wet weight measured in this study. In the
g Integration’ section of this report, later, we compare this population
requirement with the available amount of concentrated zooplankton in the
Beaufort Sea. The number of bowheads in the Western Arctic population could
be as high as 7200 animals (1.W.C. in prep.). If so, the population would
consume 6.9 x 105 metric tons of zooplankton per year (Table 65).

Feeding Rates

Feeding rates can be estimated from data on swimming speeds, distance
travelled per dive, hours of feeding per day, cross-sectional area of mouth,
and zooplankton biomass. We have estimated swimming speeds and approximate
distances travelled per dive for bowhe=ds that were believed to be feeding
(see p. 353). Cross-sectional area of the mouth opening was also computed
earlier (Table 58). We assume a 130 d summer feeding season (Lowry and Frost
1984), a swimming speed of 5 km/h, and 100% filtration efficiency. For
illustrative purposes, time spent feeding is assumed to be either 12 or 16
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Table 65. Estimated energetic requirements of the Western Arctic
population of bowhead whales.

Adult Adult
Subadults Males Females T o t a l

% of population 52c.3 18.6 18.6 89.5d

Individual annual food
requi%ementsb

Kcal x 108/animal/yr 0073 1.46 1.74
Kg x 105/animal/yr 0.71 1.42 1070
Kg/dc

550 1092 1304

Number of animals = 4417e 2310 822 822 3954d

Population requirementse

Kcal x 108/yr 1692 “ 1196 1428 4316d
Kg x 105/yr . 1651 1166 . 1393 4210
Kg X 105/dc 12.7 ..9Q0 IO*7 - 32.4

Number of animals = 7200f
3765” 1340 1340 6445d

Population requirementsf

Kcal x 108/yr .2758 1949 2 3 2 8 7035d
Kg x 105/yr 2691 ‘1901 2271 6863 “
Kg X 105/de 20,7 “ 14.6 17.5.. 52:8

a From Davis et al. (1983, p. 79) and an assumed sex ratio of l:~s
b Fr~ Table 64.
c Assuming feeding for 130 d.
d Does not include calves, whose energy comes from lactating females.
e Assuming population of 4417 bowheads (1.W.Ce 1986).
f Assuming population of 7200 bowheads (1.W.C. in press).

hours/day during summer. Separate calculations are done assuming that feeding
during winter and migration is (a) negligible, or (b) equivalent to 30% of
average daily maintenance requirements. The annual food requirements
calculated in Table 64 are assumed; these values assume a slow growth rate for
subadults. From the various assumptions, it is possible to calculate the
average biomass of zooplankton that would have to be found in bowhead feeding
locations in order to meet theoretical energ - requirements.

J
Biomasses

calculated in this way range from 2.1 to 4.1 g/m on a wet weight basis (Table
66).
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Table 66. Average .zooplankton  biomasses required in summer feeding
locations based on various assumptions about winter
feeding and hours of feeding per day in a 130 d summer ~ .
seasone These calculations are based on energetic
requirements calculated using the slow growth rate (Table
64)-

,.., .

,. Zooplankton Biomass Required (g/rn3)a,,
-— .-.. -. .—. . . . . . . . . . . .

. .
sub , Adult Adult Average

$ adult Male Female Whale

Assuming No Winter Feeding .
. . . . . . . . . . . . . . . . . ...”.. ,,. ..,.

Feeding12 h / d .3.4 “ 3.4 4.1 3 . 4,:. ,,
w ~’ 16 h/d 2.5 206 301 2.5

,:,, Assuming Some Winter Feedingb . ..,
i.; ~ :; -“

#, ~ Feedi& 12 h/d ,’ “>2e7 2e8 3a3 ““ 2.7 “
,f.’ * ,!$ & . I* 16 h/d ‘ 201 2 . 1 2-5 2.0

. .=-. .-—. c..  .,.. . . . . . . . . . . . . . . . ..> . . . . . . . . . . . . . . . . . . . . . . . . . ., ”.,.. . “’. ,, ... !,,.. . .  ’ .”. . . . .
::~ ~.$~ a

. .. .
w a Average’’ cross-sect~onal  area “ofrthe mouth is assumed’ to &e 2,7 mz

for subadults$ “S.3 m2 for adults, and 3.!l.m2 overall, (Table55)i
b Feeding .during winter and migration = 30% of daily ‘mah;utenance ,.’.; r }n’~ ,. ~,. . . . ., ,.

requiretints.  ,
.

~. J :“,! “ : b.,;,.’ . ,’ ,.. *,7., ,.,
. ..

lf bowheaiis feed ~n”winter and during migration, then they would require
.’

~ --alower~daiiy  intakeand lower prey’-densities  in surmner. If an average
subad~lt~~t,  .i,ts ,dail~, energetic requirements every day throughout the year$
theti”zt would’’’ueed”to coust&e 196’kg/d and would have to” feed ‘“for 16 h/d in
zooplankton  concentrations of 0.9 g/m3 or fbr 12 h/d in 1.2 g/m3. It appears
u~likel~ th,at, bowheads,tmeet all ~f+vth~ir,  daily requirements,.during winter and
rnz~’ration, but’”’ t~ere is evideuce’ tliat tlie~”’do  some, feeding. during these
periods. Thus~ 0:~’’g/m3 could ‘be c,qusidered.as the lower end,of the range of,,
subadult food requ-irement”s, Assuming the faster rate of growth, no winter
feeding and feeding for 12 h/d, a subadult would have to feed in
concentrations of,3.,4.g/m30 This ~igu,re could be considered as, the upper end
of-the raiige of subadult food requirements.

,,. ‘,
., . . -, . .

... . ..$. s.,... ... ,,. .“
.,, , “:, .,.,.. .,

Zoo.plankton” have be& collecked”uear  fekding bowheads during this study
‘arid~,.i’h.’the ‘Canadian Beaufort Sea by Bradstreet and ,Fissel (1986) and
Brads”treet et al. (19$7 )., Sampling depths and locations,were selected with
&,h&’~aid  of echosounders that detected ,t,he presence of layers’of concentrated
zoopl,ankton. The maximum zooplaqkton bioinasses found at any ,one depth
averaged 200 * s.d.”’O.7’”g/m3  (n = 8) during” sampling at feeding stations in
the Canadian and Alaskan Beaufort Sea (see ‘Zooplanktoa and Hydroacoustics’  s
p. 249; excludes Yukon stn 1986-3, where definite evidence of feeding was not
observed). Bowheads selectively feed in areas with a higher than average’
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biomass of zooplankton, and measured biomasses in feeding areas are similar to
calculated theoretical requirements (~. Table 66). Observed biomasses at
feeding locations average slightly lower than calculated requirements, but the
observed biomasses are probably underestimated somewhat because of the
inevitable sampling problems in studies of zooplankton patches.

The isotopic evidence suggests that
the eastern Beaufort Sea, at least in
Some bowheads are known to feed during
discussion that follows (SIntegrationf

there is considerab-le feeding outside
subadults (see ‘Isotopest section).
migration. For the purposes of the
section), we will assume that the

average daily intake of bowheads while migrating and while on the winter
grounds is 30% of average daily maintenance requirements (i.e. 30% of 196 kg/d
for subadults, Table 64). If so, subadults would have &o consume 444 kg/d in
sunnuers which would require feeding for 16 h/d in zooplankton concentrations
of 2.1 g/m3 or for 12” h/d in 2.7 g/m3 (Table 66). If all bowheads consumed
30% of daily maintenance requirements during winter, the entire population
would consume about 20% of its energetic requirements during migration and
while on the wintering grounds.

Bowheads are unusual among the baleen whales in that their stomachs are
relatively small. Bowheads 9 to 9.5 m long (about 16 MT) have a total stomach
volume of about 100 L (Tarpley  1987b). Based on the assumptions imTable 64,
and assuming that feeding in winter and during migration provides 30% of daily
requirements, a whale this size must consume about 300 kg of zooplankton  per
day. The stomach would hold only about 1/3 of the daily ration at one time.
The usual amount of food in whales taken in the feeding season is about 300 kg
in Antarctic sei whales weighing 15 MT$ about 800 kg in fin whales, and about
500 kg in humpbacks (Zenkovich 1969 in Lockyer 1981). In the case of fin
whales$ the stomach can hold at least half of the daily energetic
requirements. These whales often consume a large meal early”in the day and
then feed sporadically throughout the day (see Lockyer 1981). They feed in
&he Antarctic where prey densities can reach 2000 g/m3 (Lockyer 1981)--much
higher than ever found in the Beaufort Sea. A 9.25 m bowhead with a mouth
area of 1.83 m2 could consume about 18 kg/h while feeding at a speed of 5 km/h
in zooplankton concener.ations  of 2.0 g/m3e Observed prey. densities are
unlikely to afford opportunities for rates of feeding that are much higher.
Thus , a bowhead probably has little need of a larger stomach. The small
stomach also implies that feeding must occur over a protracted portion of the
day.

There are still many uncertainties in our estimates of the energetic
requirements of bowhead whales:

1. Improvements in the estimates will require better information about
various aspects of bowhead physiology growth, population
composition, and behavior. The stable isotope approach may provide a
method for the estimation of bowhead growth rates. However baleen
wear limits the record contained in the baleen to about 20 years.
Further work using this technique may provide specific data on growth
rates. Despite the uncertainties, the theoretical estimates are
generally consistent with direct observations of feeding durations
and zooplankton biomass at feeding locations. Similarly, feeding
rates of blue, fin and gray whales in nature are generally consistent
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with the theoretical estimates for these species (Lockyer 1981;
Thomson and Martin 1984). Two major improvements in this report,
relative to previous estimates, are the use of our direct
measurements of (a) the caloric content, per unit wet weight,. of the
food available within the study area, and (b) the quantities of food
available at locations where bowheads feed.

It is known that some bowheads feed at least sparingly during spring
and autumn migration west of the study area. Some feeding may occur
in the Bering Sea during winter, but zooplankton  biomass and caloric
content in winter are probably lower than in summer. There are no
direct observations of either food availability or bowhead behavior

lIntegratiOn’s P“in w-inter (see 471-2). The analyses of carbon
isotope composition of bowhead tissue in spring and fall, although
based “on small sample sizes, suggest that subadults obtain
considerable food in areas outside the eastern Beaufort Sea. However
it is not yet possible to determine the proportion of annual
requirements that are acquired in winter.

A reliable estimate of the cross-sectional area of the mouth opening
while feeding is critical to an estimate of feeding rates in nature.
The estimate used here is 4.6 m2 for an average adult. With our
value, the prey density necessary to sustain bowheads is 4.6 times
lower than that required by Brodiets assumed value of 1 m2.

Most of the information dealing with prey availability comes from
areas frequented by subadult whales. ‘l!ke -feeding grouuds of mature
animals,’ and especially of lactating females, are not well
documented. Adults have higher energetic “requirements than subadults
and apparently require slightly higher prey densities to meet these
requirements (Table 66).

There is general agreement between observed prey densities and the
energetic requirements. of gray whales (Thomson and Martin 1984), Antarctic
rorquals (Lockyer 1981), northern right whales (Mayo et al. 1985), and bowhead
whales (this report). Recent findings that theoretical estimates of food
requirements are similar to food availability are related to two developments:

1. Energetic requirements of marine mammals are lower than had been
believed previously, and are similar to those of terrestrial mammals
of corresponding size (Lavigne et al. 1986).

.

2. Techniques for estimating food availability, especially in the case
of zooplankton, are becoming more sophisticated. This has resulted
in increased “estimates of potential food availability in patches of
concentrated prey.

Since reproductive success, growth rates and age of maturity may be
closely linked to food availability (Lockyer 1“978, 1986; McNab 1980),
energetic and feeding studies such as these may provide valuable background
data for the studyof cetacean population dynamics.
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Conclusions

1. Energy requirements of bowhead whales are somewhat uncertain because
of uncertainties about bowhead sizes, length-weight relationships,
physiology, growth rate, and population composition. However, the
.apparen& energy needs of bowheads are generally consistent with what
is known about other large whales. Also, most of the different
methods for calculating energy needs give similar results. Food
requirements and food availability can be estimated with sufficient
accuracy to warrant comparison.

2, The energetic requirements of bowhead whales as estimated using the
respiration method are similar to estimates based on calculated power
output or hydrodynamic considerations, but higher than estimates .
based on Brodie$s (1981) standard metabolism approach. The
theoretical energy requirements of bowheads appear to be somewhat
lower than those of other large whales.

3. One uncertainty affecting the eaergetic analysis has been the unknown
amount of feeding in winter and during migration around western
Alaska. Isotopic results obtained in 1986 suggest that there is a
significant amount of feeding outside the Beaufort Sea, at least by
subadults. Thus, most of our calculations assume a high feeding rate “
for 130 d in summer and early autumn, and a lower feeding rate (30%
of daily maintenance rate) for the rest of the year. Other feeding
scenarios are also considered (Tables 64-66).

4 . ‘The annual food requirement for a population of 4417 bowheads is
estimated to be about 421,000 MT, with broad confidence limits. This
value is higher ehan some previous estimates$  primarily because the
caloric content of zooplankton  in the Beaufort Sea, on a wet weight
basis, is substantially lower than was assumed in some previous
analyses of bowhead energetic. Numerous other refinements in the
estimation process are described in this report. If the population
size is about 7200 whales rather than about 4417, the total annual
food requirement would be proportionally greater--about 690,000 MT.

5. Based on our energetic model, an average bowhead would have to feed
at locations where average zooplankton  biomass is at least 2.5 g/m3
if it must meet its annual food requiremen~s  in 130 d, feeding for 16 s
h/d. The average prey biomass at summer feeding locations would need
to be 2.0 g/m3 if 30% of daily maintenance requirements were met by
supplementary feeding during the remainder of &he year.

6* Required prey biomasses,  on a ‘per cubic meter$ basis, appear to be
similar for subadults  and adult males but higher for adult females.
This assumes that subadults grow at the slow rate implied by analyses
of baleen. Required prey biomasses for subadults would be
significantly higher (by about 21%) if they grew at the faster rate -

previously assumed. The apparent slow growth rate may be a n
adaptation to the relatively low zooplankton  biomasses available in
the Beaufort Sea.
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7. Zooplankton  abundance at feeding sites in the Beaufort Sea,’ including
parts of the Eastern Alaskan Beaufort Sea, is consistent with the
theoretical estimates of the energy needed by individual bowheads on
a daily basis. The contribution of the concentrated prey within the
study area to the annual energy requirement of the bowhead population
is addressed in the following ‘Integrationt section.
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~GRATIoll*
. . .

results and conclusions from prior sections,
integrate this ldisciplinaryt information in.

order to provide, insofar as the da~a allow, definitive conclusions regarding
the overall purpose of the study.

The overall objective of the study was to evaluate the importance of the
Eastern Alaskan Beaufort Sea as a feeding area for the Western Arctic (=Bering
Sea) population of bowhead whales. The null hypothesis, as specified by MMS,
was that ‘Food resources consumed in the Eastern Alaskan Beaufort Sea do not
contribute significantly ‘to the annual energy requirements of the Western
Arctic bowhead-stock.’

To test this hypothesis, it was necessary to determine

1.

2.

3e

The

the seasonal and spatial patterns of utilization of
bowhead whales, with emphasis on the identification

the availability in those areas of the zooplankton
feed; and

.

the sttidy area by
of feeding areas;

on which bowheads

the degree to which the prey acquired in the Eastern Alaskan Beaufort
Sea meets the annual food requirements of individuals and of the
population.

lBowheadsB and ‘Zooplankton  and Hydroacousticsr sections of this
reperk have presented our 1985-86 results concerning topics 1 and 2, and have
discussed those results in relation to previously available information.
Background infoqation regarding topic 3 is given in the ‘Isotopesi and
‘Energetic.s  of Bowheadst sections. Iu this section, we integrate the results.
and conclusions of the pi$evious sections by first testing the overall null
hypothesis and then describing specific bowhead feeding areas within the study
area in terms of their zooplankton and physical oceanography. Bowhead feeding
in the study area is then put into perspective by evaluating bowhead feeding
over other parts of the range. In the last part of this integration, we
discuss ways
availability

The
resources in

in which offshore exploration for oil and gas might reduce prey
or bowhead feeding in the study area.

Energetic Importance of the Study Area to Bowheads

null hypothesis being addressed by this study is that f Food
the Eastern Alaskan Beaufort Sea do not contribute significantly

to the annual energy requirements of the Western Arctic bowhead s~ock’. This
hypothesis can be tested by comparing the total energy requirements of the
population with estimates of (1) the total amount of zooplankton available to
bowheads within the study area and (2) the amount of zooplankton  consumed by
bowheads within the study area. If the amounts of zooplankton  available to
and/or consumed by bowheads are small relative to total annual population
requirements, then the null hypothesis would be accepted.

* By Denis H. Thomson and W. John Richardson, LGL Ltd.



Integration 450. ..-

.
.

Zooplankton Available to Bowheads in the Study Area

Total Zooplankton Available.--Zooplankton  sampling in the Eastern Alaskan
Beaufort Sea during September 1985-86 was confined to the continental shelf
area where water depths are <200 m. Most of the bowhead feeding within the
study area is in waters <200 m deep. In 1985, about 68,000 MT of zooplankton
was present in the top 50 m of the water column in parts of the official study
area with water’ depth <200 m (Table 67). The corresponding figure for 1986 was
80,000 MT. Because of the inherent difficulties in sampling zooplankton, the
small difference between the two years is not significant.

Table 67. Estimatcsi  total. wet wtsight ofzooplanktm in theupper  50mof the study
area in1985  and 1986.

Depdls (d
~&3 b Consi&redb Biausss (~)c

Region la? 1985 1986 1985 1986 1985 .1986

Shelf, O-200mDeep
“ Nearsbre 844 (2815)a

klner shelf 4220 (2249)a
Ckter shelf 3376

subtotal 8440

slope, 2@2000

>2X0mDeep

mDeep 7589

9441 .

,

subtotal 17030

455 285 “ 7-15 4+?3 3 4 5 7- 
16043

266 283 7-35 4-45 32590 26728
214 232 7-50 4-50 “ 31784 36859

— .

67831 7%30

UN) lm 7-50 4+0 33392 35668

100 100 7-50 4-50 41540 44373

——

74932 80041

‘Total 25470 1427& “15%71

a The cent of the nearshore Zabs, as defined by water mass characteristics, was
different in1985and1986.  Figures inparenthesesareestimates  for1986.

bl)epth = 50 m or average depth of water, whichever was less; Top few-ters of
water, where there was little zooplankton,  are uot considered. Estimated frcm
acoustic data for continmti shelf
for depths >2~m (Tables 16and 21,

cBicmassintop50m(excluding top4

Zcneand frcmnettowsmsdein  october 1986
p. 226 ad 237).
m in 1986 and 7 m in 1985), in@ric tons.
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Data from October 1986 were used to estimate the amount of zooplankton
farther offshore in the study area. We assumed that the mean zooplankton
biomass of 100 mg/m3 found in the top 50 m over the continental slope was also
representative of biomass beyond the slope. Thus, total zooplankton biomass in .
the top 50 m between the 200 m contour and the northern edge of the study area
(71”30’N) was about 77,000 MT (Table 67).

The total estimated zooplankton biomass in the upper 50 m of the water
column within the study area during September of 1985-86 was about 150,000 MT.
Additional zooplankton  was present below 50 m depth in waters that were >50 m
deep, but the hydroacous~ic  surveys indicated that dense zooplankton
concentrations were uncommon below 50 m during September.

Concentrated Zooplankton Available. --Considerable effort was devoted
during this study to documenting the vertical and horizontal variability in
zooplankton biomass. This was done because we expected, based on theoretical
calculations of energy requirements and evidence from other species of baleen
whales, that feeding would be concentrated at locations with above-average
prey densities.

Other species of baleen whales feed preferentially in areas with a higher
than average biomass of “potential prey. On a broad scale, fin whales near
Iceland concentrate in a semipermanent area of upwelling  where zooplankton
biomass is 4-9 times higher than in surrounding areas (Foe.rster and Thompson
1985), On a smaller scale, fin whales typically feed at specific sites where
prey concentrations are many times,denser than those in surrounding waters
(Brodie et al. 1978). The distribution and movements of humpback whales off
Newfoundland and New England are closely related to the distribution and
movements of schooling fish (Whitehead and Carscadden 1985; Whitehead  and
Glass 1985; Payne etal. 1986). Zn southeastern Alaska, Bryant et al. (1981)
related changes in distribution of humpbacks to changes in abundance of their
prey, and Dolphin (1987) showed that feeding locations and depths are
sometimes closely related to those where dense euphausiid c o n c e n t r a t i o n s
occur. In the northern Bering Seas the distribution of gray whales and the
density of feeding traces left on the sea bed by this benthic-feeding  species
wire closely correlated with biomass of potential prey (Thomson and Martin
1984). Baleen whales apparently cannot obtain enough food by feeding in areas
of average prey abundance; they must feed selectively in areas of concentrated
prey (Nemoto 1970; Brodie et al. 1978; Kenney et al. 1986). Thusj to measure
food’availability to baleen whales, it is necessary to measure the small-scale
variability and patchiness of the prey, not just average prey biomass (Crowley
1977; Hunt and Schneider 1987).

Bowheads, like other baleen whales, feed preferentially in areas with a
higher than average biomass of zooplankton (GriffiEhs and Buchanan 1982;
Bradstreet  and Fissel 1986; Bradstreet et al. 1987; this study). Thus, much of
the zooplankton  in the study area at any one time rnus~ occur in concentrations
Chat are too low to permit economical feeding. We expected (and observed) that
most feeding would be in areas where the zooplankton density is greater than a
threshold biomass representing the minimum concentration for economical
feeding (see Table 66 on p. 444; Table 68]. Feeding in concentrations of food
less dense Ehan the feeding threshold, if continued for significant periods,
would not allow a whale to meet its daily food requirements. This would
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tows. Maximum biomeso is the biomass in the horizontal tow
the depth  of maximum biomeoe via echoaouoder. The deutb at

Table 68. Characteristics of bowhead feeding ● reae. )4eao  biomass is biomaee in oblique
with the largest biomass ● t each statioa;  these horizontal tows were guided to
which tbe maximum biomaes occurred ie ● lso shown. Other relevsnt biomeee eetimates-  in horizontal towe ● re ● leo shown. Dominant t&e in
obl ique towe or,  when unavai lable in horizontal towe, sre ehowo .

‘ Zooplankton

TJiomees
(Ic(tlla% Depth Dominant Zooplanktera

Water of Max.
Depth Bhveeee

Location Date (m) Mean Maximum (m) Texs (X) Species (%) Bowheade

Tbie Study

Off Kongakut Delta
69”50’U 141”52’W

69”49’W 141”51’W

69”50’N 141*36°W

.

3023’

2886

“2137

75

3847

1543

771

-a

-a

1.

2.

3.

4.

5.

6.

7.

8.

9.

5 Sep 86 14

11

22

17

12

14

21

49

36

1228

853,
“318

912

96

105

776

455

369

527

10

8

15 “

8

8

3

14

-a

-a

Copepodo
(96%)

Copepode
(91X)

Copepode
( 9 5 % )

ffydrozoa +
Ctenophore8
(38%)

tfydrozoa +
Ctanopboree
(42X)

Limnocalanue
macrurun  (95%)

Fead&ng whalee obeetied
from boat and aircraft

6 Sep 86 Limnocalanue
macrurus  (88%)

Limnocalanu$-
macrurue (94X)

Aglantha
digitale (26X)  ,

Feeding vhaleo observed
from boat ● nd ● ircraft

7 Sep 86

4 Sep 86

Feeding whalea obeerved
from boat ● nd aircraft

West of ilerachel  1s.
69-36*N 139*32’W

Off Clsrence  Lagoon
69’38’N 140”49’W

Bradstreet  et ● l. 1987

King Point, Yukon Coeat
69”05’N 137-47*W

King Point, Yukon Coaet
69”08’N  137”38%J

North of Tuktoyaktuk
70”42’N  132”53°W

Off E. Tuk. Penin.

None seen from boat;
feeding whalea seen’from
● ircreft previous day

7 Sep 86 Limnocalanue
macrurua (32%)

1 vhale naarby; several
feeding whales seen from
aircraft previoue  day

About 12 whalea5 Sep 86

5 Sep 86

Copepode
(91%)

Limnocalanue
macrurus (86X) observed from chip;

probably feeding

Copepoda
(61X)
Eupbauei%da
(20X)

Copepods
(85%)

Copepoda
(87%)

Limnocalanua
macrurua (26X)
Calanus
hyperboreue (18%)

Calanue
hyperboreua (76X)

3 whalea observed
from ship possibly feeding

1+.’ B.

’30 Aug 86

3 Sep 86

Whales observed within
50 m of ahip

3 whalea obeerved  within
500 m of ship

it
w
o
P

Calenus
hyperboreus (69%)70”44’N  130”46’W  ‘



Table 68. Concluded.

Zooplankton .

Biomass
{mglm3)  “Depth Dominant Zooplanktera

Water of Max.
.

