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Executive Summary

EXECUTIVE SUMMARY

Introduction and Approach

The purpose of the project, as defined by the Minerals Management Service, was to compile and
integrate existing traditional and scientific knowledge about the importance of the eastern Alaskan Beau-
fort Sea for feeding by bowhead whales; to build consensus on the need for and approach to fieldwork to
augment this knowledge; to conduct the field studies and to analyze the results; to integrate them with
existing traditional and scientific knowledge; and to report on and publish the results.

The activities of bowhead whales throughout the year need to be considered when assessing the
importance of feeding in the eastern Alaskan Beaufort Sea during late summer and autumn. Bowhead
whales are known to feed in the Canadian Beaufort Sea in summer/early fall, and during westward migra-
tion across the Alaskan Beaufort Sea during late summer and fall (Fig. S.1). At least some of the bow-
heads also feed in the southwest Chukchi Sea in mid- to late fall. Bowhead activities in the Bering Sea
during winter have not been studied. There is some feeding, probably quite limited, during spring migra-
tion around western Alaska. Although behavioral observations and stomach contents provide some data
on feeding intensity during spring, summer, and fall, such data are lacking for late fall in the Chukchi Sea,
and from winter. It is unclear, from the available data of those types, what fraction of the annual feeding
occurs in any one part of the annual range.
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FIGURE S.1. Schematic depiction of the seasonal migration of the Bering—Chukchi—Beaufort stock of
bowhead whales, and locations mentioned in text. The “eastern Alaskan Beaufort Sea” is shaded.
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FIGURE S.2. Map of the primary study area in the eastern Alaskan Beaufort Sea. Some data collection
efforts and analyses extended farther to the west, north, and east.

The specific area of concern in this project is the eastern part of the Alaskan Beaufort Sea (Fig.
S.2). The community of Kaktovik is located along the coast within that area. Subsistence whaling for
bowhead whales is of high importance to the people of Kaktovik. Bowhead whales occur in the Kaktovik
area in late summer and autumn. Bowheads are hunted as they feed in and travel through the Kaktovik
area at that time of year.

This report is an integrated account of traditional knowledge, previous scientific knowledge, and
results from recent scientific studies concerning the use of the study area for feeding by bowhead whales.
The new data collected during this study, mainly during September of 1998, 1999 and 2000, have been
supplemented with data collected earlier in and adjacent to the study area. In particular, this project is an
extension of a bowhead feeding study conducted in the same area during 1985 and 1986. The present
study is intended to provide additional data from more years, and to do so in collaboration with subsis-
tence hunters and other local stakeholders. Where appropriate and possible, methods applied during the
new three-year study were consistent with methods used during the 1985-86 study. Thus, there are now
consistent data from five years, supplemented by additional data (e.g., aerial surveys) from other years,
with which to address the main objectives and hypotheses. Although the main fieldwork during the feed-
ing studies in 1985-86 and 1998-2000 was during September, the project also incorporated aerial survey
results and local knowledge concerning bowhead use of the study area earlier and later in summer and
autumn.

Objectives of the Study.—The objectives of this study, as defined by MMS and revised based on
the advice of the project’s Scientific Review Board (SRB), are as follows. References to “Year 1” refer to
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mid-1997 through mid-1998. Years 2, 3 and 4 included the September 1998, 1999 and 2000 field
seasons, respectively:

1. Use existing data (traditional and scientific) to assess when and how feeding bowheads can be
recognized and distinguished from those engaged in social/milling and other behaviors (Year 1),
and distinguish those activities whenever possible during field studies (Years 2—4).

2. Mutually develop hypotheses that scientists and subsistence whale hunters concur can be success-
fully tested to determine and quantify the relative importance of the eastern Alaskan Beaufort Sea
as a feeding area for bowhead whales (Year 1).

3. Design (Year 1) and conduct (Years 2—4) research appropriate for testing the above hypotheses
and for quantifying potential feeding by bowhead whales in the same area.

4. Analyze previous and updated scientific information, summarize pertinent knowledge of area
subsistence whale hunters, and, where possible, test the above hypotheses and quantify bowhead
area feeding for previous years (Years 1 and 2—4).

5. Use historical satellite and aerial survey data to search for links between spatial or temporal
patterns in bowhead feeding vs. ambient oceanographic conditions (Year 1). If links are evident,
use all available data to characterize those links (Year 4).

6. Summarize (Year 1) and update (Year 4) available information, including traditional knowledge,
on the effects of acoustic and visual disturbance to bowhead whales (or other planktivorous
whales) engaged in apparent feeding behavior. This is considered to be a secondary objective.

7. Use the above information to determine and quantify the relative importance of the eastern
Alaskan Beaufort Sea as a seasonal feeding habitat for bowhead whales (Year 4).

Questions to be Answered.—Questions were developed to address the study objectives and the study
design was based on these questions. These questions were worded as “hypotheses” at some stages in the
project. However, a consensus developed late in the project that they should be considered to be research
questions that were addressed by the project rather than formal hypotheses to be tested:

Question (1). In an average year, how important is the eastern Alaskan Beaufort Sea for
bowhead whales;, what percentage of the population’s annual energetic requirements is
derived from the area?

Question (1) was the key question for the project. It was addressed by considering many different types
of data acquired or assembled during the project, integrated by means of an energetic model (Chapter 22
and below).

Question (2). How much of its annual food requirements does the Bering—Chukchi—Beaufort
(BCB) population of bowhead whales derive in the eastern and central Beaufort Sea? At
least 10 percent?

Question (2) concerns the eastern and central Beaufort Sea as a whole, not just the eastern Alaskan Beau-
fort Sea. This question was addressed by examining the isotopic composition of bowhead tissue in spring
and fall, and of prey tissue through the range of the bowhead whale.

Question (3a). Of the bowheads that travel through the eastern Alaskan Beaufort Sea, how
long does an average whale spend there? At least 7 days?
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Question (3b). Of the individual bowheads that travel through the eastern Alaskan Beaufort
Sea, how long do some individuals spend there? At least 7 days?

These two related questions were addressed through analysis of aerial photogrammetric data documenting
the residence times of individually-recognizable bowhead whales. The question has been split into two
because there are questions about the importance of the study area both to individual whales that linger in
the area and to the population as a whole.

Question (4). What percentage of the bowheads that pass through the eastern Alaskan
Beaufort Sea feed there? At least 10 percent?

Question (5). What percentage of the geographic area within the study area is suitable as
feeding habitat in different years? Is at least 1 % of the study area suitable in some years?

Question (6). During migration through the eastern Alaskan Beaufort Sea, how often are
bowheads observed to feed while they are traveling? Is feeding while traveling evident more
than 10 % of the time while traveling?

Question (4) was answered using stomach content data from the Kaktovik harvest, supplemented with
behavioral observations of whales. Question (5) was answered using boat-based observations of the
quantities and types of zooplankton at locations where bowheads feed, and the spatial extent of plankton
concentrations. Question (6) was answered using aerial observations of the behavior of the whales.

The answers to these questions, as derived by the project, are summarized in the last section of this
Executive Summary (below).

Approach.—In general, the project plan called for us to determine if the study area is important to
feeding bowhead whales in the following way:

e determine if numbers of animals remain in the study area for an extended period of time,

e determine what proportion of these animals are feeding,

o describe the zooplankton and hydrography near feeding whales,

e attempt to locate and characterize whale feeding habitat,

e determine what the whales are eating through examination of stomach contents and fatty acid
analysis, and compare stomach fullness and contents between Kaktovik and Barrow,

e determine how much feeding occurs in the eastern and central Beaufort Sea through isotopic
studies, and

e cstimate the annual energetic requirement of the population (based on an updated energetics
model), and estimate what proportion of this is acquired in the study area.

These tasks have all been done, with the exception that the fatty acid study was limited to a pilot project.
The results of the stable isotope study remain difficult to reconcile with those of other study components.
However, one feeding scenario that could be consistent with all the data has been identified. This scen-
ario is summarized in the last section of this Executive Summary.

Local Coordination.—Local cooperation and participation was considered critical to the success of
the study. Including the July 1998 Scientific Review Board (SRB) meeting, we met with representatives
of the Kaktovik Whaling Captains Association (KWCA), Alaska Eskimo Whaling Commission (AEWC),
and North Slope Borough (NSB) on six occasions during Year 1. The purposes were to seek traditional
knowledge and advice on project design, and to coordinate fieldwork with the bowhead hunt. We again
met with the KWCA, AEWC and NSB during the June 1999 SRB meeting. One or more project
participants also met with some of the whaling captains and other Kaktovik residents in Kaktovik during
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June and early September 1999, and August 2000, to further coordinate our planned fieldwork with
whaling activities during those years. One key objective of all these meetings was to develop and refine a
field plan that whalers would accept as non-interfering and likely to be effective in assessing the impor-
tance of the area to feeding by individual bowheads and the population.

Key items discussed at the meetings and incorporated into the Project Plan were as follows: (1)
Kaktovik residents were to be directly involved with the project through participation in the boat-based
field sampling in September of 1998-2000, conduct of boat-based reconnaissance surveys during August
1998-2000, and participation on the Scientific Review Board. (2) Aircraft-based field work was permit-
ted east of Kaktovik during the whaling season, provided that the aircraft did not fly over whaling opera-
tions and that a radio communications protocol was established for coordination. (3) Boat-based work
would not be conducted east of or near Kaktovik until after whalers landed their second whale. In 2000,
because whalers landed their third whale early in the season (8 Sept.), boat-based work was not conducted
until after the third whale was landed. (4) An LGL representative would attend the pre-whaling-season
meeting of the Kaktovik Whaling Captains' Association during each year of fieldwork (see preceding
paragraph). (5) LGL’s aerial survey crew would be based in Kaktovik during the 1998-2000 field
seasons, facilitating local coordination. (6) Subcontractor ADF&G would station a biologist in Kaktovik
during the 1998-2000 whaling seasons (as they had done in 1997) to collect stomach content and bow-
head tissue samples from bowheads landed at Kaktovik.

After the draft final report on this project was completed, AEWC, KWCA and NSB representatives
participated in a final Scientific Review Board meeting (January 2002) where the results were discussed.
Immediately thereafter, a one-day workshop was held in Kaktovik to present the results to Kaktovik
residents and to seek input on the interpretation. Discussion at the January 2002 SRB meeting and Kak-
tovik workshop has been taken into account in the final report. The SRB comments on the draft report are
included in Annex A of the report, along with responses by the project team. The report has been consid-
erably revised since January 2002 to allow for the comments and to make other improvements.

Kaktovikmiut Whaling: Harvest Data and Local Knowledge

The desire to characterize the degree to which the eastern part of the Alaskan Beaufort Sea is used
by bowhead whales for feeding arises from a number of concerns. The importance of subsistence whal-
ing for the Kaktovikmiut (“people of Kaktovik) ranks high among these. Chapter 2 by M.S. Galginaitis
and W.R. Koski, summarized here, provides a brief description of the community of Kaktovik and Kakto-
vikmiut subsistence whaling, summarizes the Kaktovikmiut whale harvest, describes local coordination
efforts undertaken as part of this project, and summarizes Local and Traditional Knowledge (LTK)
pertinent to whale feeding behavior.

Kaktovik is a small community located on Barter Island in the extreme northeast of Alaska (Fig. S.1,
S.2), within the boundaries of the Arctic National Wildlife Refuge (ANWR). The 2000 U.S. Census
enumerated 293 people, most of whom (247, or 84 percent) are Native. Household economies rely upon
both wage labor and subsistence activities as vital components of an integrated system. The major employ-
ers are the North Slope Borough, the City of Kaktovik, and the village Native (ANCSA) corporation. There
are also a few private sector jobs and businesses separate from the Native corporations, but most
employment is related to government or Native Corporations. Subsistence activities, and especially activit-
ies surrounding the bowhead whale hunt, are central to the structural organization and cultural identity of
Kaktovik residents.
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Definitive information on the antiquity of whaling on the North Slope east of Barrow does not
really exist, but available information is consistent with whaling activity at least in the late Thule period
(beginning about 900 years ago). Informants maintain that whaling took place at Barter Island in aborig-
inal times. It is also not altogether clear when subsistence whaling ceased at Barter Island (prior to 1964),
or why whaling was suspended in the mid-Beaufort area in general. Whaling at Kaktovik resumed in
1964 and has taken place during most subsequent late summer/autumn seasons, with a high degree of suc-
cess, especially since 1989. After the formation of the Alaska Eskimo Whaling Commission (AEWC) in
1977, Kaktovik received a formal quota. One to three bowheads were landed during most years in the
1980s, and two to four bowheads during most years in the 1990s and beyond.

The bowhead hunt normally begins the day after Labor Day and 83% of harvested whales have been
taken in September. In recent years, whales have been taken earlier in the season than in earlier years. The
core whaling area extends from the Hulahula River in the west to Tapkaurak Point in the east and offshore
as far as 32 km (20 mi). Most whales have been taken within 30 km of the village and the mean distance of
harvest locations from Kaktovik has not changed from the 1970s to present. Whaling captains select small
whales over large whales and there has been a significant decrease in the average size of whales harvested
from the 1970s to the present. The size of whales harvested does not increase with date although other data
show that smaller whales become less common in the area as the season progresses. This confirms that
whalers are selective in their harvest. Male and female bowheads are harvested in very similar numbers, but
females make up a significantly higher proportion of whales harvested early in the season and males make
up a significantly higher proportion of whales harvested late in the season.

Bowhead whales are of great cultural importance to the Inupiat and are a major source of food, and
Inupiat know a great deal about whales. However, one elder noted that it is difficult to transmit local
knowledge and understanding verbally if others lack the personal experience that underlies it. This study
required much cooperation and direct participation from local residents in the study design and field
work. All concerned wanted to ensure that Inupiat knowledge of bowhead whales would be integrated
into the planning of the project and the interpretation of its findings. Local participation also insured that
the study did not interfere with the hunt for bowhead whales. Assembly of LTK of bowheads, and
coordination of project and local activities, were two closely intertwined tasks.

Numerous local coordination efforts were built into the project in order to encourage local particip-
ation, to respond to local desires for project modification, and to incorporate local knowledge into
research design and interpretation of results. These efforts included meetings and interviews in Kaktovik
in 1997-98 before the first major field season, and additional meetings in Kaktovik before subsequent
field seasons. A final workshop in Kaktovik was conducted on 31 January 2002 to discuss the project
findings and to provide input for use in the final report. In addition, there was local Kaktovik representa-
tion (as well as AEWC and NSB representation) on a Scientific Review Board that provided technical
advice on project plans and results. As a result of recommendations by Kaktovik residents, a local boat
and crew, in conjunction with the LTK researcher, searched for bowheads present in late August and early
September, carlier than the main field season. While in Kaktovik for that effort, the LTK researcher
served many project liaison functions. No specific LTK research was conducted during the part of
September when Kaktovik residents were actively whaling. However, a local resident was employed to
work as a member of the boat-based zooplankton sampling crew during the September 19982000 field
seasons. Also, another project biologist worked closely with the whalers during September 1997-2000,
obtaining measurements and samples of stomach contents and whale tissue from the harvested whales.
Furthermore, the project’s survey aircraft was based in Kaktovik during September 1998-2000 (and
1985-86), affording opportunities for coordination between project biologists and local people.

XX



Executive Summary

Kaktovik residents are very knowledgeable about the times and locations near Kaktovik where
bowheads are present (including small vs. large bowheads), the places where bowheads tend to linger, and
other information relevant to whaling. However, relatively little specific LTK is available about whale
feeding behavior near Kaktovik. ‘“Whale feeding behavior” is a discrete category of definable behaviors
to a scientist, but is for the most part beside the point for an Inupiat subsistence whaler. Nonetheless, two
feeding areas in the general area are recognized: (1) the Demarcation Point/Icy Reef area in the southeast
corner of the study area, and (2) waters near Arey Island just west of Kaktovik. Some local residents
mentioned that they often see whale food in the water, and know that whales tend to occur in those places.
Local residents emphasized that some bowheads occur in the area in August and even July, before the
start of the main westward migration, and that the project should consider these times as well as later in
the season. However, they noted that bowheads are more common in Canadian waters than near
Kaktovik in July—August. The main hunting period for bowheads is in September, but they are present
near Kaktovik as late as mid-October in some years. LTK research activities during this project, although
limited, were closely related to the broader local coordination efforts, and served to structure the local
participation aspects of the research in fruitful ways.

Zooplankton: Acoustic vs. Net Biomass

There was a need for a method to estimate zooplankton biomass from echosounder data acquired
along transects and at whale feeding locations in the eastern Alaskan Beaufort Sea. As described in
Chapter 4 by W.B. Griffiths, this was done by comparing zooplankton biomass collected in horizontal
bongo-net tows with concurrent echosounder measurements of acoustic backscatter at corresponding
depths. Paired data of these types were collected during late summer/early autumn in five years: 1985—
86, and 1998-2000. Linear regression techniques (robust LTS regression in 1998-2000) were used to
develop equations that could predict zooplankton biomass from acoustic backscatter when only the latter
is measured. In all five years, there was a positive and statistically significant (P < 0.05 or better)
correlation between net biomass and acoustic backscatter. Predictive equations were developed for data
collected in 1985, 1986, 1999, and 2000. In 1998, the relationship between backscatter and zooplankton
biomass was too weak to be of use. The equations are used in Chapters 5 and 6 to convert acoustic
backscatter along transects and at whale feeding stations into estimates of relative zooplankton biomass, and
from this to define the nature and extent of suitable bowhead feeding habitat in the study area. The resultant
echosounder-based data are useful primarily in comparing relative amounts of zooplankton at different
locations, depths, and years.

Numerous sources of error can confound the relationship between acoustic backscatter data and
zooplankton biomass measured with nets. A strong relationship between backscatter and net biomass is
difficult to obtain because the acoustic data may contain echoes from other biotic as well as abiotic sources.
Sources of variability include such things as the presence of fish larvae or other large swift animals that are
not captured by the net, the shape and orientation of zooplankters, sediment plumes, and density discon-
tinuities in the water. Some of these biases (e.g., backscatter from fish and density discontinuities) can be
partially or completely removed. Other biases cannot be eliminated. These reduce the strength of cor-
relation between acoustic backscatter and zooplankton biomass in concurrent net samples, and thus the
accuracy with which biomass can be estimated from backscatter data. More expensive and technologically
advanced zooplankton samplers, and more sophisticated acoustic systems, were not practical in this study.
Also, other studies have shown that these approaches do not guarantee better or more consistent results.

Despite the limitations and biases, the method provided useful data concerning the locations and
depths of high-density zooplankton patches, and the relative amounts of zooplankton at different locations,
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depths, and times within and among the four years when useful data were available. This approach was an
important technique in assessing the characteristics and quality of feeding habitat available to bowhead
whales in the eastern Alaskan Beaufort Sea during those four years.

Zooplankton: Species Composition, Biomass and Distribution

Introduction and Objectives.— Chapter 5, by W.B. Griffiths and D.H. Thomson, describes the first
comprehensive study on late summer zooplankton biomass in the eastern Alaskan Beaufort Sea from
shore to the 200 m depth contour. The primary objective was to gather data on the taxonomic compo-
sition, biomass, patchiness, and variability of the zooplankton available to feeding bowhead whales in that
area during late summer and early autumn. Consequently, emphasis was placed on species and taxa that
were major contributors to overall zooplankton biomass. The study was based on coordinated net samp-
ling and quantitative echosounder surveys conducted over 7- to 16-day periods during early-mid or mid-
late September of five years. It describes the vertical and horizontal distribution, composition, and patch-
iness of zooplankton biomass in relation to water mass characteristics.

Methods—In all 5 years (1985-86; 1998-2000) sampling was conducted from a 13-m vessel
during September. Zooplankton and CTD data were collected at stations along transects perpendicular to
shore between central Camden Bay and Demarcation Bay, extending seaward to ~200 m depth (1985-86)
or 50 m depth (1998-2000). Quantitative echosounder data were collected along the same transects. All
data were used to describe the nature and variability of the zooplankton community, and its relationships
to water masses in the study area.

Three types of bongo tows were used to collect zooplankton samples each year: surface tows,
oblique tows, and horizontal tows at depth. A flow meter was placed in the center of one frame. The
echosounder was used to help select depths for horizontal tows, to ensure sampling within and outside
layers of concentrated zooplankton. Actual tow depth was measured directly.

Hydroacoustic sampling to estimate zooplankton distribution (horizontal and vertical) and relative
biomass along transects was conducted in all 5 years using single- (1998) or dual-frequency (other years)
echosounders. Relative biomass was determined for each 2 min (~240 m) horizontal segment by 1— or 2—
m depth interval for all transects.

CTD profiles were measured at stations along each transect each year. Near-surface temperature
(and, in 1985-86, salinity) were recorded continually during transits between sampling.

Results—In all five years of the study, at least two water masses were deemed to be present: (1) a
Shallow Cold Saline water mass, usually without sharp discontinuities in the vertical distribution of tem-
perature and salinity (i.e., without pycnoclines). These waters were typically relatively cold and saline
from surface to bottom. (2) A Mackenzie-Influenced more-offshore water mass with Mackenzie-
influenced water at the surface, overlying water that was generally colder and more saline than that of the
nearshore water mass. In 1985, 1986 and 1998, warm fresh Mackenzie plume water was transported into
the study area; in 1999 and 2000 it was absent. The distribution of water masses did not appear to have a
strong effect on the distribution of major zooplankton taxa. However, the highest biomass of zooplankton
occurred in the presence of strong pycnoclines, in the colder and more saline bottom waters.

The annual average zooplankton biomasses collected in Shallow Cold Saline waters varied over
the five years of study: 189-409 mg/m’ for the water column as a whole, 18-205 mg/m’ for surface
waters, and 236516 mg/m’ for horizontal tows at depth. In all years, zooplankton biomasses in surface
waters were lower than in samples taken at depth. Typically, zooplankton biomasses were higher in the
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cold saline bottom layer than in the fresher warm surface water. In 1985-86, the maximum biomass in
individual horizontal tows at depth was 900-2000 mg/m’, considerably higher than the 500—1000 mg/m’
recorded in 1998-2000. Overall, zooplankton biomasses were higher in 1986 than in 1985, 1998, 1999
and 2000. The lowest biomass levels were recorded in 1999, while those in 1985, 1998 and 2000 were
intermediate.

The high zooplankton biomasses in 1985-86 were due to the much higher biomasses of copepods,
particularly Limnocalanus macrurus. In 1998-2000, Calanus glacialis and C. hyperboreus were the
dominant species among all taxa. Predatory cnidarians, ctenophores and chaetognaths were abundant in
the study area in 1998-2000 and not in 1985-86. These predators may have contributed to the lower
biomass of copepods in 1998-2000.

In the water column as a whole, within the Shallow Cold Saline zone, five major zooplankton taxa
were collected in all five years. These were copepods, gelatinous zooplankton (i.e., ctenophores + cnid-
arians), chaetognaths, mysids, and fish. Copepods were the dominant taxon in all years, especially in
1985 and 1986. Gelatinous zooplankton and chaetognaths, considered together, were major contributors
(>10 mg/m’) to zooplankton biomass in every year, and in 1998-2000 their biomass approached that of
copepods. Euphausiids were collected in all years except 1986 and were major contributors to the zoo-
plankton biomass in 1985 and 2000, while decapods were major contributors only in 1986.

In all five years, the copepods Calanus hyperboreus and C. glacialis were major contributors to the
copepod biomass. In 1985 and 1986, biomass of the copepod Limnocalanus macrurus was higher than
that of any other species, but it was not found in the nearshore zone at all in 1998 and 1999 and only in
small quantities in 2000.

The low biomass in the surface waters was composed of copepods, gelatinous zooplankton and, to
a lesser extent, chaetognaths. Below the surface, the composition of the zooplankton collected in horizon-
tal tows was similar to that in the water column as a whole

The Mackenzie-Influenced more-offshore water mass was present in the study area during 1985,
1986 and 1998, but not in 1999 and 2000. The annual average zooplankton biomasses in this water mass
were 170 to 223 mg/m’ for the water column as a whole, and 4 to 25 mg/m’ for surface waters. Each of
these averages was lower than the corresponding value in Shallow Cold Saline zone. The warm
freshened water layer above the pycnocline contained a very low biomass of zooplankton (annual
averages 46—115 mg/m’) compared to the cold saline water below (394-659 mg/m’). Copepods and
gelatinous zooplankton, with lesser contributions from amphipods, euphausiids, chaetognaths, pteropods
and fish, accounted for most of the biomass. In all three years, copepods were the dominant taxon,
particularly in 1985 and 1986. Overall, C. glacialis and C. hyperboreus were the major contributors to
the total copepod biomass in the Mackenzie-Influenced waters in all three years. Limnocalanus
macrurus, the dominant copepod in Shallow Cold Saline waters in 1985-86, was also a major contributor
to biomass in Mackenzie-Influenced waters in 1985 but not in 1986. It was not found in this water mass
in 1998.

The Outer Shelf Arctic water mass was only sampled in 1985 and 1986 when transects extended
out to the 200 m contour (vs. 50 m in 1998-2000). Zooplankton biomass in this zone was, on average,
less than that in nearshore and inner shelf waters. In both years, Calanus hyperboreus and C. glacialis
contributed most of the copepod biomass.

Average biomasses of zooplankton collected in summer and early autumn in the eastern Alaskan
and Canadian Beaufort Seas are similar. Zooplankton biomass collected by oblique (1985-2000) or
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vertical (1980) tows in the top 50 m of the water column have ranged from ~150 to 600 mg/m’ with an
overall average for all 218 of these tows of ~260 mg/m’. Under some circumstances, biomass in layers of
concentrated zooplankton, as measured with horizontal bongo tows, can equal or exceed 1000 or 2000
mg/m’.

Echosounder surveys in 1985 and 1986 showed that only a small fraction of the water along the
transects contained a high (>500 mg/m®) biomass of zooplankton, although there were patches where the
estimated biomass apparently exceeded 3000 mg/m’ in 1985 and 3500 mg/m’ in 1986. In 1999, zoo-
plankton patches were more extensive than in 1985-86 but the estimated biomass levels were lower with
the densest patches containing only an estimated maximum of 800-1000 mg/m’. In 2000, there was a
pattern of increasing zooplankton biomass from east to west, with highest values from Barter Island to
eastern Camden Bay. In 2000, there were also many more patches where estimated biomass exceeded
700 or 1000 mg/m® along the western three transects than along the three eastern transects.

Zooplankton: Characteristics of Bowhead Feeding Areas

Introduction and Objectives.—Bowhead whales winter in the Bering Sea and annually migrate to
summering areas in the Beaufort Sea (Fig. S.1). If bowheads, like other mysticete whales, feed mainly
during summer, a primary reason for the annual migration would be to reach preferred summer feeding
areas. This would imply that summering areas are sufficiently rich in food to justify migrating several
thousand kilometers (round-trip) to feed. This component of the study, described in Chapter 6 by W.B.
Griffiths, D.H. Thomson and M.S.W. Bradstreet, had three main objectives: (1) to describe the character-
istics of bowhead feeding areas in the eastern Alaskan and Canadian Beaufort Seas, with emphasis on the
zooplankton and water masses; (2) to determine whether bowhead whales feed in areas where zooplank-
ton is concentrated; and (3) to determine the quantity and kinds of zooplankton associated with feeding
bowheads.

Methods—In the Eastern Alaskan Beaufort Sea, zooplankton was sampled during September of
1986, 1998 and 1999 at 21 stations where bowhead whales were either observed feeding or where whales
had been observed feeding the previous day. Sampling near feeding bowheads was not possible in 1985
and 2000. For each feeding station sampled, a control station about 8 to 10 km from the feeding station
was also sampled. Zooplankton near feeding bowheads was sampled at 16 additional stations in the
Canadian Beaufort Sea during August and early September of 1980-81, 1985-86, and 1988. The eastern
Alaskan and Canadian data are presented separately, but are also considered together to provide a broader
view of bowhead feeding in the eastern Beaufort Sea. Vertical profiles of temperature and salinity were
obtained at all but one systematic sampling station.

At most stations, oblique and horizontal zooplankton tows were made using a standard bongo
frame fitted with two 0.5 mm mesh, 0.61 m diameter, plankton nets, and a flow meter. At most stations,
at least one horizontal tow was targeted to a specific depth where an echosounder showed an apparent
zooplankton concentration. The limited 1980 and 1988 sampling in Canadian waters employed vertical
tows, and in 1986 the horizontal tows in Alaskan waters used an opening-and-closing bongo system.
Animals from all oblique tows were identified to species, and those from horizontal tows to major taxa.
Sorted animals were wet-weighed, and wet-weight biomass/m® was calculated using flow-meter data on
volume filtered.

In the Alaskan Beaufort Sea, quantitative echosounder surveys were conducted between whale
feeding and control stations during 1986, 1999 and 2000, and along other transects during all five field
seasons. Regression equations were developed to relate zooplankton biomass in horizontal net tows to
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measured acoustic backscatter, and then used to estimate biomass where only echosounder data were
available. In the Canadian Beaufort, the echosounder used in 1981, 1985 and 1986 identified depths with
high (and low) apparent biomasses of zooplankton, but did not provide quantitative data on biomass.

Results—Bowhead whales feed in areas with a higher than average concentrations of zooplankton.
A high biomass of zooplankton was found in areas where feeding bowheads were observed from the
sampling boat in the eastern Alaskan and Canadian Beaufort Sea. Mean wet-weight biomass in the water
column near actively feeding whales was 529 mg/m’, a value considerably higher than the mean biomass
in the water column elsewhere in the eastern Alaskan and Canadian parts of the Beaufort Sea (230
mg/m’). Mean biomass in the horizontal tows with maximum biomass at 17 stations where whales were
observed within 1 km of the boat and the echosounder was functioning was 1841 + s.d. 1226 mg/m’. The
distribution of biomass values at places with feeding bowheads indicates that the feeding threshold for
bowheads may be a wet biomass of ~800 mg/m”.

A high biomass of zooplankton near feeding whales in nearshore waters was usually associated
with the presence of strong temperature and salinity gradients (pycnocline) in the water column. In these
cases, concentrations of zooplankton are found in the cold saline water that underlies the warmer
freshened layer. These conditions are found at varying locations in the Canadian Beaufort Sea regardless
of wind direction, but occur in shallow waters of the eastern Alaskan Beaufort Sea mainly under east
wind conditions. The eastern Alaskan Beaufort Sea appears to be more important to feeding whales in
years when oceanographic conditions that cause zooplankton to concentrate in nearshore waters off the
Yukon coast extend west into Alaska.

The small copepod Limnocalanus macrurus dominated the zooplankton biomass near feeding bow-
heads in nearshore waters along the Yukon coast and into northeast Alaska when cold saline water was
overlain by warm Mackenzie water. Farther offshore, the large copepods Calanus hyperboreus and
C. glacialis dominated. Stomach contents of whales landed at Kaktovik show that bowheads sometimes
feed on dense swarms of euphausiids. However, euphausiids are rarely the dominant zooplankters around
bowheads feeding in the present study areas. Other taxa that occasionally are dominant near feeding
whales are gelatinous cnidarians and ctenophores, chaetognaths, and mysids.

We did not find places with feeding whales where euphausiids were dominant, but this has been
reported previously from the Camden Bay area, and euphausiids are the dominant components of the prey
in the stomachs of a minority of the bowheads landed at Kaktovik (see below and Chapter 18). Euphausi-
ids are known to show avoidance reactions to sampling nets. As a result euphausiids are probably
somewhat under-represented in our net samples. However, where euphausiids are abundant, as they are at
times in the western Beaufort Sea, they are prominent in net samples. In general, euphausiids are
apparently less important as prey for bowhead whales in the eastern Alaskan Beaufort Sea than farther
west near Point Barrow.

Most whales observed in the areas sampled were subadults. Adult bowheads tend to feed in deeper
water, where large copepods predominate. By early autumn, most large copepods have descended to their
overwintering depths (>100 m).

Water masses in the areas sampled are defined by the presence or absence of the plume of fresh-
ened and warmer water influenced by Mackenzie River outflow. Wind conditions have rapid effects on
the Mackenzie plume, so oceanographic conditions can change rapidly. These changes influence the bio-
mass and composition of the zooplankton community in the eastern Beaufort Sea, and especially the
portion that is in Alaska.
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Bowheads: Distribution and Abundance

Previous studies plus observations by local people have shown that some bowhead whales may
spend at least part of the summer feeding period off the north coast of Alaska. Many others summer in
Canadian waters but continue to feed as they begin to travel west through the Alaskan Beaufort Sea
during September and October. Bowhead use of the Alaskan Beaufort Sea during late summer and
autumn has been documented since 1979 by systematic aerial surveys, mainly conducted or sponsored by
BLM and MMS. The surveys have gathered much information that can be used to evaluate bowhead use
of the eastern Alaskan Beaufort Sea during August—October, including relative utilization according to
year, season, and region within the study area.

Chapter 9, by G.W. Miller and others, describes the seasonal distribution and numbers of bowheads
observed in the eastern Alaskan Beaufort Sea and adjacent Canadian waters during August-October of
1979-2000, based on existing and new aerial survey data from the 139°-146°W region, south of 71°10'N.
(This “Flaxman Isl.—to—Herschel Isl.” area is a larger area than outlined in Figure S.2.) The 21 years of data
considered here (no data were available from 1980) include (1) annual aerial surveys by MMS, (2) some of
the aerial surveys conducted during industry-sponsored monitoring programs (1986 and 1993), and (3) sur-
veys that we conducted specifically to assess the importance of the eastern Alaskan Beaufort Sea to bow-
heads in 1985-86 and 1998-2000. The combined dataset includes more data from the central Beaufort Sea
than have been analyzed by previous authors; it involves 155,000 km of systematic aerial surveys within the
“Flaxman—to—Herschel” study area. For periods where sufficient aerial survey data are available, we have
estimated the numbers of bowheads present in the part of the study area inshore of the 200 m contour off
Alaska (“Flaxman—to—border”). These estimates are based on line transect techniques, including correction
factors for whales missed by aerial surveyors (see Chapter 15 for derivation of correction factors).

The “Flaxman—to—Herschel” area was divided into four E-W regions, and four water-depth strata
—a total of 16 analysis zones. For seasonal analyses, the data were categorized into six half-month (15—
or 16—day periods) from 1 Aug. to 31 Oct.

When standardized for survey effort, the overall average abundance index during systematic aerial
surveys under acceptable sighting conditions (Aug.—Oct. combined) was 0.77 bowheads seen/100 km.
Bowhead abundance differed significantly among the four depth strata, with highest average abundance
recorded in the Shelf Break stratum (40—200 m deep), followed by the Middle Shelf stratum (20—40 m)
and Nearshore stratum (<20 m); average abundance was lowest in the Continental Slope stratum (>200 m
deep). Differences in bowhead abundance among the four E-W regions were marginally significant, with
bowhead abundance highest in the east and declining with increasing longitude.

Local residents occasionally see bowheads in the study area during July and August; they see peak
numbers in September, and some bowheads during October.

Aerial surveys showed that bowhead abundance and distribution varied significantly by half-month
period during August—October of 1979-2000. Moderate numbers of bowheads were present during early
August, especially in offshore waters (>200 m deep) of the three easternmost regions of the study area.
Bowhead abundance was somewhat lower during the second half of August, and there was a slight
shoreward shift in the distribution of bowheads from early to late August.

During the first half of September the relative abundance of bowheads in the study area increased.
Also, their distribution shifted inshore and expanded westward to span the full width of the study area,
coincident with increased migration into and through the study area. Peak bowhead abundance was

XXVi



Executive Summary

recorded during the second half of September, when bowheads were most abundant in the Shelf Break
and Middle Shelf strata (20-200 m deep).

Bowhead relative abundance in the study area was lower during early October, and the highest den-
sities were again shoreward of the 200 m contour. By late October, the relative abundance of bowheads
was very low.

The percentage of the bowhead sightings recorded as “traveling” was similar (86—-100%) over the
six half-month periods. For traveling whales, the headings were significantly non-uniform (and predom-
inantly westward or northwestward) in all half-month periods except for late August. However, the vari-
ation in headings was larger up to 15 Sept. than thereafter.

Few bowheads were identified as feeding during systematic aerial surveys. The low apparent num-
bers of feeding bowheads reflect, in large part, the difficulty of recognizing feeding activity in the brief
glimpses of whales that typically occur during systematic aerial surveys. Areas where feeding was seen
most commonly included Nearshore waters close to Komakuk (Yukon); Nearshore, Middle Shelf and
Shelf Break waters off Demarcation Bay; and Middle Shelf and Shelf Break waters off Camden Bay.

During the 1979-2000 period, the relative abundance of bowheads recorded during aerial surveys
has varied markedly from year to year. Eight years had abundance indices higher than the overall average
of 0.77 bowheads seen/100 km. The highest indices were recorded in 1995 (3.23 /100 km), 1999 (3.32
/100 km) and 1990 (4.05 /100 km). Seven of the eight years with above-average bowhead abundance
were in the 1990s and most (9 of 13) of the years with below-average bowhead abundance occurred prior
to 1990. The average of the annual abundance indices was 0.36 bowheads seen/100 km during the 1979—
89 period vs. 1.60 bowheads/100 km for 1990-2000. The increase since 1989 was larger than can be
accounted for by the previously-reported rate of increase of this population (3.2% per year).

The numbers of bowheads present in the restricted “Flaxman—to—border” area were estimated
whenever survey coverage allowed, considering waters inshore of the 200 m contour. This area was
similar to that outlined in Figure S.2, but extended 20 n.mi. (37 km) farther west, to longitude 146°W.
These line-transect estimates were based on 81 surveys or combinations of surveys flown during 1— or 2—
day periods during 1979-2000, and include allowance for missed whales. The estimates ranged from 0
(during many surveys) to a maximum of 4505 bowheads (based on 765 km of survey coverage on 13
Sept. 1999).

Within most half-month periods, the estimated numbers of bowheads present were highly variable.
All six half-month periods included some surveys for which no bowheads were estimated to be present.
However, the average estimated numbers of bowheads present in the restricted study area during the six
half-month periods followed the same pattern as the abundance indices described above for the overall
study area: moderate in August, high in September and early October (peaking during late September),
and almost none during the second half of October.

We compared the estimated numbers of bowheads present in the restricted “Flaxman—to—border”
area during 1979-89 vs. 1990-2000, considering only the September and early October periods when
peak numbers of bowheads were present. The estimates from the 1990-2000 period were, on average,
significantly higher than those from 1979-89 even after de-trending to remove the assumed annual 3.2%
population increase over the 22-year study period. Thus, the increased sighting rates in the 1990-2000
period are apparently attributable in part to an increase in the relative utilization of the present study area
as compared with other areas.
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Bowheads: Habitat Use by Size Class

Chapter 10, by W.R. Koski and G.W. Miller, examines year, location, water depth, and date effects
on the size and status of bowhead whales occurring in and near the eastern Alaskan Beaufort Sea (water
depths <200 m) during late summer and early autumn. It assesses the population structure of bowhead
whales found in this area and evaluates whether there was habitat or seasonal segregation by whales of
different sizes (ages) and status (subadult and adult), including mothers and calves. This information is
relevant in evaluating the importance of the study area to the different components of the bowhead whale
population, and is a factor in subsequent energetic calculations.

We used the calibrated vertical photography technique developed by LGL to obtain vertical photo-
graphs of 901 different whales during mid-August to early October of 1982—-86 and 1998-2000 in the area
between Flaxman and Herschel islands (longitudes 146° to 139°W). Whale images were measured direct-
ly from the film and the measured image sizes were converted to whale lengths by accounting for system-
atic biases introduced by the cameras and the radar altimeter.

Subadults, adults and calves made up 64.7, 29.2 and 6.2%, respectively, of the bowheads photo-
graphed in the “Flaxman—to—Herschel” area over all years of this study. We found proportionally more
subadults and fewer adults within that area than are estimated to be in the overall population. Some, but
not all, of this difference was a result of the fact that most of our effort was in the peak whale migration
period, with little effort during the initial 20% and final 29% of the bowhead migration through our study
area. The presence of a relatively high proportion of subadults in our length—frequency distribution even
after allowance for the seasonal bias in sampling suggests that the parts of the eastern Alaskan Beaufort
Sea <200 m deep are relatively more important for subadult bowheads than for adults.

There was significant variation in length—frequency distributions of whales among years, geographic
subdivisions of the study area, water depth categories, and time periods. This variation was due to variable use
of the study area by each age class in different years, differences in the water depths preferred by different age
classes, and different migration timing by each age class. Small subadult whales (<10 m long) are the
dominant group in shallow (<20 m) nearshore habitats, with progressively fewer small subadult whales and
more adults as water depth increases. Small subadults start to arrive in the study area during late August,
numbers peak in early September, and they have passed through the study area by early October. Large
subadults start to arrive in late August but are scarce until September; moderate numbers are still present in
early October. Mothers and calves start to arrive in early September and are common in the study area until
early October. Other adults arrive mainly in late September and are common in early October.

In the mid-1980s, large numbers of subadult bowheads tended to occur in shallow nearshore areas
in the eastern part of the study area from the Kongakut River Delta to Herschel Island, and they lingered
in that area for days to a few weeks. Few whales were seen in that nearshore area during 1998-2000, and
those that were seen there did not appear to linger.

Bowheads: Rates of Movement and Residence Times

To determine the importance of the eastern Alaskan Beaufort Sea to bowhead whales, we need to
know how long whales remain in the area. This is one key factor in estimating how much food bowheads
consume while there. We also need to know how fast they travel while feeding to estimate how much
water they might filter. Chapter 11, by W.R. Koski and others, documents short-term rates of movement
of bowhead whales and estimates average residence times in waters from Flaxman Island (146°W) to
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Herschel Island (139°W). Probable residence times in the smaller “Flaxman—to—border” area are discus-
sed in Chapter 23, and are estimated to be about 76% of those in the larger “Flaxman—to—Herschel” area.

We estimated rates of movement from within-day sightings of photographed bowhead whales in the
“Flaxman—to—Herschel” portion of the Beaufort Sea and compared them to similar data collected during
the 1980s off the Yukon east of Herschel Island (Yukon East) and in Amundsen Gulf.

Over periods of 15 min to a few hours, bowheads gradually moved away from the location where
they were initially photographed, but as the interval between the initial sighting and resighting increased,
speeds declined. This suggested that some movements were local, in part associated with feeding.
Within-day speeds were not significantly different between the “Flaxman—to—Herschel” zone and the
more easterly Canadian zones. Within the “Flaxman—to—Herschel” zone there was a significant
difference in speeds among years. The difference appeared to be due to slower speeds by feeding adults
photographed in 1999 than by primarily subadult whales photographed in other years.

The primary activities recorded for bowheads during late summer and autumn were feeding and
traveling. Based on the successive locations of bowheads observed during prolonged behavioral obser-
vation sessions, the average rate of movement of bowheads in the “Flaxman—to—Herschel” zone was
about 1.54 km/h for feeding whales vs. 4.50 km/h for traveling whales. The mean alongshore component
of the net speed, measured along the 288°-108° (True) axis, was 0.71 km/h eastward for feeding whales
and 3.67 km/h westward for traveling whales.

We attempted to estimate residence times of bowhead whales in the “Flaxman—to—Herschel” area
using four general types of data: photoidentification data, behavioral observations, aerial survey results,
and telemetry data. Photoidentification data from the 1980s were also used to estimate residence times in
the Yukon East and Amundsen Gulf zones. (1) Photographic resightings were used to determine within-
day rates of movement and intervals between resightings for the “Flaxman—to—Herschel” zone and for the
Yukon East and Amundsen Gulf zones in all years with sufficient data. Net speeds from within-day
photographic resightings were the basis for one estimate of residence times of whales in each zone.
Resighting intervals indicated minimum residence times for the specific whales resighted. A computer
program (SODA, “stop-over duration analysis”) was used to derive an unbiased estimate of residence
time in each zone based on data on photographic effort as well as resightings. (2) Behavioral observa-
tions of bowhead whales were used to determine short-term rates of movement of whales, and net
westward speeds of whales engaged in different activities, in the “Flaxman—to—Herschel” zone during late
summer and autumn of 1985-86 and 1998-2000. (3) Aerial survey data were used to estimate residence
times in that area based on relative densities during aerial surveys and based on numbers of whales
estimated to be present during aerial surveys. (4) Data on whale locations obtained during felemetry
studies in three years were used to estimate residence times of whales in the “Flaxman—to—Herschel”
zone.