Depth Bioma.sa
Location Date (m) Mean ktaximum ( m ) ‘2axa (%) Species (%] Bowheada

Bradntraet and I?iaael (1986)

10. Off Kay Pt~, Yukon 27-@g 8,5 64 288 1098 8 Copepods Limnocalanua
Coast. 69”27’tl 138°04’W

Observed from boat
(92%) taacrurua  (77%)

11. Off -King Pt., Yukon 28 Aug 85 12

coast.  69e05’N  137*47fitd

nlta 2 1 4 2 1 Copepoda Liinnocalanus Observed from boat;
(99x) . ❑ acrurus (97%) surface feeding

12. Off King Pt., Yukon 29 Aug 85 21 836 1203
Coaat.

9, Copepoda Limnocalanus
69”08’N 13S”O0’W

Observed water-column
(94%) macrurus (88%) feeding from boat

13. Off Kay Pt.$ Yukon 29 Aug 85
Coast. 69”16’N 138”16’W

25 nla 2294 8 Copepoda Limnocalanus Observed some water-column
693 1 (98%) macrurus (84%) feeding and some surface

Lkiffitbs and Bucbamn

1.4. Off Richards Island,
Mackenzie Delta
70”00’N  135”43’W

feeding from boat

(1982)

18-19 Aug 81 26 nla 886 15 Copepods Calanu5 30 whalea observed surface
2’16 0 (79%) byperboreu.s feeding (aircraft and

( 7 0 % ) boat observations)

a echosounder  not functioning.
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necessitate feeding in higher prey concentrations at other times. Most of our
data on zooplankton near feeding whales concern subadult animals feeding in
nearsh~re areas. Theoretical estimates of minimum prey requirements developed
in the ‘Energetics$ section (Table 66) show that subadults and an average non-
calf bowhead would have to feed. in similar concentrations of zooplankton.
Thus , the following discussion could apply to an average non-calf bowhead as
well as a subadult.

The” maximum biomass available at bowhead feeding locations averaged 2.0 ~
s.d. 0.7 g/m3. This average represents zooplankton  biomass at the depth of
maximum biomass at feeding locations within the present study area and in the
Canadian Beaufort Sea. (Biomasses at feeding locations. in the Eastern Alaskan
and Canadian Beaufort Sea were similar and pooling was warranted.) The mean is
based on only those stations where whales showed definite evidence of feeding
behavior at the time of zooplankton sampling (-locations 1-3, 6, 10-13 on Table
68).

There is good justification for using the biomass within the densest
zooplankton layer at each station rather than the mean biomass over some wider
range of depths. (1) Bowheads must feed at locations with higher-than-average
biomasses of zooplankton  in order to meet their energetic requirements, and
presumably optimize the energetic return from their feeding effort by feeding
at the depth with maximum food availability. (2) We did not know and probably
did not sample at the precise locations where whales fed. (3) Even a short
horizontal tow of 10-min duration integrates data from locations with higher
and lower biomass} and underestimates the maximum biomass available to whales.
(4) Euphausiids formed a substantial proportion of food items in”stomachs  of
bowheads harvested at Kaktivik (Lowry and Frost 1984; Lowry et al. 1987) bu~
were relatively rare in our samples; our estimates of food availability are
based mainly on biomass of copepods and probably underestimate euphausiids’
‘lhs, even the mean of the maximum biomasses at each station (2 g/m3) probably
underestimates the biomass of zooplankton available to feeding whales.

It is noteworthy that the mean of the maximum biomasses available at
feeding sites, 2 g/m3, is similar. to the theoretical food requirements of
bowheads computed using theoretical annual food requirements, 16 h/d of
feeding for 130 d in summer, and consumption during the rest of the year
equivalent to 30% of daily maintenance requirements (Table 66, p. 444). Such
a correspondence between theoretical food requirements and food availability
at actual feeding sites has also been found for rorquals (Lockyer 1981) and
gray whales (Thomson and Martin 1984).

If 2 g/m3 is representative of the mean biomass associated with feeding
whales, then we can use the hydroacoust~data  to calculate a theoretical
feeding threshold, i.e. the minimum biomass at which bowheads could feed and
still feed in a mean biomass ‘~/m3. The hydroacoustic  data from the broad-
scale transects provide infonaatiou about the frequency of various prey
abundances in the Eastern Alaskan Beaufort $ea. Only a low proPortion of the
water in the top 50 m of the water column over the”continental shelf contained
in excess of 2.0 g/m3— about 0.5% in 1985 and 0.1% in 1986 (Table 69, column
B). To consume a mean of 2.0 g/m3, a subadult bowhead feeding in our study
area during September 1985 would have had to feed at locations where
zooplankton  biomass was at least 1.25 g/m3; the mean zooplankton  biomass in
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Frequency of occurrence of various zooplankton biomasses  as estimated from hydroacoustic
data recorded during broad scale surveys in 1985 and 1986. Biomasses in trans~ct  segments
are tabulated in O.-25 g/& intervals. In 1985 each segment was about 250 m long and 2 m
thick. In 1986 se~nts were about 365 m long and 1 m thick. Only those segments below
depth 6 m (1985) or 4 m (1986) and above &pth 50 m are considered.

Total Biomass on Shelf,
A. B. c. D. Eastern Alaakan Beaufort Sea

Range of Frequency of Mean Biomass Percent of
2ooplankton Biomass in in This and Total Bionwa

Biomass This Range AU Greater . Over Shelf in E. h Range F. Cumulative ‘
(g/r@) (# gegmenesl Rangea (g/#) This Range . (M’) (ml

1985 1986 1985 1986 1985 1986 1985 1986 1985 1986

0.00 k.25
0.25-0.50
0.50-0.75
0.75-1.00
1 . 0 0 - 1 . 2 5
1.25 -1.s0
1.50 ‘-1.75
1 . 7 5 - 2 . 0 0
2.00-2.25
2.25 =-2.50
2.50-2.75
2.75-$.00
3.00-3.25
3.25-3.50
3.50-3.75
3.75 +.00
4.004.25
4.254.50
4 . 5 0 4 . 7 5

3617
1119
322
100
27
24
10
17
8
4
1
4
6
1
0
1
1
o“
1

13969
6630
1788
600
246
144
84
30
7
1
1
0.
1
1
1

0.249
0.517
0.882
1.323
1.766
1.997b
2.281
2.434
2.794
3.057
3.248
3.298
3.489
3.967
4.126
4.126
4.255
4.501
4.501

0.270
0.477
0.782
1.079
1.333
1.542
1.746
Z02$
2.456
2.974
3.123
3.307
3.307
3.445
3.580

35.0328.32
29.51 35.95
14.77 16.77
6.54 8.14
2.26 4.27
2.49 3.09
1.23 2.12
2.41 0.88
1.32 0.23
0.71 0 . 0 4
0.19 0 . 0 4
0 , 8 6  0 . 0 0
1.45 0005
0 . 2 7  0 . 0 5
0 . 0 0  0 . 0 6
0.30 -
0.31 -
0.00 -
0.34 -

23,764
20,015
10,017
4,438
i,536
1,686
832

1,638
898
484
132
584
985
181

0
200
207

23:

22,548
28,623
13,355
6,481
3,403
2,462
1,692

697
1 8 3

30
32
0

38
42
45
-.

67,831
44,067
24,052
14,034
9,596
8,060c
6,373
5,42
3,904
3,006
2,521
2,390
1,806

821
641
641
440
233
233

79,630
57,082
28,459
15,104
8,623
5,220
2,759
1,(MW

370
186
157
124
124
86
45

5,26323,503 100 100 67,831a 79,630a

a From Table 67.
bThis is the mean biomass in all transect segments that contained a biomass >1.25 g/m3 (1985) or

>1.75 g/m3 (1986).
c This is the estimated total amoune of zooplanktora occurring in water where the biomass was >1.25
g/# (1985) or>l.75 g/m3 (1986).

.
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broad-scale hydroacoustic  transect segments where the actual biomass was 21.25
g/m3 was 2.0 g/m3 (Table 69, column C). In September 1986 the corresponding
theoretical threshold would have been about 1.75 g/m3 (Table 69C). The higher
calculated threshold in 1986 resulted from a lower percentage frequency of
very high biomass along the broad-scale transects sampled in 1986 (Table 69B).

In September 1985, bowheads could have fed on a mean zooplankton  biomass
of 2 g/m3 by feeding in concentrations of 1.25 g/m3 or greater, and in 1.986 by
feeding in concentrations of 1.75 g/m3 or greater. At the majority of
locations, such concentratioris  of zooplankton were not present at any depth in
the water column. Along the broad-scale oceanographic ‘transects over the
continental shelf in September 1985; only 53 of 330 (16%). 2-rein segments of
transect (each about 250 m long) contained a biomass >1.25 g/m3 at some deptho
Along the 1986 transects, only 30 of the 648 (5%) 2-rein segments (each about
365 m long) contained >1.75 g/m3 at some depth- (This analysis is based on
the data summarized in Figures 99 and 100 on p. 220-222.) Thus about 5%
(1986) to 16% (1985) of the area of the continental shelf (depth <200 m)
within our study area may have provided suitable feedi,ng habitat for bowhead
whales at any one time.

Within the continental shelf portion of the study area, the quantity of
zooplankton occurring in such concentrations was not. large. In 1985, 12% Of
total zooplankton biomass (8060 of the 68,000 MT) was in the broad-scale
transect segments (each approx. 250 m horizontally by 2 m vertically) that
contained >1.25 g/m3 (Table 69$ COlUmII F). In 1986, only le~% of total
zooplankton biomass (about 1100 of ’80,000 MT) was i.n the broad-scale” transect
segments (each approx. 365 m by 1 m) that contained >1.75 g/m3. Thusj at any
“one time only about 1.3% (1986) to 12% (1985) of the zooplankton over the
continental shelf was sufficiently concentrated to permit efficient feeding by
bowhe”ads. .

The total biomass of about 75,000 MT of zooplankton over the continental
shelf within the study area is roughly 18% of the annual food requirements of
the Western Arctic bowhead population (421,000 MT for a population of 4417
individuals from Table 65 on p. 443). However, our evidence suggests that oaly
about 1100 MT (1986) or 8060. MT (1985) of this zooplankton was sufficiently
concentrated to support efficient feeding at any one time. These amounts
represent only about 0.3% and 2% of the total annual requirement of 4417
bowhead whales, and even lower percentages if there are about 7200 bowheads as
is now suspected (1.W.C. in press). -

Zooplankton patches are transitory and constantly in the process of
forming and dispersing. Thus , over the several-week period when the study
area is used by bowheads, more than the 1100 to 8000 MT of zooplankton  found
in patches at any one time could be available in a concentrated form to
bowheads. The rate at which zooplankters may aggregate into patches in the
study area in late summer is unknown. Thus, there is no way to estimate how
much more concentrated prey might become available later in the season if the
initial patches containing 1100-8000 MT were consumed by bowheads and other
consumers.
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The above calculations obviously provide only a rough estimate of feeding
potential within the studyarea. The hydroacoustic surveys provide only rough
estimates of zooplankton biomass. The 250 x 2 m or 365 x 1 m resolution cells
within which biomass was averaged probably exceed the dimensions of some dense
zooplankton patches. This would result in underestimation of biomass at the
locations of maximum zooplankton concentration (Crowley 1977). The net tows
used to calibrate the hydroacoustic system probably underestimated zooplankton
biomass in some areas, especially where fast-swimming organisms like
eup~ausiids  were concentrated. In addition, the limited hydroacoustic  coverage
(2 broad-scale transects in 1985; 4 in 1986) may have under-sampled areas of
high zooplankton abundance. However, even allowing for the likelihood that we
underestimated the amount of concentrated prey available in 1985 (estimate~ as
~2% of annual population requirements) and especially in 1986 (~0,3%), the
continental shelf portion of the study area did not contain, at any one time,”
more than a small percentage of the annual Population requirement for densely
concentrated prey. Additional investigatio~ would be
whether the rate of formation of prey aggregations is
this conclusion appreciably when the full several-week
of the study area by,bowheads is considered.

needed EO determine
rapid enough to alter
period of utilization

Zooplankton Consumption in the Study Area-by the Bowhead Population

Utilization of the study area by bowhead whales “was low in 1985 and
moderate in 1986. “The main summer fe”eding range prior to the onset of a“ctive
westward migration did not extend into Alaskan waters in 1985, but extended
into the southeastern corner of the study area in 1986. In both years, “
bowheads  fed in the ccmtinental shelf portion of the study area as they were
migrating west in late September. Total usage of the study area in the autumn
of 1985 was on the order of 4200 whale-days. The corresponding figure for 1986
was 12$950 whale-days (see p. 304-309). .

The average bowhead weighs about 37.7 MT and has a mouth area of about
3.9 m2 (Table 58, p. 425). If it feeds for 12 h/day at a speed of 5 km/h (see
#En~rgetics’a ‘-

444-445) in zooplanktou  concentrations averaging 2 g/m3, it
will consume about 468 kg/d. If all whales using the study area in 1986 fed at
this rate$ about 6061 MT of zooplankton, or 1.4% of the estimated annual
requirement of 421,000 MT for a population of 4417 bowheads, would have been
consumed (i.e. 12,950 whale-days of feeding at 468 kgjwhale-d). As discussed
above, the hydroacoustic data suggested that, at anyone time? only about 1100
MT of zooplankton occurred in water where the zooplankton biomass exceeded the
calculated 1.75 g/m3 feeding threshold in” 1986 (Table 691?). The total biomass
of zooplankton that could form dense patches during the several weeks of
migration is unknown; it might exceed 6061 MT even if no more than 1100 MT
were in dense patches at any one time. The estimated total consumption of 6061
MT in 1986 represents 8% of the zooplankton that occurred over the shelf
within Ehe study area.

Utilization of the study area was much lower in 1985 (about 4200 whale-
d) than in 1986. If all whales fed at the above daily rate, then about 1966 MT
of zooplankton would have been consumed (4200 whale-d times 468 kg/whale-d).
This 1966 MT figure is substantially lower than the 8060 MT of zooplankton
that was estimated to occur in water where, at any one time, zooplankton
biomass exceeded the estimated 1.25 g/m3 feeding threshold in 1985.
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Thus , based on the observed numbers of bowheads in the study area and
reasonable assumptions about their feeding rates, food intake in the study
area could have totalled about 6000 MT of ‘zooplankton in 1986 and 2000 MT in
1985. If SO, consumption in the study area represented about 1.4% (1986) or
0.5% (1985) of the estimated 421$000 MT of zooplankton required by a
population of 4417 bowheads in one year. If our estimates of the weights of
bowheads are too high, which is a possibility, then energetic requirements for
the population may be lower than the 421,000 MT figure (see lEnergeticsl, p.
440), and feeding in the Eastern Alaskan Beaufort Sea would provide a slightly
higher proportion of population requirements. On the other hand, if we assume
a population size of 7200 bowheads rather than 4417, the percentage of anndal
food requirements obtained in the study area might be even lower than our 1.4%
(1986) or 0.5% (1985) estimates.-

No reasonable combination of Uncertainties and adjustments seems large
enough to add more than a very few percentage points to the ‘1.4% and 0.5% of
annual population requirements: figures. Thus, we conclude that the Western
Arctic bowhead population consumed only a small percentage of its annual food
requirement in the study area in the late summer-autumn periods of 1985 and
1986.

Zooplankton  Consumption in the Study Area by Individual Bowheads

Feeding within the Eastern Alaskan Beaufort Sea might be important to
some individual whales even if it contributes little of the food consumed by
the entire bo’whead population during the year. Groups of, bowheads have
sometimes been seen for several days at specific locations within the official
study area (LGL and Arctic Sciences 1985; this study). Before 1986 there was
no proof that, within our study area, the same individual bowheads remained at
feeding locations on subsequent days. However, we found that some
individually recognizable bowheads did remain from day to day in the feeding
area off the Kongakut Delta (Table 41,”p. 322). Similarly, some recognizable
individuals recur over periods of many days at various feeding locations in
the Canadian Beaufort Sea, including the Yukon coast near Komakuk--just east
of our study area (Davis et al. 1983, 1986a,b; this study). The average and
maximum documented .resi.dence times near Komakuk” in 1985-86 were 7..6 and 16
days (see ‘Bowheads’, p. 323), but such values are inherently underestimates.

Thus, when feeding bowheads are seen in an area over a period of several
days, at least before active migration begins, it is very likely that specific
whales are remaining in the area from day to day. These individual bowhe&ds
consume a higher fraction of their annual energy intake in the study area than
does the population as a whole. .

In 1985, there was no evidence that any individual bowheads fed in the
study area for long enough to acquire a significant “fraction of their annual
energy intake. Bowheads were virtually absent ugtil active migration began,
and there were no between-day resightings of individually recognizable whales
within the study area. In 1986, a small number of bewheads (perhaps 50, mostly
subadults) did feed in the SE corner of the study area for several days in
early September; they then left that specific feeding area, but we do not know
whether they left the study area as a whole. It is not known how long those
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whales fed within the study area; however, their residence times along the
coast west of 141*W may have been” as much as 10 days (Fig. 127, p. 290).

A subadult whale that fed within the study area for 10 days could consume
a significant amount of food, although only a small fraction of the total
annual requirement according to our data. An average subadult has a mouth area
of 2.7 m2 (Table 58, p. 425). If it feeds for 16 h/d at a speed of 5 km/h in
zooplankton concentrations of 2 g/m3, it would consume 432 kg/d. In 10 d it
would consume 4.3 MT. Total annual requirements of an average subadule  are 71
MT/yr (Table 64, p. 440). Given the above assumptions, a subadult could
consume 6% of its annual requirements if it fed in the study area for 10 days.
Actual consumption might be somewhat higher because peak abundances of “
zooplankton were probably underestimated. On the other hand, our assumptions
of feeding for 16 h/d, at 5 kra/h,- and for 10 d may all be somewhat
overestimated. If subadult bowheads weigh less than we estimated (see
‘Energeticss, p. 441), total annual requirements would be lower and
consumption wiehin the study area would represent a larger proportion of total
annual requirements. If weights are 25% less than we calculated, consumption
in 10 d of feeding might represent 8% rather than 6% of annual requirements.

There is no strong evidence that any” individual bowheads feed in the
study area for more than 10 days in some years, but this is a possibility. Our
two years of study were years of below-average (1985) and below-maximum (1986)
utilization of the study area for the population as a whole (p. 365-366}. It
is also probable that some individual whales find food concentrations
considerably exceeding ehe 2 g/m3 figure used in our calculations. For
example, 10 days of feeding on 4 g/m3 or 15 days of feeding on 2.7 g/m3 might
provide 12-16% of annual requirements rather than the 6-8% calculated above.
Thus , although most individual bowheads obtain little of their annual food
requirement in the study area, it is possible that a few individuals do obtain
significant amounts of food there in certain years.

Summary of Energetic Importance of Study Area to Bowheads

We conclude that the Western Arctic bowhead population acquired very
little of its total annual food requirements from the Eastern Alaskan Beaufort
Sea during the late summer and autumn of 1985 or 1986. This conclusion is
reached by each of two lines of argument.

1. Consumption by Bowhead Population: The observed utilization of the
study area by bowheads in 1985 and 1986 was about 4200 and” 13,000
whale-days, respectively. Based on these figures, on the observed
zooplankton biomass at whale feeding sites (average of 2 g/m3 at
depth of maximum biomass), and on reasonable assumptions about
feeding rate, food intake in the slxdy area in 1985 and 1986 could
have totalled about 2000 and 6000 MT, respectively. These estimates
are only 0.5% and 1.4% of the estimated annual food requirement of
4417 bowheads.

2. Consumption by Individuals: Different bowheads feed in the study area
for variable periods. Some may have been present for as much as 10
days in 1986. Even these individuals probably acquired only about 6-
8% of their annual energy needs within the study area.
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The above two arguments, taken ~o.gethe~, indicace that the null
hypothesis posed at the start of this study should be accepeed,  at lease for
the population as a whole:

‘Food resources consumed in the Eastern Alaskan Beauforti Sea
do not contribute significantly to the annual energy
requirements of’ the Western Arctic bowhead stock.t

For years of low utilization (like 19$5) and probably for those of moderate
utiliza~ion (like 198ti.)$ the same couclusi.ons can be drawn for most if not all
individual bowheads. There is little informa~ion abou~ how  long cerbain whales
may feed in the study area in some other years, However~ there is no evidence
t%at many feed there for longer than 10 days. . Ten days of feeding a~ a
location with the zooplankton biomasses that have been found near feeding
bowheads apparently supplies only a small percentage of the annual energy
requirement of,an individual bowhead.

Bowhead Feeding Areas in the Eastern Alaskan Beaufort Sea

During this study, significant numbers of bowheads were seen feeding in
the middle shelf region off Kaktovik and off Demarcation Bay, and along the
coast off the Kougakut Delta. We also observed much feeding along the Yukon
coast near Komakuk, just to the east of the official study area. The following
sections ineegrate our evidence about feeding activities~  zooplankton and the
physical” oceanography of those areas.

Feeding in the Ffid-fiihelf Area

The only part of our official study area where many bowheads were known
CO feed during “1985 was in the mid-shelf area north and northeast of Kaktovik
a~ about the 50 m contour in late Septe~ber (Fig. 117$ 118; p, 278, 279].
Numerous bowheads$ some believed to be feeding$  were seen a~ the same location
cm ‘21-26 September 1984; feeding bowheads had not been noticed in this area
b~fore 1984 (Fig. 109, p. 260). In late September 1986, bowheads were also
concentrated at or shoreward of the 50 m contour across most of the study area
(Fig. 126, p. 289). The whales seen in these areas were traveling and
feeding. Almost all of the apparent feeding in the mid-shelf area in late
SepEember of 1985-86 was deep enough in the wa~er column that the whales were
visible only when they surfaced to breathe. In both 1985-and  1986, most of the
whales observed in the mid-shelf area in late SepEernber were adules (some with
calves) or large subadults; there were few small subadults (Fig. 130, 132; p.
313, 315). Despite the fact that many of these whales were individually
recognizable ~ none were re-photographed at the same Ioca&ions on subsequent
days. This suggests tha~ the whales in the mid-shelf area were not lingering
for long in any one area. These whales were apparently feeding iritermittently
while traveling.

In 1985, our Boat Transect 1 passed ehrough the mid-shelf area of%
Kaktovik in early September, about 2 weeks before many whales began to feed
Ehere. However, by late September, oceanographic conditions there had
undoubtedly changed dramatically. Strong westerly winds in mid September mixed
the wa~er column and brough~ much pack ice ineo the area. Also as a result of
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these winds, the area was no longer near the southern edge of the Mackenzie
Bay water.

In 1986, sampling of the broad-scale transects was also completed before
many whales began to travel west through the mid-shelf region. There was again
a period of strong  west winds between the end of sampling and the period when
whales became common. Because these winds did not bring much ice onto the
continental shelf part of our study area, surface conditions could still be
monitored by satellite in late September 1986 (Fig. 37, p. 81). The surface
water throughout the study area was cold at this time (Fig. 373). The
satellite imagery provided no information about subsurface conditions.
Howevera the shoreward edge of a strong subsurface intrusion of Bering Sea
water was near the 50 m contour in early-mid September (Fig. 49, p. 96) and in
mid October, and was probably at a similar location in late September. At the
time of boat-based sampling, there was no clear evidence that zooplankton was
concentrated at the edge of (or in) the Bering Sea water.

In early-mid September of 1985-86, zooplankton abundance in surface
waters. over the shelf was very low (Table 25, p. 246). Conditions near the
surface may have been more suitable for zooplankton  in late September of both
years, given (a) the mixing caused by the strong winds, and (b) the eastward
retreat of the Mackenzie plume. However, results from sampling on 18 September
1985, after a period of strong west winds, indicated that a pycnocline,
although less clearly defined$ was still present, Even then, zooplankton
biomass remained lower above than below the pycnocline  (Griffiths et al. 1986,
p. 135). The probable scarcity of zooplankton near the surface would account
for the predominance of water-column feeding over near-surface feeding in the
mid-shelf area during both years.

We studied zooplankton extensively over the ~id-shelf during both 1985
and 1986, but not at times and places when bowheads were present. The dominant
copepods over the mid-shelf were Calanus hyperboreus and ~. glacialis. These
two species were also the dominant copepods in stomachs of whales harvested at
Kaktovik (Lowry and Frost 1984). We have no specific information about the
capture locations of the whales that contained Calanus. However, many of the
whales taken near Kaktovik are taken far enough offshore EO be in waters where
Calanus dominates; of 36 locations near Kaktovik  where bowheads were seruck,
21 were mapped as being north of the 18 m contour (Anon. 1986, p. 51).

Hydroacoustic surveys in the mid-shelf area during early-mid September
showed scaetered patches of concentrated zooplankton in both years. We have no
information about the presence or locations of such paeches in late September,
but suspect that patches were still present. Some of these concentrations were
near the pycnocline$ especially in 1985. Others were closer eo the bottom,
especially in 1986 (Fig. 99, 100, p. 220-222). Aside from bhose cases, no
physical mechanism was identified to explain the occurrence of most
zooplankton patches found ov~r the middle shelf.

We expect that migrating bowheads feed opportunistically in at least some
of the zooplankton  paaches that they encounter while traveling west over the
middle shelf, The hypothesized opportunistic nature of this feeding would be
consistent with the variable feeding locations in this area (Fig. 109, p.
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2 6 0 ) ,the mainly unknown physical explanations for concentrations of
zooplankton there, and the variable ice conditions and migration timing.