Annual residence time estimates for the “Flaxman—to—Herschel” zone were extremely variable
among years and among different methods of analysis applied to the same year. We attribute the latter
variability to biases in the different methods that interacted with year-to-year variability in sampling
effort, whale distribution, and whale activities. For example, most behavioral data and some photographs
collected in 1985 were from feeding whales off the Yukon coast (“border—to—Herschel Isl.”); activities
and speeds of those whales were not representative of whales in Alaskan waters in 1985. In general, esti-
mates based on behavior data, and to a lesser extent photogrammetry data, were positively biased.
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We identified six calculation methods based on photoidentification, behavioral observation, aerial
survey, and telemetry data that provided residence time estimates most representative of actual residence
times. However, even with these six methods, a few of the residence time estimates were recognizably
biased. The annual residence time estimates for the “Flaxman—to—Herschel” area during 1985-86, 1988,
1989, 1992, and 1998-2000 based on these six methods varied from 2.1 to 8.3 d and averaged 5.1 d. A
sensitivity analysis (in Appendix 23.1) indicated that the 95% confidence limit for the 5.1-d estimate of
mean residence time was 4.2 to 6.1 d.

Residence times varied dramatically among years because of different levels of use of the
“Flaxman—to—Herschel” zone for feeding during late summer and autumn. In 1985 and 1986, the eastern
part of the area was used for feeding by subadult bowheads during late summer. In 1998, subadult whales
briefly stopped to feed in central and western parts of the study area during their migration through the
study area. In 1999, adult whales stopped to feed for extended periods in eastern and central parts of the
study area. During 2000, most whales migrated through the study area without stopping.

The mean interval for between-day photographic resightings was 4.35 days in the “Flaxman—to—
Herschel” zone and 5.91 days in Canadian zones east of there, and estimates for both areas were highly
variable among years. A tendency for residence times in the “Flaxman—to—Herschel” zone to be shorter
than those in the more easterly Canadian areas became more evident when the SODA model was used to
estimate total residence times, including allowance for time present before the first and after the last
sighting, and for whales photographed only once. SODA showed that the mean residence times for the
Canadian zones were considerably longer (12.6 d) than the mean resighting intervals (5.9 d), whereas the
mean residence times for the “Flaxman—to—Herschel” zone were either lower than (1985) or similar to
(1986, 1999) the mean resighting intervals. The shorter residence times in the latter zone compared to the
Yukon East and Amundsen Gulf zones are consistent with distributional and behavioral data in suggest-
ing that bowhead whales spent less time feeding in the “Flaxman—to—Herschel” area than in adjacent
Canadian zones in most years. Furthermore, residence time estimates for eastern Alaska would be further
reduced if data from Canadian waters west of Herschel Island (the Komakuk area) were excluded from
the “Flaxman—to—Herschel” zone.

Bowheads: Activities and Behavior

Chapter 12, by Dr. B. Wiirsig and others, describes the general activities of bowhead whales while
they are off northeastern Alaska, and in adjacent Canadian waters, during late summer and early autumn
(feeding, traveling, socializing, and combinations thereof). It also documents the specific behaviors
associated with these activities, and determines the proportion of time engaged in each activity (time
budget). During September of 1985, 1986, 1998, 1999, and 2000 (and early October in 1986), systematic
behavioral observations were obtained from twin-engine aircraft circling at an altitude of 460 m (occas-
ionally 610 m) a.s.l., with a minimum of three observers describing and videotaping behavioral events.
We obtained data on the activities and behaviors of whales during 84 Behavioral Observation Sessions
totaling 91.9 h of observations under presumably undisturbed conditions. Of these, 69 sessions were off
northeast Alaska (Flaxman Island to border), and 15 were in Canadian waters from the Alaska-Yukon
border to Herschel Island. We compared our data for this “Flaxman—to—Herschel” area in Septem-
ber/early October to previously reported data on activities, behaviors, and time budgets during spring and
during summer, and demonstrated seasonal differences. For the late summer/early autumn period, the
time-budgets also differed among years.
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Feeding was the most common activity of bowhead whales in and near the eastern Alaskan Beau-
fort Sea in September/early October during 1985, 1986, 1998, and 1999; but not in 2000. Over the five
seasons, bowheads engaged in feeding for ~47% of the total time (9% in 2000; 38—-66% in other years).
Overall, ~34% of the time was spent feeding in the water column, 8% on near-surface (“skim-") feeding,
and 4% on near-bottom feeding. Almost all observed feeding in water >20 m deep was water-column
feeding; surface and bottom feeding were proportionally more common in areas <20 m deep, but there too
water-column feeding was the most common activity. Mothers and first-year calves were rarely sighted
in waters <20 m deep, and the most common activity of mothers was feeding in the water column in areas
>20 m deep. Most whales fed singly. Bottom feeders were usually widely spaced, but water-column and
skim feeders generally were more aggregated, typically with 4+ whales within 1 km of each other. We
did not see skim feeding in echelon formation during late summer—early autumn, although it has been
reported previously in the Alaskan Beaufort Sea. The estimated proportion of time devoted to feeding
during September/early October (47%) was intermediate between values during spring migration east of
Point Barrow, Alaska (1%), and on the summer range in the Canadian Beaufort Sea (71%).

Traveling was the second-most common activity, accounting for 31% of time overall; but 74% in
2000. Travel tended to be in areas 20-49 m deep and in groups of one to two whales. Whales spent more
time traveling during the latter half of September than in early September. Traveling whales were orient-
ed mainly westward. Bowheads commonly interspersed feeding and socializing with travel during the
latter half of September. The estimated proportion of time devoted to traveling (31%) was also inter-
mediate between that during spring migration (81%) and that on the summer range (9%).

Socializing accounted for 18% of the time during September/early October, and other activities
(aside from feeding, travel or socializing) accounted for 4%. Socializing tended to consist of low-level
behaviors such as nudges and other touches, with the exception of apparent sexual aggregations of up to
seven whales per aggregation on two days in September 1998. First-year calves stayed close to their
mothers, showed little surface-active behavior, and were not observed to play. No lone calves were seen,
indicating that calves had not been weaned.

Although feeding was the most common activity of bowhead whales in and near the eastern Alas-
kan Beaufort Sea during September/early October, there was much intra- and inter-season variability in
the amount and type of feeding, other activities, and specific behaviors, and in the locations (within the
study area) where these activities occurred. These variable results are generally consistent with the
apparent variability in prey availability in the study area, as documented in other parts of this study.
However, bowheads observed in 1999 spent a high proportion of their time feeding, and exhibited
relatively long residence times, even though average zooplankton abundance (at least inshore of the 50 m
contour) was relatively low that year. Overall, the importance of the study area for late-summer feeding
by bowhead whales varies considerably from year to year, and is difficult to predict for any one late
summer—early autumn season.

Bowheads: Surfacing, Respiration and Dive Cycles vs. Whale Activity

Data on surfacing, respiration and dive (SRD) cycles of bowhead whales during late summer and
early autumn were needed to derive correction factors for whales missed during aerial surveys, and as a
basis for analyses of bowhead energetics. As described in Chapter 13 by T.A. Thomas and others, bow-
heads were observed systematically during September and early October of 1985-86 and 1998-2000 in
the Eastern Alaskan Beaufort Sea and adjacent Canadian waters (Flaxman Island to Herschel Island).
Bowhead behavior was observed from an aircraft circling at an altitude of >457 m (21500 ft), high
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enough to avoid significant aircraft disturbance. Data collected near other human activities were ex-
cluded. We documented the durations of surfacings and dives, number of blows (respirations) per surfac-
ing, and intervals between successive blows. These four variables were defined as in our recent studies of
bowhead behavior in other seasons and regions. We first summarized the SRD variables for various
categories of whale activity, year, and (for feeding whales) water depth. The main bowhead activities dis-
tinguished here are feeding, traveling, and socializing. Then we used multiple regression to assess the
joint effects of these and other temporal, environmental, and whale-behavior variables on the four mea-
sures of SRD cycles.

Whales engaged in feeding showed a noticeable increase in the number of blows per surfacing and
the durations of surfacings and dives across years. Some of this variability may be attributable to the
water depth in which the whales were feeding. In the 1980s most of the observed surfacing—dive cycles
occurred in shallow (<20 m) water, whereas in the 1990s more of observations came from deeper water.
An average SRD cycle by an undisturbed bowhead feeding in shallow (<20 m) water, calves excluded,
consisted of a 1.10 min surfacing with 4.9 blows spaced 13.1 s apart, followed by a 5.84 min dive. A
corresponding average SRD cycle in water >20 m deep (average 45 m) consisted of a 1.77 min surfacing
with 8.5 blows spaced 13.1 s apart, followed by a 16.09 min dive. Whale status and distance from shore
had a strong effect on the SRD cycles of bowheads feeding in and near the Eastern Alaskan Beaufort Sea.
During feeding, surfacings and dives were longer, with more blows per surfacing and longer intervals
between blows, with increasing distance from shore, and for older, larger whales as compared with
subadults.

Traveling bowheads (including those feeding while traveling) tended to have surfacing and dive
cycles similar to those of bowheads feeding in water >20 m deep. Some of this similarity may be attrib-
utable to the habitat that the whales are occupying, as traveling whales tended to be in water >20 m deep.
An average SRD cycle by a traveling bowhead (including bowheads that were feeding as they traveled)
consisted of a 1.65 min surfacing with 6.4 blows spaced 15.76 s apart, followed by a 13.66 min dive.
Whale status and group size had a strong influence on the SRD cycles of bowheads traveling in and near
the Eastern Alaskan Beaufort Sea. The standard measures of these cycles were higher for mothers and for
increased group sizes, and were shorter for subadults.

Socializing whales and whales feeding in shallow water tended to have similar breathing charac-
teristics. Some of this similarity may be attributable to the habitat (shallow water) that the whales were
occupying. An average SRD cycle by a socializing bowhead (including bowheads that intermixed social-
izing with other activities) consisted of a 1.29 min surfacing with 6.0 blows spaced 12.67 s apart, follow-
ed by a 5.54 min dive.

Bowheads: Surfacing, Respiration and Dive Cycles vs. Age

Data on age- and size-dependence of surfacing, respiration and dive (SRD) cycles of bowhead
whales were needed as a basis for analyses of bowhead energetics. This type of information is also
relevant in deriving correction factors for whales missed during aerial surveys, especially when there is
geographic and seasonal variation in the ages and sizes of bowheads present. Chapter 14, by T.A.
Thomas and others, provides this information based on several studies, including the present study.

Bowheads in the Alaskan and Canadian Beaufort Sea were observed systematically at various
times in 1980-2000 during spring, summer, and fall. During each of six studies, bowhead behavior was
observed from an aircraft circling at an altitude of >457 m (>1500 ft), high enough to avoid significant
aircraft disturbance. Data collected in the presence of other human activities were excluded. We docu-
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mented the durations of surfacings and dives, number of blows (respirations) per surfacing, and intervals
between successive blows. These four variables were defined as in our recent studies of bowhead
behavior in various seasons and regions. We summarized the SRD variables by whale status (calf,
subadult, adult other then mother, mother), various categories of whale activity (traveling, feeding, and
socializing), season (spring, summer, fall), year, and nursing vs. not nursing.

Subadult whales had lower median blow intervals than adults and mothers; this was evident for
bowheads engaged in all three whale activities studied (traveling, feeding, and socializing). Subadults
also had lower dive durations during traveling, and marginally lower surface times during feeding, as
compared with adults and mothers. Mothers and other adults had similar SRD cycles, with the exception
that, during feeding, other adults had lower median blow intervals than mothers.

Subadults engaged in traveling showed no spring—fall differences in any of the SRD variables.
Adult whales, in contrast, showed differences in all four variables. Mothers and calves engaged in travel-
ing showed seasonal variability in SRD cycles. For both mothers and calves, there was a noticeable
increase in the number of blows per surfacing, surface times, and dive times from spring to fall.

During travel, nursing dives by calves were much shorter than their other dives in both spring and
fall. Occurrence of nursing also affected SRD cycles of traveling mothers. When nursing, traveling
mothers tended to have long surfacings with long blow intervals. Dive durations by traveling mothers
also tended to average slightly longer when nursing.

Bowheads: Correction Factors for Aerial Surveys

Aerial surveys have been used to estimate the number of bowheads present in the eastern Alaskan
Beaufort Sea at various times during late summer and autumn for the present study. However, mean-
ingful estimates of numbers present can only be made if the raw aerial survey data are adjusted using
appropriate correction factors for missed whales. Not all whales present close to an aerial survey track-
line are detected by the aerial surveyors, and raw aerial survey results underestimate the densities and
numbers of whales present. (1) Sightability is often reduced directly below the aircraft and, beyond some
“optimum” lateral distance, diminishes with increasing lateral distance. (2) Some whales are below the
surface and undetectable as the aircraft passes; this is “availability bias”. (3) Not all whales at the surface
at the optimum lateral distance are detected; this is “detectability bias”, sometimes called “perception
bias”. In theory, three correction factors, designated f{0), g,(0), and g40), can be computed to compen-
sate in large part for these three biases. Chapter 15, by T.A. Thomas and others, estimated these three
correction factors for aerial surveys of bowhead whales, and investigated their variability.

Lateral Distance from Trackline and f(0).— Aerial survey data were used to determine the effect
of lateral distance on sightability, and the influences of aircraft type, survey altitude, wave height, and ice
cover. Eight aerial-survey studies in the Alaskan and Canadian Beaufort Sea during 1979-2000 provided
data on distances of bowhead sightings from the trackline. Altitude and aircraft type affected the size of
the zone directly below an aircraft where sightability was reduced. The higher the altitude, the wider the
zone. Twin Otter aircraft had a narrower zone of reduced sightability below the aircraft than did Twin
Commanders; a TurboGoose was intermediate. Wave height (expressed as Beaufort sea state, Bf) and ice
cover each affected the rate at which sightability diminished with increasing distance from the trackline.
Also, the effect of Bf state depended on aircraft type. With increasing Bf conditions and ice cover, the
relative number of sightings at the longer lateral distances diminished. As a result, the lateral distance
where sighting probability diminished to 15% of that at the optimum distance declined with increasing Bf
state and ice cover, and f{0) values also changed.
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Availability Bias Factor g,(0).— This factor estimates the proportion of whales at the surface and
potentially visible to aerial surveyors as the aircraft passes overhead. We determined this factor for
whales in the “Flaxman Isl.—to—Herschel Isl.” area during September—October based on three studies of
bowhead behavior in that area during 1985-86 and 1998-2000. This correction factor varied
substantially with whale activities. The probability was lowest for traveling whales, slightly higher for
feeding whales, and notably higher for whales engaged in socializing: g,(0) = 0.125, 0.153, and 0.234,
respectively. Our overall estimate of g,(0) for an average bowhead in the eastern Alaskan Beaufort Sea
during late summer and autumn is 0.144. These factors are slightly higher than the corresponding pro-
portions of time the whales spend at the surface, as the factors assume that any whale near the trackline
will be sighted if it surfaces during an (approx.) 21.6-s period while that area is in view.

Detectability Bias Factor g,(0).— This factor estimates the proportion of whales at the surface near
the trackline that are detected by observers. We estimated g,(0) based on the double independent obser-
ver method, as applied during three aerial survey projects in the Canadian (1981) and Alaskan (1985-86,
1998-2000) Beaufort Sea. This method applies an analysis of the capture—recapture type to sightings by
two surveyors observing independently from the same side of the aircraft, considering sightings within a
400-m strip of where detectability is optimal. Our estimates of g,(0) for bowheads are 0.59 £ s.e. 0.160
for a single observer, and 0.84 for two observers on the same side of the aircraft. Detectability was lower
in a 600-m strip just beyond the inner 400-m strip (g;= 0.42 + 0.129 for one observer). Other aerial
survey evidence indicates that this factor very likely is affected by sea state.

The correction factors developed here are used elsewhere (Chapter 9) to convert raw aerial survey
data into estimates of the actual numbers of bowheads present in the eastern Alaskan Beaufort Sea on
various occasions.

Bowhead Distribution, Numbers & Activities: Conclusions

There were substantial differences in the numbers, distribution, size classes, residence times, activ-
ity budgets, and specific behaviors of bowhead whales in and near the eastern Alaskan Beaufort Sea
during late summer and early autumn of the five years with feeding studies. As summarized in Chapter
16 by W.R. Koski and W.J. Richardson, bowhead use of that area during August—October is highly
variable. Systematic aerial survey data from 1979-2000 suggest that the five years when the feeding
studies were conducted included years with low, moderate and high use by bowheads and thus may be
reasonably representative of the range of possible usage patterns. However, usage in any future year
probably will differ in at least minor ways from that in any of our five years of study.

Most bowhead whales of the Bering—Chukchi—Beaufort stock migrate through the eastern Alaskan
Beaufort Sea each year during late summer or early autumn en route to autumn feeding areas farther west
and wintering areas in the Bering Sea. Behavioral observations (and also the stomach contents of
bowheads harvested at Kaktovik—Chapter 18) show that feeding is a common activity while these whales
are in the eastern Alaskan Beaufort Sea. Over the five years studied, the two most common activities of
bowheads, at least during daytime when aerial observations were possible, were feeding (47%) and
traveling (31%). The proportions of time engaged in these two activities during late summer and early
autumn were intermediate between those observed during spring, when bowheads spend most of their
time traveling and little time feeding, and during summer, when bowheads spend most of their time feed-
ing and little time traveling. However, the estimated proportions of time spent feeding during late sum-
mer and autumn ranged from 9% to 66% in different years. The inter-annual differences in numbers esti-
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mated to have been present probably were related to how long whales stopped to feed in the study area,
and thus to residence times.

The abundance and locations of zooplankton concentrations had a strong influence on bowhead
feeding locations (Chapter 6), and very likely also influenced residence times in the study area. We found
that different size classes of bowhead whales had different habitat preferences and different timing of
migration through the study area. Small subadult whales preferred Nearshore waters. As water depth
increased, small subadults became less common and the proportion of large subadults and adults increas-
ed. When prey was locally abundant in Nearshore and Middle Shelf waters, as in 1985 and 1986, some
subadult whales lingered in the study area to feed, and many larger whales (which tended to be found in
deeper water) traveled through the study area without stopping to feed. When prey biomass was higher in
Shelf Break waters (40—200 m) than closer to shore, as in 1999, large subadult and adult whales lingered
to feed there, and most small subadult whales traveled through without stopping. When prey was sparse
in the eastern part of the study area, as in 2000, most if not all whales traveled through that area without
stopping. Over all years of this study, subadult whales seemed to make more use of the study area than
adults, but there was year-to-year variation in the use by different age classes. Possible reasons for these
year-to-year differences in utilization are discussed further in Chapter 23, “Integration”.

Diet and Regional Feeding: Introduction

This component of the study sought to determine (1) what types of prey bowhead whales of the
Bering—Chukchi—Beaufort (BCB) stock eat, and (2) what parts of their seasonal range provide the pre-
dominant part of this food. The principal and most direct method for determining what bowheads eat was
analysis of the stomach contents of bowheads harvested by Inupiat whalers (Chapter 18). The project
also included a pilot study of the fatty acid composition of bowhead blubber in relation to the fatty acid
composition of potential zooplankton prey (Chapter 19). It was hoped that this approach might, when
further developed, provide a method for assessing food consumption over a longer period (and larger
geographic area) than can be assessed from stomach contents. To assess the proportion of the food con-
sumed in different parts of the seasonal range, the carbon and nitrogen isotope ratios in bowhead tissues
were compared with those in the prey from the eastern Beaufort Sea vs. the Bering—Chukchi area (Chap-
ter 20). Several of the earlier chapters also provide information directly or indirectly relevant to “Diet and
Regional Occurrence of Feeding”.

Diet & Regional Feeding: Stomach Contents

This component of the study, by L.F. Lowry and G. Sheffield of Alaska Department of Fish &
Game (Chapter 18), documents bowhead whale feeding in the Alaskan Beaufort Sea based on stomach
contents of whales harvested by Alaska Natives. They examined field records and archived data from
previous studies of bowhead stomach contents, and analyzed similar samples from 85 additional bowhead
whales harvested during 19862000 near Kaktovik, Barrow, and Cross Island. All available data from
bowheads harvested near those locations were used to characterize and compare diet by harvest location
and season (i.e., Kaktovik fall; Barrow fall; Barrow spring), and by whale size and sex.

Thirty-two bowheads harvested near Kaktovik during fall 1979-2000 have been examined for evi-
dence of feeding. Of 29 whales whose feeding status could be classified as “feeding” or “not feeding”, at
least 83% had been feeding prior to death. Copepods, most commonly Calanus hyperboreus and C.
glacialis, were the most important prey; copepods occurred in all 21 stomachs with food and were the
dominant prey by volume in 62% of the samples. Euphausiids, mainly Thysanoessa raschii, were also an
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important food item. Estimated volume of stomach contents was as much as 150 liters, and in 7 of 18
cases was greater than 20 liters.

Four of five bowheads harvested near Cross Island during 1987-2000 were recorded as having
been feeding. Copepods were the main prey in the three stomach contents samples examined.

Stomachs of 106 bowheads harvested in fall near Barrow during 1976-2000 were examined. Of
the 103 “non-calf” whales that could be classified as “feeding” or “not feeding”, at least 75% had been
feeding prior to death. Euphausiids were the most important prey; they occurred in 94% of the stomachs
with food and were the dominant prey by volume in 88%. Estimated volumes of stomach contents were
as much as 189 liters, and in many cases were recorded as >100 liters or “full”.

Stomachs of 100 bowheads harvested in spring near Barrow during 1969-2000 were examined. Of
the 90 whales that could be classified as “feeding” or “not feeding”, at least 33% had been feeding prior
to death. Euphausiids occurred in 93% of the samples and were the dominant prey in 61%. Copepods
were also an important diet item, especially in samples collected before the 1990s. Estimated volumes of
stomach contents were smaller than for whales taken in fall, and never exceeded 60 liters.

There was no significant difference in the proportion of bowheads that had been feeding in the fall
near Kaktovik and Barrow. However, there was a significant difference in composition of the fall diet at
these locations. Copepods occurred more often and were more frequently the dominant prey by volume
in whales from Kaktovik. Euphausiids occurred more often and were more frequently the dominant prey
by volume in whales from Barrow.

At Barrow, the frequency of feeding in harvested bowheads was significantly greater in the fall
than in the spring. Copepods occurred significantly more often in whales harvested near Barrow in the
spring than in the fall.

Male and female bowheads ate essentially the same food items. The data suggest the possibility of
a slight difference in the prey eaten by small (<13 m) and larger (=13 m) whales. There was no difference
in the frequency of feeding of small versus large whales.

Preliminary estimates of the overall bowhead diet composition by location/season were as follows:
Kaktovik fall, 61-62% copepod, 22—24% euphausiid, 15-17% other prey; Barrow fall, 5% copepod, 84—
88% euphausiid, 7-11% other prey; and Barrow spring, 27-28% copepod, 61-63% euphausiid, and 10—
11% other prey.

Lowry and Sheffield conclude that coastal waters of the Alaskan Beaufort Sea should be consid-
ered as part of the bowheads’ normal summer—fall feeding range. During spring, feeding by bowheads
near Barrow is more common than previously thought, but the frequency and apparent intensity of feed-
ing is less in spring than in the fall.

Diet & Regional Feeding: Fatty Acids

Fatty acids, the dominant constituent of lipids, are often deposited in animal tissue with minimal
modification from those in the diet. Lipids in the marine food web are exceptionally complex and
diverse. Dr. S.J. Iverson et al. (Chapter 19) undertook a pilot study to assess whether analysis of fatty
acid signatures in bowheads and their potential prey (zooplankton) would be a useful tool for better
understanding the foraging ecology and diets of bowheads in Alaskan waters. They identified and mea-
sured the fatty acids in samples of blubber from 28 bowheads harvested at Kaktovik (fall) and Barrow
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(spring and fall); 33 samples of mixed zooplankton from the eastern Alaskan Beaufort Sea; and 32
samples of zooplankton that had been sorted into seven major prey groups (copepods, euphausiids, etc.).

This preliminary study indicates that fatty acid signature analysis could be a very useful tool in
better understanding the foraging ecology and diets of bowheads in Alaskan waters. The inferences that
can be made now are limited because of small sample sizes of whales and potential prey, and lack of data
on fatty acid profiles in individual species of prey. However, there are indications that fatty acid analyses
may show differences in diets of whales of different sexes and size classes; such differences have not
been clearly detectable from stomach contents analyses. Iverson et al. analyzed samples of mixed zoo-
plankton from two years, and the fatty acids of the zooplankton are consistent with them being bowhead
diet items. Additionally, although there are very limited data on fatty acid patterns in potential prey, pre-
liminary results from a QFASA (Quantitative Fatty Acid Signature Analysis) model indicate that fatty
acid patterns of the inner blubber, presumably indicative of recent diet, are consistent with general diet
data obtained from stomach contents analyses. The high fat content of these prey, especially copepods,
also suggests high dietary intakes of fat. With further and more extensive sampling and analysis, the tax-
onomic composition of bowhead prey could likely be better assessed using the quantitative tools now
being developed. Fatty acid signatures are expected to represent the integrated diet over weeks or pos-
sibly months, and thus over larger geographic areas, than are the stomach contents of harvested whales.

Diet & Regional Feeding: Stable Isotopes

This part of the work (Chapter 20) was done by Sang Heon Lee and Dr. D.M. Schell of University
of Alaska Fairbanks, with assistance from Dr. Trent McDonald of WEST Inc. 8"3C and 8"N ratios in
muscle and baleen from harvested bowhead whales were used to estimate the relative amounts of food
acquired from the eastern Beaufort Sea (summer and early autumn range) versus the Bering and Chukchi
seas—the two regions previously proposed as major feeding grounds. This analysis was based on the fact
that isotope ratios in the zooplankton prey of bowheads are different in the two regions. Isotope ratios in
prey are reflected in the predators. When isotope ratios differ regionally, this provides a basis for
determining the main area(s) where the predators feed.

Samples obtained from whales harvested in autumn of 1997-99 and spring of 1986-88 were
compared. Both 5"°C and 8"°N values in the whales have decreased in recent years in response to a long
term decreasing trend in isotope ratios in the Bering—Chukchi food chain. The whale samples collected
~10 yr apart were normalized to allow direct comparison.

For all whales, the 8"°C values in muscle sampled in fall were not significantly different from the
muscle sampled in spring. Muscle 8"°C during both seasons closely matched the isotope ratios of zoo-
plankton from Bering and Chukchi water, indicating that most of the annual food requirement of adults
and subadults is met from that portion of their range. Isotope data from baleen showed, however, differ-
ent feeding strategies by adult and subadult whales. Subadults acquired sufficient food in the eastern
Beaufort Sea to alter the carbon isotope ratios in baleen deposited there relative to baleen representing
feeding in Bering and Chukchi water. Baleen plates from subadults showed a wider range in isotope
ratios than those from adults, suggesting active feeding by subadults over all parts of their range. A sim-
ple approximation based upon observed seasonal shifts in muscle isotope ratios indicates that between 10
and 26 percent of the muscle carbon is replaced over the summer, depending on the method of
calculation. A sensitivity analysis that allowed for variability in each factor involved in the calculation
indicated that the true percentage probably did not exceed 23 %. Limited data on blubber indicates an
even smaller percentage. Although these specific estimates are subject to a variety of assumptions, the
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isotopic evidence indicates that only a minority of the feeding by either subadults or (especially) adults is
in the eastern Beaufort Sea.

Diet and Regional Feeding: Conclusions

At least at first glance, there seems to be an inconsistency between isotopic evidence (Chapter 20)
and other evidence concerning the importance of feeding in the eastern Beaufort Sea. The isotope record
in bowhead muscle, blubber, and baleen seems to indicate that bowheads (especially adults) feed mainly
on prey from the Bering and/or Chukchi Seas. However, behavioral, aerial-survey, and stomach-content
data, as well as certain energetics data (see below), show that bowheads also feed widely across the
eastern and central Beaufort Sea in summer and fall.

Behavioral and stomach content data do not directly show how much food is consumed in the
eastern Beaufort Sea as compared with the Bering/Chukchi system. One could hypothesize that bowhead
feeding in the Beaufort Sea might be frequent, as shown by behavioral and stomach-content data, but not
very efficient. Behavioral and stomach content results might be reconcilable with isotopic data if prey
availability to bowheads were notably better in Chukchi and/or Bering water than in the eastern Beaufort
Sea. This hypothesis would be consistent with the known high productivity of the Bering Sea and of
water from the Bering Sea that is transported north into the Chukchi. That possibility is discussed further
under “Integration and Conclusions”, below. However, if feeding in the Beaufort Sea were not important
to bowhead whales, it is difficult to understand why bowheads would spend so much time feeding there,
and why they would adapt their movements and local distribution to prey concentrations. Indeed, it is
difficult to understand why bowheads would migrate from the Bering—Chukchi area to the Beaufort Sea if
feeding in the Beaufort Sea were unimportant.

Energetics of Bowhead Whales

An estimate of the importance of the eastern Alaskan Beaufort Sea to feeding bowheads requires that
their daily and annual food requirements be estimated and then used to determine what proportion of their
annual requirements could be obtained in the study area. Chapter 22, by D.H. Thomson, first describes the
size, growth and reproduction of bowhead whales and the related physical attributes needed for the estimation
of energetic requirements. This is followed by several approaches to the estimation of the metabolic rate of
bowheads. These are compared to estimates of the amount of food consumed by bowhead whales as
determined through observations of behavior, swimming speed, and amount of food found near feeding
whales. The only specific data on the amount of food near feeding whales come from the Canadian and
eastern Alaskan Beaufort Sea. There are numerous other data gaps where it has been necessary to make
assumptions. Identification of these data gaps is useful in showing topics on which additional research would
be desirable.

The sizes of bowhead whales and their blubber content can be estimated using known-scale vertical
aerial photographs. The results are in agreement with blubber content as estimated from old whaling
records and weights of a few whales harvested at Barrow. Baleen length was estimated as a function of
whale length using data from whales harvested at Kaktovik and from data in old whaling records.
Important relationships needed for energetic calculations are summarized below, where “a” and “b” are
the coefficients for an equation of the form y = a x (body length in meters)b, r is the correlation coeffic-
ient, and P denotes the significance level of the correlation:
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Parameter/ units ° a b r P
Whale Weight MT® 0.047 2.58 0.98 < 0.001
Blubber Weight MT 0.052 2.19 0.95 < 0.001
Total surface area m? 0.54 1.85 0.99 < 0.001
Surface area of fluke m? 0.012 1.94 0.92 < 0.001
Weight of metabolic core MT 0.03 2.53 0.97 < 0.001
Surface area of metabolic core m? 0.49 1.70 0.97 < 0.001

a Equation form: y = a x body length (m)b. 4 MT (metric tonne) = 1000 kg.

Theoretical energetic requirements were calculated for a 12.5 m whale that weighs 31 MT, taking
account of the available data on whale physiology and bowhead dimensions, seasonal activities,
swimming speeds, and surfacing-respiration—dive cycles. The energetic requirements of bowhead
whales, as estimated using the respiration method, are higher than estimates based on calculated power
output or hydrodynamic considerations plus the standard metabolism approach, which is based on heat
loss.

The theoretical energy requirements of bowheads appear to be quite low and are in keeping with
the adaptations that bowheads possess for living in a cold environment where food is relatively scarce
compared to some other marine waters. These adaptations include

e A very slow maturation rate where males mature when 12 to 13 m long at an age of ~25
years, and females at a length of 13 to 13.5 m when ~27 years old.

e Very slow growth rates: after weaning, subadults initially show little growth and an average
subadult gains only about 0.8 to 1MT/yr; adults gain 0.2-0.9 MT/yr.

o The highest blubber content on a percentage basis of any species of whale.
o The longest baleen of any species of whale.

e A long reproductive cycle which spreads the energetic cost of reproduction over about four
years.

Potential feeding rates in nature were computed from the area of the mouth opening, speed while
swimming, and quantity of food available to bowheads in the eastern and central Beaufort Sea. The
mouth opening computed from width of the mouth at ~1/3 the distance between the tip of the rostrum and
the rear corner of the mouth, as a function of body length, was estimated as

Mouth Opening (m®) = —2.15 + 0.312 x Length (m); r=0.93, P < 0.001

Because the lower lip holds the baleen in place when the mouth is open, bowheads could feed with their
mouths open very wide. The relationship between whale length in m and maximum mouth opening in m’
was best described as

Maximum mouth opening (m2) =-2.03 + 0.342 Length (m); r=0.94, P <0.001

Bowheads feed on zooplankters that have a high lipid content. The small size of the bowhead stomach
and observations of bowhead feces are consistent with a hypothesis that bowheads extract only the lipids from
their prey, at least when feeding in areas with much zooplankton. Zooplankton concentrations near feeding
subadult bowheads in the Canadian and eastern Alaskan Beaufort Sea average 1.8 g/m’ on a wet weight basis,
based on echosounder-guided net sampling. This corresponds to an energetic value of about 2069 J/g wet
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weight considering only the lipid content of the prey. Observations of behavior indicate that bowheads may
feed an equivalent of ninety-three 24-hour-days per year. This estimate has wide uncertainty given the lack of
specific time-budget data for the western Chukchi Sea and Bering Strait in fall (where we assume intensive
feeding) or the central Bering Sea in winter (where we assume no feeding). Assuming 93 days of feeding per
year and a swimming speed of 2.5 km/h while feeding, a 12.5 m whale feeding at locations with average prey
biomass of 1.8 g/m® could consume 1.4 x 10° kJ/d, averaged over the year and adjusted for annual differences
in lipid content. For comparison, the calculated value assuming a swimming speed while feeding of 5 km/h
and prey density 4 g/m’ was 6.0 x 10°kJ/d,

Several different methods have been used to compute the energetic requirements of an average
12.5-m bowhead whale weighing 31 MT:

kJ/d x 10°
Standard metabolism 2.8
Standard metabolism + swimming 3.4
Basal metabolic rate 5.8
Basal metabolic rate of core only 41
Power output + BMR 6.6
Cost of swimming +BMR 6.437
Core BMR + Cost of swimming 4.7
Respiration 6.4
Feeding in nature (2.5 km/h, 1.8 g plankton/m® 1.4
Feeding in nature (5 km/h, 4 g zooplankton/m® 6.0
Growth/Food Storage for Winter 1.4

Estimated basal metabolism is higher than standard metabolism computed through consideration of
heat loss. However, estimated basal metabolism for the core weight (excluding blubber) is about the
same as standard metabolism. The metabolic rate of bowhead whales may be quite low for their size.
The evidence tends to support a low estimate based on BMR calculated from the core weight not
including blubber, plus some small but unknown amount for maintenance of the blubber layer. The cost
of locomotion derived through consideration of power output and cost of swimming were also computed,
and added to standard and basal metabolism.

About 1.4 x 10° kJ/d needs to be added to the above estimates to account for growth and food
storage, and ~1.8 x 10° kJ/d need to be added to adult female requirements for the cost of reproduction
averaged over a 4-year reproductive cycle. When these amounts are added to the two theoretical esti-
mates, the difference between those estimates and the lower “feeding in nature” estimate becomes even
greater.

One major uncertainty affecting the energetic analysis is the unknown amount of feeding in the
Chukchi Sea and Bering Strait in fall, and the Bering Sea in winter. Isotopic results suggest that most
feeding by both subadult and (especially) adult bowheads occurs outside the Canadian and eastern
Alaskan Beaufort Sea. However, feeding is commonly observed in those areas, most whales harvested at
Kaktovik have food in their stomachs, and subadult bowheads harvested in fall are heavier and have a
higher lipid content in their blubber than do spring harvested animals. Measurements of length and girth
from known-scale aerial photographs confirm some loss of girth (and thus weight) in winter. Available
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data indicate that the net loss of weight from the time bowheads leave the Beaufort in fall until they return
in spring may be on the order of 2.5 to 3.6 MT for an 11 m subadult and a 14.5 m adult. Actual weight
loss in winter is probably greater, assuming there is further weight gain in the Chukchi Sea and Bering
Strait in late autumn before the (presumed) period of winter fasting and weight loss begins.

Sampling of food available at places where bowheads were observed feeding has only been con-
ducted near subadults feeding in summer and early fall. These data came from feeding sites in the Can-
adian and eastern Alaskan Beaufort Sea. The average prey availability at the depth of maximum prey
biomass at these sites was measured as 1.8 g/m® on a wet weight basis. Estimated prey consumption by
subadults feeding in such locations is only about half that required by even the lower of the estimates of
theoretical energetic requirements if average food availability in other feeding locations is similar.
Subadults and adults would need to feed in higher concentrations of zooplankton. The quantity of prey
available at specific locations where adult bowheads feed is unknown. Given our assumptions about the
number of days of feeding in various seasons, subadults and adult males would, over the course of the
year, need to feed on average concentrations of 4 g/m’ at an average speed of 5 km/h to meet energetic
requirements. A swimming speed of 5 km/h while feeding, and zooplankton concentrations of 4 g/m’
near feeding whales, are at the upper ends of the observed ranges of values in the Beaufort Sea, and above
the average observed values for that area.

The estimate of energetic requirements derived through consideration of respiration is at the high
end of the range of estimates derived here. It is based on weights of only 5 lungs and assumptions about
the undocumented relationship (for bowheads) between weight of lungs and their volume. Tidal volume
and oxygen consumption of bowheads are unknown, as are breathing rates in winter.

The estimate derived through consideration of heat loss and cost of motion is an intermediate
estimate relative to other methods. This intermediate estimate may represent the best available estimate
of the energetic requirements of bowhead whales. It is consistent with adaptation to a cold environment
with relatively low food availability, and with the morphology and physiology of the animal.

Integration and Conclusions

The purpose of the project, as stated at the outset, was to compile and integrate existing traditional
and scientific knowledge about the importance of the eastern Alaskan Beaufort Sea for feeding by bow-
head whales; to build consensus on the need for and approach to fieldwork to augment this knowledge; to
conduct the field studies and to analyze the results; to integrate them with existing traditional and
scientific knowledge; and to report on and publish the results. Chapters 1-22, and the foregoing
summaries of those chapters, describe the variety of studies included in the project, efforts to coordinate
the work with local residents, and incorporation local knowledge of bowhead whales into the project.
Chapter 23, by D.H. Thomson, W.R. Koski and W.J. Richardson, with assistance by B.F.J. Manly, draws
the various lines of evidence together in order to address several key questions regarding the importance
of the study area for feeding by bowhead whales. Those questions were stated in the introduction of this
Executive Summary. In these final analyses, the study area is considered to extend from Flaxman Island
to the Alaska/Canada border (a distance of ~205 km), and from the shore to the 200 m depth contour.
This is the area outlined in Figure S.2 plus a westward extension by 20 n.mi. (37 km) to Flaxman Island.

A comparison of carbon isotope ratios in bowhead muscle and baleen with those in the main food
organisms suggests that bowhead whales consume only a minority of their food in the eastern and central
Beaufort Sea, including Canadian as well as eastern Alaskan waters:
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* Based on stable-isotope evidence, bowhead whales likely consume only 10 to 26 % of their
food in the eastern and central Beaufort Sea. Subadult bowheads appear to derive >10 % of
annual food requirements there, although the 95 % confidence interval extends below 10 %.
It is also probable that adults gain >10 % of their food in that area, but for adults the isotope
evidence considered in isolation would support an answer of <10 %.

The isotope results are surprising in relation to several other types of evidence that show consid-
erable feeding by bowheads in the eastern and central Beaufort Sea during summer and early autumn:
* Behavioral observations show that bowheads spend much of their time feeding while in those areas.
* Zooplankton sampling near bowheads feeding in those areas shows that whales concentrate their feeding
at locations with much higher than average biomasses of zooplankton. * Stomach contents of bowheads
harvested during late summer and autumn at three locations in the Alaskan Beaufort Sea (including Kak-
tovik, within the eastern Alaskan Beaufort) show that most bowheads, both subadult and adult, had been
feeding shortly prior to death. ¢ Length—girth relationships show that subadult bowheads, and possibly
adults, gain weight while in the Beaufort Sea in summer, and lose weight while elsewhere. ¢ Lipid con-
tent of blubber, at least of subadults, is higher when they leave the Beaufort in fall than when they return
in spring. Although some of this evidence is preliminary and based on small sample sizes, the evidence
suggests the importance of feeding in the Beaufort Sea during summer and early autumn.

A feeding scenario that might be consistent with all these data is as follows: Feeding occurs com-
monly in the Beaufort Sea in summer and early autumn, and bowheads gain energy stores while feeding
there. However, zooplankton availability is not as high in the Beaufort Sea during summer as in the
Chukchi and northern Bering seas during autumn. Also, feeding in the western Beaufort in autumn may
effectively be on Chukchi prey advected to that area. Thus, bowheads might acquire more energy from
Bering/Chukchi prey in autumn than from eastern and central Beaufort prey in summer/early autumn.
Given this, plus an assumed low turnover rate of body components, the overall body composition of bow-
heads may be dominated by components from the Bering/Chukchi system even at the end of the summer
when leaving the Beaufort. Energy gained in the Beaufort and Chukchi seas during summer and fall is
presumably used during winter when food availability is low, resulting in reduced girth and energy stores
when returning to the Beaufort Sea in spring than when leaving in autumn.

Several aspects of this scenario are speculative. Also, as noted above, it remains unclear why bow-
heads would migrate to the Beaufort Sea and feed there so frequently during summer and early fall if
bowheads obtain little of their annual diet in that region. These uncertainties point toward topics warrant-
ing further research.

Although various types of evidence (with the exception of isotope ratios) indicate that the eastern
Beaufort Sea as a whole, including the Canadian Beaufort, is important to bowhead whales for feeding,
the eastern Alaskan Beaufort Sea is only a small fraction of that area. It was of interest to know how
much time an average whale, and some individual whales, spend in the specific eastern Alaskan Beaufort
Sea. Was there evidence of average or individual residence times of at least 7 days? Analysis of several
types of data resulted in the following conclusions:

* An average bowhead spends ~3.8 days in the area from Flaxman Island to the Alaska/
Canada border during the late summer/autumn period, or ~1.4 d longer than expected for a
whale that swims steadily across that area. Averages in various years ranged from ~2.5 to
6.3 d. Although the average was <7 d in all years studied, it might exceed 7 days in a small
minority of the years, based on the calculated upper 95 % confidence bounds.
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* Of the individual bowheads that travel through the eastern Alaskan Beaufort Sea, some
spend at least 7 days between the Alaska/Canada border and Flaxman Island during late
summer and autumn.

What percentage of the geographic area within the eastern Alaskan study area is suitable as feeding
habitat? At least 1 % in some years? At whale feeding locations in the Canadian and eastern Alaskan
Beaufort Sea, zooplankton biomass at the depth of maximum biomass, where bowheads presumably fed,
averaged 1.8 g/m’ and was usually >800 mg/m’. The latter was assumed to be the minimum biomass that
was sufficient for economical feeding by bowheads.

» The percentage of the study area suitable as feeding habitat, i.e., with >800 mg/m’ zoo-
plankton at some depth, averaged 25 % over four years with effective echosounder sampling,
and varied from 7 % to 43 % in individual years.

Two additional questions of interest concerned the proportion of bowheads that feed while in the
eastern Alaskan Beaufort Sea, and the frequency with which they feed while actively traveling:

* Based on stomach content data, supplemented by behavioral evidence, far more than 10 %
of the bowheads that pass through the eastern Alaskan Beaufort Sea during late summer and
autumn feed there. Of the whales harvested at Kaktovik, 83 % had food in their stomachs,
and 39 % had >20 L of stomach contents.

* Bowheads fed for an average of 47 % of their time in the eastern Alaskan Beaufort Sea
during late summer and autumn. A substantial minority of the feeding occurred during
travel. Among traveling whales, feeding as well as travel was occurring during a substantial
percentage of the time, on the order of 43 %.

A key objective for this study was to estimate what percentage of the bowhead population’s annual
energetic requirements might be derived from the study area. The estimated number of whale-days in the
study area during August—October averaged ~16,953 /yr across the five study years, but varied widely
from year to year. Whale-days estimates were based on aerial survey data adjusted to allow for whales
missed by the surveyors. Based on the whale-days estimates, and the fact that bowheads in the study area
were observed to feed for 47 % of the time (9 to 67 % in different years), we estimated the number of
effective feeding-days in the study area each year. Given this, the bowhead energetics model developed
in the preceding chapter, and various assumptions, it was possible to estimate the fraction of the popu-
lation’s annual dietary requirements that might be derived from the eastern Alaskan study area:

* In an average year, the population of bowhead whales derives an estimated 2.4 % of annual
energetic requirements in the eastern Alaskan Beaufort Sea. In 1 of 5 years of study, the
population may have derived 7.5 % or more of annual energetic requirements from the area.
Utilization of the study area varies widely in time and space depending on zooplankton
availability and other factors.