Feeding off the Kongakut Delta

About 50 bowheads, mainly subadults, fed below the surface in shallow
water near the Kongakut Delta for a few days in early September 1986. Whales
did not feed there in 1985. Ljungblad et al. (1983, 1986a) did not report
feeding bowheads close to shore near the Kongakut Delta in 1979-84, but did
observe feeding close to shore just east of Demarcation Bay in 1979. Johnson
(1984) saw many bowheads close to shore near the Kongakut  Delta and elsewhere
to the ealst and west on 22 September 1982; he suspected that some of these
whales were feeding (S.R. Johnson, pers. comm.).

In 1986, a nearshore band of Eurbid water was present in the SE portion
of the study area (p. 62 ff, 10? ~). Off the Kongakut Delta this band was one
to several kilometers ~ide. Beneath the thin turbid surface layer, the
pycnocline was stronger and the subsurface water was colder and more saline
than in waters slightly farther offshore. Fronts and eddies were common at the
edges of this nearshore band. Intense horizontal gradients in temperature and
salinity were present in subsurface waters at depths <15 m (p. 112-113).

Zooplankton biomass was extremely high in thin subsurface layers of
zooplankton at the shallow (11-22 m) sampling stations near feeding whales
(Table 68, locations l-3). Zboplankton biomass was far lower at control
stations located seaward of the nearshore band ‘of turbid water, where whales
were not feeding (Table 13, p. 191). The patches of concentrated zooplankton
and the whales that fed on them were associated with intense horizontal
gradients in temperature and salinity. The small copepod Limnocalanus  macrurus
was the dominant zooplankter n“ear the feeding whales. The major di-
between the zooplankton  near feeding whales and at the corresponding control
stations was’ the presence of much larger numbers of ~. macrurus near the. -
whales. . .. .

Sampling was not conducted off the Kongakut Delta in 1985, so it is UOG
known if there was an equally high abundance of Limnocalanus or. other
zooplankton there in 1985”. In 1986, zooplankton biomkss in nearshore areas
farther west was high relative to that in offshore waters, but not as high as
that just off the Kongakut River or Komakuk (Table 68, 70). Thus, there may
have been an east-to-west decline in zooplankton biomass along the coast in
1986. The western edge of the zone of high zooplankton biomass extended into
the SE ’corner “of the official study area in 1986 but perhaps did not do so in
1985. However, our main evidence for lower zooplankton  biomass west of the
Alaska/Yukon border in 1985 was the lack of feeding whales there--admittedly a
rather circular argument.

A possible ‘explanation’ for the hypothesized between-year difference” in
nearshore zooplankton abundance in the SE corner of the study area is that the
strong horizontal gradients in temperature and salinity may not have existed
there in 1985 (see ‘Water Masses’; p. 131). To confina this, additional
sampling during late summers with and without the nearshore band of turbid
water, and with and without feeding bowheads, would be necessary. In a year
when zooplankton is abundant along the coast$ repeated sampling on a



Table 70. Mean biomass and percent of total biomass represented by major taya and species in the upper 50 m
of the water column in the eastera Alaskan Beaufort Sea in 1985 and 1986. Only those samples
that were identified to apec~fic level-are considered. ,.

Nearshore Inner Shelf Outer Shelf .
In Sept. In Sept. In Sept. October 1986

Whale
Feeding Control

1985 1986 1985 1986 ‘1985 1986 55 m >1500UI Areas Areas

Total Biomass (mg/m3) 487 296 “209 170 i33 43 90 170 586 86
No. Oblique tows 1 8 4 3 47 2 3 6 5

Percent of Total Biomass
Copepods 83*O 84.2 75.6 57.1 .77.1 20.1 36.8 19.3 86.6 42.3
Mysids 3.6 0.7 0.1 0.3 0.0 0.0 0.0 0.0 5.6 2.0 ~
Euphausiids 4*4 0.2 1*9 0.7 0.2 0.0 0.4 1.0 0.0 0.4
Gelatinous zooplankton

.
5.2 4*O 13.3 12.6 13.5 36.6 55.4 64.9 4.0 23.6

(lhaetognaths 2.0 0.4 3.4 4.4 4.1 11.8 4.8 10.5 0 . 4 2.3

~alanus hyperboreus 17:1 7.0 49.3 20.9 57.4 ‘11.9 3.7 1.8 0.2 3.7
Calanus glacialis 2.4 31.7 18el 34.3 12.6 7.2 32.1 14.3 0.5 7.1
Limnocalanus  macrurus 40.1 44.2 4.6 1.3 0.2 0.3 0.0 0.0 84.2 29.4



fine-scale basis would be desirable in order to understand &he dynamics
Limnocalanus and other prey concentrations.
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Feeding Near Komakuk

Bowheads heavily utilized the Komakuk sec~i.on of Che Yukon coast between
the study area and Herschel Island from mid August to late September of 1985
and 1986, Feeding bowheads were observed in the shallow ice-free wager in this
area (p. 273 ff~ 284 ~). In 1985 this represented the westernmost edge of the
summer feeding range. In 1986, the bowhead concentration extended farther
west$ to the Kongakut Delta area. Bowheads had also been present near IComakuk
$ttring the late summer of 1!?$4$ although not in 1983 (Richardson et al. 1985a,
$9871.

.The whales found off Komakuk in 1984-86 were mainly subadults similar in
size to those off the Kongakut Delta (p. 313 ff). These whales sometimes fed
at and near the surface--occasionally in echelo~formati.on--but  more often fed
below the surface (p. 332-335). No de~ailed zooplankton  or physical
ocetinography work was done near Komakuk before 1986. In 1985, sa~elliee
imagery showed the Komakuk area to be the eastern end of a nearshore zone of
cold water that extended across our study area (p. 53). Salinity and nutrien~
profiles obtained farther west sugges~ed chat the cold nearshore band present
in 1985 was partly a result of upwelling (p. 90, 390). However, coastal
upwell~ng near the Alaska/Yukon border may not lead to greatly increased
zooplankton biomasses given the slow growth rates of zooplankters  relative.”~o
the typical durations of these upwell~ng ‘events. Thus, the reasons for the
eoncenErations of bowheads,near Komakuk. cannot be de~ermined with c~rtainty.

Tn 1986, a narrow band of freshened, turbid surface wa~er (1 m thick) was
found ‘close to shore off Clarence Lagoon, near Komakuk. Bowheads had beer!
feeding there the day before our” oceanographic sampling. A horizontal Row
through colder and more saline water at 8 m depth yielded ~ke highest. biomass
of any tow during bhis study$ nearly 4 g/m3, mainly Limnoc’alanus macrurus and
ti”ther copepods (Table 683 location 5). A hydroacoust~c  transect showed a dense
buk thin layer of zooplankton  at mid-wa~er (Fig. 86, p. 196). Why most
bowheads had left this area by the time of sampling is not known; copepods
were still abundant.

.At a staeion, just west of Herschel Island, the physical oceanographic
regime differed from that off Clarence Lagoon and the Kongakut River. A band
of turbid Mackenzie Bay  waeer was found 2 EO 8 km from shore. The subsurface
water farther offshore was colder and more saline ehan that at ehe nearshore
seations-- bbe reverse of the sitxation farther wese. Zooplanktion biomass was
low at a nearshore station where feeding whales had been observed Ehe day
before (Table 68, loca~ion 4]. No parche$ of concentrated zooplankton were
found by the eehosounder (Fig. $3, p. 190). This site may have been abandoned
by feeding whales because of the low zooplank~on biomass.

Subadult bowheads were presene in the Komakuk area for several weeks in
both 1985. and 1986. Some individual bowheads recurred in ehe Komakuk area for
as much as 16 days, and some returned to this area in 1986 after having been
there in 1985. Thus, conditions musti have been favorable. The dense layer of
copepods near Clarence Lagoon whenwe sampled there in 1986 appeared to be a
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very suitable location for feeding below the surface> even though bowheads
we”re noe using that particular location when the zooplankton sampling was
done. We did not find a high biomass of zooplankton  at the surface at any of
our few stations near Komakuk. However, we occasionally saw bowheads feeding
at the surface. Farther eastj in southern Mackenzie Bay, high biomasses have
sometimes been found at the surface when cold, saline Arctic Water occurs at
the surface (Bradstreet  and Fissel 1986). The occasional occurrence of surface
feeding near Komakuk suggests that similar conditions probably occur
sporadically near Komakuk as well.

Bowheads remained off the Kongakut Delta for only a few days in early
September 1986, and were absent in 1985. In contrasts bowheads remained off
Komakuk for several weeks in bo~h years, and were also present in 1984.
changes in the physical oceanographic regime may have been responsible. The
intense gradients h surface temperature and turbidity that had been observed
off the Kongakut Delta in early September 1986 were less evident by 14
September (Fig. 32, 33 vs. 36, p. 710~). Subsurface properties probably
changed as well; if so, this may have eliminated the processes responsible for
concentrating zooplankton off the Kongakut Delta in early September 1986. In
contrast, satellite imagery suggested that conditions off Komakuk did not
change appreciably at least between 6 and 14 September (Fig, 32 vs. 36), and
many whales remained off Komakuk until about 20 September.

The Eastern Alaskan Beaufort Sea is the western edge of the summer
feeding range of bowheads. Because the study area is at the edge of a variable
summer range, feeding bowheads’ apparently occur there in some but not all
years prior to the onset of the main westward migration. Variable
oceanographic conditions probably are responsible. However, aside from the
requirement for a high biomass of zooplankton,  specific conditions causing the
main summer feeding area to extend into Alaska in some jears are unknown. When
westward migration through the study area begins in earnest~ feeding becomes
more widespread, but may noe persist for long at any one location.

Species ~omposition  of the Plankton and of Bowhead Prey

The stomach contents of bowhead whales harvested near Kaktovik in early
autumn show that, in the study area, bowheads feed mainly on planktonic
animals. Stomachs of virtually all bowheads taken at Kaktovik contain prey,
indicating thae whales in nearshore and inner shelf waters near Kaktovik feed
frequently (Lowry and Frost 1984; Lowry et al. 1987). The composition of the
plankton in the stomachs was quite variable, suggesting that different whales
had been feeding in patches of different prey. Sometimes the dominant prey
were not dominant zooplankters in samples acquired during this study.

Copepods.—The species composition of zooplankton  in the Eastern Alaskan
Beaufort Sea in September 1985-86 was not no~iceably different f~om that
elsewhere along Che $eaufort Sea coast and in other arctic regions. Overall,
copepods dominated the zooplankton. In 1985, copepods were the dominant taxon
over the inner and outer shelf regions. In 1986, copepod biomass decreased
with increasing distance from shore, and formed <40% of total biomass over the
outer shelf and slope (Table 70).
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Copepods were the major food group in stomachs of 7 of 11 bowheads taken
near Kaktovik (Lowry and Frost 1984; Lowry et al. 1987). Copepods have alsa
been-found. EO be more abundant in areas where bowheads were feeding ~han in
a r e a s  wit%Lout feeding 130wheads; this was true off the Kongakut Del&a in early
September 1986 (this study) and in the Canadian Beaufort Sea during 1980-$1
and 1985-86 (Gri,ffiths and Buchanan  1982: Bradstreet and Fissel 1986;
Bradstreet et al. 1987]. Copepods  are also known to be the predominant  f o o d
for balaenid (= right) whales in other oceans (e.g. Nemoto 1959; Nemoto and
Kawamura 1977; Pivom.mas 1979; Mayo et al. 1985; Kenney et al. 1986).

The small copepod Limnocalanus macrurus was abundant in the nearshore
zone of the study area in September 1985-86 (Table 70) and was the dominant
zooplankter  ae nearshore locations where bowheads were observed feeding (Table
68). Neither this species nor other small copepods had been ,observed in
bowhead stomachs before 1986. However~ in 1986 Lowry et al. (1987) found many
L_. macrurus in 1 of 2 Kaktov& bowheads with stomach contents. Its ‘absence in
bowhead stomachs in previous years probably reflected a low abundance of this
species in the particular areas where chose whales had been feeding. O u r
evi,dence  suggests that the low frequency of this species in stomachs of whales
harveseed near Kaktovik underestimates ies importance as a prey item for
whales feeding in nearshore areas farther east.

-.

The key to understanding the use of nearshore feeding, areas by subadult
: bowbead whales in some (but not all) years may be the biology of Limnocalanus
macrurus. IE was Eke domjnant zooplankt.er ae 10 of the 14 bowhead feeding
~ for which detailed zooplankton data have been reported (Table 68),
Present knowledge of its habits and life history are summarized in the

‘Zooplankton and Hydroacoustics’ sectio-n (p. 204). This species has not beel~
studied in detail in arctic marine wa~ersj and the aspects of ibs biology and
ecology that would cause it EO become coneenera~ed in colds saline nearshore
waters in late summer are unknowue

Calanus hyperboreus and Q. glacialis are generally the dominane copepods
in arceic waters (Grainger 1965$ 1975). ‘l%ese large copepods have accounted
for most of the biomass of copepods recovered from the stomachs of bowhead
whales at Kaktovik and elsewhere (Lowry and Frosti 1984; Carroll et al. 1987).
They were the dominant copepods near feeding whales off Richards Island and
Ehe ‘l!uktoyaktuk  Peninsula in the Canadian Beaufort Sea (Table 68, locations 83
9, 14). These two species, along with euphausiids,  may be the major prey Of
bowheads that feed in offshore waters and along the migration rou”be. In our
study areas these two species togeeher were the dominant zooplankters  over Che
inner and outer shelf in 1985, and over the inner shelf in 1986 (Table 70).

We found no large patches of $klanus spp. chat were being exploited by
bowhead whales. However, bowheads dzcl feed in the mid-shelf area during late
September of b~th 1985 and 1986, afeer zooplankton sampling ended. The
dominant copepods in these areas, at least in early-mid SepEemberj were
Calanus. About 2 weeks before the arrival of feeding whales in the mid-shelf
area off Kak~ovik in late September 1985, we found >800 mg/m3 of Calanus spp.
in two horizontal tows over waber dep~hs of 45 m in ehe same general area.
About 1200 mg/m3 of copepods, mainly C~lan~s, were. taken in a horizontal tow
at 27 m depth near ehe same location In mzd September 1986. We do not know
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whether similar concentrations were still there when bowheads were present
during late September.

Euphausiids.--Euphausiids formed a larger proportion of the stomach
contents of eigh& bowheads taken near Kaktovik (31% of volume, Lowry and Frost
1984) than of plankton biomass collected in September during this study (Table
70)~ Three of four whale stomachs from Kaktovik ihat contained significant

amounts of euphausiids were taken in 1979 (Lowry and Frost 1984; Lowry et al.
1987). In September 1985, euphausiids appeared to be most abundant in water
depths of 45 m or less; maximum abundances were at water depths of about 13 m,
where euphausiids constituted 13 to 17% of total zooplankton biomass in our
samples. Euphausiids apparently were far less abundant in the study area in
Sepeember-October  1986 than in September 1985 (Table 70). However, our
sampling did not extend close to the bottom, especially in deep water. If
eupliausiids concentrated near the bottom, they might have been underestimated
by our sampling. Patches of concentrated euphausiids must have existed in our
study area, since a whale harvested at Kaktovik in 1986 had consumed mainly
euphausiids shortly before its death (Lowry et al. 1987). .

In October 1986, euphausiids were quite abundant west of our study area,
off Barrow (Fig. 80, p. 184). The two whales harvested at Barrow in fall whose
stomach contents were examined both contained mainly euphausiids (Lowry et al,
1978: Lowry and Frost 1!)84). ln 1976, Homer (1981) also found euphausiids to .
be abundant off Barrow and especially off the Harrison Bay region. Abundance
of euphausiids in these regions was far lower in 1977 and 1978. The abundance
of euphausiids @ the Beaufort Sea may be extremely variable.

. .

in other areas, euphausiids  are often found in surface, mid-water or
near-bottom swarms (e.g. Sameoto -1976; Falk-Peterse,n and Kristensen 1985;
Nicol 1986; Simard et al. 1986a,b).  Even when common, they may be missed by
sampling devices because of their patchy distributions or their abundance may
be seriously underestimated because many individuals avoid sampling nets
(shulenberger” 1980; Wiebe et al. 1982; Dolphin 1987). Over the North Aleutian
Shelf, the abundance of euphausiids varies with season, year and location, and
is associated with intrusions of oceanic water onto the shelf (Thomson 1987).
ln that area, euphausiids tend to form degse swarms at mid water or just above
the bottom. Similar phenomena may occur in the Beaufort Sea.

When coordinated hydroacoustic surveys and net sampling have been done in
areas where euphausiids were abundant, it has been possible to locate and
sample euphausiid concentrations. Our failure to find such concentrations with
these techniques sugges~s that concentrations of euphausiids  were not common
in the Eastern Alaskan Beaufort Sea in the autumns of 1985-86. This conclusion
is reinforced by the fact that we did catch numerous euphausiids in the
Western Alaskan Beaufort Sea, even without guidance by echosounders, in
October 1986. Although this suggests that dense euphausiid concentra~ions were
not common in the Eastern Alaskan Beaufort Sea in 1985-86, it is clear that
some bowheads do locate and feed on such concentrations near Kaktovik (Lowry
and Frost 1984; Lowry et al. 1987). It is important to note that this prey
type is undoubtedly more common in the study area than the zooplankton
sampling suggests.
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Mysids.-One of 11 whales harvested at Kaktovik had been feeding mainly
on mysids (Lowry et al. 1987). In the Canadian Beaufort Sea in 1986, mysids
were dominant zooplankteqs near a turbidity front where whales were observed
(Bradstreet et al. 1987). Mysids are common along the Beaufort Sea coast
(Broad et al. 1980; Griffiths  and Dillinger 1981; Homer 1981; Jewett et al.
1984; Bradstreet and Fissel 1986). Mysids can form dense shoals along arctic
coasts (Thomson et al. 1978), and dense shoals of mysids would provide good
foraging opportunities for whales.

Gelatinous Zooplankton.--Soft-bodied zooplankton such as ctenophores  and
medusae have not been found in bowhead wiiale stomachs. Although these animals
are usually fragile, large concentrations of them would probably be
recognizable in stomach contents if the whale were kilhd shortly after
feeding (Lowry and Frost 1984). Gelatinous zooplankton  contributed much less
than copepods to total zooplankton biomass in Eastern Alaskan waters in
1985-86. They were not abundant at whale feeding locations in nearshore
waters. However, they did form the dominant zooplankton group over the outer
shelf in 1986 (Table 70). The water content of gelatinous zooplankton  is high
and their caloric content is low relative to other zooplankters.

Although gelatinous zooplankters are probably not a significant food
source for bowheads, these groups are voracious predators and may compete with
bowheads for crustacean prey. On the North Aleutian shelf, the presence of a
high biomass of gelatinous zooplankton  reduced the standing crop of cmstacean
zooplankton to near zero in late summer (Thomson 1987)* .

&!!EEz”-There are some similarities and some differences between the
composition of the zooplankton and the composition of the prey of bowheads
ha=ested at Kaktovik. Me abundance of Limnocalanus  macrurus-  iri the plankton
and in bowhead stomachs varies with year and location. This species maY k.

dominant in the nearshore zone most of the time. However, the ‘extent of- the
water mass where this species dominates can be quite variable, and the overall
importance of ~. macrur~s in the study area probably varies commensurately.
Subadult bowheads somet.uses concentrate in shallow nearshore waters in late
summer, and ~. macrurus is apparently more important as prey for th~se
subadult bowheads than has been demonstrated by analysis of stomach contents.

Bowheads also find and exploit concentrations of Cqlanus spp. In offshore
waters of the Beaufort Sea these are the dominant copepods, whereas in
nearshore areas they are less important than Limnocalanus.  Based on stomach
content and other evidence, Calanus is undoubtedly more important as prey for
bowheads th”an our results from nearshore feeding locations indicate.

Stomach contents show that bowheads sometimes feed, in concentrations of
euphausiids and, less commonly, mysids. Both euphausiids and mysids have a
propensity to swarm, sometimes near the bottom. Some of the patches that we
detected hydroacoustically  but did not sample with nets could have contained
many euphausiids or mysids. However, these groups apparently were not
responsible for the majority of the prey patches identified by echosounding;
copepods were the dominant animals in the patches that were sampled with nets.
There are indications that euphausiids  are more abundant in the Western than
the Eastern Alaskan Beaufort Sea.
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Bowhead Feeding in Other Areas . .

The preceding subsection describes feeding by I?eseern Arctic bowheads
within a small part of their range and a small part of the year. To evaluate
the importance of this feeding in the Eastern Alaskan Beaufore Sea, feeding in
other areas and periods must be considered. “

Feeding on the Summering Grounds

Bowheads feed extensively in the Canadian Beaufort Sea in summer where
they typically reside for about 3*-4 months. Energetic calculations by
ourselves and others have assumed that bowheads feed throughout this summer
period, but no serious attempts have been made to document bowhead
distribution or feeding before late July. Also, zooplankton  stocks and energy
content in the Beaufort Sea are undocumented for the late spring and early
summer period. Most early-summer sightings of bowheads have been in the
extreme eastern Beaufort Sea and western Amundsen Gulf, where open water
appears earliest and productivity may be enhanced (Macdonald  et al. 1987).

In late July or early August, many bowheads move onto the continental
shelf of the Canadian Beaufort Sea where feeding has been observed or
suspected at most locations where bowheads were observed. Concentrations of
feeding whales have been observed repeatedly at a number of locations. Various
authors have speculated” about hydrographic or other factors that might
concentrate zooplankton in these areas. However, actual zooplankton  biomasses
within the Canadian Beaufort Sea have been reporeed only by Griffiths and
Buchanan (1982), Bradstreet and Fissel (1986) and Bradstreet et al. (1987).

Feeding in Mackenzie Bay.--Many subadult bowheads fed in the shallow
waters .of southern Mackenzie Bay in late August and/or September of 1983-86,
although not in 198”0-82. Bradstreet and Fissel (1986) and Bradstteet et al.
(1987) found that average zooplankton biomass in Mackenzie Bay was low and
similar EO that in our study area (Fig. 106) , but that bowheads fed at
Iocacions  where zooplankton was concentrated. Zooplankton  biomasses “at whale
feeding locations in Mackenzie Bay were high and dominated by ‘Limnocalanus
macrurus --comparable to our results off ehe Kongakut Delta in 1986. The
reasons for local concentrations of zooplankton in Mackenzie Bay are not
entirely clear but may include (1) upwelling under east wind or local
southwest wind conditions, (2) fronts between cold upwelled water near the
coast vs. warm Mackenzie plume water farther offshore, and (3) pycnoclines
between overlying Mackenzie plume water and” subsurface ~ Arctic Water
(Bradstreet and Fissel 1986; Bradstreet et al.- 1987).

In 1983-86, high numbers of subadult bowheads fed in shallow waters along
the Yukon coast for l-l+ months of the 4 months they spend in “the Beaufort
Sea. It is likely that subadults feed at other locations before and/or after
feeding along the Yukon coast. Indeed, during 1980-82 they did not feed along
the Yukon coast at all. A few of the subadults seen along the Yukon coast in
1984-85 had been farther offshore off the Yukon coast at the corresponding
time in 1982 (Davis et al. 1986b, p. 170 ~). There
information about where else in the Canadian Beaufort
However, some of the whales present in most other parts

is Iitele specifii
Sea subadults feed.
of the Beaufort Sea



are subadults
this study).

(Davis et al. 1983, 1986a,b; Cubbage and

Feeding of Adult Bowheads.--The many whales feeding in shallow waters in
Mackenzie Bay and near Komakuk in-eluded very few adults. Adults were
propor’tiouately  more common farther offshore and in Amundsen Gulf. Howev4r, it
has not yet been possible to account for the whereabouts of all adult bowheads
during summer (Davis et al. 1986b; Cubbage and Calambokidis 1987a). Adult
bowheads may feed on concentrations of zooplanlcton that contain a biomass
similar to that required by subadults (Table 66, p. 444). However, aerial
photogrammetry  and the isotopic results suggest that subadult and adult
bowheads have different feeding patterns and feed in different areas. The
majority of the large bowheads may do most of their feedinglsomewhere  other
than on the continental shelf of the SE Beaufort Sea. Substantial differences
in prey used by subadult and adult bowheads may arise because, in some years,
many subadults feed extensively in nearshore waters on small Limnocalanus
macrurus, which are virtually absent farther offshore. The diets of adult
bowheads feeding in other areas during summer are not known, but probably
include larger proportions of Calanus spp. and perhaps euphausiids.  These
kinds of dietary differences could account for some of the observed
differences in isotopic composition of adult and subadult tissues (p. 406-
410) ●

The relative amounts of feeding in the Canadian vs. the Eastern Alaskan
part of the Beaufort Sea-are not known very precisely, but there clearly is

“ much more feeding in the Canadian Beaufort. Most of the Western” Arctic
bowhead population is in the ‘Canadian Beaufort Sea for at least 3+-4 mo.
Feeding has been observed to be intensive for at least the last half of this
period when they are in the southeastern Beaufort Sea (Wtirsig et al, 1985a,b,
1986). Bradstreet et al. (1987) estimated that during the last 6 weeks of
their stay in.part of southeastern Beaufort Sea during 1986, subadult bowheads
alone consumed about 10% of total annual requirements for the entire bowhead
population. In contrast, most bowheads feed for no more than a few days in the
Eastern Alaskan Beaufort Sea, and total consumption by all whales (adults as
well as subadults) was estimated as <1% (1985) or 1.4% (1986) of total annual
population requirements. Only a few individual subadults are believed to have
consumed as much as 6-8% of their total annual requirements there (p. 459).

Feeding During Other Seasons .

One of the uncertainties in our energetic analyses is that the amount of
feeding outside the main summer range is not known. Table 64.(p. 440) provides
estimates of the daily food intake necessary in summer and early autumn under
several scenarios, including the possibilities of no winter feeding, minimal
winter feeding (10% of daily maintenance requirements), and more winter
feeding (30% of daily maintenance). Because of the limited utilization of the
Eastern Alaskan Beaufort Sea by feeding bowheads$ this uncertainty about
winter feeding has no major effect on our conclusions about the relative
importance of feeding in Eastern Alaskan waters. However, the amount of winter
feeding affects any evaluation of the importance of feediug in the Beaufort
.Sea as a whole.
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The isotopic analyses suggest that subadult whales feed to a considerable
exbent somewhere outside the continental shelf of the eastern Beaufort Sea.
The ratio of C-13 to C-12 in muscle and visceral fat changes considerably
between the departure of small bowheads from the eastern Beaufort Sea in fall
and their return to the Beaufort Sea in spring (p. 406-41O).

In large adult whales, the situation seems different. Based on very
limited samples, there is less seasonal change in isotopic content of adults
than of subadults.  However, the isotopic content of adults in both spring and
autumn was not consistent with that of zooplankton from the southeastern

“ Eeaufort Sea. This s u g g e s t s that adult bowheads feed predominantly in
different areas than subadults, or on differen~ types of prey, or both. The
isotopic data suggest that adult bowheads  obtain little energy from copepods
and other taxa occurring in shallow continental shelf waters of the Canadian
Beaufort Sea. The isotopic content of.zooplankton from Amundsen Gulf and deep
waters of the eastern Beaufort Sea, areas where adult bowheads may concentrate
in most summers, has not yet been determined.

There is direct evidence, from behavioral observations and stomach
contents, that bowheads often feed during fall migration and, less commonly,
spring migration. Apart from the indirect evidence provided by the isotopic
data, there is no evidence regarding the occurrence or amount of feeding in
winter. There also are no data on prey availability in winter, or along most
of the spring and fall migration routes during those seasons. The direct
evidence for feeding in areas outside the summer range is summarized below.

Feeding in Fall.--Almost all bowheads harvested at Kaktovik in fall
contain zooplankton in their stomachs, and the small number of bowheads taken
at Barrow in fall also contain prey (Lowry and Frost 1984; Lowry et al,. 1987).
Qowheads that appeared to be fee,ding have been seen at many locations across
the full width of the Alaskan Beaufort sea in autumn (Ljungblad. e~ al.
1986a}.’ Good feeding opportunities probably occur at least intermittently
along the autumn migration route through the western Beaufort Sea and
northeastern Chukchi Sea (Braham et al. 1984; Ray et al. 1984; Lowry and Frost
1984; Ljung”blad et al. 1986a). Euphausi!ds are sometimes abundant in the
Barrow area,’ as demonstrated during our sampling in October 1986. The stomachs
of two bowheads taken at Barrow in autumn contained mainly euphausiids (Lowry
et al. 1978; Lowry and Frost 1984).

After passing Barrow in autumn, some bowheads apparently travel west
across the northern Chukchi Sea to the Herald Shoal area and the northeast
coast of Siberia. No specific behavioral observations of these whales have
been reported, but it is suspected that they are feeding (Marquette et al.
1982). Bowheads are present there from late August to early November (mainly
Sept-Ott). By early November most
(Johnson et al.

move southeast toward the Bering Strait
1981; Bogoslovskaya et al. 1982; Marquette et al. 1982; Miller

et al. 1986).

Feeding in Winter.--The data on winter distribution of Western Arctic
bowheads are limited, but indicate that bowheads occupy pack ice and polynyas
in the northern and central Bering Sea (Bogoslovskaya et al. 1982; Brueggeman
1982; Brueggeman et al. n.d. [1984] ; Kibal’chich et al. 1986; Ljungblad 1986).
No stomach content data or detailed behavioral observations are available for
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winter. Ljungblad (1986) reporbed that most bowheads observed
patrol aircraft initially were resting, but dived in response to
His observations provided no direct indication of feeding.

There are no da~a on zooplankton biomass in bhe wincer
winter. In ~he Bering Sea, large copepods and other zooplankters

#

from a large
the aircraft.

range during
overwinter in

deep water (>200. ~le ~dult-eup~a~siids  also winier at depths >200 m
(Ponomareva 1963). In the absence of data on the diving capabilities of
bowheads or on zooplankton biomass and patchiness on the wintering grounds in
winters no direct estimate can be made of the consumption that would be
theore~ically possible in winter. Some zooplankton patches probably exist, and
bowheads probably would--as a minimum--exploit such pa~ches on am
opportunistic basis. There is evidence eha~ some o~her speeies of baleen
whales feed opportunistically in win~er$ although not as intensively as in
summer (e.g. Lockyer 1981; Norris et al. 1983). The isotopic data suggest the
possibility that bowheads may feed more intensively in winter than was
expected based on data from other baleen whales.

Feeding in Sprinq. --In the Bering Sea in spring, bowheads are often found
near the ice  edge (Brueggeman  1982), Productivity at the Bering Sea ice edge
is ~i@ (Niebauer and. Alexander 1985). Whether this enhanced productivity
results in enhanced feeding opportunities for vertebrates is uncertain. The
Bering Sea ice edge is not heavily used by birds in spring (Divo’ky 1981).
Litble is known about possible feeding by bowheads at this ~ime. However$ of
f$ve bowhead stomachs examined” at St. Lawrence Island in spring, ehree were
empty and one nearly so. The fif~h stomach was nearly full of epibenthie
amphipods~ Whalers indicated that observa~ions  of apparent feeding behavior
and/or presence of food in stomachs are not unusual at St. Lawrence Island
(Hazard and Lowry 1984).

Most bowheads taken along the west coast of Alaska in spring have empey
or n~arly empty stomachs (Johnson et al. 1966; Lowry and Frost 1984; Lowry et
al. 1987). This indicates a low f~equeney of feeding relative co thab in our
study area in late summer. However, intermittent feeding may still occur in
spring; in other species of baleen whale food remains in the stomach only
about 8-15 h (Lockyer 1981; Bushuev 1986). At.Poin& Barrow, stomachs examined
during spring migration were usually empey or nearly so up eo 1984, but in
1985-86 there was considerable feeding op copepods and euphausiids (Carroll ec
al. 1987; Lowry et al. 1987). In 1985, some bowheads were observed to
interrupt. Eheir spring migration past Point Barrow to feed either near the
bottom or under the shore-fast ice. Bowheads harvested along che ice edge had
been feeding mainly on copepods, especially Calanus  hyperboreus  and Q.
fglacialis, along with euphausiids  (Carroll et al. 1987).

There is no information about the occurrence of feeding during spring
migration across the Beaufort Sea. This migration occurs though heavy pack
ice, prior to Ehe peak of the spring phytoplankton  bloom. Stocks of
zooplardcton are probably low along this route$ but no specific information
about biomass or patchiness is available.

These observations indicate thae some bowheads feed opportunistically
during fall and spring migration, including during early spring in the
northern Bering Sea. Ic is reasonable to assume that they feed in winter if
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concentrations of food are available. However, the data are insufficient to
determine the importance of feeding during migration and winter to the annual
energy budget of bowhead whales.

Potential Oil Industry Effects
.

Two main concerns have been expressed with respect to potential oil
industry effects on bowhead whales. One is the possible effect of an
accidental oil spill or blowout ,on bowheads. The other is the potential for
disturbance by underwater noise or other stimuli caused by oil industry
activities. This section discusses possible effects of oil and disturbance on
the accessibility of prey to bowheads feeding in the Eastern Alaskan Beaufort
Sea. The significance of any direct effects of oil or disturbance on bowheads
is not considered here. The purpose of this section is to identify ecological
linkages related to bowhead feeding that could be affected by offshore
industrial activities. We do not assess the effects of any specific industrial
activity or proposal.

Effects of Oil Spills on Prey Availability*

Contamination of zooplankton by oil could affect bowhead whales if
zooplankton abundance were reduced significantly by the oil, or if the whales
ingested significant amounts of oil-contaminated zooplankton, or if bowheads
avoided oil-contaminated prey. Many laboratory studies of oil effects on
particular zooplankton species have been done, including one on the euphausiid
Thysanoessa raschi, a tijor food source for bowheads in the Alaskan Beaufort
Sea (Fishman et al, 1985). Less effqrt has been devoted to studies of oil

effects on zooplankton communities in controlled marine ecosystems or at sites
of accidental marine spills. Reviews of these studies can be found in Thomson
et al. (1981), Mells (1982), Teal and Howarth (1984) and Rice et al. (1985),
among others. .,

Direct effects of oil on zooplankton can include mortality and a number
of sublethal responses, including reduced feeding and reduced reproductive
success. Some sublethal effects may impair the fitness of individual
zooplankters to the extent that their susceptibility to predation is
increased. Indirect effects of oil on zooplankton may also occur if oil
causes changes in the phytoplanktou  communities on which herbivorous
zooplankters  feed.

.

In single-species tests, lethal effects are generally encountered at oil
concentrations of 0.1-10 parts per million (ppm), whereas sublethal effects
may occur during lengthy exposures to lower oil concentrations (Wells 1982).
For the euphausiid Thysanoessa raschi, 50% mortaliey occurred “after a 3 d
exposure to about 2 ppm oil (F= et al. 1985). In uncontrolled field
situations ~ behavior, habitat preference, and oceanographic processes may
alter the likelihood of any contact between zooplankton  and oil, or may alter
exposure concentrations or times.

* Prepared by William E. Cross, LGL Ltd.
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The behavior o? oil in the sea is important in determining its effecbs on
marine life. There are few published daea on concentrations of oil in tihe
water column after spills or blowouts. Concentrations  under slicks are
generally in bhe parts per billion (ppb) range (Gundlach et al. 1983). Higher

. ecmcenerations, up to 50 ppm or more, have been reporaed near subsea ‘blowouts
“or under slicks trea~ed with dispersants. However, such high Coneentraeions
persist for very short times (minutes or hours), or are found only in very
shallow water (<5 m) or near the oil source.

Pymoclimes  tend to confine oil to the upper layers because there is
little exchange between the water masses above and below a pycnocline. Storms
and high winds~ such as those that occurred in the study area in 1985 and
1986$ increase ehe mechanical dispersion of oil and break down the pycnocline.
Storms also spread the slick over a large area and thus increase evaporation
of the more volatile oil fractions.

Zooplankeon  probably would be susceptible to’ oil effects only in
near-surface waters and in shallow areas where restricted water circulation
maintains relatively high concentrations of oil. In the cases of blowou~s or
use of chemical dispersan~s, high concentrations can occur below the wa~er
surface, but high concentrations are likely to be temporary or localized.

In the Alaskan Beaufort Sea, important zooplankton concentra~~ons likely
would encounter  harmful oil concentrations only in nearshore waters. Bowheads
of%en feed in nearshore waeers. ,In these areas mixing caused by wave acbion
and/or dispersants  could cause Ehe en~ire wa~er colum~ to be contaminated.

Offshore, the mai,n concentrations of zooplankton and oil likely  would
remain separated by the pycnocline, which was present several meters below the
surface (see ‘Water Massesq section). Zooplankton biomass in the eop several
meters of the water column. was very low in 1985-86, Studies of several major
oil spills under varying oceanographic conditions have reported some oil
effects on individual zooplankters (e.g. adherence or ingeshion of oil,
mortaliey)$ but there has been li~tle evidence of prolonged change in open
ocean zooplankton communities (Wells 1982).

Ocean currenbs would cause zoopladcton  communi’ties in our study area to
be highly transien~. Only in the case of a prolonged subsea blowou~ within (or
up-current from) a feeding area might the effects of “oil on zooplankton
persis~ for a prolonged period. Once the blowout ended, bhere would be rapid
replenishment of the zooplankton  community. Because repopulation and na~ural
patchiness, changes in zooplankton biomass detrimental bo bowhead feeding
would be unlikely even from a major oil spill (MM 1984)~”

The above discussion is based on possible effects of oil on zooplankton.
The potential direc~ effeces of the oil on whales are probably of more concern
(see Geraci and St. Aubin 1985; Hansen 1985 for reviews), Furthermore,
clean-up activities after a major oil spill would probably involve intensive
boat and helicopter traffic. Vessel traffic in a feeding area will disperse
bowheads at least temporarily (see next subsection). This would reduce eheir
ability to utilize zooplankton in one specific feeding area$ perhaps for Ehe
remainder of bhat feeding season. On the other hands displacement by clean-up
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activities would have the advantage of preventing further direct exposure of
whales to oi~.

In conclusion, oil spills might have a significant effect on zooplankton
and bowhead feeding in nearshore waters in the study area, but not in offshore
waters. The nearshore area harbors above-average zooplankton  concentrations,
and these are sometimes consumed by bowhead whales. The restricted circulation
in nearshore zones could lead to longer exposure of zooplankton  (or bowheads)
co oil contamination than would be likely offshore. Thus, an oil spill
“affecting the nearshore zone would be of particular concern, Other than the
nearshore area, no one part of the study area has been identified as
supporting a consistently high concentration of zooplankton or of feedirig
bowhead whales. .

Disturbance Effects in Bowhead Feeding Areas

Bowheads generally move away when levels of industrial noise increase
rapidly to high intensities (Ljungblad et al. 1985b; Richardson et al.
1985b,c, 1986a).,This happens when any boat heads more or less directly toward
bowheads, or when a seismic vessel approaches within a few kilometers.
Avoidance also occurs when drilling or dredge noise begins at a level equal~ng
that within a few kilometers of an actual drillship or dredge. Based on these
results from previous studies, we would expect that the presence of these
types of disturbance within a few kilometers of a feeding area would result in
Eemporary displacement of. bowheads. Results from the present study were ‘
consistent with expectation.

Boat Disturbance.--On three successive dates in early September 1986 (5-7
Sept), we used a 13-m diesel-powered boat to sample the concentrated
zooplankton within a whale feedtng area off the Kongakut Delta. On the 5th,
the activities of the boat caused most.if not all bowheads to swim rapidly
offshore from the feeding area, into deeper water where zooplankton  was much
less abundant. These whales trav411ed several kilometers away from their
feeding area. Whales had returned to the same feeding area by the 6th,
including three individually recognizable animals that had been present on the
56h (T’ab~e 41, ,p. 322). By the 7th, feeding whales were concentrated a few
kilometers farther east, including three more individuals chat had been
present on the 5th. Thereafter, few feeding bowheads were seen off the
Kongakut Delta (Fig. 127, p. 290). These results confirm that temporary boat
disturbance does cause displacement of bowheads from a feeding area, and that
at least some of the displaced whales return to the same feeding location
within 1 d. We do not know whether the later departure of whales from the area “
was attributable to the repeated boat disturbance on subsequent dates, or to
some natural factor like a decrease in food abundance.

“ Seismic Exploration.--Noise pulses from distant seismic exploration do
not cause bowhead whales to cease feeding or to leave feeding areas. Several
of the bowhead concentrations that we observed in September 1985-86 were
exposed to faint or moderate-intensity noise pulses from distant seismic
operations (p. 338-341; Richardson et al. 1986b, ”p. 200). Despite this, most
of these whales were feeding. Some recognizable individual bowheads remained
in the Komakuk area for at least several days in September 1985 despite the
fact that this area was repeatedly ensonified by faint-moderate seismic
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pulses. Seismic vessels were not visible from our aircraft during behavioral
observations, which indicates that the ships must have been >10 km away, and
in most cases >20 km away.

These results were consistent with those of previous studies, which have
shown that bowheads continue their normal activities when exposed to noise
pulses from seismic vessels more than a few kilometers away (Reeves et al.
1984; Ljungblad et al. 1985b; Richardson et al. 1985b,c, 1986a). There are
indications that seismic noise pulses may sometimes cause subtle changes in
surfacing, respiration and diving behavior at distances considerably greater
than the several kilometer radius within which definite changes in
are evident (Richardson et al. 1986a). However, our 1985-86 results

# Eastern Alaskan Beaufort Sea provided no clear evidence of these
distant effects.

behavior
from the
types of

When seismic vessels approach within a few kilometers of bowheads, the
feeding or other activities of the whales are disrupted and the whales are
displaced (Ljungblad, et al. 1985b; Richardson’ et al. 1985c, 1986a). Seismic
vessels are inherently mobile, so a given feeding location is unlikely to be
exposed continuously to strong seismic impulses. More commonly, whales feeding
in one location are exposed much of the time to ‘faint’ noise pulses from a
distant seismic vessel, with occasional periods of more intense noise when the
ship is close. Concentrations of feeding bowheads have been observed to remain
in various areas under these conditions. For example, bowheads remained in
part of Mackenzie Bay for several weeks during August 1984 despite occasional
passes through the area by a high-energy seismic vessel (Richardson et al.
1985a). One day after the operating seismic ship passed within l+ km of
feeding bowheads, bowheads were seen at the same approximate lociatiw
(Richardson et al. 1985c, 1986a). We do not know whether some of the same
individual whales were present during repeated approaches by the seismic
vessel, but bowheads as a group continued to feed in the area of ongoiag
seismic exploration.

The above observations refer primarily to high-energy seismic vessels
that normally travel along lines tens of kilometers long before doubling back
toward the same area:” In contrast, operations of high-resolution seismic
vessels typically are concentrated within an area.only  a few kilometers wide.
If such an area coincided with a bowhead feeding area, whales might be
subjected to such frequent disturbance by either the noise pulses or’ the
seismic vessel itself that displacement might occur.

Stationary Industrial Sites.--Offshore construction sites and drill-
ships (plus associated support vessels) introduce considerable noise into the
sea. These industrial activities, unlike shipping and most high-energy seismic
programs j often continue at a specific site for prolonged periods.

Some bowheads feed in areas ensonified by drillships and dredges
(Richardson et al. 1985b,c). For example, during early August 1980 feeding
bowheads were present near an island construction operation north of the
Mackenzie Delta. Many whales were well within the zone ensonified by
underwater noise from the dredge and associated vessels, occasionally <1 km
away (Richardson et al. 1985b,c). Similarly, bowheads were seen as close-as 4
km from drillships, again well within the ensonified zone.
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The observationsquoted above do not demonstrate that the activities of
bowheads are unaffected by ongoing no= from drillships  or dredges a few
kilometers away. There is no information about the numbers of whales that
would have been present in the absence of the industrial activities. Based on
other types of information, we believe that the presence of a stationary
industrial site will reduce the utilization of the surrounding area by
bowheads, probably to a radius exceeding the ‘closest point of approachr
distances mentioned above. For example, playback experiments show that feeding
bowheads are sometimes displaced when exposed to drillship or dredge noise at
levels equaling those several kilometers from the actual industrial activicy
(Richardson et al. 1985c). Although the playback experiments did not fully
duplicate noise conditions near an actual drillship or dredge, the responses
of th~ whales were not startle reactions in the usual sense; the industrial
noise levels during playbacks were increased gradually over 10 rein, not
suddenly.

A further consideration is that offshore industrial sites usually involve
some vessel. traffic. Ilrillships,  for example, are invariably attended by
support vessels. Vessel traffic within 1-4 km is known to disturb bowhead
whales, and some of the documented cases have involved the types of supply
ships used to support offshore drilling (Richardson et al. 1985b,c). A moving
support vessel may be more disturbing to whales than is the noise from a
stationary drillship or dredge per se.

These considerations suggest that the presence of a drillship or dredge
in a feeding area would reduce the utilization of that area by bowhead whales.
The radius of the affected area is difficult to predict, but could be several
kilometers based on the playback and boat disturbance results (see also Miles
et al. 1986, in prep.).

Significance of Disturbance to Feeding Whales. --Temporary interruption of
feeding by a single passing ship or seismic exploration vessel probably would
not have a significant effect on the energy balance of a ‘whale. - Single
disturbance incidents do not appear to cause permanent displacement from a
feeding area, and probably interrupt ,feeding for no more than a few hours.
However, if there were repeated ,incidents of vessel or seismic disturbance,
the whales might be displaced from that feeding area for the remainder of the
feeding season. This might occur in a feeding area just offshore from a
heavily-used port, or in an area where a high-resolution seismic vessel was
concentrating its activities. Intensive vessel activities associated with
clean-up of an oil spill could also displace bowheads.

In our study area, nearshore feeding areas extended offshore for only a
few kilometers or less. The onshore-offshore dimensions of these feeding areas
were similar to the distances at which utilization by bowheads could be
affected by ongoing industrial activities. The alongshore dimensions of these
feeding areas are unknown but probably greater (Mackas et al. 1985), perhaps
extending intermittently from our study area to the Mackenzie Delta. A
stationary industrial site probably would reduce utilization of a nearshore
feeding area only if the zooplankton ‘patch’ were (1) localized in the
alongshore as well as the onshore-offshore direction, and (2) relatively
static in position over time.
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In offshore waEers of the Eastern Alaskan Beaufort Sea, there is no
evidence that eieher feeding bowheads or dense zooplankbon patches recur
regularly at specific sites. Feeding IocaCions in offshore waters seem quite
variable and transitory within and between years {e.g. Fig. 109 on p. 260 and
this study). The permanence of zooplankbon  patches in offshore waters of our
study area has not been studied. However$ patch locations are expecaed t.o
change wieh the movements of water masses$ whose positions vary in response to
wind and other faecors. Thus, even if bowheads are excluded from an area
around a stationary industrial site in offshore waters, that site probably
would have been a suitable feeding area only intermittently.

In some nearshore areas$ feeding bowheads occur for prolonged periods,
e.g. in southern Mackenzie Bay and off Komakuk. Within the effi~ia~ SEU~y

areas nearshore feeding occurred off the Kongakut Delta for a few days in
1986. Ongoing i n d u s t r i a l  a c t i v i t i e s in t h o s e  t y p e s  o f  a r e a s  might cause
site-specific reductions in utilization by feeding whales. Marine construction
or presence of a port might be the activities of most concern in these
nearshore areas, (Drillships are unlikely to be used in shall’ow waters and
drilling on artificial islands does not introduce high noise levels inho bhe
water=+reene, in Johnson et al. 1986; Miles eb al. 1986.) Feeding whales are
often distribu~ed  along 10-50 km of coast in these nearshore areas.
Disturbance effects from one industrial site might extend several kilometers
in either direction along the coast~ but not for 25 km. ‘l’hus~ a single
aears%mre industrial  site might displace bawhear.is  from all parts of a small
nearshore feeding area$ but probably not from an elongated one. A greater
concern would be the effec~ of multiple activities. distributed along a
significant length of coast. That situation migh& deny bowheads the use of an
entire nearshore feeding area.

We conclude thati noise from a marine construction site or drillsi~e could
exclude bowheads from an area with a radius of a few kilometers.. This area
could include-a significant fracdion of a patch of concentrated zooplankton.
Offshore$ suitable feeding locations are apparently no~ at fixed positions and
no one site is likely to remain a pobential feeding area for long. ThW
exclusioa of whales from an offshore siEe is not likely 50 result in prolonged
exclusion from an” important feeding area;’ Certain nearshore areas do seem EO
be recurring feeding areas. Presence of ongoing industrial .acEivity in one of
these recurring nearshore feeding areas is a greater concern. Construction
activities and drilling typically occur at a given location for’ several weeks$
which could span the entire period when bowheads might feed in an area.

What is the significance of exclusion from a feeding area! At any one
fiime~ a minority of the Eastern Alaskan study area contained~ ac some depth, a
biomass of zooplankton sufficiently high to support efficien~ feeding by
bowheads--about 16% of Ehecontinental  shelf portion of the study area in 1985
and 5% in 1986 according to our -estimates (P. 456). AIEhough these percentages
are Iowa they represent a large total area with sufficient food for efficient
feeding. Also, patches are transitory and over a period of time a larger
proportion of the study area would contain at some depth a biomass of
zooplankton sufficien~ly high to support efficient feeditig. Bowheads were
absent from most of the poteneial - feeding sites along the broad-scale
transeces.  It TS mot known whether all of Ehese apparent prey patches actually
coatained prey suitabl~ for .bowbeads$ or how difficult it would be for
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bowheads to find these patches. However, the hydroacoustic data suggested
that, within the study area, there are at any one time in late summer many
unexploited locations with sufficient zooplankton to make feeding
energetically worthwhile. If so, displacement of bowheads from one or a few
feeding locations probably would not prevent them from feeding elsewhere
within the study area.