In 4 of 5 study years, the bowhead population was estimated to consume <2 % of its annual requirements
within the eastern Alaskan Beaufort Sea during late summer and autumn. A sensitivity analysis by Dr. B.F.J.
Manly indicated that, in those four years, the upper bound of the 95 % confidence interval was below 5 %.
However in 1999, when the best estimate was 7.5 %, the upper bound was 16.5 %. We suspect that the whale-
days figure for 1999 was overestimated, and that the 16.5 % upper bound is unrealistically high. However,
consumption in the study area during a high-utilization year might exceed 5 % of annual population require-
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ments. Given some of the approximations that were made, these estimates are more likely to be over- than
underestimates. It is implausible that the population would consume more than a few percent of its annual
food requirements in the study area in an average year.

A related analysis showed that an individual whale would need to spend 10 days in the eastern
Alaskan Beaufort Sea in order to consume 5 % of annual food requirements. A small (but uncertain)
fraction of the individuals spend 10 days there in late summer/autumn. Few if any individuals spend 20
days in the area, which would be required to obtain 10 % of their individual annual food requirements
there.

Opverall, the results show that the eastern Alaskan Beaufort Sea is used for feeding to widely varying
degrees depending on the year and on the individual bowhead. It is not surprising that the average
contribution to the annual diet is apparently rather small: Most individual bowheads remain in that area for
only a rather short period in late summer/fall, averaging ~4 days. That is too little time to allow an average
bowhead to consume more than a small fraction of its annual dietary intake. Also, the eastern Alaskan study
area is rather small in comparison to the overall area in the Beaufort and Chukchi seas where bowheads are
known to feed. It would be unreasonable to expect that a high percentage of the annual diet would be
acquired during a short stay in one small area. However, it was beyond the scope of this study to assess the
importance (for feeding) of the present study area as compared to other similar-sized areas.

Bowhead whales are of great cultural importance to the Inupiat and are a major source of food.
Thus, any area used by bowheads, especially when it is also a hunting area, is considered important by the
local residents. No matter what percentage of the annual food requirement is derived from the eastern
Alaskan Beaufort Sea, local residents will continue to view their hunting grounds as an important area for
bowhead whales.

This study has devoted much effort to the integration of existing and new scientific knowledge with
local and traditional knowledge. It has provided many new data concerning bowhead feeding ecology
and related aspects of bowhead biology, especially in the eastern Alaskan Beaufort Sea. However, there
are still numerous approximations, assumptions, data gaps, and variations of opinion regarding interpre-
tation of data. This is inevitable in dealing with such a complex topic, especially in an environment
where field studies must cope with severe logistical difficulties. The authors do not claim that the project
has resolved all uncertainty about the importance of the eastern Alaskan Beaufort Sea for feeding by
bowhead whales—only that much progress has been made, and that the range of uncertainty has been
narrowed. One of the major outcomes of the project is to better identify the major questions that remain
to be answered. A list of potential research topics is included in the “Integration and Conclusions”
chapter of the final report.
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The Department of the Interior Mission

As the Nation's principal conservation agency, the Department of the Interior has responsibility for
most of our nationally owned public lands and natural resources. This includes fostering sound use
of our land and water resources; protecting our fish, wildlife, and biological diversity; preserving the
environmental and cultural values of our national parks and historical places; and providing for the
enjoyment of life through outdoor recreation. The Department assesses our energy and mineral
resources and works to ensure that their development is in the best interests of all our people by
encouraging stewardship and citizen participation in their care. The Department also has a major
responsibility for American Indian reservation communities and for people who live in island
territories under U.S. administration.

The Minerals Management Service Mission

As a bureau of the Department of the Interior, the Minerals Management Service's (MMS) primary
responsibilities are to manage the mineral resources located on the Nation's Outer Continental Shelf
(OCS), collect revenue from the Federal OCS and onshore Federal and Indian lands, and distribute
those revenues.

Moreover, in working to meet its responsibilities, the Offshore Minerals Management Program
administers the OCS competitive leasing program and oversees the safe and environmentally sound
exploration and production of our Nation's offshore natural gas, oil and other mineral resources. The
MMS Royalty Management Program meets its responsibilities by ensuring the efficient, timely and
accurate collection and disbursement of revenue from mineral leasing and production due to Indian
tribes and allottees, States and the U.S. Treasury.

The MMS strives to fulfill its responsibilities through the general guiding principles of (1) being
responsive to the public's concerns and interests by maintaining a dialogue with all potentially
affected parties and (2) carrying out its programs with an emphasis on working to enhance the
quality of life for all Americans by lending MMS assistance and expertise to economic development
and environmental protection.



1. INTRODUCTION

W. John Richardson and Denis H. Thomson '

The Bowhead Whale

The bowhead whale, Balaena mysticetus, is a large arctic-dwelling baleen whale in the right whale
family (Balaenidae). Bowheads, like other right whales, are rotund, slow-swimming whales with long
and fine baleen, well adapted for filtering small prey from large volumes of water. This introductory
section provides some basic information on the species. References are generally excluded, as most of
this information is common knowledge, and summarized in the standard monograph on The Bowhead
Whale (Burns et al. [eds.] 1993).

The distribution of the bowhead whale is limited to arctic and subarctic regions, rarely very far from ice.
Historically there were five populations of bowhead whales distributed around the arctic. All were subject to
commercial whaling before and/or during the 19" century. All five populations were greatly reduced by this
whaling, and only one of the five stocks has recovered to a substantial degree. That is the Bering—Chukchi—
Beaufort (BCB) population, which winters in the Bering Sea and travels north and east around Alaska to the
Beaufort Sea in summer (Fig. 1.1). As of 1993, the BCB stock was estimated to contain about 8200 animals
and to be increasing at about 3.2% per year. That would suggest a population of somewhat over 10,000
whales by 2000. The next census was in 2001, and preliminary results from 2001 confirm that the current
BCB population is indeed near 10,000 whales and continuing to increase (George et al. 2002).

Alaskan natives conduct subsistence hunts for BCB bowheads every year. Communities in western
Alaska, northeast as far as Barrow, hunt bowheads during the spring migration. Three communities along
the coast of the Alaskan Beaufort Sea — Kaktovik, Nuigsut, and Barrow — hunt bowheads during their
westward migration in late summer and autumn. In recent years, the maximum allowable harvest has
been about 67 bowheads struck or 56 landed per year; actual landings are generally somewhat less. The
harvests have been well below the sustainable yield of the population, as confirmed by the upward trend
in population size. The quota is assigned by the International Whaling Commission (IWC), and managed
by the Alaska Eskimo Whaling Commission and National Marine Fisheries Service. A Special Meeting
of the IWC in October 2002 provided for up to 280 bowheads to be landed in the period 2003—2006. The
bowhead harvest is of great significance, both cultural and nutritional, to the communities that participate.
The importance of bowheads to Alaskan natives has been a dominant factor in elevating concerns about
the potential impacts on bowheads of industrial activities and other factors.

The BCB bowhead whales winter in the pack ice of the northern Bering Sea, and migrate north-
ward into the Chukchi Sea in early spring. Most of the population travels northeastward through leads in
the pack ice until they reach Point Barrow, and then travel east into the Beaufort Sea. The spring
migration past Barrow is predominantly from mid-April through early June, with the subadults tending to
pass first, then adults, and finally mothers with newborn calves. From the Barrow area, many bowheads

" LGL Ltd., environmental research associates, 22 Fisher St., POB 280, King City, Ont. L7B 1A6.
Phone: 905-833-1244; e-mail: wjr@lgl.com, dthomson@lgl.com
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FIGURE 1.1. Seasonal migration of the Bering—Chukchi-Beaufort stock of bowhead whales, and locations
mentioned in text. The “eastern Alaskan Beaufort Sea” is shaded.

travel east through cracks and leads in the pack ice until they reach more extensive lead systems in the
Canadian Beaufort Sea. Little is known of their activities there until mid-summer, when the ice has usually
receded and bowheads are commonly seen feeding in open waters of the southeastern Beaufort Sea and
western Amundsen Gulf. In August and early September of some years, large numbers of bowheads
(mainly subadults) feed in shallow waters along the north coast of the Yukon. (The adults tend to be farther
offshore and east at this time.) Most summer feeding is apparently in the water column. However, bow-
heads are sometimes seen bringing mud to the surface, indicative of feeding near the bottom, and sometimes
they are seen swimming at the surface with mouths open. In addition to feeding, summering bowheads are
commonly seen to rest, socialize, or travel. They sometimes exhibit “aerial behaviors” (breaching, flipper or
fluke slapping), and they occasionally play with inanimate objects such as logs.

Although most bowheads apparently move into the Canadian part of the Beaufort Sea in summer,
some may not. Local residents in northern Alaska report occasional sightings of bowheads in July and
August, and aerial surveys in August have found bowheads far offshore in the eastern part of the Alaskan
Beaufort Sea. Also, by late August or early September, the whales that concentrate in late summer (in
some years) along the Yukon coast often start to move into eastern Alaskan waters. Those whales are
often seen feeding in the same ways as they feed in the Canadian Beaufort Sea. Most of the bowheads
harvested in the annual subsistence hunt at Kaktovik, in the eastern Alaskan Beaufort Sea, have prey in
their stomachs — predominantly copepods and to a lesser extent euphausiids and other organisms. The
bulk of the westward migration from Canada into the eastern Alaskan Beaufort Sea occurs from late
August until mid October.
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The speed of westward travel across the Alaskan Beaufort Sea is quite variable, with some
individuals traveling west rather steadily (as indicated by telemetry) but others lingering, in many cases to
feed. Bowheads have often been seen to feed while traveling west, but at other times they linger in
feeding aggregations, at times including tens or even hundreds of whales. In addition to the eastern
Alaskan Beaufort Sea near and east of Kaktovik, concentrations of bowheads feed in waters east of
Barrow in some years. Bowheads harvested at Barrow in fall frequently have much food in their
stomachs, predominantly euphausiids.

From the Barrow area, many bowheads travel southwestward across the northern Chukchi Sea to
the northeast coast of Russia, where feeding aggregations have sometimes been seen in autumn. There is
relatively little direct information about the nature and amount of feeding along the Russian coast.
Eventually these whales turn southeastward and travel through the Bering Strait toward the wintering
grounds. Almost nothing is known about the activities of bowheads in winter. However, a previous
study of carbon isotope ratios in bowhead prey and bowhead tissues suggested that much of the annual
food intake is obtained from Chukchi or Bering Sea waters, where most BCB bowheads occur from late
autumn until spring. The same study suggested that only a minority of their food comes from the eastern
and central Beaufort Sea, including the eastern Alaskan Beaufort. This was surprising given the frequent
observations of feeding in the Beaufort Sea, the common occurrence of food in stomachs of bowheads
harvested in the Alaskan Beaufort in fall, and the fact that other baleen whales feed mainly in summer.

Bowheads are notable for their slow growth rates and long lifetimes. Calves are born in spring after a
gestation period of just over one year. They remain with their mothers through the summer and autumn but
most are weaned by the following spring. After weaning, their growth becomes very slow for the first few
years of independent life. Bowheads do not become sexually mature for many years — much later than other
baleen whales. After reaching sexual maturity, bowhead females appear to have calving intervals of 3—4 years.
Recent evidence suggests that some bowheads may live to very great ages — well beyond 100 years.

Background to this Project

The purpose of the present project, as defined by the Minerals Management Service, was to
compile and integrate existing traditional and scientific knowledge about the importance of the eastern
Alaskan Beaufort Sea for feeding by bowhead whales; to build consensus on the need for and approach to
fieldwork to augment this knowledge; to conduct the field studies and to analyze the results; to integrate
them with existing traditional and scientific knowledge; and to report on and publish the results.

This feeding study was considered necessary by MMS to support environmental risk assessments,
environmental impact statements (EISs), and other pre- and post-leasing decision documents for potential
gas and oil leasing in the Beaufort Sea planning area.

Chapters 2 through 23 of this report are an integrated account of traditional knowledge, previous
scientific knowledge, and results from recent scientific studies concerning the use of the eastern Alaskan
Beaufort Sea for feeding by bowhead whales. The new data collected during this study, mainly during
September of 1998, 1999 and 2000, have been supplemented with data collected earlier in and adjacent to
the study area. This increases the power of analyses and provides a better basis for assessing among-year
variation in the various aspects of bowhead feeding ecology.

This project is an extension of a bowhead feeding study conducted in the same area during 1985
and 1986 (Richardson [ed.] 1987). The present MMS-sponsored study is intended to provide additional
data from more years, and to do so in collaboration with subsistence hunters and other local stakeholders.
The 1985-86 study concluded that the eastern Alaskan Beaufort Sea did not, in those years, provide more
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than a small proportion of the food consumed by the Bering—Chukchi—Beaufort stock of bowheads,
although the area may be important to some individual bowheads. That conclusion was controversial.
The main concerns were the short duration of the previous study (two field seasons, one of which was
limited by ice cover), questions about sampling designs, and difficulties in estimating food availability
and consumption. Two years is too short a period in which to fully characterize use of an area by bow-
head whales. Environmental conditions, and the distribution and activities of bowheads, are all known to
vary widely from year to year.

The current project is similar in scope and purpose to the previous study, but includes changes and
refinements to deal with concerns about the earlier study raised by the North Slope Borough’s Science
Advisory Committee (SAC) in 1987. The Project Plan (Thomson and Richardson 1999) was designed to
take account (insofar as possible) of the main concerns about the 1985-86 work. Major differences
between this study and the one done in 1985-86 are as follows:

e closer coordination with the Kaktovik Whaling Captains’ Association (KWCA), North Slope
Borough (NSB), Alaska Eskimo Whaling Commission (AEWC), National Marine Fisheries
Service (NMFS), and industry to involve stakeholders in the project and its planning,

e use of a Scientific Review Board (SRB) including both independent scientists and represen-
tatives of the aforementioned stakeholder groups to review project plans and draft reports,

e extended use of stable isotope analyses, taking account of developments since 1985-86,

e a pilot study to investigate the potential usefulness of promising new methods of fatty acid
analysis to help characterize prey types,

e use of 14 more years of bowhead distribution data, mainly based on aerial surveys conducted
annually by MMS (total of 21 years now available),

e addition of 3 more years of specific feeding studies in the eastern Alaskan Beaufort Sea (total of
5 years now available), and

e  most importantly, greatly increased efforts on local coordination, with the objective of ensuring
that key stakeholders support the need for the project, its objectives, its methods, and the
interpretation of its results.

Where appropriate and possible, methods applied during the new three-year study were consistent
with methods used during the 1985-86 study. Thus, there are now consistent data from five years, sup-
plemented by additional data (e.g., aerial surveys) from other years, with which to address the main
objectives and hypotheses.

Objectives of the Study

The objectives of this study are listed below. References to “Year 1” refer to mid-1997 through
mid-1998. Year 2 began in mid-1998 and included the September 1998 field season. Year 3 began in
mid-1999 and included the September 1999 field season. Year 4 began in mid-2000 and included the
final field season in September 2000.

1. Use existing data (traditional and scientific) to assess when and how feeding bowheads can be
recognized and distinguished from those engaged in social/milling and other behaviors
(Year 1), and distinguish those activities whenever possible during field studies (Years 2—4).

2. Mutually develop hypotheses that scientists and subsistence whale hunters concur can be suc-
cessfully tested to determine and quantify the relative importance of the eastern Alaskan Beau-
fort Sea as a feeding area for bowhead whales (Year 1).
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3. Design (Year 1) and conduct (Years 2—4) research appropriate for testing the above hypotheses
and for quantifying potential feeding by bowhead whales in the same area.

4.  Analyze previous and updated scientific information, summarize pertinent knowledge of area
subsistence whale hunters, and, where possible, test the above hypotheses and quantify bow-
head area feeding for previous years (Years 1 and 2—4).

5. Use historical satellite and aerial survey data to search for links between spatial or temporal
patterns in bowhead feeding vs. ambient oceanographic conditions (Year 1). If links are evi-
dent, use all available data to characterize those links (Year 4).

6. Summarize (Year 1) and update (Year 4) available information, including traditional know-
ledge, on the effects of acoustic and visual disturbance to bowhead whales (or other planktiv-
orous whales) engaged in apparent feeding behavior. This is considered to be a secondary
objective.

7. Use the above information to determine and quantify the relative importance of the eastern
Alaskan Beaufort Sea as a seasonal feeding habitat for bowhead whales (Year 4).

Also, although the limited available pre-1998 and 1998-2000 satellite data on sea-surface
conditions were acquired, these data were not used in any detailed way. All other objectives listed above
were addressed in detail.

Study Area and Periods

Why Concentrate on the Eastern Alaskan Beaufort Sea?

The eastern part of the Alaskan Beaufort Sea has been known for many years as an area where
bowhead whales commonly feed during late summer and early autumn. By the early-mid 1980s, it was
recognized that, in some years, considerable numbers of feeding bowheads occur in that area, especially
in September (e.g., Johnson 1984). By that time it was also known that there is zooplankton — mainly
copepods and euphausiids — in the stomachs of most bowheads harvested in autumn near Kaktovik (e.g.,
Lowry and Burns 1980; Lowry and Frost 1984). It was recognized that some feeding occurs farther west
during autumn, especially in the area just east of Barrow, but feeding frequency seemed to decrease as
bowheads moved west through the Alaskan Beaufort during autumn (Ljungblad et al. 1986). Whether
there really is such a decrease is uncertain, as specific studies of feeding have not been done in the central
and western parts of the Alaskan Beaufort Sea. In fact, feeding frequency may be as high or higher just
east of Barrow than in more easterly parts of the Alaskan Beaufort (Treacy in prep.). Most bowheads har-
vested at Barrow in fall have been feeding shortly before death (Lowry 1993; see also Chapter 18 of this
report). However, during the early-mid 1980s the eastern part of the Alaskan Beaufort Sea was judged to
be of special significance to bowheads. Now-available data confirm that it is, at the least, one of the parts
of the Alaskan Beaufort where feeding is common in late summer and early autumn.

Given the concern in the mid-1980s about the importance of the eastern Alaskan Beaufort Sea as a
feeding area, MMS sponsored an intensive study of bowhead feeding in that area during 1985-86 (Rich-
ardson [ed.] 1987). That study concentrated on the area from eastern Camden Bay (144°W, just west of
Kaktovik) to the Alaska—Canada border, and from the shore to the 200 m depth contour roughly 50-65
km offshore (Fig. 1.2). However, some attention was also given (via aerial surveys) to deeper waters
north of the 200 m contour.
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FIGURE 1.2. The eastern Alaskan Beaufort Sea and adjacent waters, showing the areas identified as the
primary study areas for the 1985-86 and 1998-2000 feeding studies.

The 1985-86 study concluded that, in those years, the eastern Alaskan Beaufort Sea did not pro-
vide a very high proportion of the annual energy requirements of the bowhead population, although food
from that area may have been important to some individual bowheads that fed there longer than did the
average whale. That conclusion was controversial. Among other concerns, the Science Advisory Com-
mittee of the North Slope Borough concluded that the 1985-86 study did not cover a sufficient number of
years to justify any general conclusion about the importance of the area. This conclusion, and subsequent
expressions of concern about the adequacy of the 1985-86 study, was one of the main reasons why MMS
decided to sponsor a follow-up study in the same general region, with amendments in study procedures to
address the concerns about the 1985-86 study.

It is well known that much feeding by bowheads occurs elsewhere, both farther east in the Can-
adian Beaufort Sea during summer (e.g., Wiirsig et al. 1985, 1989; Bradstreet et al. 1987), and farther
west in the Alaskan Beaufort Sea and the Chukchi Sea during autumn (e.g., Lowry 1993; Landino et al.
1994; Moore et al. 1995). There is also a limited amount of feeding along the spring migration route
(Carroll et al. 1987; Lowry 1993; Richardson et al. 1995). Evidence from stable isotopes suggests that
feeding is, in fact, predominantly in Bering and Chukchi waters (Schell and Saupe 1993). The eastern
Alaskan Beaufort Sea constitutes only a small percentage of the total range of the BCB bowheads, and
likewise only a small percentage of the part of that range where feeding is known to occur (Fig. 1.1). The
MMS-sponsored feeding study in 1985-86 concentrated on the eastern Alaskan part of the Beaufort Sea
because, of the feeding areas under MMS jurisdiction (waters off Alaska), the eastern Alaskan part of the
Beaufort Sea was of particular concern in the mid-1980s. The study area for the current 1998-2000 study
was similar because of continued interest in that area, and because of a desire to resolve questions that
had been raised about the results of the initial 1985-86 study.
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Specific Study Area Boundaries

As noted above, the study area for the 1985-86 project extended from eastern Camden Bay, just
west of Kaktovik (144°W), to the Alaska—Canada border (141°W at the coast), and from the coast
offshore to the 200 m contour (intensive effort) and beyond (aerial surveys only). During the planning
process for the present study, we reviewed the available information available from a wider area, from
Flaxman Island near the western edge of Camden Bay (146°W) to Herschel Island some 75 km into
Canadian waters (139°W). Based on that review, advice from Kaktovik whalers (see Chapter 2), and
advice from the project’s Scientific Review Board (SRB), it was decided to extend the primary study area
westward by 1° of longitude (37 km) as compared with the western edge of the 198586 study area. This
placed the new western boundary near the middle of Camden Bay (145°; Fig. 1.2). Also, with SRB
concurrence, it was decided to further de-emphasize efforts in deep offshore areas in order to concentrate
available resources in the shallower areas of particular concern to Kaktovik hunters and (potentially) the
oil industry. During the 1998-2000 study, boat-based zooplankton sampling was limited to areas seaward
to the 50 m contour (vs. 200 m in 1985-86). However, our standard aerial survey coverage in 1998-2000
extended to the 200 m contour, and in those years less intensive aerial survey coverage was obtained
farther offshore by ourselves and as part of the broad-scale aerial survey program conducted by MMS
(Treacy 2000, 2002).

Although the official study areas for the 1985-86 and 19982000 projects were as defined above,
relevant data of various types were obtained from adjacent areas to the west, north, and east. For
example, the aerial surveys conducted or sponsored by MMS each year since 1979 have extended slightly
east and far west of the official study areas for the 1985-86 and 1998-2000 feeding studies. Behavioral
observations of bowheads, and aerial photogrammetric data on bowheads, have also been obtained from
areas farther east and west during certain years. Other bowhead feeding studies, especially in Canadian
waters (e.g., Bradstreet et al. 1987), provide data that are relevant in interpreting the data from the specific
“eastern Alaskan” study area. The overall approach in this study was to make use of relevant data from
other projects when appropriate, thereby expanding the available data and strengthening the conclusions
that can be drawn. Thus, in some chapters of this report, we include data from areas bordering the official
study area. For each chapter or analysis, we have described the area in which data were collected or
assembled. This inclusive approach causes some complications in deriving averages and estimates spec-
ific to the official study area, as described in various chapters. However, within limits, the advantages of
larger sample size and broader perspective outweigh the disadvantages.

Study Periods

Years—The specific MMS-sponsored studies of bowhead feeding in the eastern Alaskan Beaufort
Sea were in 1985-86 and 1998-2000, for a total of five late summer/early autumn seasons. However,
bowhead utilization of that area was documented in at least a general way during other years in the 1979—
2000 period. MMS conducted or sponsored systematic aerial surveys including the eastern Alaskan
Beaufort Sea in all of those years aside from 1980. In addition to the broad-scale MMS aerial surveys and
the additional surveys conducted in 1985—-86 and 1998-2000 as part of the feeding studies, other industry-
sponsored or Canadian-based aerial surveys covered parts of the eastern-Alaskan study area in certain
years. Aerial surveys in years other than 198686 and 1998-2000 were used to obtain an extended (in
time) perspective on utilization of the study area. Comparison of aerial survey data from the five feeding-
study years vs. other years provides information as to how representative the feeding-study years were.
Chapter 9 of this report summarizes the aerial survey data from 1979 to 2000.
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Whalers and other local residents also provided information about certain whale activities in the
eastern Alaskan study area during some years aside from the five feeding-study years. Most of the
Kaktovik residents who provided us with Local and Traditional Knowledge (LTK) have lived and hunted
in the study area for several decades, and are very familiar with year to year variability in use of the area
by bowhead whales. The information that they provided is summarized in Chapter 2 and in Annex B (in
volume 2). As with the aerial survey information, LTK provided an additional basis for judging whether
the detailed results from the five feeding-study years were representative.

Samples of bowhead stomach contents from whales harvested at Kaktovik were available not only
from the feeding-study years (except 1985, when no bowheads were taken at Kaktovik) but also from
1997 and various other years (see Chapter 18). Only a very small number of samples of bowhead
stomach contents can be obtained at Kaktovik each year given the low number of animals harvested there
per year (maximum of 3 in most recent years, not all of which contain prey when landed). However, the
samples from other years broaden the perspective.

Study Dates.—Boat-based fieldwork was conducted for about 2 weeks during early-to-mid or mid-
to-late September of 1985-86 and 1998-2000. Aircraft-based fieldwork specifically for the feeding study
occurred for 3—4 weeks during September in each of those years. These main field periods occurred
during the time of peak occurrence of bowheads in the study area. However, these periods began after
bowheads first arrived in the area (especially in 1998-2000), and ended well before the end of the
bowhead migration. Indeed, it is possible that some bowhead whales are in the general area throughout
the summer, given the occasional sightings of bowheads in the area during July (see Chapter 2). How-
ever, the scarcity of summer (as compared with fall) sightings indicates that bowheads are present in
summer only sporadically and/or in low numbers, at least in the nearshore areas that are of most concern.

The limited duration of the main field periods during the five years of the feeding studies was a
result of several factors:

e limited resources that precluded intensive operations throughout the whale migration season;

e adesire (during the 1998-2000 study) to sample in three additional years rather than concentrate
a fixed amount of effort into two longer field seasons;

e an agreement with the Kaktovik hunters, during each of 1998-2000, to avoid boat-based samp-
ling east of Kaktovik until after two bowheads had been harvested; and

e a serious risk that ice would interfere with boat operations, including safe return of the boat to
Prudhoe Bay, if sampling continued into October. The 1985 field season was, in fact, curtailed
early because of an incursion of pack ice that threatened to trap the sampling vessel.

To help interpret the results of the September sampling, we took advantage of several supple-
mentary sources of data that provided information about whale use of the study area during a larger
fraction of the migration period. These additional sources of information included

e MMS and other aerial survey data (1979 to 2000), typically extending from about 1 September
until early or mid October, and occasionally late October; from 1979 to 1986, aerial survey data
were also available from the present study area during much of August (see Chapter 9);

e local knowledge, as assembled through meetings and discussions with individual residents of
Kaktovik (see Chapter 2 and Annex B); and

e boat-based reconnaissance surveys near Kaktovik during late August (mainly of 2000), as sug-
gested by Kaktovik residents (see Chapter 2).
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We acknowledge that the intensive feeding study work did not extend through the full period while
bowhead whales are present in the eastern Alaskan Beaufort Sea. However, it did occur during the time
of peak utilization of that area by bowhead whales, as documented by aerial surveys. It would be
interesting to have specific information about food availability and whale feeding during the early and
late parts of the late summer/autumn season. However, we believe that the various sources of data, in
combination, provide a reasonable basis for assessing the overall importance of the study area for feeding
by bowhead whales.

Project and Report Title

The title of the present final report is the title that was assigned to the 1998-2000 feeding study by
MMS in the “Request for Proposals” (April 1997) and in the contract:

“Bowhead whale feeding in the eastern Alaskan Beaufort Sea: Update of Scientific and
Traditional Information”

The Scientific Review Board suggested, at its January 2002 meeting, that the final report be given a title
including more specific details concerning the study area and study period. However, the areas and
periods of study depended on the type of data being collected. Any attempt to be more precise leads to a
long and cumbersome title. These matters are discussed further in Annex A (in volume 2). We decided
to retain the original project title as the report title; it accurately represents the overall study scope, and
maintains continuity with titles used earlier in the project.

Questions to be Addressed

Questions to be addressed by the study were developed around the study objectives. The study
design was, in turn, based in large part on these questions.

A set of general hypotheses was developed during Year 1 and included in the Project Plan (Thom-
son and Richardson 1998). An updated set of seven hypotheses was subsequently developed that includ-
ed specific cutpoints such as numbers of days whales might spend in the study area and percent of time
they might spend feeding. In selecting cutpoints, we took the view that small differences in food intake
may have major consequences for individuals and populations. Insufficient food intake might cause
reproductive failure and retardation of the age at maturity, among other effects. Thus, some of the cut-
points that we used in the revised hypotheses were relatively low values. These hypotheses were not
conventional “null” and “alternate” hypotheses. Following review of the draft final report by the project’s
Scientific Review Board (see Annex A), it was agreed by all concerned that these hypotheses should be
re-phrased as research questions that were addressed by the project.

Question (1)
The overall question addressed during this study is as follows:

In an average year, how important is the eastern Alaskan Beaufort Sea for bowhead whales;
what percentage of the population’s annual energetic requirements is derived from the area?

This overall question is addressed by considering many different types of data acquired or assembled
during the project (see Chapters 2 — 22), integrated by means of an energetic model (Chapter 22). Here, as
in the more specific questions listed below, the project aims to estimate an actual value rather than simply
determine whether the value is above or below some specified cutpoint. However, for Questions 2 — 6, the
cutpoints included in the (former) hypotheses have been retained. We consider these cutpoints to represent
levels of feeding activity that, if exceeded, would indicate substantial feeding in the area.
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Question (2)

How much of its annual food requirements does the Bering—Chukchi—Beaufort (BCB) population
of bowhead whales derive in the eastern and central Beaufort Sea? At least 10 percent?

This question is to be addressed by examining isotopic composition of bowhead tissue in spring
and fall, and of prey tissue through the range of the bowhead whale. Presently-available stable isotope
techniques cannot discriminate food acquired in the Canadian vs. the eastern Alaskan Beaufort Sea. As
written, this is an important and potentially answerable question if there is consensus about the
applicability of the stable isotope method to this question. If it is established that bowheads derive little
of their annual food requirements from the larger area (eastern and central Beaufort Sea), as previous
isotope data suggest (Schell and Saupe 1993), then the smaller “eastern Alaskan Beaufort Sea” would
necessarily provide an even smaller proportion of the population’s annual energetic requirements. How-
ever, before the isotopic method could be accepted as resolving this matter one way or the other, the
applicability of this method needed further consideration. Results of earlier isotopic studies (and of some
of the additional isotopic work described in Chapter 20) are surprising in light of several other types of
evidence documenting frequent feeding in the eastern and central Beaufort Sea during summer and early
autumn. Also, a related isotope-based study (Hoekstra et al. 2002) has provided some data that differ
from those of the present study. These data need to be compared and reconciled. This topic is addressed
in Chapters 20-23.

Question (3a)

Of the bowheads that travel through the eastern Alaskan Beaufort Sea, how long does an
average whale spend there? At least 7 days?

Question (3b)

Of the individual bowheads that travel through the eastern Alaskan Beaufort Sea, how long
do some individuals spend there? At least 7 days?

These two related questions can be answered based on evidence concerning residence times,
including aerial photogrammetric data documenting residence times of individually-recognizable bowhead
whales, previously-reported telemetry data, etc. The question has been split into two because there are
distinct questions about the importance of the study area to certain individual whales vs. the population as a
whole. The 7-day cutpoint is substantially less than the duration of each field season. Several sources of
data such as behavioral observations and stomach contents show that most if not all whales that travel
through the eastern Alaskan Beaufort Sea feed there to at least a limited extent. Thus, total residence times
in the area can be assumed to be closely related to the importance of the area for feeding.

Question (4)
What percentage of the bowheads that pass through the eastern Alaskan Beaufort Sea feed
there? At least 10 percent?

This question addresses the proportion of the whales passing through the area that feed. This can
be answered with two independent types of data: stomach content data from the Kaktovik harvest, and
behavioral observations.

Question (5)
What percentage of the geographic area within the study area is suitable as feeding habitat
in different years? Is at least 1% of the study area suitable in some years?

This question can be answered through boat-based observations of the quantities and types of zoo-
plankton present at locations where bowheads feed, the spatial extent of such plankton concentrations,
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and the stomach contents of bowheads harvested near Kaktovik. Dense concentrations of zooplankton
tend to occupy only a small proportion of the available space in the world’s oceans. One percent of the
study area would represent a large amount of feeding habitat and a large quantity of potential food.

Question (6)
During migration through the eastern Alaskan Beaufort Sea, how often are bowheads

observed to feed while they are traveling? Is feeding while traveling evident more than 10%
of the time while traveling?

This question can be addressed based on aerial observations of the activities of whales in the study
area during late summer and fall, taking account of such indications of feeding such as surface feeding,
defecation, and surfacing with mud streaming from the mouth. One concern in addressing this question is
the reliability with which water column feeding can be recognized, especially during travel. Failure to
detect much feeding while traveling would not necessarily lead to a conclusion that feeding while travel-
ing is rare. However, if traveling whales are seen to feed more than 10% of the time, we could conclude
that feeding while traveling is fairly common. This question is important to the overall objectives of the
study. If a large proportion of the population feeds while actively migrating through the area, then a large
amount of food would be consumed.

In general, the project plan calls for us to determine if the study area is important to feeding bow-
head whales in the following way:

e  determine if numbers of animals remain in the study area for an extended period of time,
e  determine what proportion of these animals are feeding,
e  describe the zooplankton and hydrography near feeding whales,
e attempt to locate and characterize whale feeding habitat,
e  determine what the whales are eating through examination of stomach contents and fatty acid
analysis, and compare stomach fullness and contents between Kaktovik and Barrow,
e determine how much feeding occurs in the eastern and central Beaufort Sea through isotopic
studies, and
e  cstimate the annual energetic requirement of the population (based on an updated energetics
model), and estimate what proportion of this is acquired in the study area.
These tasks have all been done, with the exceptions that the fatty acid study was limited to a pilot project, and
the results of the stable isotope study remain difficult to reconcile with those of other study components.

Study Components

Present Study Components
The project included

e retrospective studies and compilation of local and traditional knowledge about bowhead whales
in and near the study area; this work was conducted primarily in Year 1 (1997-98) but was later
updated for inclusion in this final report;

e boat-based sampling of prey (zooplankton) via net-sampling and echosounder methods during
1998-2000, plus use of comparable data collected during 1985-86;

e gircraft-based surveys, behavioral observations, and photogrammetry/photoidentification of
bowheads during 1998-2000, plus use of comparable data collected during 1985-86, other
aerial survey results from 1979-2000, and behavioral and photographic data from various years;

e  collection and analysis of bowhead stomach contents in 1997-2000, plus analysis of additional
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archived samples from earlier years, to document diet directly;

e stable-isotope and fatty acid analyses of tissue samples from bowheads and potential prey to
document trophic relationships (fatty acid work was limited to a pilot study);

e  data analysis;

e  integration; and

e  preparation of reports and publications.

Retrospective Studies.—The retrospective analyses conducted during Year 1 (1997-98) included
several different studies, the results of which were reported in a draft report to MMS and the project’s
Scientific Review Board during July 1998. The final reports of each of these retrospective studies were
submitted in September 1999 as part of Richardson and Thomson (eds., 1999). Most of that material has
been incorporated into relevant chapters of the present report, most notably

e Chapter 2, local and traditional knowledge,

e Chapters 5 and 6, zooplankton and water masses in the study area, both generally and at specific
bowhead feeding locations,

e Chapter 9, bowhead distribution and abundance from aerial surveys,
e Chapter 18, bowhead stomach contents, and
e Chapter 20, regional feeding as evident from stable isotopes.

In addition, most of the other major chapters of this report, specifically Chapters 4, 10-15, and 22, also
incorporate data from studies conducted previous to 1998, even though the Year 1 work did not specif-
ically include retrospective analyses of those topics.

Project Plans.—A Project Plan for the work in years 2—4 was prepared in 1998 based on the results of
the retrospective and traditional knowledge studies. A draft of that plan was presented to the SRB in July 1998
for its evaluation and comments. The final Project Plan, dated 31 August 1998, was prepared taking those
comments into account (Thomson and Richardson 1998). Studies conducted during year 2 (1998-99) were
based on this plan. A Project Plan for years 3 and 4 (1999-2001), dated 21 May 1999, was presented at the
June 1999 SRB meeting. This project plan was revised to account for comments and suggestions made by the
SRB and was submitted in final form in August 1999 (Thomson and Richardson 1999).

Project Reports.—A final report on the retrospective studies and on fieldwork during September
1998 (years 1 and 2 of the study) was distributed in September of 1999 (Richardson and Thomson 1999).
The data collected during the second season of intensive fieldwork (September 1999) were presented in
an interim report circulated in July 2000. No further substantive changes to the study plan were recom-
mended or implemented based on the data presented then. The present final report includes the first pres-
entation of data from the third season of intensive fieldwork (September 2000) plus all relevant data from
earlier years. Much additional analysis of data from years previous to 1998 has also been done for the
present final report. The present report supersedes all previous project reports. The organization of the
present report is described later in this Introductory chapter.

Project Participants.—The prime contractor for this project (and for the related 1985-86 feeding
study) was LGL Ecological Research Associates Inc. and its affiliate LGL Ltd., environmental research
associates. LGL was responsible for the boat-based studies of zooplankton (Chapters 3—7), the aircraft-
based studies of bowheads (Chapters 8—16), the energetics and integration tasks (Chapters 22-23), and
management aspects of the project. Several personnel from BioSonics Inc. assisted LGL with collection
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and analysis of echosounder data on zooplankton. Consultant Dr. Bernd Wiirsig of Texas A & M Uni-
versity at Galveston worked with LGL on aircraft-based studies of bowheads.

Several chapters of this report have been contributed by others. Consultant Michael Galginaitis of
Applied Sociocultural Research, Anchorage, was responsible for working with Kaktovik residents to
compile local and traditional knowledge (LTK; Chapter 2); he also undertook or assisted with various
local coordination tasks. Stomach contents of bowheads landed at Kaktovik and elsewhere were deter-
mined by the Alaska Department of Fish and Game (ADF&G), principally Lloyd Lowry and Gay Shef-
field (Chapter 18). The pilot study on fatty acids was done by Dr. Sara Iverson, Dalhousie University, in
collaboration with ADF&G (Chapter 19). The stable isotopes study was done by Dr. Don Schell and
Sang Heon Lee, University of Alaska Fairbanks (Chapter 20). Sensitivity analyses for some key calcula-
tions have been done by Drs. Bryan Manly and Trent McDonald of WEST Inc. (Chapters 20, 23).

Many others assisted in numerous ways, as acknowledged near the end of this chapter and (more
specifically) near the ends of many of the subsequent chapters.

Other Potential Study Components

An up-to-date model concerning the energetics of bowhead whales was needed for this project. A
previous energetics model, developed during the 1985-86 bowhead feeding study, was available (Thom-
son 1987). Also, J.C. George of the North Slope Borough Department of Wildlife Management has been
conducting research in this area. We deferred updating our model until the last year of the project in
order to take account of the latest available information. This updating has now been done in collabora-
tion with J.C. George. The updated model is described in Chapter 22 of this report.

No analysis of satellite images was done. Borstad Associates, who conducted the retrospective
analysis of satellite imagery, obtained and archived AVHRR satellite images during late summer and
early autumn of 1998-2000 to ensure that they would be available if needed, but performed no processing
of the images.

Fatty acid analysis of bowhead tissue and prey might be able to provide information on what kinds
of animals are eaten. If so, this type of analysis would provide data on diet over a longer time scale (and
thus over a larger area) than can be obtained from sampling of stomach contents. Samples of bowhead
tissue and zooplankton suitable for fatty acid analysis were collected in 1998-2000 but were not initially
analyzed. A pilot study was done and the results are reported in Chapter 19. Although the results show
promise for helping to elucidate bowhead trophic relationships, this pilot study was not carried suffic-
iently far to provide much information relevant to the overall objectives of the present project.

MMS originally requested that the present study include some acoustic components. This work
would have been peripheral to the main objectives of the project. In the interest of devoting limited
resources to key tasks, the SRB indicated that acoustic modeling work, if deemed important, should be
funded separately. No acoustic work was done as part of this project.

There was also some discussion of incorporating radio- or satellite-tagging into this project. All
concerned have recognized the potential value of this. However, funding for a tagging component was
not available. The SRB noted (most recently in 1999) that tagging should only be incorporated if it could
be separately funded. No radio- or satellite-linked tags were deployed during the present project. When
reviewing the draft of this report, the SRB again commented on the potential value of a separate radio- or
satellite-tagging study (see Annex A in volume 2).
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Integration

Integration across disciplines has occurred to some extent throughout all phases of the project, and
is a central feature of the present final report. Each study component was designed so as to provide the
data needed by other study components. The cross-disciplinary data needs were taken into account during
planning, fieldwork, analysis, and reporting.

A primary requirement was to ensure that, by the latter stages of the project, we would have all the
data necessary to test key questions and to assess the importance of the study area for feeding by bowhead
whales. This integrated assessment requires the following:

e  description of zooplankton distributions in terms of physical habitat,

e  description of whale distributions in terms of the biophysical attributes of the study area, such as
depth, water mass characteristics, and zooplankton distributions,

e  description of bowhead feeding areas in terms of zooplankton, water mass characteristics, and
presence of feeding and non-feeding bowhead whales,

e  estimates of theoretical energetic requirements of bowheads, and a comparison with zooplank-
ton biomasses near feeding bowheads,

e  cstimates of the amount of feeding in the Beaufort sea vs. other areas, and the contributions of
various prey taxa to the bowhead diet,

e an estimate of the percentage of the study area with suitable feeding habitat for bowheads,

e estimates of numbers and residence times of bowheads in the study area,

e an estimate of the percentage of time that bowheads in the study area spend feeding, and

e an estimate of the relative importance of the study area for individual whales that feed there for
extended periods.

A stated objective of this integration was to set bounds on the overall energetic importance of the
study area to the population as a whole, as estimated from calculated feeding rates and estimated whale-
days of feeding within the study area.

Data bearing on these topics are included in various chapters of this report. Figure 1.3 shows many
of the main connections among the various project components. Each box in Figure 1.3 represents one of
the main chapters of the present report. Some additional connections are excluded in order to avoid
further complicating the Figure. The overall integration is done in Chapter 23.

Local Coordination

From the earliest phases of planning, local cooperation and participation were considered critical to
the success of the study. Including the July 1998 SRB meeting, we met with representatives of the
Kaktovik Whaling Captains Association (KWCA), Alaska Eskimo Whaling Commission (AEWC), and
North Slope Borough (NSB) on six occasions during Year 1 to seek traditional knowledge and advice on
project design, and to coordinate fieldwork with the bowhead hunt. These meetings were in Kaktovik
during December 1997 and January 1998, Barrow in May, Kaktovik in July, Anchorage in July (SRB),
and Kaktovik in August 1998. We again met with the KWCA, AEWC and NSB during the June 1999
SRB meeting. One or more project participants also met with some whaling captains and other Kaktovik
residents in Kaktovik during June and early September 1999, and August 2000, to further coordinate
planned fieldwork with whaling activities during those years. One key objective of all these meetings
was to develop and refine a field plan that whalers would accept as non-interfering and likely to be
effective in assessing the importance of the area to feeding by individual bowheads and the population.
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Key items discussed at the meetings and incorporated into the Project Plan were as follows: (1)
Kaktovik residents were to be directly involved with the project through participation in the boat-based
field sampling in September of 1998-2000, conduct of boat-based reconnaissance surveys during August
1998-2000, and participation on the Scientific Review Board. (2) Aircraft-based field work was permit-
ted east of Kaktovik during the whaling season, provided that the aircraft did not fly over whaling opera-
tions and that a radio communications protocol was established for coordination. (3) Boat-based work
would not be conducted east of or near Kaktovik until after whalers landed their second whale. In 2000,
because whalers landed their third whale early in the season (8 Sept.), boat-based work was not conducted
until after the third whale was landed. (4) An LGL representative would attend the pre-whaling-season
meeting of the Kaktovik Whaling Captains' Association during each year of fieldwork (see preceding
paragraph). (5) LGL’s aerial survey crew would be based in Kaktovik during the 1998-2000 field sea-
sons, facilitating local coordination. (6) Subcontractor ADF&G would station a biologist in Kaktovik
during the 1998-2000 whaling seasons (as they had done in 1997) to collect stomach content and bow-
head tissue samples from bowheads landed at Kaktovik.