The above argument pertains to the continental shelf region as a whole,
as sampled by the broad-scale transects. The shallow nearshore zone, which is

.
~ Preferred feeding area for subadu~t bowheads in late summer of some years,
Includes only a small proportion of the study area, and an even smaller
proportion of’ the water volume. A higher proportion of the nearshore
zooplankton patches than of the total pa~ches in the study area may be
exploited by bowheads. However, patches of unexploited zooplankton were found
along the nearshore portions of some broad-scale transects (Fig. 99-100, p.
220-222). This suggests that even in nearshore waters of the Eastern Alaskan
Beaufort Sea, whales displaced from one feeding site could find previously
unexploited alternate feeding sites elsewhere along the coast, It is uncertain
whether this would also be true farther east, along the Yukon coast, where
utilization of nearshore waters by subadult bowheads is, in some years, more
intensive and consistent.

A large proportion of the patches found along the broad-scale transects
in early-mid September may be used by migrating bowheads during the peak of
migration in late September. Many of. the bowheads chat we observed in the
middle shelf region in late September of 1985-86 were feeding as they
travelled west. “Almost all bowheads taken at Kaktovik in autumn contain fresh
zooplankton in their stomachs (Lowry and Frost 1984; Lowry et al. 1987). Given
that the bowhead population travels west over all parts of the nearshore,
inner shelf, middle shelf and outer shelf region, each z.ooplankton
concentration present in these areas might be used at least briefl’y” by some
migrating whales.

. .
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COW’LUSIOI?S*

Most members of the Western Arctic population of bowhead whales migrate
through the Alaskan Beaufort Sea during September and October while en route
from the main summer feeding grounds in the Canadian Beaufort Sea to the
wintering grounds in the Bering Sea. Some feeding occurs within the Alaskan
Beaufort Sea during late summer and early autumn. It has been hypothesized
that this late summer feeding may be especially important to bowheads because
they may not feed again for several months after leaving the Beaufort Sea, and
because the energy content of arctic zooplankton is high. in late summer.

e

TO evaluate the possible effects” of offshore oil exploration in the
Eastern Alaskan Beaufort Sea on bowhead whales, it was necessary to evaluate
the importance of the area to feeding bowheads. The general purpose of the
two-year project was to quantify what proportion of the annual energy require-
ments of the Western Arctic bowhead whale stock is provided by food resources
located in the Eastern Alaskan Beaufort Sea (Alaska/Canada border to 144”W).
Specific objectives were to

1. Determine the concentration and distribution of the planktonic  food
of bowhead whales in the Eastern Alaskan Beaufort Sea and correlate
with known oceanographic features.

2, Estimate the number of bowhead whales utilizing ~he Eastern Alaskan
Beaufore Sea as a feeding area during ehe summer and fall; observe
and document their feeding activities~ behavior and residence times.

.3. Estimate the degree of utilization of available food resources in the
Eastern Alaskan Beaufort Sea by the Western Arctic bowhead whale -
stock; evaluate the null hypothesis that food resources consumed
there do not contribute significantly to the annual energy
requirements of. the stock.

This section states the overall conclusions relating to these three
objectives. More specific conclusions pertaining to each section of the repor~
can be found in the ‘ExecuCive Summary at the front of this volume, or at the
end of each disciplinary chapter.

Utilization of Study Area by Bowhead Whales

In some years, like 1986, the western edge of the main summer feeding
range extends into the Eastern Alaskan Beaufort Sea before Ehe start of active
westward migration. In other years, like 1985, very few whales occur in the
study area until the main period of westward migration from Canadian waters
begins in mid September. Small numbers of bowheads often occur in the s~udy
area during parts of August, usually well offshore. They are su~ected to
feed, but this has not been observed directly.

Many feeding bowheads linger along the Yukon coast just east of the
official study area during late summer of some years, including 1985-86.
Several recognizable ”whales were re-photographed ehere on later days and/or

* By W. John Richardson and Denis H. Thomson, LGL Ltd.
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the next year. Within yearb, minimum residence times averaged 7.6 d (n = 11),
with a maximum documented period of 16 d. In 1986, this nearshore concentra-
tion extended west into the southeast part of the Eastern Alaskan study area
for a few days in early September. Most bowheads feeding in these nearshore
areas were subadults 7-13 m long.

The main period of westward migration through the
Beaufort Sea is from mid September to early -October, with
between years. Whales tend to be closer to shore in September
in August; most travel west over the continental shelf. In

Eastern Alaskan
some variation

and October than
1985-86, whales

migra~ing west over the middle part of the shelf during late September
included many adults (some with calves) as well as large subadults.

.
Many if not all bowheads migrating west over the shelf during September

feed intermittently while traveling, based on behavioral observations and
stomach content data from the Kaktovik hunt. Whales in the middle-shelf area
in late September of 1985-86 did not seem to linger in any one area for long;
there were no between-day reidentification at middle-shelf feeding sites.
When feeding whales were obsezwed at middle-shelf sites, their headings when
they surfaced to breathe somethes were predominantly westward, suggesting
that they were migrating gradually westward as they fed.

Feeding behavior within the study area was similar to that on the main
summering grounds in Canadian waters. Most feeding in both nearshore and
deeper waters was well below the surface, consistent with the observed low
abuudance of zooplankton in surface
exposed to faint-moderate intensity
Observed feeding locations in the
between years. No one site’ has
location.

waters. Feeding continued when whales. were
noise pulses front distant seismic vessels.
Eastern Alaskan Beaufort Sea differed
been identified as a consistent feeding

Even after allowance ‘for the many whales present but undetectable during
aerial surveys, numbers in the study area in 1985 were very low (estimated as
<100) at all times during late summer and early autumn. About 220-370 were
present at various times in September 1986. Utilization of the study area:in
August-October was estimated- as about 4200 whale-days in 1985 and 13,000
whale-days in 1986. The 1985 value may be an underestimate, given that it is
barely adequate to account for steady westward migration of a population of
4417 whales across the study area, and inadequate if the population size is
about 7200 as is now suspected. In any case, utilization of the study area for
feeding was less than average in 1985. Utilization was greater in 1986 than in
1985, but apparently not as high as in some other years.

Zooplankton  and Oceanographic Features

The composition of the zooplankton in the Eastern Alaskan Beaufort Sea
was similar to that elsewhere along the Beaufort Sea coast and in other arctic
regions. Copepods were the dominant organisms. The small copepod Limnocalanus
macrurus dominated in shallow nearshore waters; the large copepods Calanus
hyperboreus and ~. glacialis dominated farther offshore. In both years,
euphausiids  and myszds were most abundant near the bottom in nearshore waters.
Whether they also occurred in similar abundances near the bottom farther
offshore is unknown. In October 1986, euphausiids  were more abundant farther
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west, between Pt. Barrow and Prudhoe Bay, than in the Eastern Alaskan study
area.

In September 1985-86, average zooplankton biomass was highest in the
nearshore and inner shelf areas (south of the 50 m contour)~ and lower on Ehe
ou~er shelf (north of the 50 m contour). Mean biomasses in the top 50 m of
water over the coatfnental shelf and slope were much higher than previously
reported for the Arctic Ocean farther offshore. Average zooplankton biomass
(wet weight) in the top 50 m within our study area was about 0.2 g/m3~ similar
to biomasses on the main summering grounds of bowheads in the Canadian
Beaufort Sea. *,

!?.

Elydroacoustic surveys showed that zooplankton di,stribubion was patchy.
Zooplankton  paeches often extended for several kilome~ers in the horizontal
plane, but usually were only a few meters thick.

Dense zooplankton patches containing mainly Limnocalanus macrurus were
found at nearshore locations where bowheads fed. The biomass (wet weight)
averaged about 2 g/m3 

at the depth of maximum biomass. Zooplankton biomass at
whale feeding stations in the study area was higher than at control stations,
bu~ similar to biomass at nearshore feeding locations in the Canadian Beaufort
Sea. Although major efforts were made to minimize the various biases normally
associated with zooplankton sampling, this 2 g/m3 figure is probably an
underestimate of. the”mean biomass in the water filtered by bowheads.

Dense layers of concentrated zooplankton were most co~on in nearshore
waters, especially near feeding bowheads, but also occurred farther offshore
over the continental shelf. Calanus usually dominated. in these offshore
patches. Although the offshore patches were not being used by feeding bowheads
during our zooplankton sampling periods in early-mid September, they probably
were used by migrating bowheads in late Sephember.

.
We had only limited success in accounting for the patchy distribution of

zooplankton, and thus the feeding locations of bowheadsj on the basis of water
mass characteristics. ZoopZankton  was concentra~ed in a subsurface mass of
cold saline water present in parts of the nearshore zone in 1986; these were
Ehe areas where whales were feeding. Zooplankton often concentrated near the
strong pycnocline  present several meters below the surface in 1985. Zooplank-
ton biomass in surface waters above the pycnocline  was low, and biomass near

surface fronts was, at most, only slightly elevated. There was only a general
association ‘of elevate”d biomass with an area of upwelling in inner shelf
waters in 1985, and no clear evidence of concentrated zooplankton in or near
an intrusion of Bering Sea Water present near the shelf break in 1986. A
better understanding of the biology-of L. macrurus in arctic nearshore areas
is needed in order to understand che ~mportance  of coastal waters to the
subadult bowheads that concentrate there in some years.

Copepods had a higher energy content per unit weight than o~her major
groups, and accounted for about 90% of the total  caloric content of the
zooplankton.  Mean caloric content of the zooplankton, on a
basis,

‘per cubic meter’
was about 200 cal/m3 in the top 50 m of the water column over the

continental shelf as a whole, but 2132 cal/m3 in the dense layers of copepods
at whale feeding sites.
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Energetic Importance of Study Area to Bowheads

Bowheads must feed in areas where the biomass of zooplankton exceeds the
average biomass in the Beaufort Sea, which is about 0.2 g/m3. Theoretical
calculations indicate that an average bowhead must feed at locations where
average zooplankton  biomass is at least 2* g/m3 if it is to acquire its annual
food requirement in 130 d feeding for 16 h/d. The average prey biomass at
summer feeding locations would need to be 2 g/m3 if 30% of daily maintenance
requirements were met by supplementary feeding during the rest of th”e year.
These. theoretical figures are generally consistent with the observed mean
zooplankton biomass at bowhead feeding sites (2 g/m? at depth of maximum
biomass), especially if allowance is made for the fact that the observed
values are probably underestimates of the food consumed by whales.

The annual food requirement for a population of 4417 bowheads is
estimated to be 421,000 MT (metric tons), with broad confidence limits. This
value is higher than some previous estimates, primarily because the caloric
content of zooplankton in the Beaufort Sea, on a wet weight basis, is lower
than assumed in some previous analyses. Numerous other refinements in the
estimation process have also been made. If the population size is about 7200
whales as is now suspected, their annual food requirement would be about
690,000 MT.

.

The total amount of zooplankton in the top 50 m of the water column
within the Eastern Alaskan study area was estimated as about 1S0,000” MT in
late summer. Of this, about 7$,000 MT was over the continental shelf where
most bowhead feeding occurs. Thus, zooplankton in the study area represented a
significant percentage of the annual population requirement of about 421,000
MT for 4417 bowheads. However, of the 75,000 MT over the continental shelf,
only about 8100 MT (1985) or 1100 MT (1986) was, at any one time, in
concentrations sufficiently dense to permit economical feeding by bowheads.
These axpounts are’very small percentages of the annual population” requiremen’t.

The estimated whale-days of utilization figures for 1985 (4200 whale-d)
and 1986 (13,000 whale-d) also indicate that the Western Arctic bowhead “
population acquired very little of its annual food requirement in the stud
area in those years. If these bowheads fed in water with an average of 2 g/m3
of zooplankton for 12 h/d at a swimming speed of 5 km/h, they would have
consumed only about 2000 MT in 1985 and 6060 MT in 1986. This consumption
represents only 0.5% and 1.4%, respectively, of the estimated annual food
requirement of 4417 bowheads (421,000 MT). These estimates are approximate,
but the percentages would remain low even if prey consumption were several
times higher due to errors in the assumptions or to more intensive utilization
of the study area in certain years. The percentages would be even lower if
population size is about 7200 with an annual prey requirement of about 690,000
MT*

In some years, like 1986, a small number of bowheads feed in the study
area for at least several days— longer than the “population average. If a
subadult bowhead spent 10 days -feeding for 16 h/d in water with 2 g/m3 of
zooplankton, it would consume about 6-8% of its estimated annual food
requirement. Some whales probably find prey concentrations exceeding 2 g/m3,
and it is possible (although unproven) that a few whales may feed in the study
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area for more than 10 d in some years. If so, those few individuals could
obtain an appreciable fraction of their “annual food in the study area.

The rela~ive amounts of feeding in the Canadian vs. Eastern Alaskan
Beaufort Sea are not known precisely, but Canadian waters clearly are much
more important. Most Western Arctic bowheads are in the Canadian Beaufort Sea
for at least 3*-4 mo. In contrast, an average bowhead apparently feeds for no
more than a few days in the”Eastern Alaskan Beaufort Sea (estimated as roughly
l-2’d in 1985 and 3-4 d in 1986j.

.
Some feeding by bowheads occurs in late autumn, winter and spring west of

our study area. Carbon isgtope ratios in zooplankton and bowhead tissues
suggest that this feeding may be more extensive than formerly thoughts at
least in subadult bowheads. Present uncertainty about the amount of feeding in
these seasons is an important limitation in understanding food requirements in
the Beaufort Sea as a whole. However, it has little effect on conclusions
about the importance of the Eastern Alaskan Beaufort Sea.

For the population as a whole, the results indicate that the null
hypothesis .can be accepted:

Food resources consumed in the Eastern Alaskan Beaufort Sea
do not contribute significantly to the annual energy needs of
the Western Arctic bowhead stock.

An analogous conclusion can be drawn for most individual bowheads in most
years. However, in some years a few animals that feed in the study area for
longer than others may acquire a significant fraction of their annual energy
needs in the study area.

.
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Table 71. Biomass (mg/m3) of each major zooplankton group collected in oblique and surface horizontal
tows in the studyarea during September 1986.
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Table 71 (Concluded).
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5 . 7 6  0 . 0 0 0.00 0 . 6 9  19.79 9.74

0.04 0.00 0.00 2 . S 4  0 . 0 0 2.!7
0 . 2 8  0 . 0 0 0.00 0 . 5 9  0 . 0 0 2.(I2
0 . 5 5  0 . 4 2 0.00 0 . 1 4  0 . 6 6 3.30
0.0  i 0.00 0.00 0 . 0 3  0 . 0 9 0.13
9.07 0 . 0 , 0 .0.00 0 . 0 1  0 , 9 3 0.42
0 . $ 7  0 . 0 0 0.00 2 . 4 8  1.47 13.53
0.03 0.00 O.oa 0.09 Oslo 0.s2
0.01 0.00 0.00 0,27 4.89 ‘o. I 9
0.0 ! 0.00 0.00 0.14 0.00 0.00
0,00 0.00 0.OO 0.29 0.1 I 0.07
0.24 0.00 0.00 0.00 0.00 0.36
1.?34 0.00 0.00 0:58 0.00 0.s4
0.08 0.00 0.00 1.93 0.26 9.06
0.00 0.15 0.00 1.29 0.22 4.99
1 .0!) 0.13 0.00 0.09 0.94 3.88
0.03 0.00 0.00 0.02 0.07 1.26
1.76 0.00 0.00 0.05 4.57 ( 3.72
0.00 0.00 0.00 0.00 0.00 0.00
6.35 0.00 0.00 0.28 0.00 1.72
0.00 0.ol 0.00 0.04 0.00 1.37
0.06 0.00 0.00 0.00 0.00 0.03

1.33 ! .72 3.32 40.51
0 . 0 3  14,54 7 . 4 7  58.67

0.1 I 0.39 !.69 5 6 . 3 S
0 . 2 4  0 . 0 0 0.72 4.96
0 . 0 0  0.00 0.19 1 4 9 . 3 0
0.!3 0.0! 0,05 i .48
0 . 0 !  0 . 0 9 0.07 2.14
i .-74 14.07 0.0 I 35.-42
0 . 0 5  0 . 0 7 0.27 i.os
0.01 0 . 0 0 0.0s 6.01
0.0 I 0.01 0.04 0.24
0.01 0.07 0.40 1.03
0 . 0 0  0 . 0 0 0.00 0.67
0 . 0 0  0 . 0 2 0.30 3.84
0 . 0 2  0 . 0 0 0 . 0 9  19.06
0.10 0 . 0 0 0.10 7 4 . 2 4
0.03 3 , 8 6 0.57 18.95
0 . 0 1  0 . 0 0 0.14 3.90
0 . 0 0  9 . 4 2 0.17 3 0 . 1 1
0 .00  0 .0  I 0.10 0.29
0 . 0 0  0.12 0.02 8.70
0 . 0 0  0 . 0 0 0.0 ! 1.90
0 . 0 0  0.0! O.i i 4.54

! Tow TYPK  O = Oblique,  H = Surf2ca  Mrizontal. g
2 Water II- I =1 Nearshore, 2 = Inner Shelf, 3 =“Quter Shelf. w

m



Table 72. Biomass (mg/ms) of dominant
oblique and vertical tows in

zaoplankton species collected in selected surface horizontal,
the study area, September and October 1986.

Copepods Hydrozmmsandctsnap  hares Pteropcxts

Tran.  Sta, Samp. TOW1 ~w~h Water2 Calanus Calanus Pseudadanus Euchaata Metridia Limnccaianus T o t a l  Halitholus Aglantha Staurophora Mertansia Spiratalla
No.  No. No. Type (m) Mass Hyperboraus gladalts minutus  glactalis Ion@ maxurus Copspcds cirratus digitale mertansl mum heltcina .

mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3

CTL il 43 II
CTL 2 6 H
CTL 6 22 H
CTL 8 31 H
CTL 13 52 H
WF 1 1 H
WF 5 i8 H
WF 7 26 H
WF 9 35 H
WF 10 38 H
WF 12 47 H
WF 12 49 H
WF 12 50 H
WF i2 51 H

WF i 2 0
WF 5 i9 o
WF 7 27 0
WF 9 36 0
WF iO 39 O
WF i2 48 0
CTL 2 7 0
CTL 6 23 0
CTL 8 32 0
CTL II 44 0
CTL i3 S3 O

0
0
0
0
0
0
0
0
0
0
0
13
6
15

i6
12
8
5
9
18
20
22
18

::

I
I

2
I
I
1
I
1
i
1

0.00 0.00
0.10 0.00
0:05 0.00
0.00 0.02
0.00 0.05
0.04 0.00
0.00 o.i2
0.46 1.00
0.00 0.28
0.00 0.25
0.2 i 0.04
7.33 24.36

0.01
0.01

0 . 0 0
0.01
0.02
0,00
0,07
3.98
3.05
0.17
0.06
3,23

i 0.00 i .23
} 5 . 7 2  11. #9

2.19 2.45
I 0.87 3.04
1 3.10 6.63
I 0.s4 0.54
1 0.28 0.85
I 1.30 5.2!
I 9.20 6.07

1.2i 8 . 7 7
: t.07 i.87

4 . 2 5  13.59
; 0.00 0.02

1.58
3.98

1.30
6.09
1.06
1.80
0.42
4.35
0.77
0.43
0.36
2.48
0.02

0.05
0.00
0.00
0.00
0,00
0.00
0.00
0.00
0.00
0.00
0.00
1.77
0.00
0.00

0.25
3.48
0.00
0.00
0.!9
1,30
1.21
0.00
i.43
0.71
0.00

0 . 0 0
0,00
0.00
0.00
0.00
0.00
0.02
0.0s
0.00
0.00
0.02
0.00
0.00”.
0.99

O.io
0.00
0.00
0.00
o.i4
i .30
0.99
0.00
0.s3
0.24
0.00

0.32 0.41
0.07 0.17
0.16 0.21
0.3s 0.47
3.80 4.33
0.02 0.05
0.25 0.47
2.07 7.62

6 3 . 6 9  6 7 . 3 9
7.72 8.36
1.84 2.37

283.04 322.97
299.92 302.98
018.64 1048.48

7,37 13.97
t62.11  1179,07
754.10  777.10
162.59 165.83
33.56 35.44

855.S6 869.90
22.25 40.68

3.35 14.05
7.49 12.83

9 2 . 7 5  114.01
0.58 0.65

6.24 7.32
0.00 0.00
1.55 0.02
0.S6 0.06
0.00 0.03
0.00 0.15
0.00 0.08
7.16 0,49
0.00 3.77
0.00 2.14
0+00 0.00

I i.40 0.78
0.00 i.17
0.00 0.00

3 . s 3  2 5 . 1 7
22.75 0.00

3.30 1.12
6.48 6.24

17.63 2i.31
0.00 4.15
0.00 2.43
8.98 15.12
0.00 2.81
0.00 50.09
0.00 8.47

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.02
0.27
0.00
1.22
1.53
0.65
3.82
0.00
4.i9

2.tl
6.9 I
1.61
0.00
1.34
4.68
0.1s
3.07
0.00
0.8 I
0.79

1.72 “
0.00
6.3S
0.00
0006
0.22
1.88
0.06
0.00
1 . 0 4
0.03 .
o.i3
0.37
0 . 0 0

4.97
0.58
0,09
0.24
2.S7
(.04
0.26

11. il
0.96
0,34
5.64

.:
,,

.,,.

.!

,’

1,
!

I

:’

I

\ .“
‘,
:,

,.

.,1

.,,
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Table 72 (Continued].
,,

capapods lf@WOOnSEtndCb3Mp  hOIT3S Ptarop@
Tow

Tran. Sta. Samp. Tow] Depth Water2 &lanus Calanus  Pssudocalonus  Euahaeta  Metridia Limnocalanus  T o t a l  Hallthoius Aglantha Staurophora Mertensfa  Sph’atslla
N o .  N o .  N o .  Typs (m)  M= Hyparboreus  gl=ia\is minutus gkcialts  bnga mmrurus C%pepcds  cirratus  d!gitale .  mertensi ovum helicina

mcj/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3
.-

1 T1-1  120 0 9 I 1 . 7 6  10.75 14.27 0.00
1 TI-2 124 0 30 t 23 .73  i 18.53 1.40
2 T2-I 142 0 8 1 0.22  3 9 . 8 3 3.!9

2 T2-2 146 0 22 ) ! 39.42 578.07 0.40
3T3-179091 0.00 0.43 0.63
3 T3-2 83 0 18 I 0.20 0.20 0.00
4 T4-I 57 ,0 10 1 1.68 4.52 1.26
4 T4-2 62 0 18 I 0.00 0.01 0.11
I T1-3 129 0 40 2 63.S0 170.55 0.17
3 T3-3 87 0 3S 2 43.06 4.51 0.46
4  T 4 - 3  6 6 0 40 2 0 . 4 6 0.25 0.04
1 T’1-4  133 0 50 3 1.04 3.48 0.08
1 T1-5 138 0 50 3 0.07 0.38 0.03
2 T2-5 150 0 50 3 0.02 1.16 0.04
2 T2-5 1S1 O 100 3 0 . 2 3  11.18 0.09
3  1 3 - 4  9 1 0 50 3 31.16 1.42 0.09
3 T3-5 95 0 50 3 0.37 0.94 0 . 0 5
4  T 4 - 4  7 1 0 50 3 0.00 0.00 0.00
4  T 4 - S  7 5 0 50 3 3 . 2 2  14.27 0.30

c 5 272 Y 50 0.15 6.39 0.06
C 10 239 V 50 0 . 2 2  liJ87 0.22
D 10 246 V SO 0.00 I 5.90 0.)1
D 10 255 V 50 9 . 1 3  3 8 . 2 5 0.11
D 12 261 V 50 6 . 5 0  51.29 0.23

0.00
1.10
0.00
0.00
0.85
0.00
0.00
1.92
0.00
0.00
0.12
0.00
0.00
0.00
0.00
0.00
0.00
0.12

0.90
1.74
0.22
0.11
0.00

0.00
0.13
0.33
0.00
0.00
0.00
0.00
0.00
0.17
0.23
0.00
0.00
0.00
0.00
0.00
0.09
0.00
0.00
0.30

0.26
0.43

12.92
0.23
0.12

3 9 . 2 0  7 0 . 8 6
0.13 144.16
0 . 8 8  4 6 . 0 0
0.00 717.89

11.81 12.88
1 .s0 2.81

993.65 1001.20
0.33 0.47
0.00 236.49
0 . 2 3  4 8 . 5 9
6.17 6.92
0.04 4.93
0.07 0.72
0.02 1.24
0.09 11.68
0 . 2 8  3 3 . 0 4
0.00 1.36
0.36 0!41
0.24 18.70

0.03 7.97
0 . 0 0  2 1 . 4 7
0.00 29.21
0 , 0 0  4 7 . 9 4
0.00 58.25

0.85 0.40
6.16 2.93
0.00 0.00
0.79 5.44

11.18 7.80
8.18 5.47
0.00 I .77
0.00 0.04
0.00 I 7.?0
4.76 3.5 I
1.31 24.63
0.00 2.93
0.00 0.36
0,00 0.03
0.00 3.94
0.00 4.08
0.00 3.66
1.93 4.83
0.00 6.76

0.00 0.42
0.00 2.84
0.00 0.06
0,00 6.73
0.00 ‘ 2.16

0.00 0.00
0.00 34.82
0.00 0.00
0.00 1.29
0.00 0.00
0.00 0.50
0.00 1.50
0.00 0.08
0.00 “
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00

269.09
0.00
0.00

0.00
I .02
I .20
0.89
6.76

21.36
18.46
0.15
0.12
0.24
6.69

2.03
50,05

1.82
0.00
1.s0

0 . 5 0
0.00
0.11
6.56
2.00 ‘
7.47
0.55
0.01
4.66
2.6 I

17.62
2.26
0.00
0.03
0.05
2.88
1.24
2.61 ‘
1.42

0.00
0 . 0 0
0.00
4.61
0.13 b
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Table 73. Raw biomasses  (mg/m3) for horizontal bongo net tows at depth collected in the Alaskan
Beaufort Sea in September 1986.