As noted in (1), above, direct participation of Kaktovik residents in the project included three main
components:

e A Kaktovik resident (Mr. Leonard Solomon) was employed to work aboard the zooplankton sam-
pling vessel during September of 1998, 1999, and 2000. He served as a full member of the zoo-
plankton sampling team, helped in spotting whales, and provided another line of communication
with the local community.

o The Kaktovik hunters recommended that a “local boat” survey be initiated during August to
determine whether the vanguard of the migrating bowheads reaches the area before aerial surveys
commence in September. This was to be a cooperative effort involving locally-based boats oper-
ated by knowledgeable hunters, plus a biologist or subsistence specialist from the project team.
Arrangements were made to conduct local-boat surveys during late August of 1998-2000, earlier
in the season than any aerial surveys planned for those years. The “local boat” surveys were
attempted by the project’s sociocultural specialist, Mr. Michael S. Galginaitis, with the cooper-
ation of several Kaktovik residents and boat-owners. Results are described in Chapter 2. These
boat surveys were most successful in 2000.

e From the start of the project, the project’s Scientific Review Board has included a representative
of the Kaktovik Whaling Captains’ Association (KWCA), Mr. Joseph Kaleak. Mr. Kaleak was
President of the KWCA during the early stages of the project, and is Kaktovik’s senior repres-
entative on the AEWC (Alaska Eskimo Whaling Commission). The SRB also includes represen-
tatives from the AEWC and the North Slope Borough Department of Wildlife Management
(NSB-DWM).

In order to present the results of the project to Kaktovik residents and to seek input on their
interpretation, a one-day workshop in Kaktovik held 31 January 2002. Representatives of the AEWC and
NSB also attended, along with the chair of the project’s SRB. Representatives of the project team
presented the key results and our interpretation of those results. Representatives of the SRB attending the
workshop were able to convey the SRB’s views regarding the results and their interpretation. We sought
feedback from workshop participants on all aspects of the project. This has been taken into account when
revising the draft final report to produce the present final report. As requested at the 31 January 2002
workshop, we plan that project representatives will return to Kaktovik in late 2002 to describe how the
SRB and local comments were taken into account in the final report.
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Scientific Review Board

The purpose of the SRB was to evaluate all aspects of the study, with a view to improving study
design and interpretation, and to help build consensus among stakeholders. The SRB included represen-
tatives of key stakeholders as well as independent scientists. The SRB included a representative from
each of the KWCA, AEWC, NSB-DWM, oil industry (2 representatives), NMFS, and three knowledge-
able independent scientists. MMS asked that the SRB meet in Anchorage three times during the project
to review draft plans for the coming field season and/or the draft report for the previous year.

The first SRB meeting was held in Anchorage on 20-21 July 1998. That meeting discussed a draft
Project Plan that had been circulated before the meeting, and made recommendations regarding project
plans and priorities.

The second SRB meeting was held in Anchorage on 3—4 June 1999. The SRB reviewed the draft
report on the fieldwork conducted in 1998, and the proposed plan for work in August—September 1999.
During the June 1999 SRB meeting it was agreed that no SRB meeting would be held in 2000, but that
the report on results from the 1999 field season would be circulated to SRB members for comment prior
to the 2000 field season. (That report was provided to the SRB in July 2000.)

A third and final meeting of the SRB was held in Anchorage on 28-29 January 2002. The purpose
was to review the draft final report circulated before that meeting, and to make recommendations that
should be taken into account while the report is being finalized. We expected that the SRB would also
make other comments and recommendations concerning the overall outcome of the project. The report
compiled by the SRB based on their January 2002 meeting is included as Annex A near the back of the
present report (in volume 2), along with responses by project participants to some SRB comments.

Scientific Research Permits

A Scientific Research Permit under the provisions of the Marine Mammal Protection Act (MMPA)
and Endangered Species Act was obtained from NMFS for the 1998 and subsequent field seasons. We
requested that the permit cover the project activities near Kaktovik during 1998 through 2000, and permit
number 481-1463 was issued on that basis. In 1999, a permit modification was received to authorize
collection of stomach contents and tissue samples from bowheads landed at other Alaskan communities,
as well as extension of aircraft operations near bowheads to the Prudhoe Bay area, where a test of a For-
ward Looking Infrared device was planned and conducted.

We also applied for and received permits to extend some of the work into Canadian waters between
the Alaska—Yukon border and Herschel Island (~40 n.mi. to the east, Fig. 1.2) if this proved to be advan-
tageous. These permits were issued by Fisheries and Oceans Canada and by the Environmental Impact
Screening Committee of the Inuvialuit Joint Secretariat. The latter permit was initially issued for 1998
and was renewed for 1999-2000. The Fisheries and Oceans Canada permit was issued for the 1998
season and was renewed for each of the 1999 and 2000 field seasons.

Report Organization

This final report is divided into several major sections and numerous smaller chapters. The sec-
tions concern whaling and local knowledge of bowheads at Kaktovik (Chapter 2), zooplankton (Chapters
3-7), bowhead distribution, numbers and activities (Chapters 8-16), diet and regional feeding depen-
dencies (Chapters 17-21), energetics of bowheads (Chapter 22), and integration (Chapter 23). The three
multi-chapter sections each contain short introductory and concluding chapters.
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The major chapters are designed to be more-or-less self-contained, with their own introduction,
methods, results, discussion, and summary subsections. Where necessary, detailed data are included as
Appendices at the end of the chapter in question. Most major chapters have been written in a format that
will facilitate the completion of scientific papers based on the corresponding topics; the MMS contract for
this project encouraged this approach. Thus, some material (particularly Methods) is mentioned in more
than one chapter, although with different emphasis in different chapters. This approach has the advantage
that the chapters are largely self-contained, and most are reasonably compact. Many chapters are expect-
ed to be suitable for submission to journals with only minor modification (e.g., deletion of Appendices).
The various short introductory and concluding chapters are not intended to become journal papers, but are
included here to tie together the chapters on various specific topics.
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2. KAKTOVIKMIUT WHALING: HISTORICAL HARVEST AND
LocAL KNOWLEDGE OF WHALE FEEDING BEHAVIOR

Michael S. Galginaitis' and William R. Koski’

Introduction

The desire to characterize the degree to which the eastern part of the Alaskan Beaufort Sea is used
by bowhead whales for feeding arises from a number of concerns. Subsistence whaling is of high import-
ance to the Kaktovikmiut, the “people of Kaktovik” (Kaktovikmiut and Francis n.d.). This chapter
describes the community of Kaktovik and Kaktovikmiut subsistence whaling, summarizes the historic and
recent subsistence whale harvests of the Kaktovikmiut, and presents local and traditional knowledge
pertinent to whale feeding behavior near Kaktovik. None of these topics is treated exhaustively, but they
are presented in the detail appropriate to the main objective of the project: understanding the importance
of the eastern Alaskan part of the Beaufort Sea for feeding by bowhead whales. For present purposes, the
eastern Alaskan Beaufort Sea is taken to extend from the middle of Camden Bay to the Canadian border
(Fig. 2.1; see also Fig. 1.2 in Chapter 1 for a specific study area map). The complete transcripts of several
interviews with Kaktovik residents are included as Annex B of this report (in Volume 2).

Kaktovik—A Brief Description [history, population, economy, infrastructure|

Kaktovik, also referred to as Barter Island, is a small community located on Barter Island in the
extreme northeast of Alaska, within the boundaries of the Arctic National Wildlife Refuge (ANWR) (Fig.
2.1). The 2000 U.S. Census enumerated 293 people, most of whom (247, or 84 percent) are Native.
Household economies rely upon both wage labor (and other income sources) and subsistence activities as
vital components of an integrated system. The major employers are the North Slope Borough, the City of
Kaktovik, and the village Native corporation. There are also a few private sector jobs and businesses
separate from the Native corporations. These include retail stores, a hotel, and air carrier services. How-
ever, most employment is related to government or Native Corporations (IAI 1990a).

Subsistence activities in Kaktovik make use of a unique set of resources. Because of Kaktovik’s
location, hunters have access to terrestrial, riparian, and marine resources, and make substantial use of all
three. Fish caught both in rivers and in the ocean are important resources. Caribou are the most impor-
tant terrestrial subsistence resource, but sheep, muskox, and grizzly bears are also taken. Of the marine
mammals, the bowhead whale is the primary subsistence resource, but seals and polar bears are also taken
(Jacobson and Wentworth 1982; TAI 1990b). Subsistence activities, and especially activities surrounding
the bowhead whale hunt, are central to the structural organization and cultural identity of Kaktovik resi-
dents.

" Applied Sociocultural Research, 608 West 4™ Ave, Suite 31, POB 101352, Anchorage, AK 99510-1352.
Phone: 907-272-6811; e-mail: msgalginaitis@gci.net

> LGL Ltd., environ. res. assoc., 22 Fisher St., POB 280, King City, Ont. L7B 1A6. Phone: 905-833-
1244; e-mail: bkoski@lgl.com
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Before contact with Euroamericans, the site of the present community of Kaktovik was not a
permanent Inupiat settlement, but had a long history as the location for seasonal gatherings for trading.
Along with the surrounding area and most of the adjoining coastline, it was also used for seasonal
subsistence activities of the highly mobile Inupiat people (Nielson 1977:1; Kisautaq 1981:161-173). One
account of how the site came to be called “Kaktovik” (or “Qaaktugvik™) also serves as an explanation for
why it was not the site for a permanent village. The story relates how the Qagmaliks from the east
(Canada) came to trade and decided to live in the area. They later abandoned the area after someone had
killed the only son of a couple living in the area. The couple found their son’s body while seining, and so
the place acquired its name from that activity and became “A-Seining-Place” and those “... living in the
wrong way had caused it to have no more people” (Kisautaq 1981:167-168; Libbey 1983:2).

In 1923, the Gordon family moved their store to Barter Island from Demarcation Point, where they
had lived since 1917. (Prior to that time Tom Gordon had worked with Charles Brower in Barrow and
other North Slope locations.) Apparently this move was made because Tom Gordon’s wife had relatives
who had taken up residence on Barter Island because of its location in relation to fishing spots and the
mountains (Kaveolook 1977; Jacobson and Wentworth 1982:3). The nascent settlement also was a more
viable location for the trading post, which in turn increased the desirability of Barter Island as a place for
families to live. People still lived on the land and traveled extensively, but Kaktovik had become more of
a central service center than before (Jacobson and Wentworth 1982:3—4; Libbey 1983:15).

Later in the 1920s, reindeer were brought into the Barter Island area under the sponsorship of the
BIA (Bureau of Indian Affairs). It is reported that reindeer herding combined with hunting kept people
out on the land for most of the time, although their residential focus was Barter Island. Reindeer herding
was a family business, with each family having a defined herding area. Taakpaq, a famous whaling cap-
tain from Barrow (but sometimes referred to as a Kaktovik whaling captain), herded in the area between
Beechey Point and Brownlow Point. Richmond Ologak herded from Brownlow Point east to the Sadler-
ochit River, while the Akootchooks and Tiglooks herded between the Sadlerochit and Jago Rivers.
Gallegher Arey and Mickey Gordon herded from the Jago River to Demarcation Bay (Libbey 1983:15).
Reindeer herding in the Kaktovik area ended in the late 1930s or early 1940s (by 1937 according to
Kaktovik elder Isaac Akootchook, pers. comm., Jan. 2002). A number of reasons are commonly cited.
However, an assessment of the relative importance of the various factors in the Kaktovik area is hardly
possible as almost all studies of Alaskan reindeer have focused on the Seward Peninsula and seldom
mention North Slope operations. The interested reader is referred to Andrews (1939), Grosvenor (1902),
Jackson (1904), Koughan (1931), Miller (1935), Olson (1969), Stern (1980) and Ray (1983).

Trapping also supported a dispersed population, and trappers tended to focus on a supply center
where furs could be traded for consumer goods of various sorts. In addition to the trading post on Barter
Island run by Tom Gordon, other trading posts were operated by Jack Smith at Beechey Point, Henry
Chamberlain at Brownlow Point, John Olson at Imaignauraq, Old Man Store at Demarcation Bay, and
others as well (Fig. 2.1). These trading posts tended to change locations (and proprietors) depending on
the productivity of the trapping territory surrounding them. The decline of the fur market in the mid-
1930s caused many of these trading posts to close, and other traders died (Tom Gordon died in 1938,
John Olson in 1942) or simply moved elsewhere. The result was that, by the 1930s and 1940s, there were
few trading posts left and people once again dispersed—some to Canada (the Mackenzie River area,
where a trading post remained open), Barrow, or other places. A core population remained in the area,
maintaining a mobile subsistence lifestyle (Libbey 1983:16—18).
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In the mid-1940s the U.S. Coast and Geodetic Survey began mapping the Beaufort seacoast, with
their main base camp on Tigvariak Island, 137 km (85 mi) west of Kaktovik. Several relatives of present-
day Kaktovik residents worked on this project and spent time at Tigvariak Island. In 1947, the Air Force
began construction of the airstrip and hangar facility at Kaktovik, forcing the relocation of some Kaktovik
residents and disturbing a significant prehistoric village site. In 1951, the entire area around Kaktovik
was designated a military reserve, and again some Kaktovik residents had to relocate (Nielson 1977;
Jacobson and Wentworth 1982). A Distant Early Warning (DEW) station was constructed there in
1952/3, as a prototype/test facility for the other proposed stations of the DEW-line system (Denfeld
1994:190-192). A BIA school was opened in Kaktovik in 1951. The combination of the school and the
availability of local wage employment supported a population influx. The population stabilized at ~140
people, and remained at about this level until the late 1970s. Then the establishment of the NSB (North
Slope Borough) in 1972 resulted in more local employment opportunities, and an increased and improved
housing supply (Jacobson and Wentworth 1982:5).

The period of time since the establishment of the NSB has been one of increased economic stability
in Kaktovik, in terms of wage employment, and a modification of the schedule of subsistence activities to
accommodate steady wage employment. This is not a static system, however, and there is uncertainty
whether an equilibrium has been reached or whether wage labor as a scheduling force will remain as
important as it is at present. There are currently (2001) few active subsistence specialists in Kaktovik
who do not also work for wages. That is, few people support themselves solely by hunting and by trading
the game they procure for other goods that they cannot harvest. Most hunters participate directly in the
wage economy, and some wage laborers do little or no hunting.

Historical Kaktovikmiut Whaling

Historical Subsistence Whaling East of Barrow

Definitive information on the antiquity of whaling in the regions of the Alaskan North Slope east of
Barrow does not really exist, although evidence for such activity at least in the late Thule period (starting
about 900 years Before Present) is generally accepted. Informants maintain that whaling took place at
Barter Island in aboriginal times (Kisautaq 1981:170—173). Hall (1987) and Hall and Associates (n.d.)
could possibly provide more site specific information in this regard, but access to those sources is restrict-
ed. Hall’s more accessible publications do not suggest that whaling occurred there in aboriginal times.
No fully documented and dated excavation at Barter Island itself has taken place, but prehistoric features
with whale bone suggest a whaling tradition (Jacobson and Wentworth 1982). It is likely that the prehist-
oric sites excavated by Diamond Jenness in 1914 have either eroded away or were destroyed when the
airstrip was built (Wescott et al. 2000), although it is possible that remnants remain (Yarborough 2001).

In a summary publication, Hall (1981:48) states that the available archaeological evidence from
other sites along the Alaskan north coast east of Barrow provides only the most meager cultural history:

“Essentially, there is no unequivocal evidence of occupation in the area previous to 4,000
years ago, precious little data on the nature of human adaptation in Arctic Small Tool
tradition times, and only enough information from the more recent sites to broadly outline
a picture of human occupation in the past 600 years [the late prehistoric].”

For the late prehistoric period, ~1350 to present, there are only three well documented archaeo-
logical sites east of Barrow, all within or near the Colville Delta 250 km (155 mi) west of Kaktovik:
(1) Nigalik is a specialized activity site in the Colville River Delta. The lack of systematic archaeological
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testing at this site has resulted in an inability to establish prehistoric roots for the Native seasonal trade
fair at Nigalik. Little has been recovered at this site that would address the subsistence behavior of the
people using the site. (2) Thetis Island, just northeast of the Colville Delta, has prehistoric remains dated
to A.D. 1350-1500. There is evidence of whaling activity, but both the nature of the tools and faunal
remains found there support a subsistence pattern oriented primarily toward caribou (50 percent) and seal
(25%), with the remainder representing birds, foxes, whales, and various small animals (25%, in that
order). Thus, whales must have been an infrequent catch, given their large size relative to the other
resources being harvested. (3) Pingok Island, near Thetis Isl., has prehistoric remains dated to A.D.
1550-1700. Land subsistence activities are well represented in this archaeological assemblage as well,
but seals and whales are also common. The bearded seal and walrus are not well represented, but overall
it appears that whaling was a significant activity at Pingok Island during this period. A site at Herschel
Island, in the Canadian Beaufort, dates to the late Thule period, about 900 years B.P. (Stanford 1976).

However, the interpretation of this information in terms of cultural history is far from clear (Hall
1981:4-49, 71-73). Sites on Barter Island and Arey Island display whale bone, but have not been dated
with any precision. Arey Island is named for Ned Arey, a commercial whaler, and the Inupiat name,
Naalagiagvik, means “Where you go to listen for whales” (Libbey 1983:46—48). Arey Island is often
mentioned by Kaktovik residents as a location where whales feed and linger. Diamond Jenness excavated
these sites in 1914, but never published the results (Jenness 1914). Jenness did write some non-analytical
accounts of this work (Jenness 1957, 1991), but for the most part these describe day-to-day activities
rather than scientific findings. Edwin Hall performed an analysis of the artifacts and field notes from the
Jeness excavations and concluded “... most of the features were built and utilized between 550 and 400
years ago, although a few of the recovered artifacts dated to a much earlier period and others indicated
use of the sites up through the historic period. ... The types of artifacts found suggest a subsistence quest
that emphasized land hunting as much or more than marine hunting. Whaling was practiced by at least
some of the families that occupied the sites, though when in the occupational sequence is not known.
Fishing also played a role in the subsistence efforts of some families” (Hall 1987:258-259).

Time was not available to review the commercial (Yankee) whaler literature for information relev-
ant to Kaktovik whaling. Commercial whaling ships first appeared at Barter Island in 1886, and reached
the Mackenzie Delta whaling grounds in 1888. By 1894, fifteen ships were spending the winter at Her-
schel Island, attracting native hunters to supply them from as far away as Point Hope (Bockstoce 1986;
Wilson 1991). How much time these ships spent in the eastern Alaskan Beaufort sea is not clear, but
ships logs and accounts may contain observations of whale behavior in that area from that time.

Cross Island has been reported by Inupiat informants to have been the site of whaling activities for
hundreds of years, and so could date back at least to the late prehistoric period. It is known that Taagpak,
a whaling captain who Spencer (1959:154) places in Barrow, whaled from Cross Island from the 1920s to
1940 or so (Carnahan 1979:25-31). Taaqpak was one of several Inupiat who bought boats from Euro-
american whalers or traders in the 1920s, and a history of such transactions, especially as they affected
Inupiat whaling, would be very informative. Such a history has not been written, however, and would
likely require extensive research with no guarantee of ultimate success. The Commission on Inupiat His-
tory, Language, and Culture (in Barrow) has some tape-recorded oral history possibly relating to Taagpak
and Cross Island, but this information either has not as yet been translated or was unavailable for other
reasons. In any event, Taaqpak also had a reindeer herd in the area and many of the men on his whaling
crew worked for him, and some of those with reindeer herds to the east of him also whaled with him.



2-6  Bowhead Whale Feeding in the E Alaskan Beaufort Sea

It is not known if Taagpak ever lived in Kaktovik or had that community as his center of orien-
tation, but many of those who served on his crew did. Many of the people now whaling in Kaktovik
received their training while whaling in the Cross Island area with Taagpak (or with someone who had
learned from such a person). Thus, although whaling in the immediate Kaktovik area is not documented
prior to 1964, Kaktovik people certainly have a long and continuous history and tradition of whaling
(Jacobson and Wentworth 1982:52-53), directly related to that of Barrow and the mid-Beaufort Sea area.

It is not altogether clear why whaling was suspended in the mid-Beaufort area west of Kaktovik,
but primary factors were probably economic and demographic dynamics (which were also important for
the community history of Kaktovik). The decline of the reindeer industry may have prompted most of the
people who had been in the general mid-Beaufort Sea area to relocate to Barrow or Kaktovik. The mid-
Beaufort Sea and Colville River areas were experiencing depopulation at this time. Schools and wage
labor jobs were serving to attract people off the land and into central communities.

Contemporary Kaktovikmiut Whaling

Whaling resumed at Kaktovik in 1964 (Kaleak 1996), and since then has been a central focus of
life in Kaktovik. The immediate reasons for the resumption of whaling in 1964 are not clear, but the
community had been growing, whales had been observed regularly, and some residents had experience
from whaling elsewhere. Information for some years soon after 1964 is not complete, but whaling has
taken place out of Kaktovik during most years since then, with a high degree of success—especially since
1989 (Braund et al. 1988: Appendix 1, page 14; see also next section). After the formation of the Alaska
Eskimo Whaling Commission (AEWC) in 1977, Kaktovik received a formal quota. One to three bow-
heads were landed during most years in the 1980s, and two to four bowheads during most years in the
1990s. Braund and Moorehead (1995) briefly describe the institutional development of the current sub-
sistence whaling management system. Huntington (1992) provides a similar background and treatment
within the broader context of federal, state, and cooperative management programs.

People from Kaktovik hunt whales only in the fall, as the spring migration of bowheads past Kak-
tovik occurs far offshore beyond the landfast ice zone. The autumn whaling season starts no sooner than
late August, though most commonly near Labor Day in early September, and ends later in September or
sometimes October. At Kaktovik, whaling is done from powerboats. These boats can vary widely in
characteristics, from an 18 foot open Lund skiff to a 24 or 25 foot cabin-cruiser type vessel. As speed is a
much desired characteristic, motor size has tended to increase through time. Depending on the year, there
are up to 11 whaling crews in Kaktovik. With a minimum of four or five men to a crew, most adult men
are involved with whaling. Most other people in the village are involved in some support or processing
capability. Whaling is truly a community-wide activity.

Whaling crews use the village as their home base, leaving from the village and returning to it every
day. As described by one informant, a crew leaves Kaktovik, cruises in search of whales, and then ties up
to a piece of ice. Eventually a number of boats will congregate and the crews will set out their provisions,
eat, and socialize while a few of their number watch for whales. There are some years when there is little
or no ice, but even when there is ice the boats spend much time cruising the water and searching for
whales. Coordination between boats may be more difficult at these times, although CB and marine VHF
radios plus GPS units have made this easier in recent years.

When whales are spotted, the boats are arranged to intercept them in such a way that at least one
should have a good shot. There is some competition to be the first to strike a whale, as this increases the
prestige of that captain and his crew, but the process as described is mainly cooperative. Once a whale is
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struck, all crews in the area go to help procure the whale, haul it back to Kaktovik, and process it. In
recent years, heavy equipment has been used to haul the whales onto the beach for butchering, as well as
to shift the whale during the process of butchering. The heavy equipment is also used for transporting the
butchered muktuk and meat (which is placed directly into the equipment’s buckets) and for the ultimate
removal of the whale carcass. A similar method has been adopted for the butchering of fall-harvested
whales in Barrow, and is one of a series of adaptations that make the butchering of a large and heavy
animal on a gravel beach easier, faster, and more efficient than more “traditional” methods.

The “core” whaling area for Kaktovik is from the Okpilak and Hulahula Rivers in the west to
Tapkaurak Point in the east. The core whaling area extends out as far as 20 miles (32 km) from the coast,
although crews usually stay within 12 miles or so of shore. Nearly all whales harvested since 1964 have
been struck within this “core” area and there is an explicit effort to stay within this range. Available
information on the locations where bowheads were struck is shown in the next section.

Towing a whale is hard work and relatively slow, especially if there is a wind or rough seas to contend
with. The farther away from Kaktovik a whale is killed, the longer the tow will be, and the greater the chance
that at least part of the meat will spoil. The extreme limits of the “Kaktovik whaling area”—the middle of
Camden Bay in the west and just north of the Kogotpak River in the east—are as far as Kaktovik whalers can
conceive of trying to tow a whale back to Kaktovik. As previously stated, most whales are taken within the
smaller “core” area, and within that area most of the whales are in fact struck close to the village.

Crews could function with as few as three people in the boat, but most crews have four or five, and
some claim as many as eight. Not all days are equally good for whaling, and there are periods when
crews do not go out because of wind, waves, or large amounts of sea ice. Because of the quota system
that has applied since 1978, the season is over once the allocated number of strikes is used. Kaktovik
currently has a quota of three strikes or kills, but is often in a position to request additional strikes since it
is common for spring whaling communities not to use their entire quota. However, since 1997 the
Kaktovik hunters have not requested that unused strikes from other communities be transferred to
Kaktovik. The prevailing local opinion is that three whales are adequate to meet Kaktovik’s needs.

Kaktovik has what is essentially an intercommunity agreement with Anaktuvuk Pass under which
Kaktovik muktuk and whale meat is sent to Anaktuvuk Pass and caribou is sent from Anaktuvuk Pass to
Kaktovik. This is not trade in the strict sense, as in years when Kaktovik does not harvest a whale they
still receive caribou from Anaktuvuk Pass, and may indeed receive more caribou in those years than in
years when they do harvest a whale because of the greater nutritional need. Most of the food thus
exchanged is redistributed at public functions and feasts, primarily at major holidays such as Thanks-
giving, Christmas, Easter, and the Fourth of July.

Whaling is a cooperative activity and as such the Kaktovik whaling area is open to all who wish to
participate in the hunt, as long as each person belongs to a crew whose captain is a member of the
Kaktovik Whaling Captains Association (KWCA). The AEWC administers the hunt, and has slowly
assumed a greater role than merely ensuring that the quota is not exceeded. However, in most matters
related to the local hunt, the AEWC will defer to the KWCA. The AEWC is very concerned with safety
during the hunt and the qualifications of the crews that participate. To these ends the AEWC registers all
whaling captains and collects information on crew members. This serves, to a degree, as a restricting
mechanism on who can organize a whaling crew. Almost anyone who wants to participate in whaling can
find a role on an existing crew, but the AEWC process serves to deter the formation of new and inexperi-
enced whaling crews by prospective whaling captains who may be resource-rich but experience-poor.
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In terms of use of the whaling area, there are no restrictions. In fact, in 1979 when conditions in
the area where Nuigsut crews normally whale made whaling there impossible, the Nuigsut crews whaled
with the Kaktovik crews.

The division of a whale harvested at Kaktovik is essentially similar to that in other villages (Daniel
and Lillian Akootchook, interview). The captain of the first crew to strike the whale receives credit for
taking that whale, and receives a large share of the whale. He is expected to redistribute a good deal of
this, and does so, so that most whales taken are in fact treated as community property.

Recent Bowhead Harvest at Kaktovik

Numbers Taken by Year.—Recent bowhead harvests at Kaktovik commenced in 1964 when two
whales were harvested. National Marine Fisheries Service (NMFS) records of harvests in 1964-72 are
incomplete and do not list any whales harvested at Kaktovik from 1965-72 (Marquette 1977). However,
a map in Oil/Whalers Working Group (1986) indicates that single whales were harvested there in 1968
and 1969. It is unlikely that many additional whales were harvested during this period because Kaktovik
residents would remember an event as rare as a bowhead harvest from that period.

There was no quota on the number of bowheads that could be harvested before 1978, but rapid
increases in bowhead harvest levels throughout Alaska in the mid-1970s caused concern that harvest
levels were not sustainable. The International Whaling Commission (IWC) decided to impose quotas on
the number of bowheads that could be taken by Alaskan native hunters starting in 1978. The IWC quota
is administered and monitored by the AEWC. From 1978 to 1991, no more than two bowhead strikes or
kills were allocated per year to Kaktovik. From 1992 to 2001, Kaktovik has been allocated three strikes
or kills per year. In most years when Kaktovik reached its quota, the KWCA could have applied for addi-
tional strikes because some strikes were not used by spring whaling villages. The most recent year when
a 4" strike was transferred to Kaktovik was 2001 (and before that, 1997). During 1998-2000, additional
strikes were available but KWCA decided not to request additional strikes because village requirements were
met by the three whales landed in each of those years.

Since 1973, data on bowhead harvests have been collected by NMFS and the NSB, including
information on numbers of whales landed, dates when whales were landed, the sizes and gender of those
whales. Figure 2.2 summarizes harvests at Kaktovik from 1973 to 2000. From 1973 to 1988, one to two
whales were generally harvested, reflecting the village quota. In 1979 and 1981, whaling crews from
Nuigsut joined the Kaktovik whalers and the higher catches of five and three, respectively, in those years
reflect the quotas from both villages. From 1989 to 2000, generally 2—4 whales were harvested.

Timing of the Harvest.—Each year the KWCA decides, at a meeting shortly before the start of the
whaling season, the date at which the hunt will begin (weather permitting). In recent years, the bowhead
hunt at Kaktovik has normally begun Labor Day weekend. The scheduled starting dates for the 1997 to
2001 hunts were 3, 4, 11, 2, and 2 September. (The starting date of the 1999 hunt was delayed by a local
emergency—a fatal boating accident.) However, the hunt has started earlier in some years (e.g., by 22
Aug. in 1992). In most years, few bowhead whales are present near Kaktovik until the beginning of the
westward migration of whales from the main summering areas east of Kaktovik (see Chapter 9). Also,
some hunters state that the hunt is now delayed until early September because the tendency for warmer
weather in August means that whale meat is more likely to deteriorate before completion of butchering if
whales are taken in August. Thus, the start of the hunt is usually timed to coincide with the early part of
the main westward migration in early September. The whales accessible then tend to consist primarily of
the small subadult whales that are preferred by hunters (Chapter 10).
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FIGURE 2.2. Numbers of bowhead whales landed at Kaktovik each year, 1973-2000. Main sources:
Marquette 1977; Braham 1987; Withrow et al. 1991; J.C. George, pers. comm.; G. Sheffield, pers. comm.

The dates when whales landed at Kaktovik during 1976 to 2000 were struck are shown in Figure
2.3, organized by year (panel A) and 10-day period (panel B). (The date is unknown for 1 of the 61
whales landed in these years.) The majority (83%) of the whales landed during this period have been
struck during September. Thirty-two percent of the whales were struck in each of the 1-10 and 11-20
September periods, 20% were struck 21-30 September, 10% were struck 1-10 October, and 3% were
struck in each of 22-31 August and 11-20 October (Fig. 2.3B).

In recent years, the typical harvest dates have become earlier even though the quota and the number
of whales taken have increased. The trend for an earlier harvest is significant (» = —0.46, df =58, P=
0.00022). This change appears to have resulted from an increase in the efficiency of the Kaktovik hunters
in harvesting whales. Another contributing factor may be that the size of this bowhead population is
increasing. As a result, whales presumably are now more numerous near Kaktovik early in the hunting
season than they were during the 1970s and 1980s. Changes in whale utilization of the general Kaktovik
area (see Chapter 9) may also be involved. Average sighting rates during aerial surveys increased mark-
edly in the 1990s relative to the 1980s (Chapter 9).

Harvest Locations.—Since 1973, all bowheads harvested by residents of Kaktovik for which the
harvest locations have been reported were struck within 43 km (27 mi) of the village. Most of these
whales were struck within 30 km or 19 mi (Fig. 2.4). As mentioned above, the core area where whalers
search for whales is from the Okpilak and Hulahula Rivers in the west to Tapkaurak Point in the east and
offshore as far as 32 km (20 miles) (Fig. 2.1). Although a few of the most distant harvest locations were
during the 1970s (Fig. 2.4), the mean distance of reported harvest locations from Kaktovik was not
significantly different among the 1970s (17.0 km, n = 16), 1980s (17.9 km, n = 14) and 1990-2000 (15.2
km, n =21) (Kruskal-Wallis y* = 0.96, df = 2, P = 0.62). It should be noted that the locations where 10
bowheads were struck are not known to us, and some reported locations, especially for years before GPS
units were widely used, are approximate.

Sizes of Harvested Bowheads.—The Kaktovik whalers attempt to harvest small whales because
they are easier to handle and are considered to be better to eat. Thus, the sizes of the harvested whales are
partly an indication of the sizes of the whales near Kaktovik at the dates in question, but are also strongly
influenced by hunter selectivity. The frequency distribution for the lengths of whales landed at Kaktovik
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FIGURE 2.3. Dates when bowheads were struck at Kaktovik (A) by year and (B) by 10-day period,
1973-2000. The square symbol near the upper left side of panel A represents a young-of-the-year calf
(approx. 5 months old). Main sources same as Fig. 2.2.

is shown in Figure 2.5B. The reported lengths in this and subsequent Figures have been reduced by 8.2%
to account for the stretching that occurs when the whale is dragged onto land (see Thomson, Chapter 22).
The overall size range (adjusted) of the whales landed at Kaktovik is similar to that of the living whales
whose lengths have been measured in the Arey Island to Humphrey Point area during September (Fig.
2.5B vs. 2.5A). Whales as long as 16.1 m (17.4 m before adjustment for stretching) have been landed at
Kaktovik (Fig. 2.5B)—approximately the same length as the longest whale (16.2 m) measured
photogrammetrically near Kaktovik (see Koski and Miller, Chapter 10).
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FIGURE 2.4. Locations where bowhead whales were reported to have been harvested by residents of
Kaktovik, 1976-2000. Not shown are two whales taken ~170 km west of Kaktovik in 1937 and 1940.
Major Sources: Oil/Whalers Working Group (1986), Kaleak (1996), G. Sheffield, pers. comm., J.C.
George, pers. comm.

However, small whales constitute a higher percentage of the landed whales than of the whales
photographed in the area. Of the bowheads harvested by Kaktovik whalers, 23.6% were longer than 13 m
(after allowance for stretching), and therefore were considered to be adults (Koski et al. 1993). This
compares to 43.4% adults in the overall bowhead population, if calves are excluded (Angliss et al. 1995),
and 50% adults among whales photographed near Kaktovik (calves excluded, Koski and Miller, Chapter
10). The proportion of adults was significantly lower among the harvested whales than among the popu-
lation as a whole (y* = 8.80, df= 1, P= 0.0030) or among the whales that were photographed near
Kaktovik (x> = 14.98, df = 1, P=0.00011). These data confirm that the bowheads landed by Kaktovik
whalers tend to be smaller than those in the population as a whole.

The autumn bowhead migration is partially segregated according to size, with the smaller whales
tending to occur earlier in the autumn (Koski and Miller, Chapter 10). However, there was no significant
correlation between date and the size of a whale harvested (» = —0.064, df = 53, P = 0.64; Fig. 2.6). This
indicates that whalers were able to select small whales throughout the whaling season even though the
small whales become proportionally scarcer as the season progresses.
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FIGURE 2.5. Length frequency distributions of bowheads (A) photographed near Kaktovik 1982—2000
(from Koski and Miller, Chapter 10) and (B) harvested near Kaktovik 1976—2000 (same sources as Fig.
2.2). In (B), lengths have been adjusted downward by 8.2% to account for stretching (see text).

Figure 2.7 shows the lengths of the harvested whales by the year harvested. There has been a
significant decline in the average size of whales harvested over the 19762000 period (» =—-0.33, df =53, P=
0.014). This suggests that the whalers have become more selective about the sizes of whales that they have
harvested in recent years. This increased selectivity has probably been possible through some combination of
two factors: increased availability of whales associated with the bowhead population increase, and increased
efficiency of the hunters in capturing whales (allowing them to be selective while still filling their quota).

Sex of Harvested Bowheads.—The sex of 55 bowhead whales harvested at Kaktovik has been
recorded. Twenty-eight were males and 27 were females, which is not significantly different than the
50% males and 50% females that would be expected (x> = 0.0012, df = 1, P = 0.91). However, during the
first half of the harvest (22 Aug.—13 Sept.), 67% of the harvested whales were female, and during the last
half of the harvest (14 Sept.—11 Oct.), only 32% were female (Fig. 2.6, 2.8). This difference is significant
(x* = 6.55, df= 1, P=0.010). From 1990 to the present females have been more common among the
harvested whales (18 females and 13 males), but before 1990 more males than females were harvested
(15 males and 8 females). This difference is marginally significant (x> = 2.87, df = 1, P = 0.090) and is
due to small females commonly being caught early in the season since 1990 (Fig. 2.6, 2.7).
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FIGURE 2.6. Whale length vs. date for bowheads harvested at Kaktovik, 1976-2000; females and males are
distinguished. A 6.2-m calf harvested on 2 October 1977 is excluded. Whale lengths are adjusted down-

ward to allow for stretching (see text).
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FIGURE 2.7. Whale length vs. year for bowheads harvested at Kaktovik, 1976—-2000; females and males
are distinguished. A 6.2-m calf harvested in 1977 is excluded. Whale lengths are adjusted downward to

allow for stretching (see text).
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FIGURE 2.8. Sex of whales vs. date for bowheads harvested at Kaktovik, 1976-2000.

Local and Traditional Knowledge of Whale Feeding Near Kaktovik

Bowhead whales are of great cultural importance to the Inupiat and are a major source of food.
Inupiat know a great deal about bowhead whales. This study required much cooperation with and direct
participation from local residents in the study design and field work, for two major reasons: (1) A major
objective of the project was to integrate Inupiat knowledge of bowhead whales into the planning of the
project, the fieldwork, and the interpretation of the findings. The project devoted significant effort, both
during the planning phase and during fieldwork, to the compilation of local and traditional knowledge
concerning use of the Kaktovik area by feeding whales. Resources to document broader aspects of local
and traditional knowledge related to whales and whaling were not available, given the need to concentrate
on work directly bearing on use of the area by feeding whales. (2) Local coordination and participation
also insured that the study did not interfere with the hunt for bowhead whales and, to the fullest extent
possible, respected Inupiat cultural sensitivities. Several types of liaison functions were built into the
project plan to meet these requirements.

Concept and Use of “Local and Traditional Knowledge”

Defining what is meant by “local and traditional knowledge” (LTK) or “traditional ecological
knowledge” (TEK) is not a simple process, and summarizing such knowledge is even more difficult
(Kinsella 1999). There have been many attempts to define TEK and its place in research and in the
assessment of the effects of development or management projects (see, for example, Bielawski 1992;
Freeman 1992; Hobson 1992; Johnson 1992; Sallenave 1994; Government of Canada 1996; Carter 1997,
Huntington and Fernandez-Gimenez 1999). This is not the place to reprise this discussion, from which no
complete consensus has as yet emerged, nor is it likely to emerge soon. Rather, we have extracted certain
themes from this literature that are most pertinent in a pragmatic way for this project.

The label “traditional” often seems to serve as a barrier to the integration of such knowledge with
“Western scientific” knowledge. “Tradition” is often interpreted as unchanging and of the past, and
“science” with the investigation of the present in order to support some change in knowledge or thought.
In fact, both “traditional” and “scientific” knowledge are evolving and changing systems of thought,
based on life experiences organized in certain ways. The scientific method is an explicit set of rules for
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organizing and drawing conclusions from experience. Traditional knowledge does not have such an
explicit method of evaluating information and drawing general conclusions, and thus in many specific
cases is quite situationally or contextually bounded, with no obvious way to broaden its application.
Thus, local and traditional knowledge is sometimes dismissed as “anecdotal” when in fact it is merely
over-specific for the purposes at hand, and the underlying generalizations (or the methods to arrive at
such generalizations) have not been perceived.

In the present project, we have used several approaches in attempts to compile LTK by Kaktovik
residents concerning whale feeding in the Kaktovik area. We first conducted a literature review of select-
ed published and unpublished sources. Then, during January 1998, we consulted local Kaktovik residents
through a 1'4-day whale workshop held in Kaktovik. During that meeting, LTK was compiled and local
participants helped modify the research design to address local concerns and to incorporate local
knowledge. In addition, we interviewed a limited number of whaling captains and other experienced
whalers during the first year of the project. Complete transcripts of the interviews that were rccorded are
included as Annex B in Volume 2 of this report.

Prior to each year’s main field season (1998, 1999 and 2000), one team member spent two to three
weeks in Kaktovik during mid-late August, meeting with local residents, coordinating logistics, and (with
local residents) attempting to conduct a “local boat” survey to detect any early-arriving bowhead whales
in the Kaktovik area. The local boat survey included both a visual search and use of hydrophones to
listen for calling bowhead whales. This component of the research had been suggested by local particip-
ants at the Whale Workshop in January 1998. It was hoped that it would document some of the whales
that might occur in the area prior to the start of whaling and of the project’s more intensive aerial- and
boat-based fieldwork in September. Also, the “local boat” survey provided an additional opportunity to
collect LTK related to whale feeding behavior. Furthermore, during September of 1997-2000, a project
participant from Alaska Dept of Fish & Game worked closely with the whalers to collect biological data
and samples of the stomach contents from bowheads harvested at Kaktovik. Other opportunities for
exchanges between local residents and project scientists are described in the next subsection. These
included the project’s three Scientific Review Board meetings, annual meetings in Kaktovik before the
whaling season, employment of a local resident on the project boat, basing of the project aircraft at
Kaktovik, and an additional workshop in Kaktovik in January 2002 to discuss the draft of this report.

Overall, although Kaktovik residents are very knowledgeable about bowhead whales generally,
rather little LTK related specifically to whale feeding behavior was found, as summarized below. There
are probably several reasons for this. One is that whale feeding behavior, in and of itself, is not of central
interest to Inupiat whalers. LTK tends to emphasize the types of observations most salient for the success
of whatever activity one is engaged in (or for safety or survival in general). Thus, many people remarked
that they were concerned with where whales could be found, and when, but not with what they were
doing there. Also, LTK is embedded in life experience and, as such, those components of it most pertin-
ent to a specific topic such as whale feeding behavior can be difficult to isolate from this larger context.
This is especially true if the research effort must take place within a short period of time. Long-term,
nondirective research is more likely to be successful in compiling LTK on any specific topic than is short-
term and more “direct” research—although directed research will also compile much information on other
specific (and general) topics as well.

The following sections summarize the local contact activities conducted for this project, and
include a summary of LTK related to whale feeding in the Kaktovik area.
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Chronology of Local Coordination and LTK Activities

After initial contacts with the North Slope Borough, the Alaska Eskimo Whaling Commission, and
the Kaktovik Whaling Captains Association during the late summer and autumn of 1997, a meeting to
introduce the project to Kaktovik whaling captains was held in Kaktovik in December 1997. This was
followed by a 1'%-day workshop in Kaktovik in January 1998, at which a rough draft of possible study
options was discussed with the Kaktovik whaling captains and representatives of the AEWC, NSB, fed-
eral government agencies, and the oil industry. Local advice was obtained about the timing of the study,
its feasibility and compatibility with bowhead hunting activities, and options for improving the research.
The formal workshop agenda included time for public statements by local residents concerning LTK of
bowhead whales. There was also time for two-way discussions about bowheads between local residents
and project scientists who had studied bowhead whales near Kaktovik and elsewhere in previous years. A
number of informal and private discussions with whaling captains and other knowledgeable Kaktovik
residents were conducted in the days following the workshop to further develop the traditional knowledge
information base. A limited number of interviews with whaling captains and other experienced whalers
were recorded and transcribed, or otherwise documented when recording was not possible.

The feedback received at the workshop and at a subsequent meeting on 30 May 1998 was taken
into account in the Project Plan that was completed in draft during early July 1998. During July, that
draft plan was further discussed at meetings with local residents in Kaktovik and with the project’s
Scientific Review Board (SRB) in Anchorage. The SRB includes representatives of the Kaktovik whal-
ing captains (Mr. Joe Kaleak), the AEWC (Mr. Thomas Napageak or Mrs. Maggie Ahmaogak), and the
North Slope Borough (Dr. Todd O’Hara or Mr. Craig George) as well as NMFS, industry, and
independent scientists. The SRB, with local representation, also met in June 1999 to review the results of
the first (1998) field season and plans for subsequent field seasons. The SRB did not meet after the
second (1999) field season, but reviewed the 1999 results individually. The SRB met a final time during
January 2002 to review results of the overall project as described in this draft final report.