Water Masses ZcOpl?
Norimntai Yerticai  Lmr
1 u NS’ l=SLa I:ln t

T o w  Sta. 2=1S 2= PYC. 2=out Fishttydromns+
Transect Sta. Samp. Depth  Depth  3= OS 3= AYt.

kmpcd Othsr Total-
Upepds Pteropcds flyskisEuphausiids Amphipuis  Larvas Cimwphores ChaetcgIaths Larvca 10XO D e t r i t u s

Na No. (m) (m) 4 = Bsw. mg/m3 mg/m3 mg/m3 mg/m3 mg/m3  mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mglm3
t’s

1
4

;
2
3
2
3
4
3
3
4

;
4
1
1
I
4
4
1

:
3
4
i

1 121 10 10
t 58 4 12
1 122 5 10
I i44 s
21486:
I 81 6 13
1 143 8 io
1 80 10 13
I 60 10 12
2 84 18 21
2 85 10 21
i59812
2 64 !0 21
2 147 15 26
2 63 19 21
2 12s 10 34
2 126 21 34
2 127 5 34
3 6 9 7 4 3
3 67 14 43
3 131 11- 47
3 130 27 47
3 88 26 41
3 89 !7 41
3 68 36 43
4 135 19 54

2
2
2

2
2
2

1
t
I
I

68.89
1006.91

73.76
31.58

6.47
2.05

33.47
i 8.80

219.81
82.?7

2.44
19.2S
52.70

1072.83
107s.74

193.64
!s3.17

2.84
3.77
3.46
8.61

643.34
193.64
81.55
177.22

S.18

0.00
0.37
1.24
0.43
0.44
i.89
1.06

14.47
0.34
0.13
3.64
0.0s
3.54
0.87
0.16
0.00
0.00
0.02

10.16
31.62

2.73
3.79
0.37

11.49
0.28

13.83

1.58
9.21
0.00
1.30
0.00
0.00

15.21
1.66
5.79
1.76

.0.34
0.81
0.05
9.87
4.08
0.00
1.06
0.00
0.00
0.00
0.00
0.00
0.14
0.00
0.00
0.00

0.00 3.56 0.19
0.00 0.00 i.S6
0.00 1.55 0.00
0.00 2.69 3.08
0.00 0.13 9.71
0.00 0.0 I 5.08
0 . 3 8
0.49
0.2 I
3.36
0.ss
0.00
0.00
2.43

14.97
1.99
2.59
0.00
0.00
0.00
0.00
7.33
2.18
0.37
0,84
0.00

3.23 13.40
4.35 6.s6
5.98 11.47
3.12 6.76
6.31 21.70
1.12 0.00
i.64 0.00
3.20 1.05

12.78 2.27
2.79 4.21
3.7s 4 . 5 7
0.57 2.07
1.10 2 . 1 9

16.21  iO.78
3.11 2.20

31.01 8.16
3.47 7.18

2i.S5 11.82
2.22 0.00
5.83 0.00

1.16
10.92
1.86
3.64
1.40

14.32
6.42
8.31

4{.32
12.22
6.40.

I5.1O
21.1s

6.79
20.40
42.02
19.16
15.44
3.76

18.33
10. IO
10.9s
40.00
35. i 4
6.6s

65.42

1.20
0.00
0.39
0.00
0.02
0.00
0.00
0.32
7.S8
1.25
0.37
1.24
3.43
13. il
8.97
1.96

13.19
0.02
0.01
o.4i
0.40

21.90
5.95
0.69
3.40
1.10

0.39
5.}7
0.42
5.11
2.74
2.45

20.94
18.52

1.64
0.58
S.ls
0.76
1.23
1.71
1.04
2.37
0.74

14.37
0.33
1.72
0.92
0.47
0.75
2.i4
0.73
0.22

1.69 78,66 0

0.42 1034.56 > ;
0.76 79.90
0.75 48.59 3%
0,2 I 2!.12
1.i8 Pg26.99 C) ~
0.85 94.96 : ~
4.33 78.02 z I+ ~
1.96 296.10.
2 . 9 0  114,87 ;gg
3.95 50.85 z ~
1.15 39.48 8% P
1.18 84.93
0.82 1107.69

IQ

0.62 1141.03
$2

0.35 2S0. i3 .m ~
4.56 202.79
0.95 *S36.27 * ~
0.23 21,55
0.39 82.93

%H

0.97 29.05 z
3.72 730.67
0.66 254.33

16.26 181.01
0.4S 191.78
6.34 97.92

.

.

. .’



Table 73 (Continued).

Water Ilassas
Hofiiontal Vertical P&}s
1= NSg ~ as s~? ] i~~

W Ma. 2= IS 2*pyc. 2.QIJ\ FM6iycfrozoens+ t)!?@(d Other 70(al-
Transect Sta. Mnp. Depth Depth 3= OS 3 = AW. C@ept’rdsPtarq@s MysiXEuphausli&  Am~hlp@  t.wweC&no  @torasCtw@ognaths  IJWWM Tam Detrltws

No. No. (m) (m) g = ti$~o m@m3 mg/m3 mg?m3 mg/tn3 mg/m3 mg/m3 mg/m3 mglm3  mg/m3 mg/m3 mglm3

1 4 ?36 !! 54
1 5 !39 IS !18
+ 4 73 12 53
2 5 153 !0 !50
3 4 92 26 53
3 4 93 1? 63
4 4 72 34 53
4 5 76 5! 180
4 S 77 30 180
t 4 134 34 54

5 140 47 !18
; !5 152 50 !50
3 5 97 27  205
3 5 9a 30 205

WF4 I 5 4 17
Wf 1 3 13 !7
Wf 5 20 10 14
WI-- 5 2! 6 14
V/f 7 28 7 }1
WF 7 29 8 11
WF 10 41 !] !2
WF 10 42 8 12
WF !2 49 }3 22
WF 12 50 6 22
WF 12 51 15 22
VfF 1 4 8 $7

3
3
3
3
3
3
3
3
3

.3
3
3
3

2
3
3
3
3
3
4
4
4
4
4

;
2
2
2
2
2
2
2
2
2
2

3.1s
0.29
%89
0.4!

! 56.55
4.47

398.27
! .48
3.7s

6!.72
0.12
2.94
0.s3
0.42
0.96

B 1.02
1501,13
613.26
505.46

! 073.12
i 4?9.67
! 924.90
322.9?
302.98

1048.48
1.16

0.23 0.00 0.00
0 . 0 0  0 . 0 0 0.00
0 . s 4  0.00 0.00
0 . 0 0  0 . 0 0 0.00
0 . 4 4  0 , 0 0 ~ 2.84
2.43 0.00 - 0.00
0.10  0.00 4.34
0 . 0 2  0 . 0 0 .  0 . 0 0
0.06 0.00 Oslo
0 . 5 3  0 . 0 0 1.25
0.06 0.00 0.00
0 . 0 2  0 . 0 0 0.00
0 . 2 6  0 . 0 0 0.00
0 . 2 0  0 . 0 0 0.00
!.01 0 , 0 0 0,00
0.7 I 0.00 0,00
0.00  2 . 4 4 0.16
0 . 2 9  0.00 0.00
0.04 !0?.61 0.00
0 . 0 0 3 9 0 . 2 7 0.00
0.00 61.68 5.86
0 . 0 0  0.12 7,27
0 . 3 6  11.29 0.00
0 . 3 7  8.07 0.00
0.00 29.77 0.29
3 . 4 0  0 . 0 0 0.00

0 . 9 8  2 . 2 2
3.22 6.28
8.31 9.0]
8.33 0.37

34.22 4.38
11.27 12.92
5.77 t.78
0.45 0.00
1.52 0.75

27.82 7.05
0.69 1.09
1.34 5,86
6.19 4.89
6.89 0.00
0.40 0.00
7.94 1.76
!.S2 2!.97
2.42 24. !6
4.!57 12.03
413 9.98
5.66 15.88
2.8S 10.74

}9.97 0.00
1.70 2.40

} 4.00 0.00
9.97 3.21

2.70
33.2 I
11.02
32.33
17.94
36.12
5.83
5.44
10.25
28.14
33.07
9.2S

33).60
5.02,
7.65
8.8 I

24.37
7.27
13.?5
!O.oi
23.78
22.60
26.02
1.61
S.18
4s.a4

0.66 0.03 1.84 lt.21
0.04 0.00  0.22 43.25
0. !2 0.26 0.3f 39.46
0.17 0.0! !3.16 54.77

3 7 . 3 8  0 . 0 0  $.66 2 6 2 . 4 0
1.07 0.04 .3.63 71.96
2.!7 0.11 1 . 0 8  4 1 9 . 4 6
5.29 0.0S 0.07 12.79

2!.93 0 . 0 0  0 . 2 4 38,50
28.28 1.07 4.32 160. I $

o.! ] 0.00 0.07 3S.21
3.04 0.92 0.3! 2~.88
0.18 0.03 1.29 344.97
0.44 0.! 5 4.23 17.34
0.00 4.24 0.09 ! 3.54 ‘
2.5 t 4.44 O.W 3 8 . 0 8
1.93 1.67 2.83 !558.02
2.81 2.!4 !.66 6S4.01 a
0.89 0.96 0.04 645.36
0.00 0,17 0.00 ! 487.67
6.!35 6.44 !.88 ! 607.80
5.26 S.43 3.66 ! 982.83
7.05 ~,75 3.42 392.82
0.97 0.17 0.69 318,95
2.64 0.00 1.!9 1!01.54
0.00 3.13 !.77 38.49



Table 73 (Concluded).

Water Masses Zoopl.a
liqmnta]  Vertical Layer
I=NS1 l= SL.2 l=in

T o w ’  Sta. 2=1s 2= PYC. 2=out F{shi-tydrcaaans+
Transict  Sta. Samp. Depth Depth 3= OS 3 = Avi.

DecaPod Other Total-
t%PepOdS bteropcxis  MysktsEuphauslMs  Amphlpcds L a r v a e  Ctenophores Chaetmgnaths  Larv~ Taxa D e t r i t u s

No. No, (m) (m) 4 = &jW, , mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3

Wf  4 10407121 2 2 19.50 0 . 5 0  0 . 4 0 0!00 0 . 2 0  0 . 0 0 12S7
Wf

0.34 0.44 I .34 35.29
7 30 3 2 33.56 0.00 1.13
83317;;; :1 ~~~ 3.2o  0.OO

9.97
CTL

0.00 0.00 1.04 48.90
570.89 0.23 11.29 12.36  1 . 3 0 34.47 23.02 1.70 1082 659.80

CTL 11 45 12 Is 2 414.73 0.00 86.89
13 54 17 25 4

4:40 2.50 20.47 45.82 13.49 2.62 1.41 592.32
CTL 2 : 3 . 8 9 00.56 0 . 0 0 0.00 1 . 6 3  7 . 7 3 29.11 0.91 8 , 0 6  2 . 0 0 53.90
CTL 6 2 5 8 2 7 2 2 “ 2 0.36 6 . 4 4  0 . 0 0 0.00 1.40 20.15 4.98 0 . 0 7  1 5 . 2 0  1 . 7 4 50.35
CTL 8 34 7 23 2 2 2 8.98 3.11 0.00 0.00 8 . 5 9  9 . 6 9 19.93
CTL

0.28 3.44 3.04 57.06
11466151 ~

51.72 2 . 5 5  0 . 2 1 0.00 1.79 16.68 37.96
CTL

i.50 1 6 . 7 9  4 . 8 0  1 3 3 . 9 9
1 3 5 5 8 2 S 2 :2 4.21 0.91 0!00 0.00 2 . 9 8  5 . 1 9 12.68

CTL 2 8
0 . 0 9  2 7 . 1 2  2 . 2 4 55.42

22 25 I 31 64.60 0 . 0 5  0 . 0 0 0.15 2 . 6 4  6 . 3 0 22.33 9.32 0.10 4.34 109.82
CTL 6 2 4 2 1 2 7 2 3 7.63 2.31 0 . 2 8 0.28 8 . 4 3  6 . 7 7 11.19 3.77 4.36 2.49 47.5 I
CTL 2 9 10 25 1 3; 95.36 0 . 1 3  0 . 0 0 0.00 2.87 14.23 15.93 0.64 1.06 1.00 !31.22

1 Horizontal Water Mess%s: NS= Nearshore, IS= Inner Shelf, OS= Outer Shelf.
2 Vertid Water Masses SL= Surface kyer  abcwe  pyonooline, PCY= Wlthtn i)ycncdne,  AW Arctic Water, BSW= Bering Sea Water.
3 Zrnpiankton Lay@r: 1 = Within zcmplankton layer, 2= Outside zcoplankton  l~r.
4 Wf=  Whale Feeding, CTL=I Control Station.
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T-able 74. Sealed Mornasses “(mglm~~
Beaui%rt Sea h September

for horizontal  bongo ne~ tows at depth collected in the Alaskan
,:

1986.

Witar  Masses
Horizontal vertical  Zoopl?
~.~$~ ~.~g ~~~ *]~ $@j]~ ~]~ scald *M scald SC&d $.CaId ‘Scalsd %zlId  ScaV3d

Tow Sta, 2  =1$ ‘2= Kwc. 1 =hl
.,.

Fish H@woans+ Decw.Ial Other Total -
Transect Sta. SamD. Depth Depth 3 = OS 3 = AW. 2=out CoPePod$ PtsraM.ds blysick Euplwdicki  Amphlpads bx’vas denophorss  Chestqnaths  Ler%@3  TswI Detritus

f,

No. !/0. (d [ml 4  = BSW. mg/m3 mg/m3 mg/m3 mg/m13 mg9m3 mg/m3 mg/m3 mglm3 mglm3mg/m3  mg/m3 ;,
,“

)21
58
I 22
i 44
\ 48
81
143
$0
60
8 4
8S
59
64
147
63
\ 25
126
127
69
67
131
I 30
88
89
68
135

2
2
2
2
2~

3’

2
2
2
2
2

2
3
2

:
2
3

i 139.64  ‘-- ‘--
t. 1943.5s
2 141.79
2 56.23
2 12.63
2 ~ 3.21
1 56.27
1 .26.54

426,25
; % 67.20
2 5.~6
2 34. I 2
2 93,33
1 2094.98
1 2!!1.32
1 358.83

308.S8
; 3.43
2 5.33

5.42
; 15.00
1 1298.88
1 368.30
! 161.10
1 343.95
i 7.9$

U.uu 1.6?
1.28 9 . 2 8
4 . 2 7  0,00
1.37 1.21
!.54 0 . 0 0

,, 5.31 0.00
3.!9 13.34

36.57  1.37
1.18 !5.86
0.47 ( .85

13.77 0 . 3 7
0.16  0.75

! 1.23 0 . 0 5
3:04  i 0 . 0 6
0.56 4.! 8
0 . 0 0  0 . 0 0
0 . 0 0  !.11
0 . 0 4  0 . 0 0

2 5 . 7 2  0 . 0 0
8 8 . 7 5  0 . 0 0

8.5 I 0.00
t3.7Q  0 . 0 0

1.26 0.14
4 0 . 6 4  0 . 0 0

0,97  0 , 0 0
38,17  0 , 0 0

0.00
0.00
0.00
0.00
0.00
0.00
0.33
0.36
0.21
3.s4
0.6 I
0.00
0.00
2.48

“! 5.33
1.92
2.72
0.00
0!00
0.00
0,00
7.72
2,16
0.38
0.85

.0.00

3s I 0.21
0 . 0 0  1.68
1 . 4 s  0 . 0 0
2 . 3 3  3 . 0 6
0.12  10.56
0.01 4.44
~,64  ~2+56
2 . 9 9  5.!6
5 . 6 4  12.40
3 . 0 6  7 . 6 1
6 . 4 8  25.56
0 . 9 7  0 . 0 0
1.41 0.00
3 . 0 4  1.14

12. !9 2 . 4 8
2.5 I 4.3s
3 . 6 7  5 . 1 3
0 . 3 3  i.39
0 . 7 6 ”  i.73

!2.3S  9 . 4 2
2 . 6 3  2.14

3 0 . 4 4  9.!8
3.21 7.6 i

20.70  13.01
2 . 0 9  0 . 0 0
4 . 3 ?  0 . 0 0

3.12
27.99

4.75
8.61
3.63

29.82
14.33
15.58

106.41
32.78
17.96
35.ss
49.74
i7.61
53.17

105.38
51.26
24.77

7.06
38.16
23.36
29.36

10!.04
92. f 9
1?.14

133.92

1.27 1.82
0.00 22.96
0,31 !.86
0.00 20.93
0,02 12.30
0.00 8.84
0.00 80.9!3
0.24 60.14
7.67 7.32
1.32 2.70
0.41 2!5.03
!.15 3.10
3.17 5.01
8.26 7.68
9.19 4.70
!.89 10.10

!3.86 3.43
0.01 39.93
0.01 1.07
0.34 6.20
0,36 3.69

23.07 2.18
S.90 3.28
087 I 9.73
3.44 3.26
0.88 0.78

1,35 1 S2.60
0.322007.05
0 . 5 8  155.01
0 . 5 3  9 4 . 2 6
0 . 1 6  4 0 . 9 7
0 . 7 3  5 2 . 3 6
0.56 i 84.22
2.42 1 S 1.36
1.50 574.43
2 .32  222 .8S
3 . 3 0  98.6S
0.81 76.S9
0 . 8 3  164.76
0.632148.92
0.482213.60
0.26 485.25

‘ 3.63 393.41
0.4S 7 0 . 3 6
0.!3 41.81
0.24 f 60.88
0 . 6 7  5 6 . 3 6
2.971417.50
0.50 493.40

12.70  3S1.16
0.35 372.05
3 . 8 6  189.96

,,.

0

,,

:.,

I

1

,’



.

Table 74 (Continued).

W a t e r  Masses
iiorizontelVettical  ZooPI?
l=NS1 I=SL?  Layer Scald *1* scald scaled scaled scaled Scaled Scold  scald  S c a l e d  Scaled

Tmv Sta. 2 = IS 2 = PYC. I=tn Fish Hydrozoans+ Decqxd Other Total -
Transect Sta. SerrIp. Depth Depth 3 = OS 3 = AW. 2=out  CcWpcds Pteropcds Mysids Euphauslkb  Amphipods L a r v a e  Ctenophms Ch&Mognaths Larvea  Twa D e t r i t u s

No. No. (m) (m) 4 = Bsw. mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3

1 4 136 11
1 5 139 15
4 4 73 12
2 5 153 10

4 92 26
: 4 93 17
4 4 72 34
4 5 76 51
4 5 77 30
1 4 134 34
I 5 140 47

5 152 50
: 5 97 27

3 5 98 30
WF4154
WF 1 3 13
WF 5 20 to
WF 5 21 6
WF 7 28 7
WF 7 29 8
WF 10 41 II
WF 10 42 8
WF 12 49 13
WF 12 50 6
WF 12 51 15
WF 1 4 8

54
118
53

1 so
53
53
53
180
1,80
54
118
150
205
205
17
t?
t4
14
11
li
iz
12

%
22
17

3 1
3
3 ;
3 2
3
3 :
3 3
3
3 “;
3 4

4
; 4

4
; 4
I
1 :
1 2
i 2
1 2
1 2
I 2
1 2
1 2
t 2
1
1 ;

7.07
0.49

21.43
.0.82

354.?4
8.72

782.71
3.10
9.29

139.92
0.18
6.17
0.79
1.08
0.19

20.00
2920. t O
1206.12
1.069.79
2386.07
2926.11
3734.32

642.92
598..33

2075.20
2.02

0 . 9 2  0 . 0 0
0 . 0 0  0 . 0 0
2 . 0 9  0 . 0 0
0 . 0 0  0 . 0 0
1 . 7 9  0 . 0 0
8 . 4 9  0 . 0 0
0,35 0400
0 . 0 7  0 . 0 0
0 . 2 7  0 . 0 0
2. I 5 0.00
0. i 6 0.00
0 . 0 8  0 . 0 0
fl,?o 0 . 0 0
0 . 9 2  0 . 0 0
2. I 5 0.00
2.31 0.00
0 . 0 0  2.48
1.02 0 . 0 0
0.15118.83
0.00452.75
0,00 63.64
0 . 0 0  0.12
1.28 11.73
1.31 8.31
0.00 30.74

10.62 0.00

0.00
0,00
0.00
0.00
3.36
0.00
4,45
0.00
0.00
i.48
0.00
0.00
0.00
0.00
0.00
0.00
0.16
0.00
0.00
0.00
6.05
?.36
0.00
0.00
0.30
0.00

1.07 2.78
2 . 6 5  S . 9 2
8.75 10.88
8 . 1 3  0 . 4 1

3 7 . 7 0  5 . 5 3
10.69 14.05
5.s1 1 .9s
0 . 4 6  0.00
1.83 I .03

3 0 . 6 6  8 . 9 1
0.5 I 0.92
1.37 6 . 8 5
4 . 5 0  4 . 0 7
8 . 6 4  0 . 0 0
0 . 2 3  0 . 0 0
7.0 I 1.78
1.44 2 3 . 8 2
2.3i  26.48
4,70 14.19
4.46 12.37
5.44 17.50
2 . 6 9  11.61

I  9 .33 0.00
1 . 6 3  2 . 6 4

1 3 . 4 7  0 . 0 0
6 . 4 5  3.12

8.05
?4.66
31,71
86,22
53+99
93.59
15.22
15.11
33471
84,72
66,41
25.77

658. t 8
17.20
12.07
21.23
~~.96
18.99
38.65
29.56
62.45
S8.23
68.79

4.22
13.62
36,68

0.07 0.15  1.63 21 .?5
0.04 0.00 0. 1s 83.9i
0.14 1.30 0.27 7 6 . 5 5
0.18 0.05 10.44  106.25 * ‘

4 4 . 1 9  0 . 0 0  7 . 7 6  5 0 9 . 0 6 .
1 . 0 9  0 . 1 8  2 . 8 0  1 3 9 . 6 0
2 . 2 3  0 . 5 0  0 , 8 4  813.75
5.77 0.24 0.06 24.8 i

28.33 0.00 0.23 74.69
3 3 . 4 5  5 . s 8  3 . 8 7  3 1 0 . 7 5

0 . 0 9  0 . 0 0  0 . 0 4 68.31
3.33 0.58 0.26 44.39
0 . 1 4  0 . 1 0  0 . 7 6  6 6 9 . 2 4
0.59 0.89 4.31 33.64
0 . 0 0  11.59 ~ 0 . 0 4  2 6 . 2 7
2 . 3 8  18.54 0 . 6 4  7 3 . 8 8
1 . 9 6  7 . 4 7  2 . 1 8 3 0 2 2 . 5 6
2 . 8 8  9 . 6 8  \ .2!9 1268.78
0 . 9 8  4 . 6 7  0 . 0 3  1 2 5 2 . 0 0
0 . 0 0  0 . 8 7  0 . 0 0 2 8 8 6 . 0 8
7 . 1 7  2 9 . 3 0  1 . 4 7 3 1 1 9 . 1 3
5.32 24.23 2 .81 3846.69
7 . 3 2  8 . 0 1  2.69  7 6 2 . 0 7
1 . 0 0  0 . 7 7  0 . 5 4  6 1 8 . 7 6
2 . 7 3  0 . 0 0  0 . 9 3 2 1 3 6 . 9 9
0 . 0 0  12.56 1.22 74.67 *%
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Table 74 (Concluded).