Project scientists participated in several Kaktovik Whaling Captains Association meetings, includ-
ing meetings in July and August 1998, June and August 1999, and early September 2000. The meetings
in August—September, in particular, provided an opportunity for final coordination of research plans with
whaling plans, for local comments, and for possible research modifications. Also, during September of
1998, 1999 and 2000, a Kaktovik resident was employed aboard the boat that was used for systematic
studies of food available to bowheads near Kaktovik (see Chapters 3—7). This provided another avenue
for interchange between the project and the community. As noted earlier, a project representative was in
Kaktovik in late August of 1998-2000 for the local boat survey, and another worked closely with the
whalers in September 1997-2000 to collect biological data and samples of the stomach contents from
bowheads harvested at Kaktovik (see Chapter 18). Finally, the project’s aerial survey crew was based at
Kaktovik for their work during the 1998-2000 whaling seasons (see Chapters 8—16), providing further
opportunities for communication.

A meeting to present and discuss the results of the study was conducted in Kaktovik on 31 January
2002, shortly after the final SRB meeting. The discussion at those two meetings has been taken into
account in the final version of this report.

Whale Workshop in Kaktovik (Jan. 1998)

The workshop extended for two days (15-16 Jan. 1998), and primarily addressed specific aspects
of the research design that those present believed could potentially affect the behavior of whales (and
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Kaktovikmiut whaling success) during the course of the research. While these discussions reflected local
and traditional knowledge and beliefs derived from life experience (for instance, how noise sources affect
whales), little in the way of observations related to whale feeding was presented. Rather, the local
attendees were concerned with understanding the proposed research program, and then suggesting modi-
fications to the planned research design and schedule to minimize possible effects on subsistence whaling
(noise, timing of the research). There were also concerns that the research, as designed, could base its
conclusions on information that was too limited. An extensive discussion on the appropriate geographical
boundaries of the study area was one example. Another example was the concern that not all years are
the same, and if there were a year when whale feeding could not be documented, because of ice or other
conditions, that this could skew the results. These concerns revealed a great depth of local knowledge
about whale behavior in the Kaktovik area, although not specifically related to feeding behavior.

At the beginning of the second day of the workshop, one Elder briefly summarized the depth and
orientation of local knowledge, and contrasted it with the approach proposed by the Whale Feeding Study
methodology:

“Since I started to know about the whales is—beautiful. My knowledge can see that, because this
area, Kaktovik all the way to Demarcation-Icy Reef—since I find out about it, my parents and my
uncles already know about that. They don’t have any history. They never talk about much about
it. When you was a little boy and your grandpa or your grandparents and your uncle tell you—
beautiful. They never write it onto paper, but you have it, it’s all the time in your mind, in your
knowledge. That’s what we have.” (Isaac Akootchook, 16 Jan. 1998)

This describes an expertise derived from a lifetime of experience, as well as the transmission of such
experience from one generation to the next. Such transmission is not written, and in many cases is not
even verbal, but is the guidance provided by the older generation while hunting or engaged in other
shared activities. Subsistence—obtaining food and the other requirements for a good life—was the
unifying theme. Knowledge is inside a person’s head, and is used for the pragmatic purpose of making a
living.

The Elder mentioned that what he and others said in meetings such as this often had little apparent
effect; it is difficult to transmit this knowledge and understanding verbally if others lack the personal
experience that underlies it. He also stated that he knew the study was necessary, since it would provide a
potential way for outsiders to understand about whales in the area. The study also provided the opportun-
ity for local residents and outside scientists to work cooperatively together to better investigate and
communicate how whales were using the Kaktovik area, to their potential common benefit.

The workshop concluded with the Kaktovik Whaling Captains Association giving permission for
the research to proceed, with some modifications in the research design as initially proposed. Foremost
was the condition that, during the first main field season (1998), the project’s boat-based work would not
begin until Kaktovik whalers had landed two bowheads. Some conditions were also placed on the aerial
survey component of the project. A local boat component was added to the project to increase local
participation, and potentially expand the temporal and geographic range of observations for the project.
Lastly, to the extent possible, local and traditional knowledge would be incorporated into the project
documents and fully acknowledged.

Limited Interviews (16-20 Jan. 1998)

Individual discussions were held with several Kaktovik whaling captains and other residents
during and shortly after the workshop summarized in the preceding subsection. These discussions were
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held to seek additional information about utilization of the study area by bowheads, and particularly by
feeding bowheads. Kaktovik residents know much about the occurrence of bowheads in their area, but
they usually cannot determine whether the whales that they see are feeding as opposed to migrating or
engaged in some other activity. Nonetheless, much local information on whale occurrence and behavior
exists and can be elicited.

The following summaries are not intended as complete records of the interviews conducted follow-
ing the workshop in Kaktovik. Rather, they indicate the type of information that was discussed and some
of the content. Content has been confined for the most part to local and traditional knowledge concerning
whale behavior and Kaktovik whaling. Unless noted, the interviews were recorded on tape cassettes. In
most cases, the quality of the recording is fair to poor, in part due to the sites of the interviews. With one
exception, the interviews were conducted in Kaktovik on 16—19 January 1998 by Steven MacLean, a
biologist (and Inupiat) employed by LGL Alaska, and by Michael Galginaitis of Applied Sociocultural
Research (Anchorage). Herman Aishanna was contacted by phone in Barrow on 20 January 1998.
Copies of original tapes and draft transcripts were sent to each person interviewed, for their review. The
detailed transcripts are included, largely un-edited, as Annex B to the present report (see Volume 2).
MMS will distribute copies of these tapes and transcripts to the appropriate repositories (AEWC, IHLC,
KWCA). The order in which the interviews appear below is the order in which they were conducted.

George Kaleak and Bert Akootchook (Steerer, Harpooner)—Both interviewees stated several
times that they cannot say anything about whale feeding behavior, as whalers are not looking for such
behavior when they are out whaling. They sometimes see krill in the water, but not always when they see
whales, nor is krill always present when they see whales. The amount of krill they observe varies by year,
and they related that they did not see much krill in 1997, although they saw many whales.

They stated that whales “hang around” the Kaktovik area in September, although they do not know
why. Whales could be feeding, but whalers are not looking for that behavior, and search for whales by
looking for “blows”. Whales can be seen in the area as late as October, but do not seem to linger in the
area at that time.

During the summer, on their trips to Canada, the interviewees commonly encounter many whales.
In July, bowheads are mainly on the Canadian side, especially in the Herschel Island to Shingle Point
region. However, they also reported that people hunting caribou in July near Camden Bay see whales in
that area. In the past, they have whaled as early as August, but found that the weather was too warm at
that time and the meat spoiled too easily.

Daniel and Lillian Akootchook (retired Whaling Captain and spouse).—This conversation took
place at the interviewees’ home in Kaktovik. The Akootchooks shared many stories of their experiences
in Kaktovik, both whaling and more generally. Little of this related directly to the question of whale
feeding in the Kaktovik area. The stories are not really suited to summation, but speak to the centrality of
whaling and subsistence to Inupiat life in general, and in the lives of the Akootchooks in particular. They
did not generalize broadly, but did explain that whales seem to listen to what people say, and respond to
what they do. Not only are whales very sensitive to the noises people make but, according to the inter-
viewees, whales are also very concerned with the propriety of peoples’ actions and their relations with
each other. That is, whales allow themselves to be taken by those who respect them and behave properly.
The Akootchooks’ stories thus indicate that whaling is very much about the Inupiat relationship with the
whale and each other.

Isaac Akootchook (Whaling Captain, Lay Preacher).—Isaac Akootchook (IA) started with the
observation that, before the Kaktovik residents started (or restarted) whaling in 1964, they saw many
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whales right off Arey Island, Bernard Spit, and Jago Spit. His parents told him that the whales were feed-
ing in those areas. He does not know from his own observation, as he cannot tell when a whale is feed-
ing. He asked, “Who can say what a whale is doing underwater?” Many other people told the researchers
essentially the same thing—they cannot tell if a whale is feeding.

IA said that, when out boating, you see little things in the water wherever you travel. He related
that he often looks to see what is in the water. What they see is not only whale food—ringed seals and
ugrook (bearded seals) need food as well. People go seal and ugrook hunting in the spring, and (some-
times) see whales while doing that. The hunters do not bother the whales at this time. IA also used to
just go out boating in the fall, just to look around, and used these trips to spot whales. IA said that the
whales were communicating with one another, and that the “leader whales” of the migration should be
left alone. Otherwise the main body of whales may deflect further offshore. The whale leaders establish
the “trail” for the whale migrations. Once the leaders go by, the main pack will follow this trail. IA said
it is like the caribou of Anaktuvuk Pass.

When asked whether whales travel in groups IA said that some years there are lots of whales, and
then relatively few, and then lots again. Some whales can be early. In July, it is not uncommon to see
single whales, but the hunters do not know if these are migrating from the east. The migration noticeably
starts in August and lasts through October. IA said that there are more whales now in October than there
used to be. “[In 1997 we] went out in a boat in October [when there was quite a bit of open water] and
there were lots of whales—seemed to be smaller ones.” Ice does not really affect the numbers of whales
that go by or the migration, but does affect the hunt. Hunters need to find open water. When they see a
whale, they need to be able to get to it, but find it difficult to do so in heavy ice years. Hence, their
success rate under those conditions is low. IA reported that Kaktovik residents like to hunt other things in
October, and ice cover tends to increase in October, so they try to finish whaling in September. Hunters
tend to go south into the mountains to hunt caribou (or sheep) in October. They also hunt caribou in July,
but more in coastal locations.

IA said that the best spots for whaling are the areas near Jago Entrance (between Bernard Spit and
Jago Spit) and Kuvritovik Entrance (between Barter Island and Arey Island). Some whalers go west a
little way and check Arey Island first, while some check off Jago Spit first. Tapkaurak Entrance also is a
place that people check and find whales. The important waters for Kaktovik whalers are Camden Bay to
Tapkaurak Entrance. When hunting whales, some boats are closer to shore and others are farther out,
with spacing of maybe a mile between “adjacent” boats. Most of the time the whale to be hunted is seen
by one of the middle boats. Sometimes they spot the whale in the morning, near Kaktovik; bring it in and
cut it up in the afternoon; and are done by evening [and then they do it again for the rest of the quota].
They generally look for a 25 to 30 footer, as these small whales are tender and relatively easy to handle.
Sometimes they do take bigger whales, as it can be difficult to be sure of the size of a whale when
hunting. Some years they finish the season early.

One year off Jago Spit there were no whales. There was lots of open water, but they could not see
whales for some reason. IA reported that the old people say

“Don’t talk about whales before you go out, don’t say you are going to get one, whales hear you
and will react to what you say, and will stay away.... The year before, there had been lots of ice
and whales had been hard to see. No whales taken, maybe one. The next year, the ice was gone
but they still did not get any whales. People had been talking before they went out, said that maybe
they would get a whale this year. People were talking, so they did not get any whales.”
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IA concluded that ““... you can never know about the whale, who will get one, if anyone will. Have to ask
God. Animals are all here to use the earth. People are just sitting here, make plans and then break it.”

During a later meeting (31 Jan. 2002), IA mentioned that in his younger days, before the DEW
facilities were built, many whalebones were evident at Barter Island, including bones inside the lagoon
behind the spit. These bones are buried now. IA believes that the Kaktovik area is an important feeding
area for bowheads.

Thomas Agiak (Whaling Captain)—Thomas Agiak (TA) said that in early August whales can be
found offshore from West Barter Island, in Kuvritovik Entrance. His brother goes to the Camden Bay
area in July and August and sees whales (but generally only a few). Kaktovik whalers catch them off
Bernard Spit in September. TA reported that, as late as conditions allow boating, maybe the second week
of October, whales can be observed in the area—but that he is not really sure what the “ending” date for
the whale migration is. When people go out to hunt caribou in October on Arey Island they see small
whales (Kuvritovik Entrance).

TA indicated that in August, you can see all sizes of whales in the Kaktovik area, sometimes
including some big ones, and that you can tell the difference in size by a difference in the size of the
blows. Smaller whales tend to be closer to shore. TA stated that big whales will also go by early (around
1 Sept.) with smaller whales. Whalers stay away from those pairs of whales, big with small, as often it is
a mother and a young one. By the end of September the larger whales, 43 to 46 footers, are present.

In his experience of travel by boat to Canada or hunting during [early] August, TA seldom has seen
whales between Kaktovik’s usual hunting area and Herschel Island. East of Herschel Island he has seen
many whales during this period. On his way back to Kaktovik [presumably during late August] he
reports seeing many whales in both areas. Regardless of other comments, he said that the migration can
sometimes be early, or late.

When whales are very close to shore they are easy to spot and whalers can follow them by the
“brown bubbles” they stir up from the bottom. In the shallow water, the whales disturb the bottom as
they swim. However, TA also said that when whales are that close to shore (and in shallow water) that
they “spook” quite easily and thus are more difficult to catch.

TA said that for the last 10 years Kaktovik whalers have not had to look beyond a limited
geographical area east to west, up to 20 miles out into the ocean. When there was seismic activity in the
area, he reported that Kaktovik whalers had to go farther out to sea in order to find whales—but they
never struck whales out there because it was too far from Kaktovik. TA reported that when the oil
companies were doing seismic work off Jago, Kaktovik whalers had to go quite a ways to find whales.
He said that noise affects whales quite a lot. One year they saw many whales but they were easily
spooked. When the whalers turned towards them they spooked and disappeared—the whalers could not
get near the whales. The year when seismic work was being done, there was also a good amount of ice.
Whalers would turn towards whales and never see them again. TA thinks it was because of too much
noise in the area, as they had to go far to see whales. He said that when a drill rig was offshore, for 2
years they hardly saw any whales. When there is no noise—no [industrial] boat traffic—Kaktovik
whalers can usually get their whales close to Kaktovik.

Charles Brower (Whaling Captain, President of Kaktovik Whaling Captains Association).—This
interview took place at Charles Brower’s (CB) house. He considered that others would be better sources,
as he was a relatively young captain, and he advised us to seek out the more senior captains.
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CB said that they try and stay away from big whales, as they prefer 30 to 40 footers. The earliest
whales seen are in late July, and one year they saw early whales in the Jago area. The regular subsistence
activity in July is to hunt for caribou. The hunters do not actually look for whales at that time, but
sometimes notice them. When Kaktovik whalers can’t see whales nearby during whaling (September),
they look off Arey Island, near the bend. Medium-size whales tend to hang around there. CB reported
that you can see smaller whales hanging around Jago Entrance in mid-August.

When he goes to Canada by boat, he starts to meet whales near BAR-1 [Komakuk]. This is in early
August. He returns to Kaktovik in time for the whaling season there. During boat travel along the coast,
they do not see as many whales between Komakuk and Herschel Island as they do east of Herschel Island.
In July they sometimes see whales locally, or near Ptarmigan Bay if they are traveling to Canada at that
time. The last whale that they see passing Kaktovik in fall tends to be seen around 8 to 12 October.
Kaktovik residents know that whales are still going by in October. Big whales are seen later in the
season; little whales are seen more often at the time when Kaktovik hunters normally whale (early
September).

Archie Brower (Whaling Captain)—This interview took place at Mr. Brower’s (AB) house in
Kaktovik. It was not tape recorded as it had the elements of a social visit as well as the official one.
There was also quite a bit of background noise. Mr. Brower shot the whale taken in 1964 that marked the
resumption of whaling in Kaktovik; he used a .50 caliber rifle. He has passed away since the time of this
interview.

Archie Brower (AB) reported that whales are most often seen off Jago Point and west of Barter
Island. He spontaneously volunteered that the whales were feeding from Barter Island all the way down
to Demarcation Point, but pointed out especially the areas off Jago spit and Tapkaurak Spit. AB said that
whales feed in those areas. At Griffin Point, near AB’s summer camp, the whales can be very close to the
shore (he said 10 to 20 feet, probably meaning water depth). AB does not know what they feed on, but
said that they are feeding in this area—mainly in late August and early September. AB said that there are
also whales off the western end of Arey Island, but he does not know if they are feeding. They do stay in
the area for a while, and again most of the whales are close to the shore. There are not many whales far
from shore. Last year (1997) the whale taken the furthest from the community was 12 or 14 miles
offshore—a two hour tow.

AB and his family made their summer camp at the east corner of Oruktalik Lagoon near Griffin
Point. They went there in July and August, to fish and hunt for caribou and brant. Other families also
have summer camps in the area, but they tend to put up tents and not stay as long as AB and his family.
In their trip to the east to Griffin Point they encounter whales already traveling to the west. These whales
are mostly close to shore in water 20 to 30 feet deep. AB said that they seem to be feeding. Some whales
feed on the top, some dive, and some even bring up mud. The whales in this area seem to stay around for
a while. They may go out further into the ocean for a while, but often come back. AB said there is little
whale feeding further out from the shore, and there are not many whales out there. AB has observed
whales in the Griffin Point area since September of 1955 and/or 1956, when he started to travel there.

Sometimes AB traveled to Canada (Herschel Island area) by boat in August. It takes a day in good
weather to get to Shingle Point, along the coast between Herschel Isl. and Inuvik. They usually see lots of
whales by the time they get to King and Shingle Point, but sometimes see only a few. The whales are not
far off the point, and are going back and forth. AB did not know if they are feeding (at King Point), and
said they are medium size whales. AB said that at Shingle Point the whales may be farther from the shore
than at King Point.
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When whales start to return westward during August, the smaller ones tend to be first. The
migration goes into October. There is almost always some open water, which determines to a great extent
where the whales actually are. Kaktovik whalers wait for good weather to go whaling—and the more
open the water, the better the weather has to be. Winds make for rough water when there is much open
water. Good weather and open water allow quick whaling trips, AB said, as was evident in 1997—
whaling consisted of short trips separated by a week of waiting for good weather (waiting for the wind to
die down). Winds in this area are mainly from the west or east. Those from the west tend to be the
strongest ones, while those from the east are usually not too strong.

Joe Kaleak (Whaling Captain and AEWC Commissioner)—Joe Kaleak (JK) started whaling at
Kaktovik in 1972, when he settled there. He thinks that the feeding study is quite important. He started
by saying that the area between Demarcation Point and Icy Reef, and another area on the west side of
Barter Island around Arey Island, are whale feeding areas:

“Well, we don’t really pay attention [to] feeding [by] whales—when we’re out whaling, we just go
look for some whales, you know. So we don’t really pay attention [to] where the feeding areas are.
But I know they’ve got feeding area at the east side of us, between Demarcation [Point] and Icy
Reef. And I just find out not too long ago, there’s another feeding area on the west side of us ...
Arey Island.”

Later in the interview JK stated that, on his summer trips to Canada, he had observed whales feeding in
Canadian waters, near Kay Point. He summarized his observations of feeding whales by saying “... that’s
the only place, right by Demarcation and this side of Herschel. And right over by the Arey Island toward
Camden Bay.”

JK makes a trip to Canada every year. He leaves Kaktovik in mid-July, and always meets whales
east of Demarcation Point but west of Herschel Island. East of Herschel Island, Kay Point is an area
where whales congregate for feeding. Whales that he meets on the way to Canada tend to be small
whales, close to shore. On the way back from Canada in mid-late August, he sees whales on the east side
of Herschel Isl. These whales are traveling slowly. After whales reach BAR-1 [Komakuk] on the Canad-
ian side, it takes them 1 to 1.5 more weeks to reach Barter Island. Whales stay in certain areas for several
days, but JK does not know why. He said that whales may stay in the Demarcation Point area for two
weeks or more—“maybe for a whale convention”.

JK has seen a whale in Camden Bay as early as July, and the Kaktovik hunters used to hunt small
whales near Kaktovik during August in the early years of whaling at Kaktovik. However, JK indicated
that August is too early to whale—the meat too often spoils. Whales often stay in areas around Kaktovik,
especially in the Jago Spit area. That is why so many whales are taken there. After bowheads reach the
Kaktovik area, there will sometimes be a two week “pause” in spotting whales. Whales can be hard to
spot. Big whales come near the end of the migration—up to the middle of October.

JK stated that when Kaktovik whalers go whaling they do not bother whales in the feeding areas,
e.g., Arey Island. Rather, the strategy when the water is open and weather is clear is to go north from
Barter Island 10 to 12 miles out from shore, and then cruise slowly east looking for whales. If no whales
are spotted within 3 days or so, they will start the same way but cruise west. They do not like to go
farther than the Jago Spit-Tapkaurak Entrance area to the east, or beyond Arey Island to the west, but will
go as far east as Griffin Point if they do not find whales any closer. In bad ice years, when they cannot
otherwise get out very far from the village, they will make their way to Camden Bay and go north from
there. Even when the ice is “tight” by the village, it tends to be “loose” off Camden Bay, and allows
Kaktovik hunters to get out to the lead. They then start by first cruising east, as in the normal pattern, and
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often end up getting a whale off Jago or Griffin Point anyway, as they would have in a more normal ice
year. In this case they usually end up farther out in the ocean, since open water is farther out. (In later
discussions during January 2002, JK noted that in 2001 hunting extended well offshore because of ice to
the east. He also noted that bowheads tend to remain for more than 7 days when there is no ice, and less
than 7 days with ice.)

Herman Aishanna (Whaling Captain)—HA said that Kaktovik whalers know what whales eat.
They often see whales milling around on the east side of Barter Island, especially the north side of Jago
spit, Bernard Spit. Whale food is present when whales are, and whalers (at least HA) look for whale food
when out looking for whales. It is not hard to look in the water, and when there is lots of krill and
plankton there will be lots of whales. HA said that whales sometimes mill around, and he thinks this is
probably related to the supply of whale food in the area. However, whales are often sufficiently
accessible that there is no need to look around for whale food and such signs. In 1997, there was
absolutely no ice and the first time that Kaktovik whalers went out they got a whale and towed it in. They
butchered it and used all the meat with no waste. There was no ice and thus no interference with seeing
and reaching the whales. Kaktovik whalers rely on calm weather for hunting bowheads, as windy
weather results in large waves.

Still, sometimes when there is little or no ice there are also few whales. HA thinks that this is
related to the lack of whale food—whales and whale food tend to be together in the Kaktovik area.
Whalers also need to take current into account, as HA thinks that the current brings the food to the
whales. The current is always shifting, in every direction, from time to time.

Local Boat Effort

At the workshop in Kaktovik during January 1998, whaling captains proposed a local boat effort as
an added component of the research design. In their view, the local boat effort would contribute in
several ways. (1) It furnished an additional avenue for significant local participation in the research.
(2) By taking place prior to whaling and prior to the project’s primary aerial- and boat-based fieldwork, it
broadened the time period during which use of the area by bowheads could be documented (although of
course the local boat observations were not comparable to those of the formal project survey period).
(3) This effort also afforded the possibility of extending observations west of the formal survey area, into
an area that Kaktovik whalers believed could also be significant for whale feeding. (In practice, the
primary boat-based and aerial work in September also extended west of Kaktovik.) (4) It also afforded an
opportunity for a researcher (MSQG) to interact with whalers in a natural situation on the water, and
perhaps gain some local information about whale feeding in an undirected way.

For both 1998 and 1999, the local boat effort was problematic due to weather. The 2000 effort was
more successful:

o In 7998, MSG was present in Kaktovik from 24 August to 9 September. The weather did not
allow small boats to go out before whaling began on 4 September, but then the weather cleared
and Kaktovik whalers successfully harvested their full quota of whales

o In 7999, a delay in the researcher reaching Kaktovik, the involvement of many local people in a
search and rescue operation once he arrived (15 Aug.), and poor weather resulted in only two
trips being made before MSG left (6 Sept.). On the second of these trips (3 Sept.), whales were
observed and recorded with a hydrophone. The whales were located in the Jago area, where
Kaktovik whalers commonly encounter them, not far from the community. Again, Kaktovik
whalers were successful in harvesting their full quota.
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e The 2000 small boat effort was more successful. Arrangements were made with two boats (and
crews), rather than only one, to take turns. Of the 19 days when the researcher was in Kaktovik
in 2000 (14 Aug. to 1 Sept.), 10 days had conditions suitable for boating, i.e., good weather when
the researcher was prepared to go out. Seven trips were actually made. Two days were “lost”
when both local-boat crews wished to hunt for seals and/or ducks rather than look/listen for
whales. One good weather day was skipped to allow the researcher to catch up on notes. There
were equipment problems in 2000, so few good hydrophone recordings were made. Trips were
made on 16, 17, 19, 21, 24, 25, and 31 August. A single bowhead whale was observed on 25
August, but no obvious bowhead vocalizations were noted. It was thought that whales had been
heard on 31 August, but later analysis of the tape did not confirm this. Kaktovik whalers again
took their full quota of whales in 2000.

In terms of extending the scope of the observations made by the project, both in time and space, the
local boat effort had little success. Only in the third year were a significant number of trips made, and
most were within the “regular” project area. Few whales were observed, although the 1999 and 2000
efforts did confirm that at least a few whales were in the area well before the start of more intensive
feeding-study fieldwork.

However, in terms of local participation, the small boat effort succeeded admirably. During each
of the three years, the researcher stayed in the community at the home of a local couple. Overall, four
boat crews participated directly in the project, and provided information related to whales and whaling.
Although little of this information specifically related to whale feeding behavior, all boat crews had clear
ideas about where they expected that whales would most likely be found. These areas were essentially
the same for all crews, and were the same as the “core” and “expanded” whaling areas described in earlier
interviews by Kaktovik whaling experts. Much of the crew’s conversations were about subsistence
activities (location, timing, past experiences). Information on whale presence in, and migration through,
the Kaktovik area was generally consistent with that provided during the earlier interviews and during
public meetings. This could be expected, as the KWCA assisted in the recruitment of local boats for this
research component, and ensured that the researcher only went out with experienced whalers.

Existing Documented Local and Traditional Knowledge

Previous sources of documented Inupiat local and traditional knowledge provide little or no infor-
mation about whale feeding behavior in the eastern Alaskan Beaufort Sea. The Commission on Inupiat
History, Language, and Culture (IHLC) has an extensive collection of unpublished tapes and transcripts,
many of which contain information on whaling. However, they are only roughly indexed, and a quick
survey did not uncover any which appeared to contain observations on whale feeding behavior. It is
possible that some tapes, especially those of Vincent Nageak (see below), may contain such information,
but this cannot be known at present. Some tapes are completely unprocessed, and others are only
minimally indexed and abstracted.

The North Slope Borough periodically conducts conferences for the sharing and distribution of
local and traditional knowledge. The tapes from these conferences are added to the IHLC collection. A
few of these conference sessions have been processed and published. The most pertinent, Kisautaq
(1981), contains much about whaling (and especially about spring whaling), but only a little about whale
feeding behavior. Vincent Nageak stated that

“Herschel Island ... it is said they [whales] no longer reach Herschel Island. Many of them have
now begun to stay to the surface at Herschel Island also. They never used to be like that since time
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immemorial. They used to stop a way far east of there. It is said the ones staying close to the
surface are beginning to be farther and farther this way, they are becoming many. In the surround-
ing area of Herschel Island. The whales stop their traveling as soon as they reach Herschel Island.
We learn that it takes a long time for them to get any fatter. ... Once the whale begins [its
migration] it doesn’t stop anywhere along here. We learn that only when it reaches that place in
the east on the Canadian side does it then finally stay to the surface. And so nowadays, although
they say that Herschel Island has never been like this before, now it has many whales which are
staying to the surface, ones whose only concern is trying to get something to eat.” (Kisautaq
1981:294-295)

This session continues:
Ernie Frankson: “So when they start returning do they do it the same way?”

Waldo Bodfish, Sr.: “By leisurely by frequently going close to it, it is said they take their time
returning, just barely moving at all. When they are [returning] they use a gathering-together area
places which contained food, they do not worry at all.”

Vincent Nageak: “When the whales come this way from the east they don’t travel fast, they often
become fatter and their meat is even different.” (Kisautaq 1981:296) This last point is relevant to
Chapters 20 - 23, where the question of the relative amounts of feeding in the Beaufort Sea vs.
elsewhere is addressed.

A volume in process, Hopson and Panigeo (n.d.), is similarly useful because of the information it
contains on how whaling has changed from the past to 1991, but it does not address whale feeding areas.
The volume of Uinig devoted to Kaktovik (Hess 1993) is concerned with visually documenting whaling
and other significant village activities, and so does not address whale feeding areas.

Summary

The desire to characterize the degree to which the eastern part of the Alaskan Beaufort Sea is used
by bowhead whales for feeding arises from a number of concerns. The importance of subsistence whal-
ing for the Kaktovikmiut (“people of Kaktovik™) ranks high among these. This chapter provides a brief
description of the community of Kaktovik and Kaktovikmiut subsistence whaling, summarizes the Kak-
tovikmiut whale harvest during recent years, describes the local coordination efforts undertaken as part of
this project, and summarizes local and traditional knowledge (LTK) pertinent to whale feeding behavior.

Kaktovik is a small community located on Barter Island in the extreme northeast of Alaska, within
the boundaries of the Arctic National Wildlife Refuge (ANWR). The 2000 U.S. Census enumerated 293
people, most of whom (247, or 84 percent) are Native. Household economies rely upon both wage labor
and subsistence activities as vital components of an integrated system. The major employers are the North
Slope Borough, the City of Kaktovik, and the village Native (ANCSA) corporation. There are also a few
private sector jobs and businesses separate from the Native corporations, but most employment is related to
government or Native Corporations. Subsistence activities, and especially activities surrounding the
bowhead whale hunt, are central to the structural organization and cultural identity of Kaktovik residents.

Definitive information on the antiquity of whaling on the North Slope east of Barrow does not
really exist, but available information is consistent with whaling activity at least in the late Thule period
(beginning about 900 years ago). Informants maintain that whaling took place at Barter Island in aborig-
inal times. It is also not altogether clear when subsistence whaling ceased at Barter Island (prior to 1964),
or why whaling was suspended in the mid-Beaufort area in general. Whaling has taken place out of
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Kaktovik during most late summer/autumn seasons since 1964, with a high degree of success, especially
since 1989. After the formation of the Alaska Eskimo Whaling Commission (AEWC) in 1977, Kaktovik
received a formal quota. One to three bowheads were landed during most years in the 1980s, and two to
four bowheads during most years in the 1990s and beyond.

The bowhead hunt normally begins the day after Labor Day and 83% of harvested whales have been
taken in September. In recent years, whales have been taken earlier in the season than in earlier years. The
core whaling area extends from the Hulahula River in the west to Tapkaurak Point in the east and offshore
as far as 32 km (20 mi). Most whales have been taken within 30 km of the village and the mean distance of
harvest locations from Kaktovik has not changed from the 1970s to present. Whaling captains select small
whales over large whales and there has been a significant decrease in the average size of whales harvested
from the 1970s to the present. The size of whales harvested does not increase with date although other data
show that smaller whales become less common in the area as the season progresses. This confirms that
whalers are selective in their harvest. Male and female bowheads are harvested in very similar numbers, but
females make up a significantly higher proportion of whales harvested early in the season and males make
up a significantly higher proportion of whales harvested late in the season.

Bowhead whales are of great cultural importance to the Inupiat and are a major source of food, and
Inupiat know a great deal about whales. However, one elder noted that it is difficult to transmit local
knowledge and understanding verbally if others lack the personal experience that underlies it. This study
required much cooperation and direct participation from local residents in the study design and field
work. All concerned wanted to ensure that Inupiat knowledge of bowhead whales would be integrated
into the planning of the project and the interpretation of its findings. Local participation also insured that
the study did not interfere with the hunt for bowhead whales. Assembly of LTK of bowheads, and
coordination of project and local activities, were two closely intertwined tasks.

Numerous local coordination efforts were built into the project in order to encourage local particip-
ation, to respond to local desires for project modification, and to incorporate local knowledge into research
design and interpretation of results. These efforts included meetings and interviews in Kaktovik in 1997-98
before the first major field season, and additional meetings in Kaktovik before subsequent field seasons. A
final workshop in Kaktovik was conducted on 31 January 2002 to discuss the project findings and to
provide input for use in the draft final report. In addition, there was local Kaktovik representation (as well
as AEWC and NSB representation) on a Scientific Review Board that provided technical advice on project
plans and results. As a result of recommendations by Kaktovik residents, a local boat and crew, in
conjunction with the LTK researcher, searched for bowheads present in late August and early September,
earlier than the main field season. While in Kaktovik for that effort, the LTK researcher served many
project liaison functions. No specific LTK research was conducted during the part of September when
Kaktovik residents were actively whaling. However, a local resident was employed to work as a member of
the boat-based zooplankton sampling crew during the September 19982000 field seasons. Also, another
project biologist worked closely with the whalers during September 1997-2000, obtaining measurements
and samples of stomach contents and whale tissue from the harvested whales. Furthermore, the project’s
survey aircraft was based in Kaktovik during September 19982000 (and 1985-86), affording opportunities
for coordination between project biologists and local people.

Kaktovik residents are very knowledgeable about the times and locations near Kaktovik where
bowheads are present (including small vs. large bowheads), the places where bowheads tend to linger, and
other information relevant to whaling. However, relatively little specific LTK is available about whale
feeding behavior near Kaktovik. ‘“Whale feeding behavior” is a discrete category of definable behaviors
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to a scientist, but is for the most part beside the point for an Inupiat subsistence whaler. Nonetheless, two
feeding areas in the general area are recognized: the Demarcation Point/Icy Reef area, and waters near
Arey Island. Some local residents mentioned that they often see whale food in the water, and know that
whales tend to occur in those places. Local residents emphasized that some bowheads occur in the area in
August and even July, before the start of the main westward migration, and that the project should
consider these times as well as later in the season. However, they noted that bowheads are more common
in Canadian waters than near Kaktovik in July—August. The main hunting period for bowheads is in Sep-
tember, but they are present near Kaktovik as late as mid-October in some years. LTK research activities
during this project, although limited, were closely related to the broader local coordination efforts, and
served to structure the local participation aspects of the research in fruitful ways.
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SPECIES COMPOSITION AND BIOMASS OF ZOOPLANKTON
IN RELATION TO BOWHEAD WHALE FEEDING
IN THE EASTERN ALASKAN BEAUFORT SEA

3. INTRODUCTION TO THE ZOOPLANKTON COMPONENTS OF THE STUDY

Denis H. Thomson' and William B. Griffiths?

Prior to 1998, most of the available information on the zooplankton species composition and
biomass near feeding bowheads came from studies conducted between 1980 and 1988 in the eastern
Alaskan Beaufort Sea and various parts of the Canadian Beaufort Sea: along the Yukon Coast, off the
Mackenzie Delta, and off the Tuktoyaktuk Peninsula (Bradstreet and Fissel 1986; Bradstreet et al. 1987;
Griffiths et al. 1987). Copepods were the dominant zooplankters at all whale feeding stations, with
Limnocalanus macrurus dominating at nearshore stations in the eastern Alaskan Beaufort Sea and along
the Yukon Coast, and Calanus hyperboreus and C. glacialis dominating at stations off the Mackenzie
Delta and off the Tuktoyaktuk Peninsula.

The mean biomass recorded in horizontal net tows taken within layers of concentrated zooplankton
located by echosounder near feeding whales was 1639 mg/m’ in the eastern Alaskan Beaufort Sea and
1400 mg/m’ along the Yukon Coast in 1986. At the one feeding station at Shingle Point off the Yukon
coast in 1988, the mean biomass was 3762 mg/m’. Comparable values are not available for the deeper
offshore areas because of the lack of echosounder data from those situations (which meant that nets could
not be guided to depths of maximum zooplankton biomass). The values from the whale feeding stations
were much higher than the mean biomass of zooplankton taken within layers of concentrated zooplankton
evident on the echosounder at stations where no bowheads were seen (324 mg/m’).

Biomass in oblique tows, which integrate biomass over the water column, was higher at stations
sampled near bowheads than at stations without bowheads: 499 mg/m’ (n = 15) vs. 158 mg/m’ (n = 111).
These average biomasses were based on 1985 and 1986 data from the eastern Alaskan and Canadian
Beaufort Sea (Bradstreet and Fissel 1986; Bradstreet et al. 1987; Griffiths et al. 1987).

There is a discrepancy between the species composition of zooplankton found near feeding whales
prior to 1998 and the stomach contents of whales landed at Kaktovik, Alaska (Lowry 1993; see also
Chapter 18 in this report). Euphausiids and the large copepods Calanus spp. were very much over-
represented in the stomach contents relative to plankton samples taken near feeding whales, and the small
copepod Limnocalanus macrurus was under-represented in stomach contents. Four factors may account
for much or all of this difference: (1) The easternmost site where bowhead whales are harvested and

" LGL Ltd., environmental research associates, 22 Fisher St., POB 280, King City, Ont. L7B 1A6.
Phone: 905-833-1244; e-mail: dthomson@lgl.com

2 LGL Ltd., environmental research associates, 9768 Second St., Sidney, B.C. V8L 3Y8. Phone: 250-
656-0127; e-mail: bgriff@lgl.com
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stomach contents are available for analysis is Kaktovik, ~200 km west of most stations where (prior to
1998) zooplankton was sampled by nets near feeding whales. Food eaten 200+ km east of the harvest
sites would no longer be present in the stomachs at the time of harvest. (2) Before 1998, the composition
of stomach contents at Kaktovik had been reported for only 12 whales (Lowry 1993)—possibly not a rep-
resentative sample. (3) Some of the potential bowhead feeding habitats in the eastern Alaskan Beaufort
Sea had not been sampled prior to 1998. (4) Some components of the zooplankton in areas where bow-
heads were feeding may not have been sampled effectively.

The main difficulty in sampling zooplankton availability for bowhead feeding is that it is very
difficult to find suitable feeding habitat in the absence of whales, even using sophisticated hydroacoustic
techniques. The best predictor of a high biomass of zooplankton in concentrated layers is the presence of
feeding bowhead whales. It was recognized, at the start of the 1998-2000 study, that it would be useful to
place more emphasis on sampling the diversity of feeding habitats used by bowhead whales. A system-
atic survey of zooplankton throughout the study area was beyond the logistic and funding scope of the
1998-2000 study. However, sampling during 1998-2000 has expanded the number of locations and the
number of years in which food availability has been studied in the eastern part of the Alaskan Beaufort
Sea generally, and more specifically near feeding whales.

The zooplankton chapters of this report describe work done in and near the eastern Alaskan Beau-
fort Sea during both 1985-86 and 1998-2000. The 198586 phase of this study was conducted by Grif-
fiths et al. (1987) in the eastern Alaskan Beaufort Sea and adjacent Canadian waters west of Herschel
Island. The 1985-86 portion of the study was of relatively short duration (two late summer/early autumn
seasons), and zooplankton sampling was possible near feeding bowheads during only one of those years
(1986). The second phase of the study was conducted in 1998, 1999, and 2000, with similar objectives
and methods to those of the first phase. The combined effort was designed to provide more information
on annual variability than had been available based on 1985-86 work. The additional efforts during
1998-2000 evaluated bowhead feeding and zooplankton availability during September of three years
(1998-2000). Those data, in addition to the 1985-86 data, yield five years of data on zooplankton and
bowhead feeding in the eastern Alaskan Beaufort Sea during September.

In each of the five years of study, zooplankton sampling was limited to a duration of about 2 weeks
during early-mid or mid-late September. September is the month of peak bowhead migration through the
study area (see Chapters 2, 9). However, aerial surveys and local knowledge show that bowheads are
occasionally present in July and early August, and are commonly present in late August and in October
(Chapters 2, 9). Although the zooplankton sampling encompassed the period of peak bowhead abundance
in the eastern Alaskan Beaufort Sea, it did not include the entire period when bowheads are present. Zoo-
plankters have seasonal patterns of growth, energy accumulation, and vertical migration, and oceano-
graphic conditions vary from August to October. Average food availability in August and October
(especially late August and early October) is expected to be generally similar, but not identical, to that
measured in September.

The five years of zooplankton data now available, in conjunction with physical oceanographic data
collected as part of the 1985-86 and 1998-2000 studies, provide a more comprehensive and defensible
determination of the availability of zooplankton to bowheads in the eastern Alaskan Beaufort Sea,
especially during September, than was possible based on studies up to 1986 (¢f. Richardson [ed.] 1987).
The following four Chapters describe and compare the zooplankton community and physical oceanog-
raphy of the study area during all five years of the overall study. Chapters 4-6, collectively, address the
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primary objectives of the zooplankton sampling program, and are expected to form the basis of three
journal publications. Those three Chapters are on the following topics:

e Chapter 4. Relationship between acoustic biomass and net biomass of zooplankton,

e Chapter 5. Species composition and biomass of zooplankton in relation to water masses in the
eastern Alaskan Beaufort Sea, and

e Chapter 6. Characteristics of areas where bowhead whales feed in the eastern Alaskan Beau-
fort Sea.

In Chapter 4, relationships are established that allow data recorded with echosounders during four
of the five years of the study (“acoustic biomass”) to be converted to wet weight biomass of zooplankton.
Using these relationships, acoustic biomass recorded along transects and near whale feeding stations is
shown as zooplankton biomass in Chapters 5 and 6. Chapter 5 describes the horizontal and vertical distri-
bution, biomass, and species composition of zooplankton in the study area in relation to physical proper-
ties. In Chapter 6, results described in Chapter 5 are compared with results of zooplankton sampling,
echosounder surveys, and physical oceanographic measurements near feeding whales in an effort to
characterize bowhead whale feeding habitat. Chapter 6 also estimates the quantities of zooplankton
available to feeding whales, on a wet-weight biomass/m’ basis. In later chapters, these data are used to
help determine the annual variability in the amount of food available to and consumed by bowhead
whales in the study area. Chapter 7 is a summary of the zooplankton components of the work.

All marine sampling during the five field seasons was conducted from a 13-m boat, the Annika
Marie. The intent was to arrive in the Barter Island (Kaktovik) area in early September, which is the
approximate start of the period of peak use of that area by bowheads. In 1998-2000, our arrival in that
area was timed to avoid the first few days of the whaling season. In those years, the Kaktovik whalers
requested that boat-based work not extend east of Kaktovik until after they had landed the second whale
from their quota of three whales per year. After the second whale was landed, we were free to sample
east of Barter Island provided that we did not interfere with ongoing whaling activities.

Our top priority in 1998-2000 was to sample zooplankton near feeding bowheads and near bow-
heads that were not feeding. In conjunction with this sampling, we sampled along transects to determine
the sizes of the zooplankton patches near the feeding or non-feeding bowheads. When no bowheads were
present in the study area, we sampled sites where bowheads had been observed feeding in previous
studies, in order to determine if these areas have attributes that are associated with high concentrations of
zooplankton. We also sampled at stations along routine transects oriented perpendicular to shore in order
to determine the distribution and abundance of zooplankton in the study area as a whole. Priorities in
1985—86 had been similar, but in those years the sampling along routine transects was also a high priority.
Routine transects extended farther offshore in 1985-86 (generally to the 200-m depth contour) than in
1998-2000 (to the 50-m contour). In addition, zooplankton samples were collected in certain years for
laboratory analysis of fatty acid, stable-isotope, and caloric content of selected groups and species of zoo-
plankton. Those results are included in Chapters 19, 20, and 22, respectively.

Few bowhead whales were present in the study region during September of 1985 or 2000, and
consequently we were not able to sample near feeding bowhead whales during those years. Instead,
zooplankton sampling in those seasons was conducted along transects and in some other locations where
bowheads had been observed feeding in previous years.
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4. RELATIONSHIPS BETWEEN ACOUSTIC BIOMASS AND NET BIOMASS OF
Z.O0PLANKTON IN THE EASTERN ALASKAN BEAUFORT SEA

William B. Griffiths!

Introduction

During late summer and autumn, bowhead whales of the Bering—Chukchi—Beaufort stock migrate
westward across the Beaufort Sea, often either stopping to feed or feeding while traveling (Lowry 1993;
Moore and Reeves 1993). The overall study of which the present work is a part was designed to deter-
mine the importance of the eastern Alaskan portion of the Beaufort Sea to feeding bowhead whales. This
required collection of information on the distribution of zooplankton biomass from eastern Camden Bay
to the Canadian border, and from nearshore waters out to the 50 m contour, during September (Fig. 4.1).

Traditionally, studies of zooplankton have relied on sampling with nets to provide information on
species composition, distribution and biomass. However, net sampling can produce only limited amounts of
data because of the time and expense of collecting and processing the samples. Consequently, these studies
provide limited information on the distribution of biomass over large areas. Bowhead whales tend to feed in
areas with a high biomass of zooplankton (Bradstreet et al. 1987; Griffiths et al. 1987). Areas with a very
high biomass of zooplankton are relatively rare. In addition, the high biomass in these areas tends to be
concentrated in layers, some of which are very thin. These areas would likely remain undetected if only net
sampling were used. Furthermore, with net-sampling alone, there is no way to know whether the locations
and depths with maximum zooplankton biomass have been sampled. These problems can, to a large degree,
be solved through the use of a quantitative echosounder in combination with net sampling.

Over the past few decades, sophisticated sonar systems have been used to find and quantitatively
sample marine fish and zooplankton (Sameoto 1976; Stanton et al. 1994a,b; Macaulay et al. 1995; Coyle
2000; Hewitt and Demer 2000; Kirsch et al. 2000). Hydroacoustic systems that include digital acquisition
and processing can be used to estimate biomass and numbers of fish, and biomass of zooplankton. These
systems measure the strength of the echo, called back scattering, that is returned from a biological (or
other) target. Generally, a strong echo returned from a target means that the target is large and/or that
there are many targets. Hydroacoustic surveys can provide continuous information on the horizontal and
vertical distributions of zooplankton biomass if the relationship between acoustic back scattering and
actual biomass of zooplankton, as estimated by net sampling at selected stations, can be established.

A strong relationship between acoustic back scattering and biomass of zooplankton as determined
by net sampling can be difficult to establish. Acoustic data may contain echoes from fish, from large fast-
swimming or very small zooplankters that are not captured in nets, and from sediment or water density
discontinuities (Johnson and Griffiths 1990). In addition, the intensity of the back scattering can vary
with the size and shape of the animals, their orientation relative to the sonar beam, and species

" LGL Ltd., environmental research associates, 9768 Second St., Sidney, B.C. V8L 3Y8. Phone: 250-
656-0127; e-mail: bgriff@lgl.com
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FIGURE 4.1. Map of the study area for the zooplankton components of the 1985-86 and 1998-2000
studies of bowhead whale feeding in and near the eastern Alaskan Beaufort Sea. The solid line outlines
the area where zooplankton sampling might potentially have been done. The smaller area within which
boat-based sampling was actually conducted is also outlined.

composition (Stanton et al. 1994a; Coyle 2000). In these cases, there may be no relationship between the
back scattering from the targets and the quantity of zooplankton in the water. A further complication is
that net sampling provides only an estimate, and often a biased estimate, of the actual biomass of
zooplankton present. Complicating factors can include net avoidance by zooplankton, uncertainties in the
volume of water filtered, uncertainty in the exact depth(s) that were sampled by the net, and passage of
small zooplankters through the mesh (Hamner 1984; Wiese 1996; Wong 1996). It is important to
minimize these problems when the objective is to use the relationship between net samples and acoustic
data in order to calibrate other acoustic data collected in the absence of net sampling.

The present results are based on data collected during studies designed to determine the importance
of the eastern Beaufort Sea to feeding bowhead whales. The first part of the study was conducted in
September of 1985 and 1986, and the second in September of 1998 through 2000. In 1985 and 1986, a
120 and 200 kHz dual-frequency echosounder system was used with variable success (Griffiths et al.
1987; Johnson and Griffiths 1990). In 1998, a split-beam single-frequency 430 kHz transducer system
was used to collect digital hydroacoustic data during all zooplankton tows and along transects. In 1999
and 2000, a split-beam dual-frequency system operating at 208 and 430 kHz was used. We also used
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bongo nets of two types to collect zooplankton samples at certain stations and depths. Many modern
hydroacoustic and zooplankton sampling methods are more sophisticated and complex than the ones used
here (e.g., Wiebe et al. 1996; Coyle 2000). Other sophisticated zooplankton sampling devices, e.g., video
systems, can also be used (e.g., Davis et al. 1996). However, we required small and lightweight equip-
ment that could be quickly deployed and retrieved from a 13-m boat in a remote area.

Methods

During all five years of the study, boat-based sampling was conducted during September from the 13-m
Annika Marie based at Prudhoe Bay, Alaska. In 1985-86, locations of zooplankton sampling stations and of
hydroacoustic transects were established using a VLF satellite navigation system, while in 19982000 a global
positioning system (GPS) was used. Zooplankton, hydroacoustic, and physical oceanographic sampling were
conducted at individual stations and along extended transects perpendicular to shore within the study area. The
number of stations and the number and length of transects varied among the five years (see below).

Data Sources

In all five years of the study, concurrent acoustic backscattering data, zooplankton samples, and
physical measurements were collected at stations along transects. In years when it was possible to
approach feeding whales, the same types of data were collected at whale feeding and control stations
(Table 4.1). Figures 5.1 and 6.1A in Chapters 5 and 6 show the locations of sampling stations along
routine transects and near feeding whales, respectively.

1985-1986.—Acoustic backscattering data were acquired using a dual-frequency system with 120
and 200 kHz transducers. Instrument settings for each frequency and year are listed in Table 4.2. For a
detailed description of the hydroacoustic methods in 1985-86, see Johnson and Griffiths (1990).

1998-2000.—In 1998, hydroacoustic data were collected using a split-beam single-frequency 430
kHz transducer. In 1999-2000, a split-beam dual-frequency system with 208 and 430 kHz transducers
was used. The numbers of transects and stations sampled in these three years are listed in Table 4.1. The
instrument settings for all frequencies used in the study from 1998-2000 are listed in Table 4.2.

Hydroacoustic Sampling of Zooplankton

Echosounder procedures varied among years. The equipment and procedures used in 1985-86
were described by Johnson and Griffiths (1990) and summarized in Table 4.1. Here we describe the
1998-2000 procedures.

In 1999 and 2000, the dual frequency system consisted of a Dell Inspiron 3200 Pentium-based
laptop computer, a BioSonics surface unit, transducer cables, and two BioSonics DT 6000 Split Beam
digital transducers operating at 208 and 430 kHz. The system used in 1998 was similar, but employed a
single 430 kHz transducer.

The downward-facing transducers were mounted in a BioFin sled and were towed via armored cable
from the side of the boat, away from the wake and ~1 m below the water surface. Tow speed was ~7.2 km/h
(2 m/s) during surveys between stations, and ~3.6 km/h (1 m/s) during zooplankton tows.

When triggered, the 430 and 208 kHz echosounders both transmitted sound pulses into the water.
Returning echoes were amplified and digitized within the transducers. Real-time acoustic data and posi-
tions were collected with the BioSonics Visual Acquisition Program and were stored to the computer’s
hard drive. Real-time data for both transducers were also simultaneously displayed on the computer
screen. At the end of each day, two copies of the data were made and stored on removable lomega disks.
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TABLE 4.1. Number of broad-scale transects, transect stations, and whale
feeding and control stations sampled during 1985-86 and 1998-2000.

No. of No. of No. of No. of
Year Transects Transect St. Feeding St. Control St.
1985 3 12 0 0
1986 4 18 6 5
1998° 4 18 10 8
1999° 4 17 5 3
2000 7 27 0 0

@ Three whale feeding stations and 1 control station were also Transect stations.

® Two whale feeding stations and 1 control station were also Transect Stations.

TABLE 4.2. Echosounder parameters used during whale feeding studies in the eastern Alaskan Beaufort

Sea, 1985-86 and 1998-2000.

Parameters

1985

120 kHz 200 kHz

Peak to peak source level (dB re 1 yPa)
Receiver sensitivity (dBV)

Pulse Width (ms)

Receiver gain (dB)

Pulses per second (pps)

Beam pattern factor

Beam width

TVG (Time varied gain)

217.4 225.0

-153.5 -123.6
18.0 -18.0
1.0 1.0
0.005 0.002
10° 7°

Analog Analog

1986

120 kHz 200 kHz
217.8 2244
-135.2 -134.0
6.0 0.0

1.0 1.0
0.002 0.002
10° 7°

Analog Analog

1998 1999 2000

Parameters 430 kHz 430 kHz 208 kHz 430 kHz 208 kHz
Peak to peak source level (dB re 1 yPa) 219.3 219.3 2229 219.3 222.9
Receiver sensitivity (dBV) -129.7 -129.7 -126.0 -129.7 -126.0
Pulse Width (ms) 0.5 0.5 0.4 0.5 0.4
Receiver gain (dB) - - - - -

Pulses per second (pps) 5.0 2.0 2.0 2.0 2.0
Beam pattern factor 0.001 0.001 0.001 0.001 0.001
Beam width 7° 7° 6° 7° 6°
TVG (Time varied gain) Digital Digital Digital Digital Digital
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The acoustic data were collected at a threshold level of —90 dB relative to the minimum target
strength with 40 Log R time varied gain. Signals below this threshold were not saved to the data file.
The —90 dB threshold was used to maximize the ability of the acoustic system to pick up small zooplank-
ters that had been common in and near the study area during the first part of the study in 1985 and 1986
(Johnson and Griffiths 1990). One option would have been to save only time- and depth-integrated back-
scatter data. However, this would have precluded re-processing of the data with different parameters.
Post-processing of raw hydroacoustic data in 1985 and 1986 showed that re-processing was necessary.
Hence, in all five years, all the digital raw hydroacoustic data were saved.

In all five years, the echosounder transducers were towed ~1 m below the surface. Typically, wave
turbulence and air-bubbles in surface waters prevented obtaining meaningful acoustic results from the
upper 2—3 m of the water column.

Net Sampling Methods

All zooplankton tows were made using a bongo assembly towed behind the boat. The bongo frame
was fitted with two 0.5 mm mesh, 0.61 m diameter, plankton nets. A General Oceanics Inc. model 2030
flow meter was placed in the mouth of one of the nets. Standard bongo nets were used in 1985, 1998,
1999, and 2000. A Tareq opening and closing bongo assembly was used in 1986 to collect all horizontal
tows at depth. In 1985 and 1986, the depth of all horizontal tows was recorded in real time using an
Apelco Ranger model 1650 depth sounder. The transducer was attached to the bongo frame so that it
measured distance to the water surface. In 1998, 1999 and 2000, the depth of the net during the tow was
calculated using wire angle and the amount of wire out. The actual depth profile of each tow was
determined later from data recorded with a Wildlife Computers dive recorder (Model Mk7-S) attached to
the bongo frame.

Horizontal Bongo Tows.—All horizontal tows were of five minutes duration with the start time
being the time when the net reached the desired depth. At most stations, we did from 1 to 3 horizontal
tows. Sampling depths were selected based on real-time hydroacoustic data, and ranged from ~3 to 50 m
depth. At all stations where this was feasible, separate horizontal tows were taken both within and outside
(above or below) concentrations of zooplankton apparent on the echosounder. Except in 1986, the bongo
assembly sampled during both descent to and ascent from the desired sampling depth. Letting the net free-fall
to the desired depth while the boat was moving very slowly minimized the collection of zooplankton during
descent. Slowing the speed of the boat also minimized sampling of zooplankton during ascent.

Sample Treatment—After each tow, the entire sample from the side of the bongo net fitted with
the flow meter was preserved in 10% formalin for analyses of zooplankton biomass and numbers. Sub-
samples from the other net were frozen on the boat and later sent to other project participants (University
of Alaska; Alaska Department of Fish & Game) for caloric, isotopic, and fatty acid analyses.

CTD Profiles—In both 1985 and 1986, temperature and salinity profiles were taken from the
surface to the bottom at all zooplankton sampling stations. An Applied Microsystems CTD-12 was used
(accuracy: temperature, £ 0.2 C°; conductivity, + 2.0 mmho/cm). All data were recorded on a self-con-
tained tape recording unit and were processed by Arctic Sciences Ltd on their PDP 11/24 computer. In
1998, 1999 and 2000, temperature and salinity profiles were taken at all stations with a digital Sea-Bird
SBE 19 conductivity, temperature, depth (CTD) recorder (accuracy: temperature, = 0.01 C°; conductiv-
ity, £ 0.01 mmho/cm). All data were downloaded from the CTD to a computer using Sea-Bird software
and were processed using the Sea-Bird Analyzer software. In all five years, the CTD was allowed to
equilibrate at the surface for several minutes before each cast, and was then lowered and raised at ~1 m/s.
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The recorder collected data during both descent and ascent; however, only the descent data were analyz-
ed. The data for all five years were transferred to Microsoft Excel for analysis.

Laboratory Analyses of Zooplankton

All samples collected during the five years of this study were analyzed by the same person (Nell
Stallard). Each sample was sieved through a 163-um mesh Nitex sieve, carefully rinsed with tap water to
remove the preservative, and then examined under a low-power binocular microscope. Only data from
horizontal zooplankton tows at depth were used in developing the linear relationships between acoustic
backscatter data vs. zooplankton biomass from net samples. Individual organisms from all horizontal
tows at depth were identified to major group (e.g., copepods, amphipods, and fish larvae, etc.), and wet-
weighed to the nearest mg using an Acculab electronic balance. Before weighing, each sample was
blotted dry on damp filter paper in a consistent manner.

If large numbers of individuals were present, the sample was first scanned for large or rare organ-
isms, and small animals were then sub-sampled with a Folsom Plankton Splitter or a Hensen-Stempel
pipette. In these cases, the zooplankters in the subsample were counted, weighed to the nearest mg, and
identified to major group. The subsample data were then applied to the whole sample to estimate total
numbers and wet weight for each major group in the sample.

Data Processing and Analysis

Zooplankton Data—Results from the laboratory analyses of zooplankton were entered into a
Microsoft Excel spreadsheet. For each sample, the flow meter reading recorded during the tow was used
to calculate the volume of water filtered. This information, in conjunction with wet weights for the
individual groups, was used to determine the total biomass in mg/m’.

In 1986, the sampling efficiencies of the regular bongo assembly vs. the opening and closing bongo
nets were compared based on five paired double-oblique tows at a single station. This showed that the
biomasses of most major zooplankton groups, and the total biomass, were significantly higher for samples
collected with the regular bongo assembly. The mean biomass of major taxa in the standard bongo nets
was 1.23 to 5.82 times higher than that in samples taken in opening and closing bongo nets at the same
place and depth, and nearly the same time. Therefore, all 1986 biomass estimates based on horizontal
tows with opening and closing nets were scaled up using correction factors appropriate to each major
taxonomic group and to total biomass. These factors were 2.53 for copepods and 1.32 for euphausiids
(the predominant taxa), and 2.05 for total biomass.

Hydroacoustic Data.—Methods used to process the hydroacoustic data collected in 1985 and 1986
are presented in Johnson and Griffiths (1990). Briefly, in both years, acoustic volume-scattering data
were obtained by processing digitized voltages with a BioSonics digital echo integrator. In 1985, strata
were 2 m thick between 4 and 52 m depth, and 10 m thick between 52 and 102 m depth. In 1986, the
strata were 1 m thick between 3 and 55 m depth, and 5 m thick from 55 to 100 m depth. In both years,
mean squared voltage for each stratum was calculated for every two minute interval during continuous
transects and for the duration of each horizontal net tow. In 1985 and 1986, acoustic data were collected
with a threshold of —100 dB.

Methods for 1998-2000 were generally similar to those for 1985-86. In 1998, acoustic data from
the 430 kHz transducer were analyzed using BioSonics Visual Analyzer 3.1.1. In 1999 and 2000, hydro-
acoustic data files for the 430 and 208 kHz transducers were processed separately using BioSonics Visual
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Analyzer 4.0 (1999) or 4.0.2 (2000). The results were the intensity of acoustic return (volume back
scattering) by location and depth. In 1998-2000, acoustic data were collected with threshold —90 dB.

The acoustic data collected during each horizontal tow were processed to estimate the average
volume backscatter at tow depth during the duration of that tow. Horizontal tow depth varied somewhat
during each tow so the time-depth plot taken from the depth recorder on the net during that tow was used
to determine actual depths sampled. The volume backscattering data from all 1-m depth strata within the
depth range sampled by the net were averaged. For example, for a tow with a mean depth of 10 m, a
maximum depth of 12 m and a minimum depth of 8 m, the average volume backscattering data from the
four 1 m strata between 8 and 12 m over the distance of the tow was used.

Acoustic vs. Net Biomass.—The mean backscattering cross section (o) of individual zooplankters
encountered during the study was not known, and the value was set to one in the analyses. To convert the
resulting “relative” estimates of zooplankton biomass to estimates of absolute biomass, separate regres-
sion analyses were performed on each year’s data. These analyses determined the relationship between
volume back scattering and net biomass (in mg/m’), based on the concurrent horizontal zooplankton tows
and matched acoustic samples described above.

For 1998-2000, the least trimmed squares (LTS) robust regression program in S-Plus (version 6)
was used to calculate the relationship between acoustic back scattering and net biomass of zooplankton.
This method was chosen because robust regression techniques provide a better fit for a linear regression
model when the data contain outliers, as was the case here (Fig. 4.2). The LTS technique is a highly
robust method for fitting a linear regression model, and achieves this by ordering the residuals from a
least squares fit, trimming the observations that correspond to the largest residuals, and then computing a
least squares model for the remaining observations (S-Plus 2001). This resulted in 6, 4 and 5 data points
being eliminated from the 1998, 1999 and 2000 analyses, respectively. The method provides a more
robust fit then the ordinary least squares regression because it reduces the influence of outliers. For
1985-86, the regression relationships are presented as previously derived by Johnson and Griffiths
(1990), based on geometric mean regression for 1985 and least-squares multiple regression for 1986.

Application to Echosounder Surveys.—For routine transects and transects between whale feeding
and control stations, volume backscatter data for each depth stratum (1 m thick in 1998-2000) were
averaged over 2-min time periods. A 2-min period corresponded to ~240 m distance at typical tow speed.
To estimate wet-weight biomass for each depth stratum and 2-min time interval, the regression relation-
ship described above was applied to the measured volume backscatter. The resulting biomass estimates
were the basis for much of the analysis (in later chapters) of zooplankton availability to bowhead whales.

Results

The best-fit regressions for each of the five years and for 1999-2000 combined are listed in Table
4.3 and illustrated in Figure 4.2. In all years except 1998, dual frequency systems were used to collect
acoustic data. In 1985 and 1986, 120 and 200 kHz transducers were used; in 1999 and 2000, 208 and 430
kHz transducers were employed. Only the results from the higher frequency transducer used in any given
year are presented. In all four years with dual-frequency data, the correlation between net and acoustic
data was higher for acoustic data from the higher-frequency transducer

In the 1985-86 study, some pairs of concurrent net and acoustic data were excluded from the anal-
yses because of the presence of sharp horizontal density gradients (pycnoclines). Pycnoclines can pro-
duce a strong acoustic return in the absence of zooplankton concentrations (Johnson and Griffiths 1990).
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TABLE 4.3. Regression equations for zooplankton net catch vs. echosounder volume back scattering for

1985-86 and 1998-2000.

Independent

Variable Coefficient Std Error t-value P value
1985 ma/m® vs. 200 kHZ?
Constant 27.9 - <0.001
(Sv dB 200 kHz) 346.4 - 0.011
Correlation Coefficient r = 0.810 n=17
r? (% variation explained) = 0.631 df = 15
1986 Loa ma/m® vs. 200 kHz*"
Constant 11.589 1.51 7.680 <0.001
Log (Sv dB 200 kHz) 1.079 0.182 5.920 <0.001
Sta. Depth (m) -0.007 0.003 -2.19 0.033
Multiple Correlation Coefficient R = 0.660 n =56
R? (% variation explained) = 0.440 df = 53
R? adjusted for df = 0.420
1998 Lod ma/m® vs. 430 kHz (-90 dB-60 dB)"
Constant 3.6487 <0.05
10 x Sv dB 430 kHz 0.015 <0.05
Correlation Coefficient r = 0.274 n =53
r? (% variation explained) = 0.070 df = 51
1999 Lod ma/m? vs. 430 kHz (-90 dB-60 dB)"
Constant 12.112 <0.001
10 x Sv dB 430 kHz 0.126 <0.001
Correlation Coefficient r = 0.897 n =33
(% variation explained) = 0.804 df = 31
2000 Lodg ma/m® vs. 430 kHz (-90 dB-60 dB)"
Constant 6.625 <0.001
10 x Sv dB 430 kHz 0.057 <0.001
Correlation Coefficient r = 0.570 n =39
r? (% variation explained) = 0.325 df = 37

@ From Johnson and Griffiths (1990).
1986 and 1998-2000 data reprocessed to minimize contributions by fish (see text).

Net samples taken near pycnoclines found little zooplankton. In 1998, pycnoclines were not a major problem
as distinct pycnoclines were not common at shallow depths (10-25 m) when matched net and acoustic data
were collected. In deeper waters (>25 m), pycnoclines were present during 1998 but very little zooplankton
was evident in the water above them. None of the horizontal tows used in the 1998 analysis of net vs.
hydroacoustic data were taken above or in obvious pycnoclines. In 1999 and 2000 all sampling was done in
areas inside the 50 m contour, and no obvious pycnoclines were observed at any stations there.

In 1985, the best-fit equation was a linear regression between zooplankton biomass and the
acoustic backscatter data from the 200 kHz transducer (Table 4.3; Fig. 4.2A—from Johnson and Griffiths
1990). This regression was derived via the geometric mean method (Ricker 1973, 1984). It “explained”
63% of the variation in zooplankton biomass after exclusion of eight problematic data points. In 1985,
strong temperature—salinity gradients (pycnoclines) were present in the top 10 m of the water column.
When these discontinuities were present, acoustic echoes from zooplankton could not be separated from
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those attributable to the pycnocline, biasing the backscatter data. To avoid this problem, eight net tows
collected from depths near pycnoclines, and the corresponding acoustic data, were excluded from the
analysis. This resulting regression relationship (Fig. 4.2A) was used to estimate zooplankton biomass
from echosounder data obtained along 1985 transects, and to investigate the vertical and horizontal patch-
iness of zooplankton.

In 1986, the best-fit equation was a multiple regression equation predicting zooplankton biomass
from the 200 kHz backscatter data and station depth (m). That relationship accounted for 42% of the
variation in zooplankton biomass (Table 4.3; Fig. 4.2B—from Johnson and Griffiths 1990). Some
preliminary data selection and special processing was necessary before the regression analysis was done.
Ten pairs of concurrent net and hydroacoustic data were excluded because of problems with sharp
pycnoclines, similar to those in 1985. In addition, the presence of large numbers of small fish that were
not effectively captured by the bongo nets was a serious bias in 1986. To remove them from the analysis,
the acoustic data were re-processed at a higher threshold to estimate acoustic backscatter attributable to
fish. The “fish” backscatter was then subtracted from the overall backscatter to estimate the backscatter
attributable to zooplankton (Johnson and Griffiths 1990). The volume scattering data were already in log
format and the net biomass was log transformed to stabilize the variation across the range of the two
variables. The resulting multiple regression equation (Fig. 4.2B) was used to estimate zooplankton
biomass from echosounder data obtained in 1986 along routine transects and between whale feeding and
control stations, and to investigate the vertical and horizontal patchiness of zooplankton.

In 1998, the best-fit equation was a robust LTS linear regression between net biomass and the 430
kHz back scatter, pre-processed as described below. This regression explained only 7% of the variation
in net biomass (Table 4.3; Fig. 4.2C). Although there were some strong pycnoclines in the study area in
1998, no samples were collected near any of the discontinuities and no pairs of data required deletion.
However, as in 1986, small fish, primarily Arctic cod (Boreogadus saida), produced strong acoustic
signals but were not effectively caught in the nets. Before the regression analysis was done, the acoustic
data were re-analyzed using —60 dB as a threshold in order to estimate the backscatter attributable to fish.
These values were subtracted from the overall -90 dB data to estimate backscatter attributable to zoo-
plankton. The Sv dB (volume backscattering) values are already on a logarithmic scale. Analysis of
scatter plots of the original data and residuals indicated that the log of zooplankton net biomass (mg/m’)
produced the best relationship between net and acoustic biomass. Although the correlation between net
and acoustic biomass was statistically significant (P < 0.05), this relationship was too weak to be useful in
estimating zooplankton biomass along the 1998 echosounder transects (+* = 0.07).

In 1999, the best-fit equation was a robust LTS linear relationship between net biomass and 430
kHz back scatter (pre-processed to eliminate fish as in 1998). Pycnoclines were not observed in the study
area in 1999 and did not present a problem in the analysis. This regression explained 80% of the variation
in net biomass (Table 4.3; Fig. 4.2D). This value was sufficiently high to allow use of the 1999 regres-
sion in estimating zooplankton biomass along the echosounder transects.

In 2000, the best-fit equation was a robust LTS linear relationship between net biomass and 430
kHz back scatter (pre-processed to eliminate fish as in 1998-99). As in 1999, no pycnoclines were
observed in the study area in 2000. This regression explained 33% of the variation in net biomass (Table
4.3, Fig. 4.2E). The correlation was statistically significant (P < 0.001), and the relationship was used to
obtain approximate estimates of zooplankton biomass along the 2000 transects.
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Discussion

The absence of strong linear relationships between zooplankton net biomass and acoustic back-
scatter data in some years of the study is not surprising. Several types of problems can bias the results.
The sources of error include biases in estimating actual zooplankton biomass with nets, imprecise coord-
ination of acoustic and net sampling, back scatter from organisms not sampled by the nets, and/or back
scatter by physical properties of the water. In some cases, these biases can be reduced or removed during
analysis. In other instances they cannot be eliminated, thus leaving residual variation, and sometimes bias,
in acoustic estimates of zooplankton biomass.

Net Sampling Biases

Different groups or species of zooplankton are not equally susceptible to capture in zooplankton
nets. Some zooplankters are larger and swifter than others, and some fraction of these animals are able to
avoid capture by a relatively slow moving net (Hamner 1984; Wiese 1996; Wong 1996). Consequently,
those taxa will be under-represented in the zooplankton samples. This can cause underestimation of
zooplankton biomass. Because of the patchy nature of zooplankton, this error varies with time and
location. If large swift zooplankters represent a significant portion of the zooplankton community at a
given station, the zooplankton biomass estimated with nets will substantially underestimate actual
biomass, and the relationship of these net-based estimates with acoustic back scatter (which theoretically
represents all animals) will be weak.

It is also possible, given the relatively large mesh size used (0.5 mm), that some very small
zooplankters or some of the smaller life stages of the more common zooplankters may have passed through
the net and were thus under-sampled. The biomass of these smaller organisms would then have been under-
represented in the zooplankton sample, leading to a similar problem as that described above for the larger
swift zooplankters.

To establish the relationship of net biomass to acoustic back scatter, a high degree of coordination is
required in obtaining matched samples by the two methods. A primary assumption of this technique is that
the acoustic system is recording backscatter data from the same zooplankton that is being sampled by the
zooplankton net. However, the acoustic system is in fact towed beside the boat while the zooplankton net is
towed some distance off the stern of the boat. It is assumed that the zooplankton is evenly distributed both
vertically and horizontally over these relatively short distances, but this may not always be the case. If the
zooplankton biomass sampled by the two methods is different in the horizontal plane, then a non-correctable
error would be introduced into the data.

In 1985 and 1986, the position of the zooplankton nets in the water column was determined by
attaching an upward looking depth sounder to the bongo net frame and reading the output directly from a
deck unit in real time. In addition, in 1986, a set of opening and closing bongo nets was used in order to
collect zooplankton samples only from the desired depth and eliminate the collection of zooplankton
during both the ascent and descent of the net. Despite the assumed advantage of using the opening and
closing nets in 1986, a stronger relationship between net and acoustic data was obtained for 1985 using
the standard bongo assembly than for 1986 using the opening and closing net (* = 0.63 vs. 0.42).
Furthermore, the * = 0.42 value for 1986 was achieved only by applying a multiple regression approach
using station depth as an additional predictor variable. Part of the problem in 1986 may have been with
the opening and closing bongo net itself, which underestimated the biomass of most major zooplankton
groups in the water column compared to the standard bongo assembly (see Methods). Correction factors
derived from paired double-oblique tows with standard bongo nets vs. opening/closing bongo nets were
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applied to all data from the opening and closing nets. However, uncertainty in estimating those correction
factors was another source of measurement error.

From 1998 to 2000, the position of the standard bongo net in the water column was determined
after the net had been retrieved based on a time—depth recorder attached to the net frame. These data
were then used to determine the depth range from which acoustic data should be selected for correlation
with the net data. Again, the results over the three years were variable, with the strongest relationship
from 1999 (+* = 0.80) and the weakest from 1998 (+* = 0.07). Other studies have used larger and more
expensive multiple sampling nets that simultaneously recorded sampling depth, net angle, and a variety of
physical measurements. Analyses of those net data relative to simultaneously collected echosounder data
have resulted in 7* values in the same range (> = 0.23 to 0.93) as those from this study (Simard and
Mackas 1989; Coyle 2000). The net sampling gear used in those studies could not have been handled
from the small research vessel available in the present study, and it is not clear that the more complex
gear, if used, would have provided better results.

It is undoubtedly important, in a study such as this, to coordinate the collection of acoustic and net
data accurately in time and space. However, this alone does not guarantee that the relationships between the
two sets of data will be strong. There are other factors that can influence the strength of the relationship.

Physical Biases

Physical discontinuities can take several forms, e.g., temperature—salinity density gradients, surface
wave turbulence, and air bubbles dispersed deep into the water column by strong wave action. In the present
study area, strong temperature—salinity gradients or pycnoclines are common oceanographic features. The
causes include ice melt and warm freshwater river run-off during the open-water season (Coachman and
Aagaard 1974; Melling et al. 1984). Pycnoclines were common in 1985 and 1986, but were much less so in
1998 and were absent in 1999 and 2000. When present, the strong acoustic echoes attributable to the
pycnocline could not be separated from those of the zooplankton, so backscattering data from those places and
water depths were biased. If CTD data are not available, it may be difficult to determine whether an area of
strong back scatter evident during a hydroacoustic survey is attributable to zooplankton or to a pycnocline. In
the present analysis, this problem was easily remedied by eliminating data collected in or near pycnoclines
since CTD data were available from all net sampling stations used in the analyses. However, CTD data were
not available from all locations along the transects where echosounder data were collected for purposes of
estimating zooplankton biomass (Chapters 5, 6). Thus, zooplankton biomass as estimated from echosounder
surveys may have been overestimated at some locations and depths where a strong pycnocline was present.
This problem was most likely to have occurred in 1985-86, when strong pycnoclines were present, and less
likely in 1998-2000 when they were infrequent or absent.

Surface wave turbulence mixes air into the surface water. The echosounder transducers were towed
one meter below the surface and the upper meter was not sampled. Severe and prolonged wave-action pro-
duces air bubbles in the upper 2-3 m of the water column. These are clearly visible in the echograms and
can easily be removed from the data. However, small air bubbles cannot be discerned on the echogram
display or in the acoustic data but can be found at greater depths (Stanton et al. 1994a; J. Dawson, BioSonics
Inc., Seattle, WA, pers. comm.). The backscatter signal from these small bubbles cannot be separated from
that of the zooplankton and, consequently, the acoustic data can be biased upwards. This source of error
would be eliminated if all sampling could be conducted during extended periods of calm weather. However,
with limited time available to collect samples, most studies (including this one) necessarily sample in mar-
ginal as well as ideal weather conditions. This source of error could not be recognized or removed during
analyses.
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There was a weak relationship between acoustic biomass and net biomass in 1998 and a stronger
one in 1999. Large amounts of sediment were evident in the water in 1998. No direct measurements of
turbidity were made in 1998, but turbidity plumes were visible near the bottom at several stations where a
video system was being tested for possible use in detecting zooplankton layers. The 430 kHz transducer
system used in 1998 was capable of detecting and recording signals from sediment plumes in the water
column (Brock Staple, BioSonics Inc., Sumas, WA, pers. comm.). In other applications, high frequency
(500 kHz) echosounders have been used to profile the concentrations and transportation of fine sediments,
5.5 to 7.4 um in size (Shi et al. 1999). Bradstreet et al. (1987), using a Ross 200 kHz acoustic system,
reported that high turbidity levels and strong pycnoclines were factors in causing a low correlation
between acoustic and zooplankton data during a whale feeding study along the Yukon coast of the
Beaufort Sea—an area where very turbid water is common. The turbidity plumes present during the 1998
phase of the present study may at times have caused high backscattering values regardless of zooplankton
biomass present. This may partially account for the lack of a clear relationship between acoustic and net
biomass in 1998 (Fig. 4.2C). To help address this source of error in future studies conducted in shallow
seas where suspended sediments can bias the acoustic results, it would be useful to measure turbidity vs.
depth profiles as well as standard temperature—salinity profiles. This should be done as often as possible
along the echosounder transects. In this way, data collected at locations and depths with high turbidity
and/or a pycnocline could be removed from the analysis to help improve the relationship between the
acoustic signal and net biomass, and to allow more reliable estimates of biomass from acoustic data.
Alternatively, turbidity and density gradient might be used as covariates in equations predicting zoo-
plankton biomass from acoustic back scatter.

Biological Biases

A common problem during all years of the studies was the presence of large swift organisms, such as
juvenile fish, that produced strong backscatter signals but were not effectively captured by the zooplankton
net. This caused acoustic biomass to be relatively higher than net biomass. This bias was partially
addressed by removing the back scatter from large animals. This was done by re-analyzing the acoustic data
at a higher threshold level to estimate back scatter attributable to large animals and then subtracting these
results from the lower threshold values representing all back scatter. The results were an estimate of the
acoustic back scatter from the smaller zooplankton, which were more effectively sampled by the zoo-
plankton nets (and more representative of the prey of bowhead whales). This process does not entirely
eliminate the problem associated with fish, because fish oriented so as to produce little back scatter, or at the
edge of the beam, could produce an echo below the upper threshold value but above the lower threshold
(i.e., indistinguishable from zooplankton). This is a source of error, and could reduce the correlation
between acoustic and net biomass (Johnson and Griffiths 1990). However, during this study, application of
the dual-threshold procedure to data collected in the four years when fish were a problem improved the
correlation between net and acoustic data.

Echosounders have been widely and successfully used to estimate the number and biomass of fish in
a school. This success has depended on the assumption that the schools are composed primarily of a single
size and species with similar scattering characteristics (Stanton et al. 1994b). The structure of zooplankton
communities, on the other hand, is more complex. Although there can be a dominant species or group, the
Beaufort Sea zooplankton community is inevitably composed of a variety of species and groups (Bradstreet
and Fissel 1986; Bradstreet et al. 1987; Griffiths et al. 1987; see also Chapter 5). The gross anatomical
shape of individual organisms can vary widely across species and sometimes within species, resulting in
great variations in the acoustic reflective or scattering properties (Stanton et al. 1994b, 1996). The orienta-
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tion of individual zooplankters in the water column can also dramatically affect their acoustic scattering
properties (Coyle 2000).

Thus, organisms of the same size but different species, or of the same species but oriented differently
in the water column, can produce widely different backscatter properties. Because the species structure of
the zooplankton community varies both spatially and temporally, the average backscattering cross section
(o) of the animals will vary accordingly (Stanton et al. 1994b). This potential source of error probably goes
a long way toward explaining the wide variation in percent of variance (7% to 80%) “explained” by our
regression relationships between net and acoustic data. Coyle (2000), in summarizing the results of several
studies that used linear regressions to determine the relationship between net-caught and acoustic estimates
of biomass, found that the explained variance ranged widely, from 23% to 93%. The “percent of variance
explained” values can range widely within the same season and area. Simard and Mackas (1989) used a
104 kHz transducer to detect dense scattering layers and an instrumented multiple opening and closing net
sampler to sample within these layers. They found that large euphausiids (>12 mm long) and copepods
comprised ~70% and ~25%, respectively, of the dry weight biomass in both June and August. Based on a
stepwise linear analysis, they found an /* value of 0.85 for large euphausiids in June and 0.42 in August.
They found that the addition of copepod biomass as a covariate did not significantly improve the relation-
ship in either month.

Although other types of techniques and analyses have been used to address these problems, the
results have also been mixed. Coyle (2000) used multifrequency acoustic data to estimate wet weight
biomass in concurrently collected zooplankton samples. He used canonical correlation between the seven
acoustic variables (volume backscatter at 43, 120, 200 and 420 kHz; mean c at 43, 120, and 200 kHz) and
the wet weights of individual taxonomic groups to identify significant correlations between acoustic and
biological variables. The technique identified significant correlations of acoustic data with euphausiids and
fish larvae, but not with copepods and chactognaths—the two main contributors to the zooplankton biomass
(as sampled by nets) in the eastern Alaskan Beaufort Sea.

Despite these limitations and biases, the concurrent acoustic and zooplankton net data collected
during 1985, 1986, 1999 and (less adequately) 2000 provided a basis for estimating, from echosounder data
alone, the relative zooplankton biomass vs. depth, location, and year. Although the technique did not
provide a “perfect” representation of zooplankton biomass, it did provide a useful measure of relative
biomass at different places, depths, and times. A major objective of the overall study was to assess the
characteristics and quality of bowhead whale feeding habitat in the eastern Alaskan Beaufort Sea. This
required zooplankton surveys that could not be conducted with adequate resolution by net-sampling alone.
The relationships developed here provide the basis for converting echosounder data into contour plots
depicting zooplankton biomass vs. depth and location along transects (see Chapters 5 and 6). These plots
show the locations of zooplankton concentrations (“patches”) within the study area in a given year, the
relative biomasses of zooplankton available to whales at different places and times, and year-to-year
differences among the years when useable data were available (see Chapters 5 and 6).*

Summary

There was a need for a method to estimate zooplankton biomass from echosounder data acquired
along transects and at whale feeding locations in the eastern Alaskan Beaufort Sea. This was done by
comparing zooplankton biomass collected in horizontal bongo-net tows with concurrent echosounder

? Acknowledgements applicable to all zooplankton chapters are included near the end of Chapter 3.
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measurements of acoustic back scatter at corresponding depths. Paired data of these types were collected
during late summer/early autumn in five years: 1985-86, and 1998-2000. Linear regression techniques
(robust LTS regression in 1998-2000) were used to develop equations that could predict zooplankton
biomass from acoustic back scatter when only the latter is measured. In all five years, there was a posi-
tive and statistically significant (P < 0.05 or better) correlation between net biomass and acoustic back
scatter. Predictive equations were developed for data collected in 1985, 1986, 1999, and 2000. In 1998,
the relationship between back scatter and zooplankton biomass was too weak to be of use. The equations
are used in Chapters 5 and 6 to convert acoustic back scattering along transects and at whale feeding stations
into estimates of relative zooplankton biomass, and from this to define the nature and extent of suitable
bowhead feeding habitat in the study area. The resultant echosounder-based data are useful primarily in
comparing relative amounts of zooplankton at different locations, depths, and years.

Numerous sources of error can confound the relationship between acoustic backscatter data and
zooplankton biomass measured with nets. A strong relationship between backscattering data and net bio-
mass is difficult to obtain because the acoustic data may contain echoes from other biotic as well as abiotic
sources. Sources of variability include such things as the presence of fish larvae or other large swift animals
that are not captured by the net, the shape and orientation of zooplankters, sediment plumes, and density
discontinuities in the water. Some of these biases (e.g., backscatter from fish and density discontinuities)
can be partially or completely removed. Other biases cannot be eliminated. These reduce the strength of
correlation between acoustic back scatter and zooplankton biomass in concurrent net samples, and thus the
accuracy with which biomass can be estimated from backscatter data. More expensive and technologically
advanced zooplankton samplers, and more sophisticated acoustic systems, were not practical in this study.
Also, other studies have shown that these approaches do not guarantee better or more consistent results.

Despite the limitations and biases, the method provided useful data concerning the locations and
depths of high-density zooplankton patches, and the relative amounts of zooplankton at different locations,
depths, and times within and among the four years when useful data were available. This approach was an
important technique in assessing the characteristics and quality of feeding habitat available to bowhead
whales in the eastern Alaskan Beaufort Sea during those four years.
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5. SPECIES COMPOSITION, BIOMASS, AND LOCAL DISTRIBUTION OF ZOOPLANKTON
RELATIVE TO WATER MASSES IN THE EASTERN ALASKAN BEAUFORT SEA

William B. Griffiths ! and Denis H. Thomson >

Introduction

There have been several published studies of the species composition and numerical standing crop
of zooplankton in the Beaufort Sea (Johnson 1956, 1958, 1963; Grainger 1965, 1975; Horner 1978, 1979,
1981; Horner and Murphy 1985; Shih and Laubitz 1978; Sutherland 1982). In waters of the Beaufort Sea
<100 m in depth, Grainger (1965) described two major groups of zooplankton based on horizontal and
vertical distribution patterns and physical characteristics of the water. One group, characteristic of the
upper 100 m of Arctic Surface Water (ASW), is tolerant of temperatures of —1° to ~5—10°C and salinities
of 12 to 34 practical salinity units (psu). This group includes the hydrozoans Aglantha digitale and Aegin-
opsis laurentii, the ctenophore Beroe cucumis, and several species of copepods including Calanus hyper-
boreus, C. glacialis, Pseudocalanus minutus, Metridia longa, and Oithona similis. A second group is
characteristic of shallow nearshore brackish waters along the coastlines of the Beaufort and Chukchi seas
and includes the hydrozoans Euphysa flammea, Halitholus cirratus, and Sarsia princeps, the ctenophore
Obelia spp., and the copepods Limnocalanus macrurus, Acartia clausi, Eurytemora herdmani, and Derjug-
inia tolli. During the open water season these nearshore brackish waters have relatively high temperatures
of 1 to 12°C and low salinities of 8 to 25 psu (Grainger 1965; Shih et al. 1971). These and most other
studies in the Beaufort Sea have presented results as numbers of individuals, not biomass.

Zooplankton is typically concentrated in patches or layers that can vary widely in both horizontal
extent and thickness. The occurrence of these patches can be affected by temperature and salinity, food
availability, and light intensity (Mackas et al. 1985). At times, the plume of warm, brackish, turbid water
associated with the Mackenzie River outflow can be advected into the eastern Alaskan Beaufort Sea by
the wind. The presence, in the same area, of water masses with different properties in the vertical and/or
horizontal dimension can influence the distribution and abundance of zooplankton (Simard et al. 1986;
Castel and Veiga 1990).

This chapter presents the results of 5-year study of the distribution and biomass of zooplankton in
continental shelf waters of the eastern Alaskan Beaufort Sea (central Camden Bay to the Canada/Alaska
border) during September. In September, some bowhead whales are still present on their summer range
in the Canadian Beaufort Sea, but others are migrating westward across the Alaskan Beaufort Sea, freq-
uently stopping to feed or feeding while traveling (see Chapters 9, 12). The study was based on coordin-
ated net sampling and quantitative echosounder surveys. It and similar summer studies in the Canadian
Beaufort Sea (Bradstreet and Fissel 1986; Bradstreet et al. 1987) were components of broader studies of
the feeding ecology of the planktivorous bowhead whale. These projects in the Canadian and eastern

" LGL Ltd., environmental research associates, 9768 Second St., Sidney, B.C. V8L 3Y8. Phone: 250-
656-0127; e-mail: bgriff@lgl.com

> LGL Ltd., environmental research associates, 22 Fisher St., POB 280, King City, Ont. L7B 1A6.
Phone: 905-833-1244. E-mail: dthomson@Igl.com
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Alaskan parts of the Beaufort Sea were the first comprehensive studies on late summer biomass of
zooplankton in these areas.

The primary purpose of the present study was to gather data on the taxonomic composition, bio-
mass, patchiness, and variability of the zooplankton available to feeding bowhead whales in the eastern
Alaskan Beaufort Sea. This study emphasized only those species and taxa that were major contributors to
the overall zooplankton biomass. We describe their vertical and horizontal distribution and patchiness in
relation to water masses in the eastern Alaskan Beaufort Sea. Chapter 6 (by Griffiths et al.) compares
average zooplankton biomass and species composition as documented here with those found near feeding
bowheads.

Methods

In all five years of the study (1985-86; 1998-2000), sampling was conducted from a 13-m vessel,
Annika Marie, during September. Zooplankton and physical oceanographic sampling were conducted at
stations along transects perpendicular to shore from central Camden Bay to Demarcation Bay near the
Alaska/Canada border (Fig. 5.1). In 1998, 1999 and 2000, transects were ~25 km in length and sampled
areas from near the shore seaward to the 50 m depth contour. In 1985 and 1986, transects were ~45 km in
length and sampled areas seaward to the 100-200 m contour. In 1985-86, locations of sampling stations
and of hydroacoustic transects were established using a VLF satellite navigation system, whereas in
1998-2000 a global positioning system (GPS) was used. Hydroacoustic and surface-temperature data
were also collected continuously along those transects. At selected stations along the transects, zooplank-
ton tows and vertical profiles of temperature and salinity were taken (Table 5.1). The resulting data were
used to describe the nature of the zooplankton community and to investigate its relationships to the
physical oceanographic characteristics in the study area. Unless otherwise noted, the methods described
below were used in all five years.