Waier Mesas
M3ri20ntai  Vertical Zoos@
l=Nst I=SL?  Lq& S@xt SGIIsd scaled Scaled scald.  scald scaled scald  scaled s e a l e d  scaled

Tow sta 2“1s 2 = PYC. i=fn FM ~drozcens+ ilax@cal  other  T o t a l  -
Transect  Sta. Samp. Depth Depth 3 = O S 3 = A W .  2=out Copepc& Pter@ais  Mysids Euohausiids Ar@ipads  Lerva CtenophoresChe&qnaths  Lar’fas Ta%a D e t r i t u s

No. No. (m) (m) 4 = Bsw. mghn3 mg/m3 mg/m3 mglm3 mglm3 mglm3 mg/m3 mf@n3 mg)m3 mglm3 mg/m3

WF4!040712, t 2 2 34.!3 ! . 5 7  0.37 0.00 0.! 7 0.00 29.22 0.31 1.77, 0.93 68.46
WF 7 30 3 !1 1 2 2 64.50 0 . 0 0  1.!3 0.00 2 . 9 9  0 . 0 0 25.4S 0.00 0.00 0.79 94.87
CTL 8 33 1? 23 2 2 1 !128.11 0 . 8 1  ! ‘i.64 2.80 11.87  1 . 4 3 90.46 2 3 . 7 3  7.73  1 . 4 2 1 2 8 0 . 0 1
CTL 11 45 12 15 I 2! 667.34 . 0.00 94.81 4.80 2.S4 23.86 12?.26 14.72 12.60’ 1.171149.10
CTL 13 54 ~7 25 2 $.94 1.53 0.00 0.00 1.21

: 2;
6,58 S9.05 0.73 26.32 1.21 104.57

CTL 6 25 8 27 0s3 17.04 0.00 0.00 1.0 I 16.59 9.77 0.0S 51.67 !.02 97.68
CTi. Q 34 7 23 2 2 2 %6.6! 10.30 0.00 0.00 7.72 9.99 48.95 -

0.27 14.64 2.22 1 I 0.70
CTL J146 6 15 2 2 84.94 7 . 5 0  Ill 8 0.00 1 . 4 3  15.27 82.79 1.29 6 3 . 4 3  3. !2 2 5 9 . 9 4
CTL 13 55 8 25 : 2 2 5.01 1.94 0 .00 0.00 1.72 3.44 20.04 0.06 74.25 1.05 107.51
CTL 2 8 22 25 3 9 12!3.8! 0 . 1 8  0 . 0 0 0.16 2 . 5 8  7 . 0 6

6 24 21 27 i
59,.s9

CTL 3 i 4,.72 7 . 9 8  0 . 2 8 0.28 7691
% 7 7  0 . 4 6  3 . 4 5  2 1 3 . 0 5

7.28 28.67 3 . 8 0  19.35  1,90 92.17
CTL 2 9 10 25 1 3; 18?.83  . 0.46 0.00 0.00 2.7$ ! 5.62 41.67 0.66 4.80 0.38 254.57

! Elor,izontal Water biasses  KS= Nearshore, IS= inner Shelf, C& Outer Shelf.
2 Vertical Water Piixxes SL= Surface layer atmve  pycndine.  PYC= Within  oycncdine layer, AW= Arctic Water, EiSW= Bering Sea Water.
3 Zmplankton  Lwr: != Within Zooplankton byer,  2s9 0utsidozwp9@kton  h%yer.
4 WF = Whale feeding Station, CTL= CantrOi Sietion.



I

Table 75. Biomass (mg/m3) of major zooplankton groups collected in vertical and oblique tows during the
‘.Polar Star’ cruise, October 1986.

Tow Sta. Fish Hydroznans+ Decapod  o ther Total-
Tran. S t a .  ,*P. Towl Depth Lf:\h @epcdsPteropads  flysMsE uphausiMsAmphipfxts  L a r v a e  Ctenophoras  ChaetcgWs Larvae Taxe D e t r i t u s
No. No. No. T y p e  ( m ) mg/m3  mg/m3  mg/m3 mg/m3 mg/m3mg/m3 mg/m3 m g / m 3 m g / m 3 m g / m 3  mg/m3

c
c
c
c
c
c
c)
D
o
D
D
D
D
D
D

iv
A
A
A
A
0
0
B
B
B

1 0
10
10

;
5
10
10
10
10
11
11
12
12
12
14
10
8
8
5
10
10
10
7
4

239
240
241
272
273
274
247
254
255
246
256
257
261
262
263
202
206
213
214
220
222
223
228
232
236

, 50
50

::
50
50
50
50
50
50

::
50
50
50
50

::
50
50
50
50
50
50
30

1635
635
635
55
55

::1
1781
1781
1781
55
55
5 5
55
55
62

! 434
278
278

2:;0
2070
2070
267
41

21.47
14.30
14.96
7.97
5.73
2,!9

36.74
8.52

47,94
29.21
34.11
41.29
58.25
52.26
37.94
1 ! .95
9.06
1.04
0.73
0.68

29.00
26.40
30.75
11.26
3.10

0.00 0.00
0.00 0.00
0. I 7 0.00
0. I o 0.00
0.03 0.00
0.00 0.00
0.03 0.00
0.05 0.00
4.61 0.00
0.00 0.00
0., I I 0.00
0. I 2 0.00
0.13 0.00
0.58 0.00
0.9 I 0.00
0.3s 0.09
0.25 0.00
0.35 I .43
0.77 0.00
0.10 1.36
0.03 0.00
0.03 0.00
0.04 0.00
0.38 0.00
O.ts 6.30

0.00
0.91
0.00
0.29
0.S8
0.15
2.15
0.59
2.67
2.30
3.64
7.74
0.38
0.00
0.18

58.80
251.93
10.17
17.84
11.85
29.70
31.27
19.50
61.82
3.03

0.!1 0 . 0 0
0 . 0 0  0 . 0 0
3 . 7 8  0 . 0 0
0 . 0 0  0 . 0 0
0 . 0 0  0 . 0 0
0 . 0 0  0 . 0 0
3.!3 0 . 0 0
0 . 8  I 0 . 0 0
0 . 4 2  8 . 5 5
2 . 7 0  0 . 0 0
0 . 8 6  0 . 0 0
1 . 9 4  0 . 0 0
1.59 0 . 0 0
0 . 0 6  0 . 0 0
0 . 6 4  0 . 0 0
0 . 3 4  0 . 0 0
I.18 6 9 . 5 7
0 , 7 4  0 . 0 0
0 . 0 !  0 . 0 0
8 . 7 4  0 . 0 0
3 . 8 5  0 . 0 0
5 . 1 3  0 . 0 0
1 . 7 1  0 . 0 0
2 . 3 6  0 , 0 0
0.09 29.44

52.89
1.85
1.78
2.45
0.2 I

31,73
0.85

32.73
7.97

271.03
15.64

207.97
97.13

4.45
261.27

5.00
406.78
34.00
11.60

1009.75
300.88
35.33

1.11
. 0.21

2.62

22.53
6.S9

16.96
I .97
4.06
0.54

20.46
3.66
9.70

2 t .30
36.67
21.47
6.72
4.74
6.30

23.36
26.83
13.04
15.47
1.61
2.45
2.93
4.36

42.97
3.91

0.2}
0.00
0.00
0.19
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.18
4.13
1.49
0.00
0.10
0.44
0.21
0,27
0.00
1.28
1.03

0,00 97.21
0.11 22.96
7.04 44.70
2.03 15.00
0.21 10.82

10.1s 44.77
0.49 63.8S
0.15 46.53
3.82 85.67
1.64 328.18
4.67 95.69
1.76 282.29
0.63 164.81
0.65 62.74 s

1.S8 309.00
0.39 104.42
0.39 769.48
0.46 61.22
0.10 46.62
0.03 1034.55
0.09 366.21
0.13 10I.5O
0.18 57.64
0.44 120.72
0.26 49.94

1 Tow Typ&V=Verticai,O=Oblique
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Appendix 526

APPENDIX 3

ZOOPOLANKTON BIONASSES FROM CONVENTIONAL BONGO TOWS, 1985
See Richardson (ed.$ 1986, p. 309-315) for more details
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APPENDIX

MOVEMENTS OF BOWtiAD WHALES

4

IN YHE BEAUFORT SEA
AS DETERMINED BY lL4DI0

Introduction

This study is one part of an overall

TELEMETRY*

study on the importance of the
eastern Alaskan Beaufort Sea to feeding bowhead whales. Speci~ically, we were
interested ia determining the residence times, feeding rates and night
behavior of bowheads in that part of the Beaufort Sea. Several aspects of this
type of research require that “individual whales be re-identifiable  over
various lengths of time. Determination of feeding rates and surfacing patterns
of individual whales--ultimately to be extrapolated to the population--
requires that each be followed for several minutes, hours, or even days. To
obtain residence time information, however, whales must be re-identifiable
over wider geographical ranges and periods up to several weeks. Studies on
other aspects of the biology of bowheads would also be facilitated by the
ability to re-identify  individuals.

Direct visual observations of bowheads from aircraft, ice or shore, and
boats have been used to re-identify individual bowhead whales for studies of
movement, behaviors and surfacing patterns (e.g. Carroll and Smithhisler 1980;
Wtirsig et al. 1984). However, it is often difficult to be sure that a whale
surfacing at one time is the same wha,le seen diving -several minutes earlier.
Photo-identification of whales, for example humpback whales (Katona et al.
1979), minke whales (Dorsey 1983), and right whales (Payne et al. 1983), can
provide verified resightings of individuals, but does not provide rapid
feedback for continuous verification over short-term observations. However,
photo-identification has been very useful for longer term verification of
individual identification. Studies in the Beaufort Sea since 1981 have shown
~hat many bowheads are individually identifiable in vertical photos, and have
provided within- and between-year re-identifications (e.g. Davis et al. 1982,
1983, 1986a,b; this study)..

Another method, radio telemetry, can allow continuous re-identification
of individual whales over both the short and the loug term (Watkins et al.
1978; Goodyear 1983; Mate and Harvey 1984). An important and unique aspect of
radio telemetry is the ability to monitor and reidentify individual whales
throughout the night.

Radio telemetry has been used on several large whale species, for example
humpbacks (Watkins et al. 1978; Goodyear 1983), finbacks (Watkins et al. 1978;
Goodyear et al. 1985), and gray whales (Mate and Harvey 1984; Swartz et al.
1986, 1987). However, the use of radio telemetry on bowhead whales has a very
brief history. Hobbs and Goebel [1982) discuss the tagging of two bowhead
whales with barnacle tags of the type described by Mate et al. (1983). One
whale was monitored intermittently for about 10 min and a second was

* By Jeffrey Goodyear (Ecology Research Groupl Inc.), Bernd WUrsig (Moss
Landing Marine Labs), and David R. Schmidt (LGL Alaska Research Associates,
I.nce).
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monitored--with broken signals--for about 1.5 h. Although the tracking of
those whales was unsuccessful, the effort did show that radio tags can be
applied co free-swimming bowhead whales. Those successful tag deployments
resulted from quiet approaches, one from a sailboat under sail, and the other
from a rowed skiff; powered approaches were not successful.

Radio telemetry was applied in this study in an attempt to de~ermine
residence times~ feeding rates, night behavior, and surfacing patterns of
bowhead whales. Although all”of these copies (aside from night behavior) were
also investigated with other me!chods$ we expected that radio telemeery could
provide valuable data if tags could be applied successfully to the whales. !I%e
tag chosen for this project was a small ‘capsule tags developed by the Ecology
Research Group, Inc. (Goodyear 1985). Although this type of tag had not been
applied to bowhead whales before, it had been tested and used on fin whales
(Goodyear et al. 1985) and was particularly successful in a gray whale study
off California (Swartz et

Study Area

al. 1986, 1987).

Materials and Methods

The study area included two portions: (1) the official study area as
defined by MMS, and (2) an additional more easterly area where we operated in
order to improve the chances that whales would be radio tagged prior to the
onset of their westward migration. The official study area extended from
latitude 144*W to the eastern edge of the disputed zone between &he U.S. and
Canada. That boundary extends essentially perpendicular to the sho~e from the
co,astal location 69*38’N, and 141*00’W  (Fig. 167). Further details of this
study area are given in the ‘Introduction’ to this report. The additional
area included Canadian waters east of the official study area. Radio tagging
in Canadian waters was attempted only in 1986 when permission to radio tag was
obtained from the Canadian Department of Fisheries and Oceans.

During 1985, we hoped to tag from a 1%-m boat that operated as far
offshore as the 200-m contour (50-75 km from shore). During 1986, a smaller
8-m boat was used; consequently our 1986 operations were limited to nearshore
waters for safety reasons.

Field Activities

Prior to beginning any field activities, LGL acquired research and ocher
pemits from the U.S. National Marine Fisheries Service (permit 517); Arctic
National Wildlife Refuge (1986 only); Department of Fisheries and Oceans,
Canada; and the Yukon Department of Tourism? Heritage Branch. In addition,
LCL consulted with the Kaktovik whaling captains and represeneaeives of the
Nor&h Slope Borough. Also, permission was obtained from Canadian Customs for
us co enter Canadian territory,. and from the Canadian Armed Forces for access
to DEW line facilities.

In 1985, tagging and tracking efforts were to have taken place from the
13-m ‘Annika Marie’, which was also used for the plankton and water sampling
work. That year, the ‘Annika Marie’ was used to search for bow’nead whales in
the official study area with plans to tag and monitor feeding whales when arid
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if encountered. Due to the lack of bowhead whales within the official study
area in early-mid September 1985 (see ‘Bowheads’ section), no telemetry work
was done from the ‘Anxlika Marie’ in 1985. Hence, reference to that vessel will
be limited in the rest of this Appendix.

It was recognized that bagging opportunities  would be improved if a
vessel dedicated to tagging were available. In 1986, an 8-In aluminum Munson~ a
flat-bottom vessel powered by twin 185 hp Johnson oubboards, was provided by
MM and NOAA for this purpose. The Munson was available for telemetry work.
from 9 September 1986 onward (Table 77). The Munson’s wheelhouse was too small
“for overnight operations. Consequently, attempts at nighs tracking of whales
had to be done from base camps. For the first seven days of the field stay, we
utilized  a building at an abandoned U.S. Distant Early Warning facility (BAR-
A) in Beaufort Lagoon (Fig. 167). On 17 September , we moved to a tent camp on
the eastern shore of Demarcation Bay (Fig. 167). At each camp, a Telonics Inc.
TR-2  telemetry receiver and a five-element Yagi-Uda antenna were see up in
order to monitor tagged whales while we were ashore.

h both yearsj 3 or 4 DHC-6 Twin OtEer aircraft plus a ‘Turbo Goose
aircrafta each of which was in use for bowhead studies, were equipped with
telemetry antennae and receivers. The Twin Otter used by LGL for this project
was equipped with two side-pointing three-element A.F. Antronics, Inc. ,
Yag~-Uda anbennas aimed about 20 degrees below the horizontal and linked to 1-

“- 4 Telonics TR-2 telemetry receivers. An operator (Bernd Widrsig) monitored one
or two radio frequencies at a time while the aircraft was conducting aerial
surveys and reconnaissance. Duiirag three flights on 26-27 Sep&ember 1986, JG
as well. as BW was aboardj and four frequencies were monitored simultaneously.
The operator switched the reception frequencies every 15 to 30 min when more
tags than receivers were in operation. Although the Twin Otter was not
dedicated to the telemetry effort, significant monitoring  was done by the
aircraft, .The majority of the aerial monitoring was from alti&udes 305-457 m
while the.aircraft  was used for other tasks~ but some monitoring was ~one from

‘ 1500 m altitwde.
,

Besides the Twin Otter in use by the present project, the additional
aircraft that were prepared to monitor radio tags in 1985 w&re the Twin Otters
used by Johnson et al. (1986), Ljungblad et al. (1986cI, and McLaren et al.
(1986), plus ehe Turbo Goose of Ljungblad et al. The cooperating aircraft in
1986 were the Twin Otters of Evans et al. (in prep.) and NOSC (in prep.), and
the Turbo Goose of NOSC (in prep.). The o~her aircraft in general surveyed
more co the west (i.e. west of the Kaktovik area), and in most cases each had
only one receiver. However, the aircraft used by Evans et al. employed a
frequency-scanning receiver at ,some times. After radio tags were applied to
whales in 1986$ aerial monitoring by ehese cooperating groups was done on an
opportunistic basis while they were surveying for whales.

In 19$~ two other projects funded by MMS overl~pped  wirh the present
project; the principal investigators were Don Ljungblad and Bruce Mate. Prior
to the arrival of our telemetry vessel, they offered our project logistical
support by providing one of us (JG) aerial transportation to and from
concentrations of bowhead  whales in the Canadian waters. As well, they
provided the use of an inflatable Mark 11 Zodiac from which to make tagging
attempts during the first week of September 1986. Sea state and other
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Table 77. Record of daily field activities of radio-telemetry crew in 1986.

Date Activity and Location Vessel

Before Arrival of Munson

9/2 Boat from Prudhoe Bay to Kaktovik; then Annika Marie
flew with Don Ljungblad to Komakuk

9/3 Assisted Eruce Mate at King Pt. Zodiac

9/4 On water for 2 h searching for bowheads Zodiac
north of Herschel Island

9/5 ‘Assisted Bruce Mate at Stokes Pt.

9/6 AssisCed Bruce Mate at Komakuk; flew to Zodiac
Kaktovik

After Arrival of Munson

9/7 Munson travelled from Prudhoe Bay to Kaktovik

9 / 8 Munson delayed at Kaktovik by mechanical problems

9j9 Travelled to BAR-A from Kaktovik; s’et up camp

9/10 Off Demarcation Bay; 2 h on water; refueled

9/11 East of Demarcation Bay; searched and made
approaches to bowheads; 2 strikes with
modified tag--did not penetrate

9/12 10 km east of Demarcation Bay; made searches
and approaches

9/13 Departed BAR-A but fuel problems so returned

9/14 8 km NW of Komakuk; high sea state
so returned to BAR-A

9/15 Searched to Clarence Lagoon; Tagged TW-1
and TW-2 off Clarence Lagoon

9/16 Searched to Clarence Lagoon; some approaches
until fuel problems developed

Munson

Munson

Munson/Kayak

Munson/Kayak

Munson

Munson

Munson/Kayak

Munson/Kayak

.Continued. . .



Table 77. Concluded.

Date “ AeEivity and Location Vessel

AfEer Arrival of Munson (Cont.)

9/17

9/18

9/19

9/20

9/21

9/22

9/23

9/24

9/25

9/26

Relocated camp to Demarcation Bay due to long
distance from BAR-A to whales

Fogged in for most of day; departed late in
Zodiac and tagged TW-3 4 km ESE of Clar. Lag.

Tagged TW-4 3 km N of Komakuk; returned to
camp to test tags in blubber

Tagged TW-5 3 km NE of Komakuk; monitored tag
for 1.5 h until hit by sudden storm and went to
Nunaluk Lagoon for shelter

Stranded at Nunaluk Lagoon; monitored for TW’S
for’4 h

Travelled from Nunaluk Lagoon west to camp ac
Demarcation Bay;

Shore day due to

Shore day due to

saw no whales

bad weather; monitored for TW’S

weather; monitored for TW’S

Travelled from Demarcation
with engine problems

Travelled  from Kaktovik to

Bay to Kaktovik

Prudhoe Bay with

Munson

Zodiac

Murrson/Zodiac

Munson/Kayak

Munson

Munson

Munson

Munson
engine problems .
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logistical constraints restricted our tagging attempts during this cooperative
effort to parts of two days.

Radio Tags

We used capsule radio tags (l?ig. 168) designed by J. Goodyear of Ecology
Research Group, Inc. The frequencies were 148.00 to 149.00 MHz. Each tag
incorporated either a Telonics, Inc., or an L. and L.. Electronics, Inc.,
telemetry transmitter of 12 or 4 milliwatts output, respectively. Transmitted
pulse widths were approximately 100 milliseconds and pulse repetition rates
ranged from 90 to 160 pulses per minute. Fitted to each transmitter was a 1/4
wavelength whip antenna 1 mm in diameter by approximately 45 cm long.,

Tag housings were stainless steel, torpedo shaped cylinders with four
small blades at the tip and six 0.5-mm diameter stainless steel tines mounted
on the sides (Fig. 168). The blades protruded laterally beyond the housing
diameter by only 5 mm, and were present to facilitate tag entry. Prior to the
19%6 field season, Che Kaktovilc whaling captains requested that we reduce the
blade size and remove the tines from at least two tags. Implications of these
modifications will be discussed below. Tags were of two sizes: (1) 6.5 cm long
by 1.4 cm diameter; and (2) 7.3 cm long by 1.6 cm diameter. The slightly
larger housings were necessary for the Telonics transmitters because of their
greater length and higher current drains; the greater amp/h batteries required
for the Telonics transmitters necessitated the additional housing space. Tags .
equipped with a Telonics transmitter had projected signal lifetimes of 16 to
30 days. Some of the L. and L. Electronics transmitters were also installed in
the larger housings with large batteries; these had projected signal lifetimes
of up co 1’20 days.

Deployment of Tags

The trailing end of each capsule tag was machined to provide a mild
fit with a hollow fiberglass archery arrow. An arrow was pressed into
with the antenna inside the arrow. Perpendicular to the long axis of the

press
a tag
arrow

was a restrictor pin that limited the capsule tag’s depth of penetration into
a whale to less than 10 cm (Fig. 169). Blubber thickness on the dorsal surface
of a bowhead whale is about 25-40 cm. Hence’ the tags did not penetrate into
the muscle layer. A 2-kg test fishing line kept the tag and arrow tightly
together and prevented tag-arrow separation upon poor deployment or a missed
shot. A 9-kg test fishing line tethered the arrow “to a fishing reel mounted on
a 60-kg pull Barnett crossbow. Tags that missed a whale, or achieved only
shallow penetration, were retrieved by reeling them in. Prior to deployment,
the tag and arrow were prepared, loaded into the crossbow, and rinsed with
alcohol for sterilization.

Two vessels were used for deployment approaches. Rapid motor-powered
approaches took place from a Mark 11 Zodiac inflatable with 25 hp Evinrude
outboard. Slow quiet app-roaches were made with a 5.2-m Klepper two-man sea
kayak. The kayak was modified so that the tagger could sit on a board placed
‘above the forward seat across the gunwales. This raised the tagger by about
40 cm.

. .
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CAPWLEVHFRADIO  TAG

(Goodyear 1985 )

\ke%Y13eploymen! Arrow  Recess—

FIGURE 168. Capsule radio tag used on bowhead whales in this seudy.

TAG DEPLOYMENT
TEWBLW38ER

7eryTether.

Dermis

Blubber

Muscle

FIGURE 169s Tag and arrow deployed into bowhead blubber removed from a
loca~iou  50 cm laterally from the blowhole  of a 17 m bowhead (1986 JW2). Note
arrow penetra~ion restrictor p$n and tag recovery tether.
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Boat-Based Radio Tracking

Radio tracking gear was set up aboard the ‘Annika Marie’ prior to
embarking on field activities on 3 September. 1985. A similar installation was
established aboard the Munson in 1986. An aluminum pole fitted with a compass
degree wheel and a three element A.F. Antronics, Inc., yagi-Uda antenna passed
through the cabin roof and extended to 8 m above the sea surface. The elements
of the antenna were oriented perpendicular to the sea surface. The antenna
was linked to a Teloaics, Inc., TR-2 telemetry receiver tuned for the 148.00
to 149.00 MIiz band. Signals received by the receiver were audible as beeps.
searing from the receiver to the radio tag, i.e. to a tagged whale, was
determined by rapid panning back and forth of the rotatable antenna pole until
the strongest signal was heard.

.

Radio signal and observation data were recorded on a Radio Shack
TRS8O-1OO portable computer and/or by dictation into a portable cassette
recorder. A BASIC language program was written to prompt the user for entries
when radio signals were heard, i.e. when a tagged whale surfaced.

Aircraft-Based Radio Tracking

Transmitters were monitored from the LGL project Twin Otter by athree “
element A.F. Antronics Yagi-Uda antenna mounted on each wing strut. Both
antennas were linked, through appropriate impedance matching devices, to as
many as four Telonics TR-2 telemetry receivers. A switching system allowed .“
for monitoring up to four signals at a “time, and the rapid elimination of
unwanted frequencies once’ a signal was received on one frequency. The majority
of aerial monitoring was from altitudes 305-457 m while the aircraft was used
for other task:, but some monitoring was done from 1500 m altitude. A total of
27 hours was spent monitoring for whale tags. from the LGL project aircraft
(Table 78). We monitored for two capsule tags applied to bowheads by B. Mate
on 15 September 1986 as well as for the five tags applied during this project.
An unknown number of additional hours was spent monitoring from the aircraft
engaged in other projects,

Results

Field Time

In 1985, the ‘Annika Marie’ conducted eight days of zooplankton  and water
sampling, during which time we searched for bowheads. Only one bowhead whale
was seen from the ‘Annika Marie’ in 1985. This occurred on the day of depar-
ture for Prudhoe Bay under threatening ice conditions.

In 1986, a total of 37 hours spread over eight days represented our boat
crew’s total sea time for searching, tagging, and monitoring bowheads (Table
77, 79). That total excludes many hours spent in transit aboard the Munson
from BAR-A (Fig. 167) to the Yukon coast where most of the whales were found.
It also excludes the limited time spent with B. Mate’s crew in early September
prior to the arrival of the Munson.
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Table 78. Aerial nrmitoring effort for radio ~ bwhead whales, 16-27 September 1986.

Airplani’  -

Date in “
* ’86 ‘a)

Altitude Area
Tag(s) (d Result

16 09:15-
11:26

12, 14

12, 14

14

4, 12, 14

4, 12, 14

4, 12, 14

12

14

14, 15

4, 14, 15

4, 14, Is

2, 14, 15

2, 14, 15

457

1524

1524

457

457

457

457

457

457

3Q5

Variable
914A524

1524

Variable
457-1524

Kaktwik to KuMkilk,
about 5 km offshore

Ns

Ns12:*
12:50

KcfB3@k to Kaktovik,
about 5 km offshore

17 09:40-
09:50

About 30km eastof
Kaktovik

Ns

19 09:47-
10:00

Gktowikto Pobk Bey
about 5 km offshore

Ns

1O:(M-
10:43

PokQk Baylm-thto
70”33JN, 142”261W,, return
topokokky

Ns

Ns1o:43-
11:20

Pokok &y to Nerschel Island,
tithin5km of shore

.13:45-
14:C0

KaMkuk to Demarcation  Eay,
within 5 km of shore

Ns

14:53-
15:25

Demircatioa  Ray to KsIctovik Ns
.