Temperature and Salinity Measurements

CTD Profiles—In 1985 and 1986, temperature and salinity profiles were taken from the surface to
bottom at all zooplankton sampling stations. An Applied Microsystems CTD-12 (accuracy: temperature,
+ 0.2 C°; conductivity, £2.0 mmho/cm) was used. All data were recorded on a self-contained tape
recording unit and were processed by Arctic Sciences Ltd on their PDP 11/24 computer. In 719958-2000,
the temperature and salinity profiles were taken at all stations with a digital Sea-Bird SBE 19 conduc-
tivity, temperature, depth (CTD) recorder (accuracy: temperature, +0.01 C°; conductivity, = 0.01
mmbho/cm). All data were downloaded from the CTD to a computer using Sea-Bird software and were
processed using the Sea-Bird Analyzer software. In all five years, the CTD was allowed to equilibrate at
the surface for several minutes before each cast, and was then lowered and raised at ~1 m/s. The recorder
collected data during both descent and ascent; however, only the descent data were analyzed. Data for all
five years were transferred to Microsoft Excel for analysis.

Continuous Surface Measurements.—In 1985 and 1986, near-surface temperature and salinity
were recorded every 15 min during transits between sampling stations. The data were collected using a
Hydrolab System 4000 CTD meter in 1985, and a Hydrolab TC-2 (TCOSL) meter in 1986 (accuracy for
both meters: temperature = 0.2 C°; conductivity, £ 2.0 mmho/cm). In 71998-2000, a continuous record of
near-surface temperatures was made during transits between stations. Temperatures were recorded every
15 s using an Onset Computer Corp. HOBO data recorder that had a remote uncovered thermistor (accur-
acy: = 0.5 C°). The thermistor probe was attached to a piece of pipe and positioned ~0.5 m below the
surface to ensure that it did not come out of the water when the boat was under way.
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TABLE 5.1. Number of transects, zooplankton stations and tows, and CTD samples collected in the east-
ern Alaskan Beaufort Sea during September 1985-86 and 1998-2000. Details are provided in Appen-
dices 5.1 to 5.5 at the end of this chapter.

No. of No. of No. of No. of No. of
Sampling No. of Plankton Oblique Horizontal Surface CTD
Year Date Transects Stations Tows Tows Tows Samples

1985  4-18 Sept 3 8 8 19 3 12
1986  4-19 Sept 4 11 11 24 6 17
1998 11-22 Sept 5 19 18 31 13 18
1999 16-22 Sept 4 17 17 27 17 17
2000  9-20 Sept 8° 30 30 55 30 30

@ Two of eight 2000 transects were short transects that duplicated the shoreward ends of two of the other six transects.

Net Sampling of Zooplankton

All oblique and surface tows, and most horizontal tows, were made with a bongo assembly of pair-
ed 0.5-mm mesh, 0.61-m diameter, plankton nets. A General Oceanics Inc. model 2030 flow meter was
placed in the center of one frame. In 1986, a Tareq opening and closing bongo assembly was used to take

all horizontal tows at depth.
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Horizontal Tows at Depth.—At most stations, we did from 1 to 3 horizontal tows. In 7985 and
1986, the depth of each horizontal tow was recorded in real time using an upward-looking depth sounder
transducer. In 71998-2000, approximate net depth during horizontal tows was calculated in real-time
using wire angle and wire out, and the actual depth was recorded with a Wildlife Computers dive recorder
(Model Mk7-S) attached to the bongo frame. The latter provided more accurate after-the-fact data on tow
depth, which was important in matching net samples with echosounder data from the corresponding
depths. In all years, sampling depths were selected based on real-time echosounder data, and ranged
from ~3 to 110 m depth in 1985-86 and 3 to 50 m in 1998-2000. At all stations where this was feasible,
separate horizontal tows were taken both within and outside zooplankton layers that were apparent on the
echosounder. Except in 1986, the bongo assembly sampled during both descent to and ascent from the
desired sampling depth. Letting the net free-fall to the desired depth while the boat was moving very
slowly minimized the collection of zooplankton during descent. Slowing the speed of the boat minimized
sampling of zooplankton during ascent. Each horizontal tow was five minutes in duration, with the start
time being the time when the net reached the desired depth, and tow speed was ~1 m/s. The opening and
closing bongo net used for horizontal tows in Alaska during 1986 underestimated biomass, as shown by
matched tows with that net and a standard bongo net. Therefore, results from 1986 horizontal tows with
the opening and closing net were corrected, i.e., scaled up, as described in Chapter 4.

Horizontal Surface Tows.—The bongo assembly was also used to take a near-surface tow at each
station, at ~1 m depth. Tow speed was again ~1 m/s for 5 min.

Oblique Tows.—Oblique tows were made at ~1 m/s and sampled the water column during two seq-
uential descent—ascent cycles. The maximum depth sampled at each station was determined with real-time
hydroacoustic data to ensure that all zooplankton concentrations were included. In 7985-86, the net was
dropped to near the bottom in shallow water, and to a maximum of 100-m in deep water. All oblique tows
during 7998-2000, when most transects did not extend seaward of the 50-m contour, were to depths <50 m.

Additional sampling details are provided in Chapter 4. Station locations are listed in Appendices
5.1 to 5.5 (at the end of this chapter).

Sample Treatment—After each tow, the entire sample from one of the bongo nets was preserved
in 10% formalin for analyses of zooplankton biomass and numbers. Sub-samples from the other net were
frozen on the boat and later sent to University of Alaska and Alaska Department of Fish & Game for
analyses of caloric, isotopic, and fatty acid content.

Hydroacoustic Sampling of Zooplankton

Hydroacoustic sampling to estimate the distribution and relative biomass of zooplankton along
transects was conducted in all 5 years. Equipment and procedures were described by Johnson and
Griffiths (1990) and in Chapter 4.

A single frequency (1998) or dual frequency (other years) Biosonics echosounder was used. The
downward-facing transducers were mounted in a BioFin sled and were towed via armored cable from the
side of the boat, away from the wake and ~1 m below the water surface. Typically, wave turbulence and
air-bubbles in surface waters prevented obtaining meaningful acoustic results from the upper 2—3 m of the
water column. Tow speed was ~7.2 km/h (2 m/s) during surveys between stations, and ~3.6 km/h (1 m/s)
during zooplankton tows.

Hydroacoustic and position data were collected in real-time and all data were stored for later analysis.
Post-processing of raw hydroacoustic data in 1985 and 1986 showed that reprocessing was necessary (Johnson
and Griffiths 1990). Hence, in all five years, all raw hydroacoustic data were saved in digital form.
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Regression equations were developed to relate zooplankton biomass as determined from horizontal
net tows to matched data on measured acoustic back scatter (Johnson and Griffiths 1990; Griffiths,
Chapter 4). These equations were then used to estimate zooplankton biomass at other places and depths
where echosounder but no net-tow data were available. Chapter 4 describes regression equations applic-
able to our 200 kHz echosounder data from the Alaskan Beaufort Sea in 1985-86, and to our 430 kHz
echosounder data in 1999-2000. For 1998, the correlation between matched net-tow and echosounder
(430 kHz) data was too weak to allow confident use of other 1998 echosounder data in estimating zoo-
plankton biomass (Chapter 4). Along each transect, zooplankton biomass was integrated for each 2-m
(1985-86) or 1-m (1999-2000) depth interval within each 2-min (~240 m) horizontal interval.

Sample Analysis

Zooplankton.—All samples collected in the five years were analyzed by the same person (Nell
Stallard). Each sample was sieved through a 163-pum mesh Nitex sieve, carefully rinsed with tap water to
remove the preservative, and then examined under a low-power binocular microscope. Individual organ-
isms from all oblique tows, and from selected horizontal and surface tows, were identified to species
where possible, counted, and wet-weighed by species to the nearest mg using an Acculab electronic
balance. Other samples were counted and weighed at the major taxonomic group level.

If large numbers of individuals were present, the sample was first scanned for large or rare organisms,
which were processed for the sample as a whole. Small animals were then sub-sampled with a Folsom
Plankton Splitter or a Hensen—Stempel pipette. The flowmeter reading was used to calculate the volume of
water filtered and used to determine the biomass in mg/m’. Additional details are provided in Chapter 4.

Hydroacoustic Data—The raw hydroacoustic data collected along transects consisted of volume
backscattering. Because the mean backscattering cross section (c) of individual zooplankters encountered
during the study was not known, regression analyses were used to determined the relationship between
volume back scatter and net biomass (in mg/m’). Regression equations derived from each year were applied
to the corresponding integrated volume backscattering data collected along transects to derive an estimate of
relative zooplankton biomass. In some cases, large returns from fish larvae that had air bladders obfuscated
returns from zooplankton. Because the raw data were preserved, they could be reanalyzed to remove these
large returns (see Johnson and Griffiths 1990 and Chapter 4). Especially in 1985 and 1986, strong
pycnoclines produced large backscattering values in the absence of correspondingly large biomasses
zooplankton in the nets. Returns from these pycnoclines, as evident from CTD profiles taken at the stations,
were excluded from the data. There was only a weak relationship between volume backscatter and
zooplankton biomass in 1998 (Chapter 4), so the 1998 echosounder data were not considered further.

Relative biomass for each 2-min period by 1- or 2-m depth interval was entered into MapInfo
Professional with the Vertical Mapper add-on to produce biomass contour plots for each transect.

Results

Physical Oceanography

Temperature—salinity characteristics of stations sampled during 1985-86 and 1998-2000, and the
surface temperatures along transects between those stations, are shown in Appendices 5.6-5.10 and 5.11-
5.12. Analysis of these data indicated that two water masses were present during all years of the study:
(1) A Shallow Cold Saline water mass at station depths 10 m to as much as 50 m. (2) A generally more-
offshore water mass strongly influenced by the Mackenzie River at station depths from as little as 25 m to
50 m (Fig. 5.2; Table 5.2). (3) Also, in 1985-86, an outer shelf water mass characterized by Arctic
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FIGURE 5.2. General locations of water masses in the study area in 1985, 1986 and 1998. In 1999 and
2000, the Shallow Cold Saline water mass covered the entire study area.
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FIGURE 5.2. Concluded

Surface Water (ASW) was also sampled. Transects in those years extended to the 200-m contour,
whereas in 1998-2000 they extended only to the 50-m contour and offshore waters were not sampled.

Shallow Cold Saline Water Mass.—The main characteristics of this water mass were the absence
of a strong influence of Mackenzie River water and, usually, the absence of sharp discontinuities in the
vertical distribution of temperature and salinity (pycnoclines). The relatively cold temperatures and high
salinities were fairly uniform from surface to bottom (Table 5.2). This water mass typically occurred in
shallow depths during 1985, 1986 and 1998. In 1986 and 1998 it extend out to depths of 28 to 34 m but
in 1985 it was found only very close to shore in water depths of 10 and 15 m (Fig. 5.2; Table 5.2). In
1999 and 2000, this water mass occupied all of the areas sampled out to water depths of 50 m. In 1998
and 1999, and at most stations in 2000, temperatures and salinities in this water mass were fairly uniform
from surface to bottom (Table 5.2).

In some cases, pycnoclines were found in this water mass: In 1986, there were strong pycnolines at
most stations. In 1998, there were some weak to moderate pycnoclines along the three most easterly
transects (Appendices 5.7, 5.8). In 2000, there was some evidence of weak pycnoclines at the deeper
offshore stations and at all stations along the two most easterly transects (Appendix 5.10). In 2000, there
was also some evidence of a weak Mackenzie River influence near the surface at six stations, as surface
salinities there were lower than those in shallower nearshore water. This Mackenzie influence was more
pronounced in the east where surface temperatures were warmer than those in the west by ~1 to 1.5°C and
salinities lower by 2 psu (Appendix 5.10).

In 1986, surface temperatures were ~2°C higher and salinities ~2 psu lower than those recorded during
the other 4 years. The presence of this relatively warm fresh surface layer caused pycnoclines in the nearshore
zone. Strong pycnoclines were not present during 1985, 1998, 1999, or 2000. Bottom water at 1986 stations
classified as being in the Shallow Cold Saline water mass was warmer and fresher than that in the more-off-
shore water mass strongly influenced by the Mackenzie River (Table 5.2).
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TABLE 5.2. General physical characteristics of the Shallow Cold Saline and Mackenzie-Influenced water
masses in September of 1985-86 and 1998—-2000. Details are provided in Appendices 5.6 to 5.10.

Year Shallow Cold Saline Mackenzie-Influenced

1985 2 Stations, depth 13to 14 m 6 Stations, depth 25to 45 m
No pycnocline Strong pycnoclines Temperature Salinity
Temperature and salinity uniform Above 0.5t0 1.2 28 to 29 psu
surface to bottom Below <-1.0 °C >31 psu
Temperature 0.1 t0 0.2 °C
Salinity 31 psu

1986 8 Stations, depth 10to 34 m 3 Stations, depth 41 to 47 m
Strong pycnocline Strong pycnoclines Temperature Salinity
Surface temperatures 0.0 to 5 °C Above 2.21t0 3.3 °C 25 to 27 psu
Surface salinities 24 to 27 psu Below <-1.0 °C >31 psu
Bottom temeperatures -0.35 to 0.7°C
Bottom Salinities 29 to 31 psu

1998 11 Stations, depth 10t0 28 m 8 Stations, depth 27 to 40 m
No strong pycnoclines Strong pycnoclines Temperature Salinity
Surface Temperatures: <0.1 to 4.1°C Above 3.5t06.4 °C 28 to 31 psu
Surface Salinities: 27.7 to 32 psu Below <-1.0t0 0.8 °C  31.6 to 32.7 psu
Bottom Temperatures: -0.9 to 1.6 °C
Bottom Salinities: 31.3 to 32.4 psu

1999 17 Stations, depth 10to 45 m No stations showed strong pycnoclines in 1999
No strong pycnoclines
Surface Temperatures: 0.5 to0 3.1 °C
Surface Salinities: 26.9 to 31.5 psu
Bottom Temperatures: -1.1 to 1.8 °C
Bottom Salinities: 31.0 to 32.1 psu

2000 30 Transect Stations, depth 10 to 50 m No stations showed strong pycnoclines in 2000

No strong pycnoclines

Surface Temperatures: -1.0 to 1.0 °C
Surface Salinities: 25.6 to 31.0 psu
Bottom Temperatures: -1.6 to -0.2 °C
Bottom Salinities: 30.5 to 32.3 psu

Surface temperature patterns varied among years. In 1986, surface temperatures were considerably
higher (3.4 to 4.5°C) than at the two 1985 stations (0.4 to 0.2°C). In 1998, the surface temperatures along
transects increased from ~1°C nearshore to over 6°C offshore (Appendix 5.10). In 1999, surface temper-
atures did not show this pattern and, overall, were lower across the entire study area (1.5-3.5°C). In
2000, surface temperatures were uniformly cold across the study area, usually <0.0°C and only rarely
approaching 1.0°C (Appendix 5.11). Overall, the surface waters of the entire study area were colder in
2000 than during any of the other four years of the study.

Mackenzie-Influenced More-Offshore Water Mass.—This water mass was characterized by the
presence of a strong Mackenzie River influence at the surface, overlying water that was generally colder
and more saline. There were sharp discontinuities between the relatively warm, freshened water near the
surface and the cold saline water below. These sharp pycnoclines were characteristic of this water mass
(Table 5.2). When the two water masses were present, the Mackenzie-Influenced water mass was gen-
erally found offshore of the Shallow Cold Saline water mass at station depths of 25+ m.

Some stations sampled in 1985, 1986, and 1998 were located in this water mass, but it was absent from
the areas sampled in 1999 and 2000 (Fig. 5.2; Table 5.2). Attributes of the surface water varied from year to
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year. In 1998, the surface water temperatures were much warmer and the salinities were generally higher than
those recorded in 1985 and 1986. The bottom water was cold and saline in all three years (Table 5.2).

Outer Shelf Arctic Water Mass.—The Outer Shelf Arctic water mass was characterized by Arctic
Surface Water (temperatures <1.5°C and salinity >31 psu) overlaid by a thick (5—7 m) surface layer of
Mackenzie Bay water with temperatures of 1.5 to 2.5°C and salinities of 23 to 26 psu. The ASW was
typically colder and more saline than either of the two water-masses described above.

A few stations sampled in 1985 and 1986, when transects extended to the 200 m contour or beyond,
were located in the Outer Shelf water mass (Fig. 5.2; Appendices 5.6, 5.7). The influence of Mackenzie
River water was stronger in 1985 than in 1986.

The geographical extent and depth ranges of the water masses described above varied within and among
the five years. This was particularly true for the surface waters. As shown below, the among-year variations
in these water masses appear not to have had a strong effect on the distribution of major taxa comprising the
zooplankton community. This is probably a reflection of their tolerance of a wide range of temperatures and
salinities (—1° to ~5—-10°C; 20 to 30 psu). However, there were major among-year differences in the species
composition and biomass of the zooplankton, particularly copepods, in relation to water masses.

Vertical and Horizontal Species Composition and Biomass Distribution of Zooplankton

The following paragraphs describe the distribution and biomass of zooplankton in relation to water
masses (1) in the water column as a whole, (2) near the surface, (3) in all horizontal tows at depth, and (4)
distinguishing horizontal tows above and below pycnoclines, when present. The species composition of
the zooplankton is described for the Shallow Cold Saline water mass and the more-offshore Mackenzie-
Influenced water mass (for additional details, see Appendices 5.13-5.29).

Shallow Cold Saline Water Mass.—This water mass was present within the area sampled during
all five years of the study.

Biomass: The annual average wet-weight biomasses collected in Shallow Cold Saline waters over
the five years of study ranged from 189 to 409 mg/m’ for the water column as a whole, from 18 to 205
mg/m’ for surface waters, and from 236 to 516 mg/m’ for the horizontal tows at depth (Table 5.3). The
average biomass in the water column as a whole, as sampled by oblique bongo tows, was lowest in 2000
(189 mg/m®) and substantially higher in the other four years (268-409 mg/m’; Table 5.3). The average
zooplankton biomass in surface water was much lower in 1999 and 2000 (18 and 25 mg/m’) than in any
of the other three years (70-205 mg/m’; Table 5.3). In all years, the mean zooplankton biomasses in
surface waters were lower than in samples taken at depth, although the difference was not large in 1998.

In all years, we conducted horizontal tows at depth both within and outside what appeared to be layers
of zooplankton evident on the echosounder. In 1998, however, because of the weak correlation between
acoustic vs. net data (see Chapter 4), we were not able to confirm that the layers where some horizontal tows
were taken actually represented concentrations of zooplankton. For example, strong acoustic backscatter
was associated with both high and low zooplankton biomass (e.g., —70.63 dB with 785 mg/m® and —70.01
dB with 112 mg/m®). Conversely, weak acoustic signals were also associated with a wide range of bio-
masses (e.g., —85.51 dB with 438 mg/m’ and —85.56 dB with 194 mg/m®). Consequently, to compare the
results among the five years, we calculated the average zooplankton biomass in all horizontal tows at depth
taken for each year, whether or not they were specifically taken within a layer evident on the echosounder.
The average biomass of 516 mg/m’ in horizontal tows at depth in the nearshore zone was highest in 1986
and lowest in 2000 (Table 5.3). The maximum biomass in individual tows was 1000 and 2200 mg/m’ in
1985-86, considerably higher than the 500—1000 mg/m’ maxima recorded in 1998-2000.



TABLE 5.3. Comparison of mean total zooplankton biomass (mg/m3) collected by various types of tows on transects in the eastern Alaskan
Beaufort Sea, September 1985-86 and 1998-2000.

Water 1985 1986 1998 1999 2000
Mass mg/m® sd. n mg/m® s.d. n mg/m® sd. n mg/m®> sd. n  mgm®sd. n
Water Column as a Whole
Shallow Cold Saline? 409 110 2 296 389 8 268 151 11 383 260 17 189 92 30
Mackenzie-Influenced® 189 84 6 170 128 3 223 131 7 - - - - - -
Outer Shelf Arctic 133 55 4 46 22 8 - - - - - - - - -
Surface Waters
Shallow Cold Saline® 87 61 2 70 73 3 205 180 8 18 36 17 25 29 30
Mackenzie-Influenced® 4° - 1 13 19 3 25 30 5 - - - - - -
Outer Shelf Arctic S - - 43 717 - - - - - - - - -
Horizontal Tows at Depth
Shallow Cold Saline® 398 79 3 516 755 18 353 191 14 390 324 27 236 179 55
Mackenzie-Influenced’ Above Pycnocline 46 22 5 109 74 2 115 121 6 - - - - - -
Below Pycnocline 440 335 11 659 510 4 394 252 11 - - - - - -
Outer Shelf Arctic Above Pycnocline 14 4 2 91 21 2 - - - - - - - - -
Below Pycnocline 153 78 6 312 339 5 - - - - - - - - -

 Data plotted in Figure 5.3.

® Data plotted in Figure 5.7.

¢ Data plotted in Figure 5.5.

4 Data plotted in Figure 5.7.

¢ Data plotted in Figure 5.6.

" Data plotted in Figure 5.8.

91985 data based on single sample.

" No surface tows in 1985 because of heavy ice conditions.
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Composition of Zooplankton: Major taxa were defined as those that contributed more than 10
mg/m’ to total biomass in at least one year. In the water column as a whole, within the Shallow Cold
Saline zone, five major zooplankton taxa were collected in one or more of the five years. These were
copepods, gelatinous zooplankton (i.e., ctenophores + cnidarians), chaetognaths, mysids, and fish larvae
(Fig. 5.3A-E). Copepods were the dominant taxon in all years, and were especially dominant in 1985 and
1986. Gelatinous zooplankton and chaetognaths, considered together, were major contributors to zoo-
plankton biomass in every year, and in 1998 to 2000 their biomass approached that of copepods (Fig.
5.3C,E). Other groups were major contributors in some years but not others. Euphausiids were collected
in oblique tows in all years except 1986 and were major contributors to the zooplankton biomass in 1985
and 2000; decapods were major contributors only in 1986 (Fig. 5.3A-E).
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FIGURE 5.3. Mean biomasses (mg/m®) of major zooplankton taxa in the Shallow Cold Saline water mass
as evident from oblique tows through the water column in the eastern Alaskan Beaufort Sea, September
1985-86 and 1998-2000.
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In all five years, only a small number of species accounted for most of the biomass of each of the
major taxa. The copepods Calanus hyperboreus and C. glacialis were each major contributors (>10
mg/m’) to the copepod biomass in all years (Fig. 5.4A-E). In 1985 and 1986, the biomass of
Limnocalanus macrurus was higher than that of any other species in samples taken in Shallow Cold
Saline waters, but this species was not found in these waters at all in 1998 and 1999, and only in small
quantities in 2000 (Fig. 5.4A-E). The copepod Pseudocalanus minutus was the dominant copepod at a
single shallow-water station on Transect T-3 in 1999. Derjuginia tolli was a major contributor to the
copepod biomass only in 1985.

Similarly, few species accounted for most or all of the biomass of other major zooplankton taxa in
the Shallow Cold Saline zone in any of the five years. These were the chaetognath Sagitta elegans; the
cnidarians Aglantha digitale, Halitholus cirratus, and Cyanea capillata; the ctenophore Mertensia ovum;
the mysid Mysis litoralis; the euphausiid Thysanoessa raschii; the amphipod Parathemisto libellula; and
larvae of the arctic cod Boreogadus saida (Fig. 5.4A—E). The species composition of these major taxa of
zooplankton was quite similar among years, with the exception of minor differences for gelatinous zoo-
plankton (Fig 5.4A-E).

The low biomass in the surface waters was composed of copepods, gelatinous zooplankton and, to a
lesser extent, chaetognaths (Fig 5.5A—E). Below the surface, the composition of the zooplankton collect-
ed in horizontal tows was similar to that in the water column as a whole (Fig. 5.6A—E; ¢f. Fig. 5.3A-E).

Mackenzie-Influenced More-Offshore Zone.—This water mass was present in the area sampled
during 1985, 1986 and 1998, but not in 1999 and 2000.

Biomass: The annual average wet-weight biomasses collected in this zone during 1985, 1986 and
1998 ranged from 170 to 223 mg/m’ for the water column as a whole, and from 4 to 25 mg/m” for surface
waters (Table 5.3). For each year, each of these averages was lower than the corresponding value in the
Shallow Cold Saline zone. Average biomass in the water column was slightly higher in 1998 (223
mg/m’) than in either 1985 or 1986 (189 and 170 mg/m’, respectively; Table 5.3). In all three years, the
warm freshened water layer above the pycnocline contained a very low biomass of zooplankton (mean 46
to 115 mg/m’) compared to the cold saline water below (mean 394 to 659 mg/m’; Table 5.3).

Composition of Zooplankton: In the Mackenzie-Influenced more-offshore zone, zooplankton taxa
that accounted for most of the biomass varied among years in the water column as a whole (Fig. 5.7A-C)
and in surface tows (Fig. 5.7D—F). In the water column as a whole, copepods and gelatinous zooplank-
ton, with lesser contributions from amphipods, euphausiids, chaetognaths, pteropods, and fish, accounted
for most of the biomass (Fig. 5.7A—C). In all three years, copepods were the dominant taxon, particularly
in 1985 and 1986. In 1998, the biomass of gelatinous zooplankton and chaetognaths (combined) almost
equaled that of copepods (Fig. 5.7A—C). In surface tows, copepods were major contributors in all years,
while gelatinous zooplankton, decapods, larvaceans, chactognaths and fish were major contributors in
some years but not others (Fig. 5.7D-F).

Above the pycnocline, copepods were (by a small margin) the dominant taxon in 1985 and 1998,
but pteropods and gelatinous zooplankton dominated in 1986 (Fig. 5.8A—C). Below the pycnocline,
copepods accounted for more of the biomass than any other group during all three years, although in 1998
the biomasses of gelatinous zooplankton and chaetognaths (combined) exceeded copepod biomass (Fig.
5.8D-F). No horizontal tows were taken near the bottom, so any zooplankton concentrated there may be
underrepresented.
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FIGURE 5.4. Mean biomasses (mg/m3) of major zooplankton species in the Shallow Cold Saline water
mass, water column as a whole, in the eastern Alaskan Beaufort Sea, September 1985-86 and 1998—
2000.
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FIGURE 5.6. Mean biomasses (mg/m3) of major zooplankton taxa in the Shallow Cold Saline water mass
as evident from horizontal tows at depth, eastern Alaskan Beaufort Sea, September 1985-86 and
1998-2000.
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FIGURE 5.7. Mean biomasses (mg/m®) of major zooplankton taxa from the Mackenzie-Influenced water
mass as evident from oblique tows (left) and horizontal surface tows (right), eastern Alaskan Beaufort
Sea, September 1985, 1986 and 1998. Note the different scales on the vertical axes for water column
and surface tows.
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In the Mackenzie-Influenced more-offshore water mass, as was the case in the Shallow Cold Saline
zone, only a few species accounted for most zooplankton biomass in the water column as a whole (Fig.
5.9A-C). Calanus hyperboreus and C. glacialis were major contributors to the copepod biomass in all
three years, with C. glacialis being the dominant contributor in 1986 and 1998, and C. hyperboreus in
1985 (Fig. 5.9A—C). Limnocalanus macrurus, the dominant copepod in the Shallow Cold Saline zone in
1985 and 1986, was a major contributor to the zooplankton biomass in Mackenzie-Influenced waters in
1985, a minor contributor in 1986, and was not found in 1998.

Other dominant species were the chaetognath Sagitta elegans; the cnidarians Aglantha digitale and
Cyanea capillata; the amphipod Parathemisto libellula; and arctic cod larvae Boreogadus saida (Fig. 5.9
A—C). Except for some minor differences in gelatinous zooplankton, the species composition of these major
taxa of zooplankton was similar in all three years when this water mass was sampled (Fig. 5.9A-C).
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FIGURE 5.9. Mean biomasses (mg/ma) of major zooplankton species in the Mackenzie-Influenced water
mass, water column as a whole, eastern Alaskan Beaufort Sea, September 1985, 1986 and 1998.
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Overall, C. glacialis and C. hyperboreus were the major contributors to the total copepod biomass
in this water mass in all three years. Limnocalanus macrurus, the dominant copepod in Shallow Cold
Saline waters in 1985-86, was also a major contributor to biomass in more-offshore Mackenzie-
Influenced waters in 1985 but not in 1986. It was not found in this water mass in 1998.

Outer Shelf Arctic Zone—This water mass was only sampled in 1985 and 1986 when transects
extended out to the 200-m contour (vs. 50 m in 1998-2000). Zooplankton biomass in the Outer Shelf Arctic
zone was, on average, less than that in either of the other two water masses (Table 5.3). This was true for
the water column as a whole and for horizontal tows, particularly those taken below the pycnocline.

In the water column as a whole, gelatinous zooplankton was the predominant group in the Outer
Shelf water mass during 1986, but they contributed only 16 mg/m®. In 1985, copepods were the dominant
taxon, followed by gelatinous zooplankton. Dominant species were the copepods Calanus hyperboreus
and C. glacialis, the chaetognath Sagitta elegans, the hydrozoan Aglantha digitale, and the ctenophore
Mertensia ovum. The predatory copepod Euchaeta glacialis was a major contributor to biomass only in
1985 (Griftiths et al. 1987).

In surface waters within this zone, total zooplankton biomass was very low in 1986. Biomass
above the pycnocline in 1986 was low, but twice that in surface waters (91 vs. 43 mg/m’; Table 5.3).
Below the pycnocline in Arctic Surface Water, copepods, gelatinous zooplankton, and chaetognaths
accounted for most of the biomass in both 1985 and 1986. In both years, total biomasses were much
higher below the pycnocline than above it (Table 5.3). In both years, Calanus hyperboreus and C.
glacialis contributed most of the copepod biomass. No horizontal tows were taken near the bottom, so
any zooplankton concentrated there may be underrepresented.

Echosounder Surveys of Zooplankton Biomass

The volume backscatter data collected along the transects in 1985-86 and 1999-2000 were convert-
ed to estimates of total biomass using the regression relationships calculated from horizontal tows at
depth and corresponding backscatter data (Chapter 4). The results were used to describe (1) the vertical
distribution of zooplankton biomass at individual stations, (2) the average biomass of zooplankton along
transects, and (3) the patchiness of zooplankton along transects. Similar data are not available for 1998
when the relationship between acoustic back scatter and zooplankton biomass was weak and unusable for
predictive purposes.

Horizontal and Vertical Distribution.—The vertical distributions of zooplankton biomass differed
among the four years. In 1985-86 there were 1-3 layers of zooplankton in the upper 45 m, each 5 to 8 m
thick, at individual stations (Fig. 5.10, 5.11). In 1999, there was usually only a single layer of
zooplankton, 5-25 m thick, that extended from depth 10 m to near the bottom (Fig. 5.12). The year 2000
was different from all other years in that there was a marked spatial difference in zooplankton distribution
(Fig. 5.13). Few layers were evident on the three eastern transects, and there were 1-3 layers on the
western transects.

1985—-1986: In these years, one to three layers of zooplankton were found at individual stations
(Fig. 5.10, 5.11). Throughout the study area, most of these zooplankton layers were 5 to 8 m thick and (in
deeper parts of the study area) most were in the upper 45 m of the water column. At some stations in
<30 m water depth, patches of high biomass occurred throughout most of the water column, extending all
the way to the bottom. In 1985, the estimated biomasses within layers were typically 300 to >1000
mg/m’, while between the dense layers the values were 100-300 mg/m’. In 1986, estimated biomasses
within layers were 250—1500 mg/m’, while between layers they were 150350 mg/m’ (Fig. 5.10, 5.11).
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FIGURE 5.10. Vertical distribution of zooplankton biomass estimated with the 200 kHz echosounder at
stations along transects in the eastern Alaskan Beaufort Sea, September 1985. See Figure 5.1A for
station locations.



5-22  Bowhead Whale Feeding in the E Alaskan Beaufort Sea

Off Barter Island Off Jago Lagoon Off Beaufort Lagoon Off Demarcation Bay
Station 1 Station 1 Station 1 Station 1
Estimated Biomass (mg/m”} Estimated Biomass (mg/m”} Estimated Biomass (mgim’} Estimated Biomass (ma/m®)
0 400 BOO 1200 1600 0 400 BOO 1200 1600 0 400 BOG 1200 1600 0 400 BOG 1200 1600
- 5 \
E
=
5 [
@
2 10 7
15

Station 2 Station 2 Station 2 Station 2

It e

Station 3 Station 3 Station 3

Station 4 Station 4 Station 4

10

20 %

30

-
50

Station 5 Station 5 Station 5

vl
mNd

"

e
°t |
?

Depth {m)
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west to east; see Figure 5.1A for station locations.
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In 1985, average estimated biomass in the overall water column appeared to decrease with increas-
ing water depth and distance from shore along Transect 1 but not Transect 2 (Fig. 5.14). Average
biomasses were uniform from about the mid-portion out to the end of the two transects (Fig. 5.14A,B).
Maximum estimated biomasses were near or above 1000 mg/m’ along extended segments of both tran-
sects, and reached ~3000 to ~4000 mg/m” at several locations along each transect.’

Along all 1985 and subsequent-year transects, there are places where peaks in maximum zooplank-
ton biomass occurred without noticeable increases in the mean water column biomass. This can occur
where the dense zooplankton layer that produces the high maximum value is relatively thin, usually only
1-2 m thick. When averaged with estimated zooplankton biomasses from other depths through the water
column, these maxima have little effect on the overall average.

In 1986, the average estimated zooplankton biomass along the four transects varied widely (Fig.
5.14C-F). Biomass increased with increasing depth along transect 1, decreased with increasing depth
along transect 2, and reached a maximum over the middle portion of Transect 3. High biomasses were
found at many locations along Transect 4 (Fig. 5.14F). Maximum estimated biomasses were 1500 to over
2000 mg/m’ along Transect 1, and 1500 to >3000 mg/m’ on Transects 2, 3 and 4, with the highest values
typically persisting for only short segments of transect (Fig. 5.14C—F).

1999 and 2000: In 1999, only a single layer was evident at most stations, varying in thickness from 5
to 25 m (Fig. 5.12). In most places, the layer was found below 10 m and extended nearly to the bottom. At
some nearshore stations the concentrated layer extended throughout the water column. Estimated biomasses
within layers were typically 500-750 mg/m’, while outside the layers biomass was ~200 mg/m’. The
average estimated biomass was more variable along Transect 1 off Beaufort Lagoon than along the three
more westerly 1999 transects (Fig. 5.15). Generally, mean biomass along Transect 1 increased with
distance from shore, reaching an estimated 400 mg/m’ at the seaward end. Estimated peak biomasses were
500 to 750 mg/m’ along this transect (Fig. 5.15). Along Transects 2 off Jago Lagoon and 3 off Barter
Island, a nearly continuous band of zooplankton with biomass 400—500 mg/m® extended from the shallow to
the offshore station (Fig. 5.12, 5.15). The average and maximum estimated biomasses were relatively
uniform over the entire length of each of these transects (Fig. 5.15). On Transect 4 off Arey Island, the
band of high-density zooplankton extended throughout much of the water column and was generally closer
to the surface than were similar patches along the other three transects (Fig. 5.12A). Several peaks of
zooplankton with densities in the 800 to >1000 mg/m’ range were evident along this transect (Fig. 5.15A).

The year 2000 was different from the other three years in that there were large spatial differences in
zooplankton distribution. There were few layers at stations along the three easternmost transects (Fig.
5.13D-F). The estimated biomass was usually 200-300 mg/m’ within layers and <150 mg/m’ outside
layers along the three easternmost transects (Transects 2, 3 and 4; Fig. 5.13D-F). In contrast, biomass was
typically 300-800 mg/m’ in the one to three layers found on the western transects (Transects 6, 7 and 8; Fig.
5.13A-C). The layers with the highest biomass (600-800 mg/m’) were only 1-3 m thick and were at depths
<15 m. Other thicker (5 to 15 m) layers contained an estimated biomass of 300-350 mg/m’. Between the
dense layers, the biomass was 200-250 mg/m® (Fig. 5.13A—C). Average estimated zooplankton biomass
along the three eastern transects was 150-300 mg/m’, with the highest average levels in shallow waters
close to shore (Fig. 5.16D-F). Maximum biomass levels showed peaks of 400-600 mg/m’, but typically

? Note that the highest estimates, e.g., 1500+ mg/m’, are especially uncertain. They are based on applying regres-
sion equations for net biomass vs. acoustic backscatter (from Chapter 4) to backscatter values higher than those at
most stations with paired net and backscatter data, i.e., higher than most data used in deriving the regressions.



5000 -
_ AS1985Tranbect 1:10M Bartar teiaid B: 1985 Transect 2: Off Jago Lagoon
s
E 4000 st sty st8 ste st1o
E
g 2000
@
2 2000
ko
£
E 1000
1 7 13 19 25 31 37 43 49 55 61 67 73 79 85 91 97 103 109 115 121 127 133 139 145 151 1 7 13 19 25 31 37 43 49 55 61 67 73 79 &5 91 97 103 109 115 121 127 133 139 145 151 157 163 169 175
Time (2 min intervals). Total 37 k) Time (2 min intervals): Total 42 km
SAARS
C: 1986 Transect 1: Off Barter Island D: 1986 Transect 2: Off Jago Lagoon
E 4000
2
§ st1 St2 St3 St4 Sts | st1 st2 S3 5t4 St5
]
2000
¥
®
g 1000 -
= m———%ﬁ————/
0+ T T R S RaAn R R REa T T T T T T T T T T T T T T T T T T T T T T T T T e T T e T T T
1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 96 101 106 111 116 121 126 131 136 1 5 8 13 17 21 25 28 33 37 41 45 49 53 57 61 65 €9 73 V7 81 85 8 83 97 101 105
Time (2 min intervals): Total 33 km Time (2 min intervals). Total 26 km
E: 1986 Transect 3: Off Beaufort Lagoon F: 1986 Transect 4: Off Demarcation Bay
5000 i . 1 e
—~ | — Mean Water Column Biomass — Maximum Biomass | — Mean Water Column Bi — Maximum Bi
E-IDCO- 1 st3
E st1 st2 53 st4 S5
g
g 2000 |
L]
l% 1000 -

i 8 17 25 3 # .49 57 65 73 81 89 57 105 113 121 129.13?145153151 169 177 185 193 201 1 8 15 22 290 36 43 50 57 64 71 78 85 92 99 106 113 120 127 134 141 148 155 162 169 176 183 190 197
Time (2 min Intervals): Total 49 km Time (2 min intervals): Total 48 km

FIGURE 5.14. Average biomass in the water column (lower line), and maximum biomass of zooplankton within any 2 m thick layer (upper line).
Estimated from 200 kHz echosounder data for the top 50 m of the water column along transects in the eastern Alaskan Beaufort Sea, September
1985 and 1986. Note that the horizontal axes are much compressed relative to the vertical axes.

S Ji0fnag UPYSVIY g oY Ul Suipaa] Yy ppaymog  QZ-G



Estimated Biomass (mgim®)

g

g

=
2
=3

600

400

Estimated Blomass (mg/m’)
2
]

200

A: Transect 4: Off Arey Island

S E— e T e et ety

1TI ST aNMRBITEN ?32527 29 MIBWATI A 43454T49 0 55555?5551 53655?63?1 7378 7??38I 83 85 87
Time (2 min intervals): Total 21 km

C: Transect 2: Off Jago Lagoon

[==Mean waler Column Biomass —— Maximum Blomass

St13 5t12 St S0

N SO Ve S
TR s

L A B e e T e LA A e o o e e o o Lt o e e

1 3 6 7 9 11131517 19 271 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 56 57 69 61 63 €6 67 69 71 73 76 77
Time (2 min intervals): Total 19 km

B: Transect 3: Off Barter Island

Sti7 5t16 St 14 St15

--------- I R I SRR R E R R R R R R R P R R e e

1 4 T 10 93 16 19 22 25 28 31343?4043464552555&61546??0?3?6?9 323589919‘\9?10’01031%

Time (2 min intervals): Total 26 km

D: Transect 1. Off Beaufort Lagoon
|—Mean Water Calumn Elomass — Maximum Blomass
59 S8 s5t7 ite

14 T 0 1316 19 22 25 28 ¥ !43?40&146436?556361HE??UTJ?S7382858831909?100
Time (2 min intervals): Total 25 km

FIGURE 5.15. Average biomass in the water column (lower line), and maximum biomass of zooplankton within any 1 m thick layer (upper line).
Estimated from 430 kHz echosounder data from four transects in the eastern Alaskan Beaufort Sea, September 1999. Note that the horizontal

axes a

re much compressed relative to the vertical axes.

uoynqLysIJ ¥ ssouwiorg ‘uoyrsoduio)) sa10ads uopyuvidooy ¢S

LTS



1800 4
1600 4 A: Transect 8: Camden Bay B: Transect 7. Arey Island
E 100 St28 S29 st30 525
E 1200
ﬁ 1000 +
5 800 Max.
% 600 4
2 4o w
200 4 Mean
i 12 34 56 78 91011121314 151617 18192021 2223 2425 26 27 2929 30 31 3233 34 35 3637 39 3040 41424344 454647 1 3 5 T 9 11 1315 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 &7 59 61 63 65 67 69 71 73 75 77 79 81 83 65
Time (2 min intervals): Total 11.5 km Time (2 min intervals): Total 20.8 km
1800
1600
F C: Transect 6: Off Barter Island D: Transact 2: Off Jago Lagoon
E
E 23 st22 s21 S5t20 19 [St4 st5 oE s7
1200 ;
#
E 1000
m eoo
% 600
E 400
o W
e e e
]
13 5 7 9 11131517 1921 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73 75 77 79 81 83 85 1 3 5 7 9 1131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 53 61 63 65 67 69 71 73 75 77 79 81 83 85 67 89
Time (2 min intervals). Total 20.8 km Time (2 min intervals): Total 21.6 km
1800
: Transedt 3: s
1600 ETrangact 3:10f Bealdort Lagcon ] F: Transect 4: Off Demarcation Bay
1400 |——Mean Water C Macxirum Blomass | —
|— Mean Water Column Blomass —Maximum Blomass |
1200 S8 - 4] =10 st Isti2 st S14 s15

Estimated Blomass (mg/m’)

1 4 7 10 13 16 1§.E.25 28 M M 37 40 43 46 49 :':255585‘ B4 67 70 73 TE 79 B2 BS 88 91 34 97 100
Time (2 min intervals): Total 21.6 km

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 S5 58 61 B4 67 70 73 76 79 82 85 88 91 WM 97 100
Time {2 min intervals): Total24 km

Dag Jiofivag uvysvly g ayp ur Suipad vy g praymog  Q7-S

FIGURE 5.16. Average biomass in the water column (lower line), and maximum biomass of zooplankton within any 1 m thick layer (upper line).
Estimated from 430 kHz echosounder data from six transects in the eastern Alaskan Beaufort Sea, September 2000. Note that the horizontal axes

are much compressed relative to the vertical axes.



§85. Zooplankton: Species Composition, Biomass & Distribution 5-29

these areas were relatively small in horizontal extent. Between them biomasses were 200-300 mg/m®
(Fig. 5.16D—F). Along the western transects, average estimated zooplankton biomasses were 300—400
mg/m°, while maximum biomass showed numerous peaks with 400-1600 mg/m® (Fig. 5.16A—C). High
maximum levels of estimated zooplankton biomass extended for much greater horizontal distances along
the western transects than along the eastern ones.

During all years, most concentrated layers of zooplankton were within 45 m of the surface, even
where water depth was over 100 m. Thus, most zooplankton concentrations would be easily accessible to
feeding bowhead whales. The echosounder did not measure zooplankton biomass in surface waters in
any year. However, net tows showed little zooplankton in surface waters in any year (with the exception
of shalow waters in 1998). When pycnoclines were present (mainly 1985 and 1986), zooplankton bio-
mass was |ow above the pycnocline.

Zooplankton Patchiness.[]1Zooplankton patchiness was determined along each of the transects sur-
veyed in 1985-86 and 1999-2000; contour plots of estimated zooplankton biomass are shown in Figures
5.17t0 5.20.