20 11:3!%
12:11

Kdctcwik  to Kcmdalk,
5 to 10 km offslxxe

Ns

Ifs13:20-
14:20

Aerial Sumey transects
#land #2, ”shoreto200m
depth contour

09:45-
12:30

Kaktovik  to Demarcation  Bay,
within 5 km of stire

12:30-
13:3

Kadadc to Kaktovik,
withi.n5kn40fshcm

Ns

22 09:46-
lo:ls

Kaktovik to Denarcetion Bsy,
within 5 km of shore

Ns

Cciltinued. . ●
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Table 78. &timed.

firpkne
Date in Tine Altitude
Sept ’86 (m) Tsg(s) (m) Result

her$al survey transects
#l-S, between shore to
2CM m depth contour

Ns22 Mk15’-
13:50

2, 14, 15 305
.

2, 14, E . 30514:*
16:11

Aerial  survey transects

#&12, frun shore to .
200 m depth contour

N&l

16:2*
18:20

457

1524

457

305

305

Variable
457-1219

457

Ksktovik to Ikmsrcation Bay,
5 to 15 km Offshme

#4 north
of

69°58’N,
141”47’W

Mate

148.600,
4

#4 I?mth
of Cosst ,
onorneer
serial

. transect
line #9

19:25-
19:50

“4, 14, u Demarcation  Bay to’
Kaktovik,  e Coest

25 13:55-
,, 14:35

Kaktovik to Herschel Island,
10 to 20 km offshore

Ns

14:40-
15:30

Mate
148.600,

4

Eerschel  Island to Kaktovik,
within 5 km of shore

Ns

NsAerial survey transects
#13 ad 21-18; then to
Kaktovik

15:30-
3,7:42 148.600,

2, 4, 14,
15

26 09:.w
11:35

2, 4, 12,
14, 15

Aerial survey transects
{/17-14

Ns

Ns

Ns

14:co-
14:19

2, 4, 12,
14, 15

Fran 70°05’N,  140”25’W
to Kaktovik

15:1o-
16:30

Mate
148.600,

Kaktodc  to 70°23’N,
143”301WI  ; then east to
70”07’N, 141*26’W2, 4, 14,

15

Cbntinued.  . *
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Table 78. Gmcluded.

Airpkne
IMe in TiuE Altitude Area
Sept ’86 (m) Wig(s) (d Wide

27

uk29- Mate 609 Frcxn7C1’WN,  141°24tW NS
18:40 148.600, to BAR-A

2,4, 14,
E

H:05- Mate
19:20 148.600,

2,4, 14,
15

609

457

457

BAR-A to Kaktovik m

1 2 : 1 0 - 2 , 4 ,  12, Kaktovik  to 70*04’N, Ns
12:42 14, 15 MO*29’W

15L38- 2,4, 12, 69”4!YN, 141°30’wto NS
16:02 14, 15 Kaktovik

.

.-.- . -.

Tagging Approaches

Five bowhead whales were &agged with the capsule radio tags (Table 77,
79) , Three of those were tagged from the kayak and two from the Zodiac. I.t

took much longer to approach within tagging distance (<25 m) wieh ehe kayak
than with the Zodiac because it was necessary eo shut dowR the’ Hunson--the
mo~her vessel--at least 1 km away from any whale (bowheads fled when the
Munson approached]. Once the Zodiac was within a few hundred meters, the
whales also fled, Thus all Zodiac approaches had to be at high speed. Two
Zodiac approaches resulted in successful tag deployment, bue ehe whales in
each case had ~o be chased and they subsequently appeared extremely wary. No
response to the actual tag deployment was distinguishable from” ehe chase
responses in that type of approach.

Eight kayak approaches with deployment attempts took place in sea staees
up to Beaufort Four (Table 79). These resulted in three successful tag
deployments. Reactions to the kayak approaches were mild or abseac excepc on
one occasion when the kayak’s momentum carried ie to within approximately 4 m
of a whale after tag deployment. In that case the whale dove below Che kayak
and avoided a collision.  Two whales approached by the kayak and  struck by
modified capsule tags (reduced tip blade size and no tines) responded when the
recovery line was jerked to pull out the arrow. One other responded when a
long distance shot was made and the tag first ricocheted off the water and
then landed on the back of Ehe whale without penetrating. These responses
consisted of dives that were made more rapidly than normal.



Table 79. Details of bowhead whale taggings and approaches. .
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,

Standard capsule tags with nominal length blades and tines appeared to
penetrate completely during the five successful deployments. The 2-kg tese
fishing line from the tag to the arrow snapped on impact as planned, verifying
that khe tags deployed fully to the arrow stops. All taggings and app~oaches
occurfe~ near either Clarence Lagoon or K,omakuk in Canada  (Fig. 167).

Behavior of Tagged Whales

Four of the five tagged whales were monitored for brief periods after
taggiag. The first bowhead whale to be radio tagged (TW-1) was tagged on 15
Sep~ember 1986 and never relocated by radio tracking,~fecgive  monitoring
attempts did not begin until the kayak and tagging crew could return to the
Munson nearly an hour after tagging. By that time, the tagged whale could
have travelled several kilometers and might have been out of radio range,
given the low antenna height on the Munson.

,
Four other whales were tagged: TW-2 was tagged on 15 September, about 2

km northeast of Clarence Lagoon; TW-3 was tagged on 18 September aoreheasc of
Clarence Lagoon; TW-4 was tagged on 19 September 3 km north of Komakuk; and
TW-5 was tagged on 20 September 3 km NE of Komakuk at about 69°40’N, 140°13’lJ
(Fig. 167). Each of these whales was monitored by radio on one occasion.

Monitoring of TW-2, TW-3, and TW-4 was problematic since each was
relocated by radio only once af:er tagging. From T=, we received no signals
at &he Munson shortly after eagging despi,~e monitoring effort’s for over 1.5 h,
On 1 Oceober, 16 days later, signals from TW-2 were ‘received at a shore
station at Point Barrows about 625 km WNW from the eagging site off Clarence
Lagoon. Similarly, signals from TW-3 were not received aboard the Munson.
However, oh 22 September, 92 h afte~gging, TW-3 was relocated in open water
near 70°08’N$ 141°47’W~ 76 km to the NW, based on radio signals received
aboard the project~s  Twin otter aircraft. Whale position and distance rela~ive
to the aircraft were estimated. Observable behavior of TW-3 prior to tagging
was medium speed travel,ling~ estimated to be at 2-4 km/h. Water column feeding
was suspected at the tagging site because TW-3 and other whales in the area
were making wide circles of up to several hundred meters diameter; some  of. .
their dives lasted over 20 min.

Similarly$ TW-4 was relocated by radio from the Twin Otter. Signals from
TW-4 were receiv~on  21 September at approximately 69°45’N,  141°20’W  (Fig.

i67)~ a straighcline distance of 48 km from ~he tagging site. Observable
behavior of TW-4 prior to tagging was slow travel, estimated as 1-2 km/h. As
with TW-3, TW-4 was suspected to be water column feeding at the tagging site

because of the long dive eimes and wide circling paetern.

Radio signals were received from immediately after tagging and were
strong and clear. Prior to tagging at 17:05 ADT$ TW-5 was traveling slowly in
wide circles of about 300 m diameter ~ with dive times of 6-8 rein; we suspected
that TW-5 was feeding in the water column. After tagging, no difference in ehe
whalets behavior was noticed. By 17:53 the whale had travelled approximately
3.5 km to the SSE maintaining the wide circling behavior. After that, the
whale slowly moved back toward the Munson by 0.5 km, maintaining the same
behavior interspersed with some long resting periods. The total tracking
period extended from 17:04 to 18:25 during which period radio signals remained
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very strong and clear and the whale remained visible during its surfacings.
Dive times ranged from 18.7 to 7.9 min as the whale progressed to its f~rthest
distance from the Munson. The last dive time monitored was 21.6 min (Fig.
170). Tracking stopped when wind speed inczeased  suddenly, with gusts tO over
90 km/h.

Subsequent monitoring attempts included efforts from the Munson, shore
stations set up at our campsi~es, and from the several aircraft. From those
effortsj the only signals received were the previously mentioned signals from
TW-2, TW-3, and TW-4 on 1 October, 22 September, and 21 September$
respectively.

Field Tests of Tags

The types of tags used in the
previous study on gray whales off
Prior to embarking on this project,

project had been used successfully in a
California (Swartz et al. 1986, 1987).
all radio tags had been tested for proper

operation after having been cooled in a freezer to approximately -8eC. Tags
produced strong and regular signals immediately after being removed from the
freezer--i.e. when they were still at -8°C--and they continued to do so while
warming back to ambient room temperature. Only a slight change in signal
pulse rate was noticed; signal pulse rate decreased slightly after being
cooled but resumed original rates once temperature returned to ambient room
temperature.

Surfacings of TW-5

i 6 continuous nea~ly 3 1

----L
17:00 17:30 18:00 18:30

TIHE OF DAY

FIGURE ~70. Surfacing-dive pattern of whale TW-5 on 20 September 1986, as
determined by monitoring the radio tag. Bars indicate time from first to last
surfacing within each surfacing sequence; numbers above bars are numbers of
surfacings per surfacing sequence.



After whale number four was tagged on 19 September 1986, serious problems
either with ehe receiving system &d/or the radio tags were suspected. Up to

that time, no tags had been detected from the Munson, shore or aircraft after
they were applied co whales. Hence$ a series of field tests was performed to

confirm earlier tests.

At the Demarcation Bay campsite, both sizes of capsule tag with both
brands o% transmitter were deployed from the crossbow into a 24 by 34 by 34 cm
block of fresh bowhead whale blubber provided to. us by the Kaktovik whalers
(rig. 169). Several test shoes were qade from distances bracketing typical
distances during deploymen~ at&empts in the field, i.e. 5-20 m. All tes~ shots
that hit the blubber-=-12 OUE of 13--penetrated the blubber perfectly i.e. to
the depth controlled by the arrowgs reserict.or pin. Deployment angles ranged
from 45°-750 away from perpendicular to”the skin surface, all with the same
result.  All tags penetrated and had to be carefully extracted from the blubber
by cutting. We tested the effectiveness of a tag’s holding power by lifting
the entire 18-kg (estima&ed weight) block of blubber by Ehe tag’s antenna; it.
held without slippage or tag.damage.

Throughout the test, a telemetry receiver was tuned to the frequency of
each tag being fired. In all cases, tags kept transmitting clearly and
strongly. One tag that contained an L. and L. Electronics transmitter was
fired three times into the blubber with no change in the tag’s performance.
Alga, all test tags were submerged in sea water for several minutes &o see if
any water leaks had developed; all continued co transmit well. Since these
.Eeses indicaeed no problems wieh Ehe tags and deployment meehod, Eesti,ng of
the receiving sys~em aboard the Munscm followed,

Prior to tagging whale number five, four transmitters were carried aboard
the Zodiac and taken about 2.5 km away. By VHF radio, we communicated with the
Muasoti to verify that signals from the tags were being received. All tags
produced  clear signals even when they were submerged with only 10 cm of the
transmi~ting antenna exposed above the water surface. However8 these results
depended on which receiving antenna was used. The hand-held H-beam Telcmics,
Ine. ~ antenna, when held with its elements parallel co the water surfaces
allowed no signals to be received. When the H-beam was turned with the
elements perpendicular to the sea surfaces the signals were strong. The three
element Yagi-Uda mounted to the aluminum pole produced signals only about half
as strong as did the H-beam when both were optimally orierneesi; cabling or
antenna coupling problems were suspected.

held
that

low

Some tags were left on the Munson and moni~ored on the Zodiac by a hand-
H-beam and receiver. Signal reception on the Zodiac was much better than
on the MunsonB requiring a lower gain setting on ehe receiver.

In 1985, aerial reception tests were conducted using several tags taped
on the deck of the ~Annika Mariet while underway. Tests were under

conditions of fog, obscured skies$ and with Ehe LxX T~in Oteer flying at
approximately 900 m altitude. Tags with Telonics transmitters were receivable
from over 58 km while those with the L. and L. Electronics transmitters were
receivable from about 30 km.
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Reception ranges determined by these tests were as expected for tags
incorporating the types of Telonics and L. and L. Electronics transmitters
that were used. These ranges should have been adequate for relocating tagged
whales given the extent of radio receiver coverage we had in this project.

Discussion

Field Activities

EvenEs in 1986 demonstrated the importance of careful planning combined
with flexibility in logistical arrangements and study sites. LGL obtained all
necessary permits to allow tagging and associated operations in both U.S. and
Canadian waters, including authorization to enter Canadian territory without
having to travel to the nearest Customs entry point (Inuvik, N.W.T.). These
preparations proved to be essential to our successful tagging of five whales.
Our success also depended on close cooperation between boat and ‘aircraft-
based crews, including good radio communications. The aircraft crew provided
directions to whale locations, delivered fuel and supplies to remote camp
locations, relocated two tagged whales, and relocated the boat crew when they
were marooned away from their base camp by a storm. Future tagging work should
include provision for similar kinds of support.

Actual field time for the telemetry aspects of this study was low. In
1985, virtually no whales used the study area during the period when boat-
based operations were possible. In 1986, field activities. began late as”
complications with the Munson delayed the start of actual telemetry fieldwork
until 10 September. Logistical support provided by Don Ljungblad and Bruce
Mate on ‘2-6 September 1986 was helpful by allowing JG to learn the general
locations of whales and optimal procedures for tagging approaches. .

The design of the Munson, and the use of two large outboard engines,
provided a high-speed capability that was useful under near-calm conditions.
However, the high rate of fuel consumption necessitated frequent refueling at
remote fuel caches, which took considerable time for both the Munson crew and
LGL’s aircraft crew (which ferried fuel drums to our camp locations).

The Munsou was usable in the nearshore areas where bowheads concentrated
in September 1986, at least under the unusually favorable weather encountered
then. It was beneficial to have a dedicated vessel in 1986 rather than sharing
the use of the boat used for zooplankton  samplirig.  However, the Munson was not
a very seaworthy craft, and would not be suitable for work farther offshore.
One of the objectives was to determine if bowheads feed at night. However, the
Munson was not equipped to spend the night at sea. An appropriate vessel for
radio-telemetry work in the Beaufort Sea also needs to have reliable means of
determining position, including a Sat-llav and radar.

Interpretation of Tracking Data

Five bowhead whales were tagged and three significant radio relocations
of tagged whales resulted. The 16 d relocation record of TW-2 covered 625 km,
or an average of 39 km/d or 1.6 km/h. That race is slightly less than the
minimum average speed of one bowhead photographed on two days in September
1985; it travelled at least 473 km in one 10 d interval (47 km/d, 2.0 km/h;
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Richardson et al. 1986b, p. 190). Similarly, a mother and calf pho~ographed
on 27 September 1986 and 1 October 1986 bad travelled 212 km in 4 d9 i.e. 53
km/d or 2.2 km/h (Table 41]. The minimum average speeds for long distance
movements of these types are not direc~ly comparable to speeds of whales at
any one time (e.g. during a short feeding event or active migration), since
whales are unlikely to move in a straight line for long distances and since
they might stop periodically.

TW--3 averaged 20 km/d or 0.8 kmlh over a 92 h period. TW-4 averaged 2!5
kmld or 1.04 Ian/h  over a 46 h period. BoEh whales were relocated within the
official study area$ aa area important to some bowheads for feeding as they
migrate west (see ‘Bowheads’ section). These movement rates are similar to
many of those determined by photographic re-identification (Davis et al.
(1986a,b;  this study). 3

.

The last tagging included some monitoring, from the Munson, of
consecutive surfacings by TW-5. TW-5 was monitored from up to 3.5 km away.
Signal strengths received from the tag during that period indicated chat there
should have been Iitele problem receiving- signals from that whale co the
horizon. Given the anteqna height on “the Munson (8 m), the range eo the
horizon should have exceeded 15 km from that vessel. Regrettably, just when

monitoring was going ‘flawlessly, bad weather intervened. The most significant
result of the tagging of TW-5 was the indication that~ when’ all systems are
working, fine-scale monitoring of surface pacterns$ behavior, and movements of
bowhead whales is.very feasible with VHF radio tags.

We returned to ehe Komakuk-Ilemarcation Bay area Ori 22 September after the
period when we were forced to seek shel~er inside Nunaluk Lagoon, By then,
bowheads had left tha~ nearshore area. Based on the Ehree tag receptions
farther west on 21 September-l Oceober, these whales had apparently begun
their westward migration.

Tagging Approaches

Zodiac.--The use of the Zodiac as a platform for tagging bowheads  had
mixed results. TW-3 and TW-4 were approached and tagged within 20 s and 1.5
min, respectively, and with sea states of Beaufor& 3 and 13 respectively.
These short duration chases, although high speed and aggressive (requiring
much turning), minimized the time necessary for Ehe approach. Two other
approaches with the Zodiac were not successful. On 21 September, after several
minutes of high speed chasing and continued elusive maneuvering by the whales,
we broke off the attempts. Those two whales rapidly left the area, raising
their flukes ‘high out of the water as they went. The whales may have been
particularly wary because there had been. Zodiac-based tagging activities by
other researchers in that same area for several consecutive days just prior to
our ateempts. Bowheads that have no~ recen~ly ‘been exposed co motorboat
approaches are likely to be less wary.

Use of inflatable motorboats for tagging should remain an option in
future studies. However, their impact and effectiveness will vary dependixuz
on wariness of w h a l e s
document the. behavior
chases with resulting

and the objective of the study. If the  objectiv~ is t;
of tagged whales in the areas of tagging, aggressive
disturbance are unlikely to be a satisfactory method.
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Kayak.--Kayak approaches appeared non-disruptive to whales. In fact, it
was usually not until we had paddled to within 4-5 m of a whale that it
appeared to acknowledge our presence. Another advantage is that, once within
deployment range, the-relative calm of the whale allowed more time for careful
aim. Two things helped improve the problem of the low tag deployment angle
from a kayak. One was placing a small board across the gunwales of the kayak,
thus raising the tagger (JG) up by about 40 cm. The other was to approach a
whale head-on and wait until it dove in front of and toward us. That position
allowed the tagger to aim for the forward part of the dorsum, providing near-
perpendicular deployment angles.

Although we had good sea conditions for tagging and did not use
outriggers, instability of the kayak would generally be a problem without
them. To stabilize the kayak, we designed two types of outriggers that we felt
would have been ideal. One was an inflatable toy canoe 1.2 m long and weighing
about 0.5 kg. The other type of outrigger was a shaped piece of styrofoam.
These outriggers could each be mounted to a pair of aluminum poles and mounted
to the kayak. We felt that this modification would allow tagging to be

conducted in sea states up to Beaufort four.

Tag Design

Studies on gray whales” (Swartz et al. 1986, 1987), humpback whales
(Goodyear 1983, in prep.), and fin whales (Goodyear et al. 1985) showed that
the transmitters used in the capsule tags provide adequate power for monitor- ~
ing those “species throughout day and night periods. Those studies, along with
the successful tagging of bowheads, in this study, showed that a crossbow can
be effective for tagging large baleen whales. Recent advances in
miniaturization of components will substantially increase the power output of
transmitters that can be incorporated in capsule tags. Incorporation of these
transmitters would significantly increase the sensitivity and range of the
telemetry system and its appropriateness for bowhead studies.

Prior to the 1986 field season, the Kaktovik whaling captains requested
that ehe tags be modified to include smaller tip blades and no tag retention
tines. Tests of these modified tags prior to arrival in the field indicated
that this modification would not allow the tag to penetrate blubber. Once in
the field, two shots on bowheads were made with the modified tags (11
September; see Table 79). The tags barely penetrated into the blubber, and

~ both tags were easily pulled out with the tag’s recovery line. Our later
tagging efforts were with the original tag design with larger tip blades plus
tines (Fig. 168). Further use of the modified tags is not recommended, at

least if they are to be deployed by a crossbow.

Don Ljungblad (pers. comm.) modified deployment arrows in order to deploy
Ecology Research Group capsule tags by a shotgun. The shotgun was able to
provide sufficient penetration power for capsule tags without tip blades. He
and Bruce Mate used the shotgun system to tag two bowheads i,n the Komakuk area
with the capsule tags during our study period. Neither of those two tagged
whales were detected on subsequent dates.

The tags
construction.
crossbow took

. .

and crossbow deployment system were inexpensive and of simple
Set-up of each tag-arrow combination and loading into the
less than one minute. Prior to firing a tag, a second and
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sometimes a third tag and arrow were set up so that a second or third tag
deployment could be made rapidly. A simple chest pad on the tagger allowed Che
crossbow to be cocked easily and safely even when cocking was necessary in ehe
kayak. The system also provided satisfactory tag deployment ranges and angles
when tags were shot either from the Zodiac or the kayak.

Monitoring Problems

In this section we outline some of &he field problems that were
encountered. This information is presented with the view that ie may help any
other investigators who attemp~ to tag bowheads.

.Tests in 1985 of receiving range beeween tags on the ‘Annika Marie’ and
a receiving system aboard ehe Twin Otter indicated that the telemetry system
should be practical for bowhead whales. The successes of this same system when
used on gray whales in January 1986 (Swartz e~ al. 1986, 1987) and on humpback
whales (Goodyear 1983, in prep.) lend support for its application to bowhead
sgudies, In the Swartz er al, study, we successfully monitored gray whales
both from shipboard and from ehe air. Surfacing and dive pat~erns were
recorded continuously throughout day-night periods in both of Ghose studies.

Problems in monitoring tagge-d bowhead whales limited our success,
AIEhough 4 of 5 tags were detecked at some point after deployment, only 1 of 5
was detected from the Munson, and no tag was detected on more than one day.
This was probably due, in large part, to the late dates when  tags were applied
(15-21 September). By that time, whales apparently were about to leave their
feeding. area along the Yukon coast and commence wesrward migra~ion. (All
whales had apparently left that area by 22 September. ) If logistical
arrangements had allowed tags to be applied earlierj residence times and
behavior probably could have been documented.

To monitor the tag before and immediately after tag deployment, it is
necessary to hav”e sufficient personnel to allow full-time tracking from the
mother vessel while the tagging crew “is in the kayak or Zodiac. Wiehout this
capability, a whale might move ouc of range befbre tracking commenced.

In 1986, much of the time each day was spent eravelling co and from areas
of whale concentration, usually at high speed and someeimes  over rough seas.
Cables and connectors for the telemetry antenna and receiver, and the antenna
itself, are likely to incur physical damage in these conditions. These
problems can be overcome by careful maintenance and eestiag of equipment, as
demonstrated by the successful monitoring of TW-5 (prior to weather problems).

.
Aircraft as well as boat- and shore-based receiving systems should be

frequency-matched with the specific radio tags EO be used on tagged whales.
Although specific frequencies were known for the tags used, and some tagged
whales were detected from the aircraftj receivers from various sources may noe
all have been twaed optimally. Slight frequency mismatches could reduce
reception range, possibly to the point. that a receiver might be ineffective
for locating tagged whales. To solve this potential problem, all compleee
‘receiving .systems and tags should be tested and tuned in one place prior to
field activities.
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Given that we have demonstrated that, under favorable conditions, several
bowhead whales, can be tagged within a few days, it will be desirable to use
frequency-scanning receivers in future monitoring efforts.

Conclusions

Approaches to bowhead whales for radio tagging were conducted readily
from a quiet vessel--a kayak--and less easily from an outboard powered Zodiac.
In the cases of the quiet approaches, bowheads appeared to be undisturbed and
continued their normal behavior. Zodiac approaches required chasing and
appeared to drive some whales out of the area for at least several minutes;
others appeared not to return at all. The actual deployment of capsule. tags
was readily accomplished with the crossbow systew, and did not elicit any
major reactions by the whales.

Kayak and Zodiac approaches resulted in five bowheads being tagged with
capsule radio tags. Three of these tags resulted in the first successful and
significant radio tracking of bowhead whales. One of the tagged whales was
relocated by radio off Point Barrow 16 days after tagging. That tag provided
the first radio-relocation of a bowhead that travelled from Canadian feeding
grounds west through the Alaskan Beaufort Sea. The minimum traveling r~te of
Chat whale was slow compared to rates of actively migrating bowheads deter-
mined through theodolite tracking over short distances, although comparable
with rates revealed by previous long-distance resightings of individually
recognizable bowheads. It is likely that the tagged whale did not travel in a .
straight line, and it ‘is possible that the-slow rate was a result of feeding
stops either near the tagging location before migration began, or within the
Alaskan Beaufort Sea. The minimum average traveling rates of two other tagged
bowheads were also slow and may have resulted from feeding stops by those
whales.

, Given earlier deployment of tags, it should” be possible to achieve
greater success in radio monitoring of tagged bowheads. If tags were applied
well before a,ctive migration began, it is likely that the feeding rates and
residence times could be elucidated. A larger vessel than that available in
1986--one with navigational aids, a seaworthy design, and space to allow
overnight activities--would be helpful by increasing time at sea.
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