With the exceptions of 1985 Transect T2 off Pokok Bay and 1986 Transect T1 off Barter Island,
zooplankton patches were more abundant in the nearshore and middle regions than at the seaward ends of
the transects (Fig. 5.17, 5.18). In 1985, zooplankton patches were generally smaller in both length and
depth than in 1986, and 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, particularly in shallow nearshore waters and at mid-depths along the transects. Echo-
sounder surveys in 1986 were consistent with net samples in showing that surface waters contained low
biomasses of zooplankton (Fig. 5.18). In both these years only a small fraction of the water along the
transects contained a high (>500 mg/m®) biomass of zooplankton, although there were patches where the
estimated biomass exceeded 1000 mg/m® in 1985 and 3500 mg/m® in 1986. (See preceding footnote
regarding the extrapolation involved in deriving these high estimates.)
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FIGURE 5.17. Zooplankton patchiness estimated from continuous hydroacoustic sampling along 1985
Transects T1 and T2. Data recorded within and above pycnoclines are excluded. The horizontal axes
are much compressed relative to the vertical axes. See Fig. 5.1A for transect locations.
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In 1999, there were nearly continuous bands of zooplankton of at least 300 to 500 mg/m® that
extended from nearshore to offshore stations along all transects except Transect T1, off Beaufort Lagoon.
In the latter area, most of the zooplankton was along the outer portion of the transect (Fig. 5.20). The
bands along all transects were relatively thick (10-20 m) and were usually at depths >25 m. The main
exception was along Transect T4, off Arey Island, where there was a band much closer to the surface.
Zooplankton biomass was low near the surface along al transects (Fig. 5.19). Although zooplankton
patches were more extensive in 1999 than in 1985-86, the estimated biomass levels were lower in 1999;
the densest patches contained an estimated maximum of 200 to 1000 mg/nr’.
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In 2000, the six transects between Demarcation Bay in the east and Camden Bay in the west show a
pattern of increasing zooplankton biomass from east to west, particularly from Barter Island to Camden
Bay (Fig. 5.20). The three most easterly transects, between Demarcation Bay and Jago Lagoon, contained
extensive patches of zooplankton, kilometers in length and 10s of meters thick, with biomasses 100 to
300 mg/m®. However, there were very few patches where estimated biomass exceeded 700 or especially
1000 mg/m® (Fig. 5.20). In contrast, the westernmost transects from Barter Island to Camden Bay con-
tained several patches where zooplankton biomasses exceeded 1000 mg/m?®, with the frequency and extent
of the high density patches increasing from east to west (Fig. 5.20). Patches with the maximum estimated
zooplankton biomasses tended to be in the mid-water to near-surface depths along all transects except for
Transect 8 in Camden Bay. There, patches of maximum biomass occurred both at mid-depth and near the
bottom (Fig. 5.20).
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Overall, the zooplankton biomasses estimated from echosounder data were higher in 1986 than in
1985, 1999, and 2000. This was true for peak biomasses along all transects and at individual stations
where estimated biomass levels reached 1600 mg/m’. The lowest biomass levels were recorded in 1999,
while those in 1985 and 2000 were intermediate.

Discussion

Physical Oceanographic Features

Physical oceanographic properties of the study area, as in most other areas, vary considerably from
year to year, and they can also change rapidly within the same year and within a particular study area.
However, the present study area can show more variability than many other marine areas because of its
proximity to massive sources of ice and freshwater that can be advected into the study area by the wind.
Under persistent east winds, cold saline bottom water upwells into shallow water. This upwelling can
cause areas along the coast that are otherwise brackish and warm to become much colder and saltier
(Mangarella et al. 1982; Savoie and Wilson 1983, 1986). In this case, nearshore waters are mixed rather
than stratified. East winds can also transport the relatively warm and fresh Mackenzie River plume into
eastern and offshore portions of the study area (Bradstreet et al. 1987; Fissel et al. 1987). Its presence
causes strong temperature and salinity discontinuities in these waters. If a west wind occurs when there is
no Mackenzie plume water offshore, then only cold saline offshore water is moved inshore. However, if
west winds occur when the Mackenzie plume is offshore, then it will be blown onshore

Wind direction is from the northeast 35% of the time and from the northwest 23% of the time
(Fissel et al. 1987). Water masses in the Beaufort Sea can respond to changes in wind patterns in as little
as 12 h (Aagaard 1984; Niedoroda and Colonell 1990).

Two kinds of oceanographic regime were evident during the five years of this study. (1) In
September of 1985, 1986 and 1998, warm fresh Mackenzie River water was transported into the study
area (Bradstreet et al. 1987; Fissel et al. 1987; this study). (2) In 1999 and 2000, all water in the study
area (out to the 50 m contour) was characterized as Shallow Cold Saline with little or no Mackenzie
influence. The first regime was most readily characterized by the presence of strong pycnoclines and the
second by their absence.

Zooplankton Biomass and Composition

Species composition and biomass of the zooplankton did not correspond in any simple way to the
oceanographic regimes described above. The most obvious differences in the zooplankton occurred
between 1985-86 and 1998-2000. In the region as a whole, the total zooplankton biomass was higher in
1985 and especially in 1986 than in 1998, 1999 and 2000.

The higher zooplankton biomasses in 1985—-86 were due to the much higher biomasses of copepods,
particularly Limnocalanus macrurus in the Shallow Cold Saline zone. Calanus glacialis and C. hyper-
boreus were also major contributors to the copepod biomass in all years. In 1986 and 1998, Calanus
glacialis was the dominant of the two species, while in 1985, 1999 and 2000 the dominant species was C.
hyperboreus. Predatory cnidarians, ctenophores, and chaetognaths were abundant in the study area in
1998-2000 and not in 1985-86. These predators may have contributed to the lower biomass of copepods
in 1998-2000.

Grainger (1965) described two major groups of Beaufort Sea zooplankton in waters <100 m in
depth. The species characteristic of the upper 100 m of Arctic surface waters are found both offshore and
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inshore and are typically tolerant of a wide range of temperatures (—1° to ~5—10°C) and salinities (12 to 34
psu). Organisms in this group include the hydrozoans Aglantha digitale and Aeginopsis laurentii, the
ctenophore Beroe cucumis, and several species of copepods: Calanus hyperboreus, C. glacialis, Pseudo-
calanus minutus, Metridia longa, and Oithona similis. A second group is characteristic of shallow near-
shore brackish waters along the coastlines of the Beaufort and Chukchi seas. It includes the hydrozoans
Euphysa flammea, Halitholus cirratus and Sarsia princeps, the ctenophore Obelia spp., and the copepods
Limnocalanus macrurus, Acartia clausi, Eurytemora herdmani, and Derjuginia tolli. These species are
typically found in waters with relatively high temperatures (1 to 12°C) and low salinities (8 to 25 psu),
characteristic of nearshore brackish waters during the open water season (Grainger 1965; Shih et al. 1971).
Overall, 77 of the 83 stations sampled in this study were in the first group, as defined by species composi-
tion, and only 6 in the second. Species characteristic of the second group were often found in cold saline
water as well as in nearshore brackish waters.

In all five years, net sampling showed zooplankton biomass to be low in surface and near-surface
waters above pycnoclines. Zooplankton biomass was always higher in the colder saline water at depth
>10 m. This was true even for the brackish-water copepod L. macrurus. Maximum abundances of this
copepod were recorded in cold saline water rather than in the estuarine water influenced by the Mack-
enzie River. This was true in 1985 and 1986 both in this study and in a similar study along the Yukon
coast (Bradstreet and Fissel 1986; Bradstreet et al. 1987). However, L. macrurus was only abundant in
the study region when the influence of Mackenzie River water extended along the coast of the Yukon and
into the eastern Alaskan Beaufort Sea. It may be that the brackish Mackenzie water brings this copepod
into eastern Alaskan waters but, once there, it is able to thrive in the colder and more saline water typical-
ly found in the region.

Copepods represented 80 to 90% of zooplankton biomass over deep ice-covered waters of the Arctic
Ocean, including those north of the Beaufort Sea (Hopkins 1969). In the eastern Canadian high arctic, cope-
pods constituted 80% of the total zooplankton biomass in the upper 150 m of Lancaster Sound and north-
western Baffin Bay (Buchanan and Sekerak 1982). Calanoid copepods were the major component of the
zooplankton in the present study area and other parts of the Beaufort Sea (Grainger and Grohe 1975; Horner
1979, 1981; Griffiths and Buchanan 1982; Bradstreet and Fissel 1986; Bradstreet et al. 1987)

Average biomasses of zooplankton collected in summer and early autumn in the eastern Alaskan
and Canadian Beaufort Seas are similar. Depending on year and sampling area, mean wet-weight bio-
masses collected by oblique samples in the top 50 m of the water column in various areas have ranged
from ~150 to over 380 mg/m’ with an overall average for all 218 oblique and (1980 only) vertical tows
taken in these areas of ~260 mg/m’ (Table 5.4). Under some circumstances, biomass in layers of concen-
trated zooplankton, as measured with horizontal bongo tows, can equal or exceed 1000 or 2000 mg/m”.

Zooplankton biomass is considerably higher over the continental shelf of the Beaufort Sea than
over deeper offshore waters of the Arctic Ocean. In the latter area, Hopkins (1969) found an average bio-
mass of only 5 mg/m’ wet-weight in the upper 200 m, based on 39 tows.

Abundance of zooplankton in the southeastern Chukchi Sea is higher south of Cape Lisburne than
north of it (Wing 1974). Average summer zooplankton biomass in 145 samples taken in the southeastern
Chukchi Sea between Cape Lisburne and the Bering Strait was ~1700 mg/m’ wet-weight (English 1966).
However, primary and secondary productivity in the Chukchi Sea may be highest in the southern and
southwestern part (Truett 1984). Bowhead whales are known to feed in that general area during autumn
(Moore et al. 1995).



TABLE 5.4. Wet-weight biomass of dominant zooplankton taxa taken in oblique tows (1985-2000) and vertical tows (1980) through the upper 50 m
of the water column on transects in the Canadian and Alaskan Beaufort seas during summer and early autumn. The percent of total biomass

represented by each taxon is also shown.

Yukon Coast Mackenzie Delta Tuktoyaktuk Eastern Alaskan Beaufort Sea®
Peninsula
1980° 1985° 1986° 1986° 1980° 1986° 1985 1986 1998 1999 2000
ma/m® %  mg/m® % mg/m® %  mg/m® % mg/m® %  mgim® % mg/m® %  mgim® %  mgim® % mg/m® % mgim® %
Copepods 125 39 181 86 121 70 99 65 140 22 126 60 168 75 130 73 119 48 189 49 99 52
Limnocalanus macrurus 38 12 141 68 67 39 <1 <« 0 0 <1 <1 43 19 59 33 <1 <1 <1 <1 <1 <«
Calanus hyperboreus 62 19 15 7 27 16 74 48 128 21 97 46 80 36 17 10 16 6 154 40 56 30
Calanus glacialis 0 <1 13 6 23 13 21 14 11 2 26 12 25 11 52 29 100 40 24 6 40 21
Mysids 44 14 8 4 7 4 7 4 6 1 5 2 5 2 1 1 8 3 4 1 1 1
Euphausiids 0 0 2 1 11 6 2 1 0 0 0 0 8 4 <1 <1 2 1 5 1 11 6
Cnidarians/Ctenophores 108 34 7 3 11 10 24 15 441 71 35 17 22 10 15 8 61 24 85 22 39 21
Chaetognaths 6 2 4 2 6 3 5 3 8 1 17 8 6 3 4 2 48 19 87 23 32 17
Total 319 211 173 153 632 210 207 170 250 383 189
Standard Deviation 180 245 195 84 516 139 121 273 141 260 92
Number of Tows 12 16 15 21 48 10 12 19 18 17 30
Max. Sample Depth (m) 10-25 10-50 9-50 9-50 10-50 8-50 7-46 7-42 8-47
Station Depths (m) 7-17 12-171 14 -167 10-68 10-26 12-52 13-80 10-205 9-48 10-50 10-50

Griffiths and Buchanan (1982). Note that all tows in 1980 were vertical tows.
Bradstreet and Fissel (1986).

Bradstreet et al. (1987).

This study.
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During May and June, when bowheads leave the Bering Sea, average biomass in the upper 100 m
can reach 1500 to 2000 mg/m’ over large areas (Coyle et al. 1996). [All values in this paragraph are wet-
weights.] In spring, the greatest zooplankton biomass (1000 to 2000 mg/m’) is found in the Gulf of
Anadyr, Norton Sound, and Bering Strait (Coyle et al. 1996). Average biomass of zooplankton in the
upper 50 to 100 m of the deep basin of the Bering Sea during spring ranges from 500 to over 1000 mg/m’
(Ikeda and Motoda 1978; Coyle et al. 1996). Biomass is lower in summer, but the distribution pattern is
similar. Summer biomass in the deep basin is about the same as that found in the Beaufort Sea in fall
(200-500 mg/m*). Biomass is 500 to 1000 mg/m’ over the shelf and >1000 mg/m’ in the Gulf of Anadyr.
In fall when bowheads return to the Bering Sea, zooplankton biomass in the upper 100 m of the deep
basin is 300400 mg/m’ (Coyle et al. 1996), again about the same as that in the Beaufort Sea. Biomass
over the shelf is lower and ~100-200 mg/m’. During winter, when bowheads are present, biomass in the
upper 200 m is ~50 mg/m’, but is >200 mg/m’ below 200 m (Coyle et al. 1996).

It is acknowledged that all of these data on zooplankton biomass and species composition are
subject to a variety of potential limitations and biases. Many of these were discussed in Chapter 4. The
faster swimming taxa, e.g., euphausiids, are known to show a net-avoidance effect, resulting in underesti-
mation of their biomass. Some individuals of the smallest species, or the smaller life-stages of somewhat
larger species, will pass through the mesh of standard sampling nets (here 0.5 mm), and also be under-
sampled. A further complication is that net tows of 5-min or similar duration produce an estimate of
average zooplankton biomass across a range of horizontal distances, and are likely to underestimate the
maximum biomass present. The latter is of particular relevance in studies of feeding by zooplankton
predators (such as bowhead whales) that feed preferentially in areas of maximum prey abundance. Also,
even a horizontal tow that is guided to the depth of a thin zooplankton “layer” by an echosounder, as in
this study, provides an average biomass estimate applicable to some (narrow) range of depths, not just to
the precise depth of maximum biomass. All of these problems result in a tendency for standard net-
samples of zooplankton to underestimate the average and maximum biomasses of zooplankton present.

Nonetheless, biomass data obtained from this type of sampling do provide, at the least, minimum
estimates of zooplankton biomass, and approximate data on the proportions contributed by different
species and species-groups. Also, these types of data are quite suitable for comparing the relative zoo-
plankton availability in different years, water masses, locations, depths, etc.

The likely under-sampling of fast-moving euphausiids is of particular concern in this study, as
bowhead whales are known to feed on euphausiids at times. Euphausiids dominate the stomach contents
of a minority (24%) of the bowhead whales harvested in late summer/early autumn at Kaktovik, within
the present study area. Euphausiids dominate in a majority (88%) of the bowheads harvested in autumn at
Barrow, farther west (Lowry 1993; Lowry and Sheffield, Chapter 18). Although euphausiids, mainly
Thysanoessa raschii, were caught in our net samples, euphausiids rarely contributed a large proportion of
the biomass. During a broad-scale zooplankton survey across the Alaskan Beaufort Sea during the
autumn of 1986, Griffiths et al. (1987) found considerably higher absolute and proportional biomasses of
euphausiids in the western Alaskan Beaufort (near Barrow) than in the eastern Alaskan Beaufort. Based
on these and other results, we conclude that euphausiids are very likely underrepresented in our net
samples but, when they are abundant, they are prominent components of the net samples. We interpret
the infrequent occurrence of substantial biomasses of euphausiids in zooplankton samples from the
eastern Alaskan (and Canadian) Beaufort Sea as a meaningful indication of their lower abundance there
than in the western Alaskan Beaufort Sea.
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In this study, all zooplankton sampling was done during daylight hours in September. At this
latitude (70°N), there is 24-hour daylight from spring until early August, a few hours of darkness each
night in early September, and rapidly increasing hours of darkness as September and October progress. In
most areas, zooplankton tend to migrate toward the surface at night and to deeper depths by day. The
extent of diel vertical migration of zooplankton in the present study area has not been studied. It is
possible that the vertical distribution of zooplankton in this area during September is different at night
than in the daytime. However, most of our sampling (and all of that in 1998-2000) was in places where
we were able to document the zooplankton throughout almost all of the water column via a combination
of nets and echosounding. Although the measured biomass might have a different vertical distribution at
night, the overall average biomass would not be expected to differ appreciably at night.

Echosounder Surveys

This study has provided the first quantitative echosounder data on zooplankton in the Alaskan
Beaufort Sea. Much information about the vertical and horizontal distribution of zooplankton has been
obtained during September of four years. This information is complementary to the net-sampling data.
The echosounder data provide greatly increased resolution, both horizontal and vertical, as compared with
net sampling, but they depend on the net-sampling for calibration purposes, and (unlike the net-sampling)
they do not provide information about species composition.

The limitations and biases of the echosounder data were discussed in Chapter 4. Physical features
in the water column such as density gradients, turbidity, and air bubbles can produce acoustic backscatter,
and at times this is difficult to distinguish from zooplankton. Biological factors that can cause complica-
tions are the presence of fish, and variability in the sizes and orientations of the zooplankters themselves.
Some of these confounding factors have been alleviated in this study through exclusion of data from
locations and depths with known density gradients (pycnoclines) and special processing of the data to
minimize the contribution by fish (see “Methods” and Chapter 4). However, there is residual variability
in the echosounder data. Furthermore, our calibrations of the echosounder data to allow estimation of
zooplankton biomass from acoustic backscatter alone are based on net samples and echosounder data
from matched locations and depths. Difficulties in obtaining precise matching of the two types of
samples, and the inherent limitations and biases of the net-sample data (see preceding subsection), result
in imprecise calibration of the echosounder data (see Chapter 4).

Thus, the echosounder surveys provide only approximate estimates of absolute zooplankton bio-
mass, along with extensive data on relative biomass at different places, depths, and times. A major
objective of the overall study of which this Chapter is one part was to assess the characteristics and
quality of bowhead whale feeding habitat in the eastern Alaskan Beaufort Sea. This required zooplankton
surveys that could not be conducted with adequate resolution by net-sampling alone. Our contour plots
depicting zooplankton biomass vs. depth and location along transects show locations of zooplankton
concentrations (“patches”) within the study area in a given year, the relative biomasses of zooplankton
available to whales at different places and times, and year-to-year differences. These data provide a
valuable basis for comparisons of food availability in the eastern Alaskan Beaufort Sea as a whole (this
chapter) with that at the specific locations where bowhead whales have been observed to feed (Chapter
6).*

* Acknowledgements applicable to all zooplankton chapters are included near the end of Chapter 3.
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Summary

Introduction and Objectives

This chapter describes the first comprehensive study on late summer zooplankton biomass in the
eastern Alaskan Beaufort Sea from shore to ~200 m deep. The primary objective was to gather data on
the taxonomic composition, biomass, patchiness, and variability of the zooplankton available to feeding
bowhead whales in that area during late summer and early autumn. Consequently, emphasis was placed
on species and taxa that were major contributors to overall zooplankton biomass. The study was based on
coordinated net sampling and quantitative echosounder surveys conducted over 7- to 16-day periods dur-
ing early-mid or mid-late September of five years. It describes the vertical and horizontal distribution,
composition, and patchiness of zooplankton biomass in relation to water mass characteristics.

Methods

In all 5 years (1985-86; 1998-2000) sampling was conducted from a 13-m vessel during Septem-
ber. Zooplankton and CTD data were collected at stations along transects perpendicular to shore between
central Camden Bay and Demarcation Bay, extending seaward to ~200 m depth (1985-86) or 50 m depth
(1998-2000). Quantitative echosounder data were collected along the same transects. All data were used
to describe the nature and variability of the zooplankton community, and its relationships to water masses
in the study area.

Three types of bongo tows were used to collect zooplankton samples each year: surface tows,
oblique tows, and horizontal tows at depth. A flow meter was placed in the center of one frame. The
echosounder was used to help select depths for horizontal tows, to ensure sampling within and outside
layers of concentrated zooplankton. Actual tow depth was measured directly.

Hydroacoustic sampling to estimate zooplankton distribution (horizontal and vertical) and relative
biomass along transects was conducted in all 5 years using single- (1998) or dual-frequency (other years)
echosounders. Relative biomass was determined for each 2 min (~240 m) horizontal segment by 1- or
2-m depth interval for all transects.

CTD profiles were measured at stations along each transect each year. Near-surface temperature
(and, in 1985-86, salinity) were recorded continually during transits between sampling.

Results

In all five years of the study, at least two water masses were deemed to be present: (1) a Shallow
Cold Saline water mass, usually without sharp discontinuities in the vertical distribution of temperature
and salinity (i.e., without pycnoclines). These waters were typically relatively cold and saline from
surface to bottom. (2) A Mackenzie-Influenced more-offshore water mass with Mackenzie-influenced
water at the surface, overlying water that was generally colder and more saline than that of the nearshore
water mass. In 1985, 1986 and 1998, warm fresh Mackenzie plume water was transported into the study
area; in 1999 and 2000 it was absent. The distribution of water masses did not appear to have a strong
effect on the distribution of major zooplankton taxa. However, the highest biomass of zooplankton
occurred in the presence of strong pycnoclines, in the colder and more saline bottom waters.

The annual average zooplankton biomasses collected in Shallow Cold Saline waters varied over
the five years of study: 189-409 mg/m’ for the water column as a whole, 18-205 mg/m® for surface
waters, and 236-516 mg/m’ for horizontal tows at depth. In all years, zooplankton biomasses in surface
waters were lower than in samples taken at depth. Typically, zooplankton biomasses were higher in the
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cold saline bottom layer than in the fresher warm surface water. In 1985-86, the maximum biomass in
individual horizontal tows at depth was 900-2000 mg/m’, considerably higher than the 500—1000 mg/m’
recorded in 1998-2000. Overall, zooplankton biomasses were higher in 1986 than in 1985, 1998, 1999
and 2000. The lowest biomass levels were recorded in 1999, while those in 1985, 1998 and 2000 were
intermediate.

The high zooplankton biomasses in 1985-86 were due to the much higher biomasses of copepods,
particularly Limnocalanus macrurus. In 1998-2000, Calanus glacialis and C. hyperboreus were the
dominant species among all taxa. Predatory cnidarians, ctenophores and chaetognaths were abundant in
the study area in 1998-2000 and not in 1985-86. These predators may have contributed to the lower
biomass of copepods in 1998-2000.

In the water column as a whole, within the Shallow Cold Saline zone, five major zooplankton taxa
were collected in all five years. These were copepods, gelatinous zooplankton (i.e., ctenophores + cnid-
arians), chaetognaths, mysids, and fish. Copepods were the dominant taxon in all years, especially in
1985 and 1986. Gelatinous zooplankton and chaetognaths, considered together, were major contributors
(>10 mg/m’) to zooplankton biomass in every year, and in 1998-2000 their biomass approached that of
copepods. Euphausiids were collected in all years except 1986 and were major contributors to the zoo-
plankton biomass in 1985 and 2000, while decapods were major contributors only in 1986.

In all five years, the copepods Calanus hyperboreus and C. glacialis were major contributors to the
copepod biomass. In 1985 and 1986, biomass of the copepod Limnocalanus macrurus was higher than
that of any other species, but it was not found in the nearshore zone at all in 1998 and 1999 and only in
small quantities in 2000.

The low biomass in the surface waters was composed of copepods, gelatinous zooplankton and, to
a lesser extent, chaetognaths. Below the surface, the composition of the zooplankton collected in
horizontal tows was similar to that in the water column as a whole

The Mackenzie-Influenced more-offshore water mass was present in the study area during 1985,
1986 and 1998, but not in 1999 and 2000. The annual average zooplankton biomasses in this water mass
were 170 to 223 mg/m’ for the water column as a whole, and 4 to 25 mg/m’ for surface waters. Each of
these averages was lower than the corresponding value in Shallow Cold Saline zone. The warm
freshened water layer above the pycnocline contained a very low biomass of zooplankton (annual
averages 46—115 mg/m’) compared to the cold saline water below (394-659 mg/m’). Copepods and
gelatinous zooplankton, with lesser contributions from amphipods, euphausiids, chaetognaths, pteropods
and fish, accounted for most of the biomass. In all three years, copepods were the dominant taxon,
particularly in 1985 and 1986. Overall, C. glacialis and C. hyperboreus were the major contributors to
the total copepod biomass in the Mackenzie-Influenced waters in all three years. Limnocalanus
macrurus, the dominant copepod in Shallow Cold Saline waters in 1985-86, was also a major contributor
to biomass in Mackenzie-Influenced waters in 1985 but not in 1986. It was not found in this water mass
in 1998.

The Outer Shelf Arctic water mass was only sampled in 1985 and 1986 when transects extended
out to the 200 m contour (vs. 50 m in 1998-2000). Zooplankton biomass in this zone was, on average,
less than that in nearshore and inner shelf waters. In both years, Calanus hyperboreus and C. glacialis
contributed most of the copepod biomass.

Average biomasses of zooplankton collected in summer and early autumn in the eastern Alaskan
and Canadian Beaufort Seas are similar. Zooplankton biomass collected by oblique (1985-2000) or
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vertical (1980) tows in the top 50 m of the water column have ranged from ~150 to 600 mg/m’ with an
overall average for all 218 of these tows of ~260 mg/m’. Under some circumstances, biomass in layers of
concentrated zooplankton, as measured with horizontal bongo tows, can equal or exceed 1000 or 2000
mg/m’.

Echosounder surveys in 1985 and 1986 showed that only a small fraction of the water along the
transects contained a high (>500 mg/m®) biomass of zooplankton, although there were patches where the
estimated biomass apparently exceeded 3000 mg/m’ in 1985 and 3500 mg/m’ in 1986. In 1999, zoo-
plankton patches were more extensive than in 1985-86 but the estimated biomass levels were lower with
the densest patches containing only an estimated maximum of 800-1000 mg/m’. In 2000, there was a
pattern of increasing zooplankton biomass from east to west, with highest values from Barter Island to
eastern Camden Bay. In 2000, there were also many more patches where estimated biomass exceeded
700 or 1000 mg/m® along the western three transects than along the three eastern transects.
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APPENDIX 5.1. Locations of sampling stations along transects in the eastern Alaskan Beaufort Sea, 4-18
Sept 1985.

Transect | Water Time Station
Station Date No Depth (m)] ADT Latitude Longitude
1 4/9/1985 T-1 13 1000 70°09'N 143° 37" W
2 5/9/1985 T-1 28 2024 70°13'N 143° 29' W
3 5/9/1985 T-1 45 1947 70°16'N 143° 25' W
4 6/9/1985 T-1 125 1208 70° 34'N 143° 07" W
5 6/9/1985 T-1 80 1749 70°33'N 143° 06' W
6° 9/9/1985 T-2 10 1836 70°03'N 142° 45' W
7 7/9/1985 T-2 25 1334 70°07'N 142° 42' W
8 7/9/1985 T-2 42 1712 70°11'N 142° 39' W
9 8/9/1985 T-2 56 1325 70°20'N 142°19' W
10 10/9/1985 T-2 185 1205 70°31'N 142° 04' W
11 18/09/85 T-4 14 924 69° 42'N 141° 09' W
12 18/09/85 T-4 25 1323 69° 45'N 141° 09' W
13 18/09/85 T-4 40 1523 69° 53'N 140° 52' W

ADT = Alaska day light time.
® No zooplankton tows at this station due to ice conditions.
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APPENDIX 5.2. Locations of sampling stations along transects in the eastern Alaskan Beaufort Sea, 4-19
Sept 1986.

Transect Water Time Station
Station Date No. Depth (m)| (ADT) Latitude Longitude
T4-1 9/9/1986 T4 12 1430 69°42.3'N  141°17.2'W
T4-2 10/9/1986 T4 21 800 69°44.5'N  141°11.9'W
T4-3 10/9/1986 T4 43 1151 69°55.0'N  140°55.8'W
T4-4 10/9/1986 T4 53 1604 70°07.1'N  140°52.6'W
T4-5 11/9/1986 T4 180 1245 70°17.8'N  140°34.2'W
T3-1 12/9/1986 T3 13 835 69°52.2'N  142°05.0'W
T3-2 12/9/1986 T3 21 1030 69°53.9'N  141°58.0'W
T3-3 13/09/86 T3 41 1000 70°03.1'N  141°49.9'W
T3-4 13/09/86 T3 53 1400 70°12.9'N  141°41.8'W
T3-5 14/09/86 T3 205 1234 70°24.3'N  141°31.9'W
T1-1 16/09/86 T1 10 810 70°09.2'N  143°40.8'W
T1-2 16/09/86 T1 34 1030 70°13.6'N  143°38.2'W
T1-3 16/09/86 T1 47 1345 70°21.3'N  143°31.5'W
T1-4 17/09/86 T1 54 1100 70°28.7'N  143°34.7'W
T1-5 17/09/86 T1 118 1410 70°33.2'N  143°34.2'W
T2-1 18/09/86 T2 10 855 70°04.5'N  142°53.3'W
T2-2 18/09/86 T2 26 1145 70°07.9'N  142°48.7'W
T2-5 19/09/86 T2 150 1245 70°31.6'N  142°27.3'W

ADT = Alaska daylight time.
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APPENDIX 5.3. Locations of sampling stations along transects in the eastern Alaskan Beaufort Sea, 11-22

Sept 1998.
Transect| Water Time Station
Station Date No. |Depth (m)] ADT Latitude Longitude
6 14/09/98 T-1 9 937  69°48.50'N 141°46.00' W
7 14/09/98 T-1 18 1031  69°49.92'N 141° 40.04' W
10 15/09/98 T1 20 952  69°50.05'N 141°40.46'W
11 15/09/98 T-1 36 1153 69° 56.52'N 141° 31.03' W
12° 15/09/98 T-1 48 1423 70° 03.34'N 141°25.23' W
13 16/09/98 T-2 10 857  70°10.94'N 143°25.25'W
14 16/09/98 T-2 27 945  70°13.50'N 143°25.23'W
15 16/09/98 T-2 40 1330 70°18.72'N 143°25.81'W
16 16/09/98 T-2 46 1535 70°23.52'N 143°24.12'W
17 17/09/98 T-3 9.5 849  70°07.76'N 143°55.53'W
18 17/09/98 T-3 19 952  70°11.03'N 144° 02.58' W
19 17/09/98 T-3 28 1219 70° 13.82'N 144° 09.00' W
20 17/09/98 T-3 38 1600 70°21.82'N 144°25.42'W
23 19/09/98 T-4 10 845  69°55.07'N 142°14.20' W
24 19/09/98 T-4 20 1107 69° 58.01'N 142° 07.37'W
25 19/09/98 T-4 30 1159 69° 59.56' N 142° 04.20' W
26 19/09/98 T-4 40 1501 70° 03.62'N 141° 56.07' W
30 22/09/98 T-5 12 926  70°09.53'N 143°37.75'W
31 22/09/98 T-5 19 1011 70°11.31'N 143° 41.06' W

ADT = Alaska daylight time.
@ Only a CTD taken at this station.
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APPENDIX 5.4. Locations of sampling stations along transects in the eastern Alaskan Beaufort Sea, 16-22

Sept 1999.

Transect| Water [ Time Station
Station Date No. Depth(m)| ADT Latitude Longitude
6 18/9/99 T1 48 1047 70°08.13'N 141°51.98' W
7 18/9/99 T1 35 1254 70° 02.01'N 142°05.47'W
8 18/9/99 T1 20 1537 69°58.04'N 142°13.13'W
9 18/9/99 T1 10 1629 69°55.97'N 142°18.29' W
10 19/9/99 T-2 50 1147 70°20.22'N 143° 00.85' W
11 19/9/99 T-2 34 1339 70° 13.89'N 143° 12.65'W
12 19/9/99 T-2 20 1606 70° 11.81'N 143°17.45'W
13 19/9/99 T-2 10 1646 70°09.74'N 143°20.45'W
14 20/9/99 T-3 40 1004 70°16.12'N 143° 32.87'W
15 20/9/99 T-3 45 1200 70°20.75'N 143°25.70'W
16 20/9/99 T-3 35 1507 70°14.76'N 143° 36.15' W
17 20/9/99 T-3 20 1626 70° 11.80'N 143° 39.75'W
18 21/09/99 T-3 10 921 70°08.64'N 143°43.27'W
19 21/09/99 T-4 40 1159 70°20.09'N 143°59.78' W
20 21/09/99 T-4 35 1623 70°16.37' N 143° 58.09' W
21 21/09/99 T-4 21 1643 70° 11.58'N 143° 56.31' W
22 22/09/99 T-4 10 903 70°07.76' N 143° 56.05' W

ADT = Alaska daylight time.
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APPENDIX 5.5. Locations of sampling stations along transects in the eastern Alaskan Beaufort Sea, 2-20

Sept 2000.
Transect Water Time Station
Station Date No Depth (m) | ADT Latitude Longitude
1 9-Sep-00 T-1 10 1207 70°08.65'N 143°43.32'W
2 9-Sep-00 T-1 20 1337 70°10.69'N 143°40.18' W
3 9-Sep-00 T-1 35 1438 70°14.52'N 143° 34.80' W
4 10-Sep-00 T-2 10 837 70°09.74'N 143°20.41'W
5 10-Sep-00 T-2 20 1005 70°11.82"N 143°17.15'W
6 11-Sep-00 T-2 30 1027 70°13.67'N 143°14.10'W
7 11-Sep-00 T-2 50 1236 70° 19.67"N 143°02.82' W
8 12-Sep-00 T-3 10 802 69°56.05'N 142°17.68' W
9 12-Sep-00 T-3 20 845 69°58.29'N 142°12.98' W
10 12-Sep-00 T-3 30 1107 70°00.57'N 142° 08.10' W
11 12-Sep-00 T-3 48 1317 70°08.13'N 141°51.87'W
12 13-Sep-00 T-4 10 810 69°41.82'N 141°16.99' W
13 13-Sep-00 T-4 20 853 69°4455'N 141°13.24'W
14 13-Sep-00 T-4 30 1123  69°47.80'N 141°09.01' W
15 13-Sep-00 T-4 43 1331 69°55.67'N  140° 58.50' W
16 16-Sep-00 T-5 10 855 70°07.84'N 143° 56.88' W
17 16-Sep-00 T-5 20 947  70°10.82'N 143° 56.82' W
18 16-Sep-00 T-5 27 1241 70°12.64'N 143° 58.54'W
19 17-Sep-00 T-6 45 1026 70°20.62'N 143° 25.37' W
20 17-Sep-00 T-6 40 1137 70°16.10'N  143° 32.99' W
21 17-Sep-00 T-6 29 1407 70°12.87'N 143°37.31'W
22 17-Sep-00 T-6 20 1429 70°11.64'N 143°39.48'W
23 17-Sep-00 T-6 10 1634 70°08.76'N 143°43.20' W
24 18-Sep-00 T-7 40 911  70°20.11'N  144° 00.39' W
25 18-Sep-00 T-7 30 1159 70°15.87'N 143°58.10' W
26 18-Sep-00 T-7 20 1315 70°10.86'N 143° 56.75' W
27 18-Sep-00 T-7 10 1518 70°07.74'N 143°56.10' W
28 20-Sep-00 T-8 15 901  70°04.84'N 144° 46.39' W
29 20-Sep-00 T-8 20 943  70°07.58'N 144° 47.63' W
30 20-Sep-00 T-8 27 1230 70°11.59'N  144° 53.22' W

ADT = Alaska daylight time.
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APPENDIX 5.6. Temperature and salinity profiles (CTD) in the water column at stations on transects in the
eastern Alaskan Beaufort Sea, Sept 1985. See APPENDIX 5.1 and Fig. 5.1A for station locations. Tran-
sects are arranged from west to east. At the right of all profiles, salinity is the top line and temperature is

the bottom line.
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APPENDIX 5.7. Temperature and salinity profiles (CTD) in the water column at stations on transects in the
eastern Alaskan Beaufort Sea, Sept 1986. See APPENDIX 5.2 and Fig. 5.1A for station locations. Tran-
sects are arranged from west to east. At the right of all profiles, salinity is the top line and temperature is
the bottom line.
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APPENDIX 5.8. Temperature and salinity profiles (CTD) in the water column at stations on transects in the
eastern Alaskan Beaufort Sea, Sept 1998. See APPENDIX 5.3 and Fig. 5.1B for station locations. Tran-
sects are arranged from west to east. At the right of all profiles, salinity is the top line and temperature is
the bottom line.
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APPENDIX 5.9. Temperature and salinity profiles (CTD) in the water column at stations on transects in the
eastern Alaskan Beaufort Sea, Sept 1999. See APPENDIX 5.4 and Fig. 5.1B for station locations. Tran-
sects are arranged from west to east. Top line: salinity; bottom line temperature.
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APPENDIX 5.10. Temperature and salinity profiles (CTD) in the water column at stations on transects in the eastern Alaskan Beaufort Sea, Sept
2000. See APPENDIX 5.5 and Fig. 5.1C for station locations. Transects arranged from west to east. Top line: salinity; bottom line: temperature.
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APPENDIX 5.11. Sea surface temperature (°C) recorded along two of the transects in the eastern Alaskan Beaufort Sea, Sept 1998 and 1999.
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APPENDIX 5.12. Sea surface temperature (°C) recorded along the six transects in the eastern Alaskan Beaufort Sea, Sept 2000. Panels are from

west to east.
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APPENDIX 5.13. Biomass (mg/m°) of the dominant zooplankton groups in horizontal (HB) and oblique (OB) bongo tows in the eastern Alaskan
Beaufort Sea, Sept 1985.

Tow Sta.
Sta. Samp. Depth Depth  Tow \Water Mass Cnidarians
Trans No. No. (m) (m) Type |Horizontal® |Vertica|b Copepods] Ctenophores] Mysids] Euphausiids] Amphipods] Pteropods] Chaetognaths| Other, Fish Total
TRN-1 1 2 10 13 HB 1 3 3445 34.3 7.2 58.4 47 0.7 8.4 4.4 0.8 463.4
TRN-1 1 3 1 13 HB 1 1 116.8 7.3 0.0 0.2 1.9 0.1 0.2 41 0.0 130.6
TRN-1 2 6 14 28 HB 2 3 290.7 15.6 6.8 4.0 94 21 9.5 5.6 1.3 345.0
TRN-1 3 7 25 45 HB 2 3 932.6 72.3 0.0 14.9 23.6 15.6 16.8 21.5 1.4 1098.7
TRN-1 3 8 22 45 HB 2 3 1241 25.5 0.0 21 7.3 24 4.6 3.5 1.1 170.6
TRN-1 3 9 8 45 HB 2 3 886.2 6.7 0.0 0.0 10.1 23 2.9 11.0 5.7 924.9
TRN-1 3 10 15 45 HB 2 3 145.2 20.9 0.0 0.0 4.6 41 6.3 6.3 1.7 189.1
TRN-1 3 11 0.5 45 HB 2 1 21 0.2 0.0 0.0 0.1 0.1 0.0 0.9 0.6 4.0
TRN-1 4 15 5 125 HB 3 2 7.3 1.0 0.0 0.0 1.1 0.2 1.5 0.3 0.1 11.5
TRN-1 4 16 30 125 HB 3 3 144.2 15.2 0.0 0.0 2.7 04 6.6 4.4 0.5 174.0
TRN-1 5 17 5 80 HB 3 2 49 6.9 0.0 0.0 1.2 0.6 1.2 1.6 0.3 16.7
TRN-1 5 18 55 80 HB 3 3 122.6 325 0.0 0.8 1.9 0.2 8.7 5.2 0.1 172.0
TRN-2 7 22 5 25 HB 2 2 45.3 125 0.0 0.0 3.9 1.4 1.1 25 8.2 74.9
TRN-2 7 23 16 25 HB 2 3 254.0 5.1 0.0 19.2 18.5 1.4 8.9 11.6 1.5 320.2
TRN-2 8 24 18 42 HB 2 3 173.2 34.8 0.0 0.1 7.9 1.5 7.7 5.0 0.2 230.4
TRN-2 8 25 12 42 HB 2 3 250.0 239 0.0 0.1 41 2.7 20.0 2.8 2.6 306.2
TRN-2 8 26 6 42 HB 2 2 5.8 71 0.0 0.0 5.9 5.2 11.2 18.2 5.3 58.7
TRN-2 9 30 19 56 HB 3 3 201.7 32.6 0.0 0.0 10.7 171 111 3.0 24 278.6
TRN-2 9 31 32 56 HB 3 3 62.9 21.9 0.0 0.0 49 6.4 6.4 1.4 0.7 104.6
TRN-2 9 32 9 56 HB 3 2 0.2 20.6 0.0 0.0 9.5 1.5 0.6 0.2 54 38.0
TRN-2 10 35 90 185 HB 3 3 33.6 5.9 0.0 0.1 1.3 0.2 3.9 04 0.6 46.0
TRN-2 10 36 18 185 HB 3 3 99.3 22.3 0.0 0.0 2.6 1.0 10.0 2.3 25 140.0
TRN-4 11 38 0.5 14 HB 1 1 144 22.9 0.0 0.0 0.9 1.0 4.0 1.0 0.0 44.2
TRN-4 11 39 8 14 HB 1 3 208.6 13.6 5.9 52.1 5.1 7.7 6.9 5.8 41 309.8
TRN-4 11 40 10.5 14 HB 1 3 262.0 18.2 86.8 15.2 35 14.7 9.1 25 74 4194
TRN-4 12 43 12 25 HB 2 3 376.4 104 0.5 0.5 3.0 1.7 5.8 34 124 4141
TRN-4 12 44 20 25 HB 2 3 681.6 373 10.1 54 5.0 3.7 7.8 3.3 6.4 760.6
TRN-4 12 45 5 25 HB 2 2 11.9 35 0.0 0.0 0.6 3.3 25 2.3 9.1 33.2
TRN-4 13 48 12 40 HB 2 2 2.1 6.1 0.0 0.0 8.8 10.5 0.1 10.6 6.2 44 .4
TRN-4 13 49 30 40 HB 2 3 48.9 4.2 0.1 2.6 5.2 24 1.6 47 124 82.1
TRN-4 13 50 5 40 HB 2 2 1.7 6.5 0.0 0.0 04 0.0 0.0 3.8 4.5 16.9
TRN-1 1 1 10 13 OB 1 - 403.6 254 17.7 21.3 1.5 0.3 9.5 23 49 486.5
TRN-1 2 5 25 28 OB 2 - 153.3 1.9 0.5 0.0 2.7 0.3 1.2 2.3 0.1 162.3
TRN-1 3 12 35 45 OB 2 - 199.6 53.9 0.0 5.8 6.9 3.2 8.4 5.1 1.9 284.8
TRN-1 4 14 80 125 OB 3 - 98.4 134 0.0 0.0 1.8 0.2 7.0 2.7 0.0 123.5
TRN-1 5 19 50 80 OB 3 - 51.3 14.9 0.0 0.0 21 2.0 4.2 5.1 0.0 79.6
TRN-2 7 21 22 25 OB 2 - 134.7 22.7 0.0 6.6 4.5 24 6.0 5.3 1.4 183.6
TRN-2 8 27 39 42 OB 2 - 1443 32.6 0.0 3.2 71 0.7 13.0 34 0.6 204.9
TRN-2 9 29 50 56 OB 3 - 166.5 28.7 0.0 0.1 5.6 2.7 47 1.1 0.3 209.7
TRN-2 10 34 100 185 OB 3 - 94.2 14.7 0.0 0.9 1.1 0.0 6.0 0.9 1.4 119.2
TRN-4 11 37 10 14 OB 1 - 204.6 22.8 27.7 451 2.2 49 7.8 3.8 121 331.0
TRN-4 12 46 20 25 OB 2 - 2145 13.6 6.0 1.5 2.7 21 25 2.9 8.2 254.0
TRN-4 13 47 35 40 OB 2 - 4.2 2.8 0.0 0.0 8.0 3.2 0.1 11.7 15.9 45.9

@1 = Shallow Cold Saline, 2 = Mackenzie Influenced, 3 = Outer Shelf Arctic
° 1 = surface layer; 2 = tow made within pycnocline; 3 = arctic water.
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APPENDIX 5.14. Biomass (mg/m3) of the dominant zooplankton species in horizontal (HB) and oblique (OB) bongo tows in the eastern Alaskan
Beaufort Sea, Sept 1985.

Copepods Cnidarians and Ctenophores |Chaetognaths |Mysids |Euphausiids |Pteropods |Amphipods |Fish
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Trans No. Type Depth Depth IHorizontaIa |Ver‘(ica|b S 2 O] I & Q q I < S 3 S SR & gL | 2
TRN-1 1 HB 13 1 1 3 19.80 750 8290 3.00 1.40 0.00 0.20 0.00 0.20 0.00 0.20 0.20 0.00 0.00 130.60
TRN-1 1 HB 13 10 1 1 148.40 42.70 66.40 83.60 0.00 1.80 9.60 22.90 7.20 7.20 55.80 0.70 0.10 0.30 463.40
TRN-1 2 HB 28 14 2 3 170.30 8140 3220 4.30 1.00 3.40 4.30 7.50 8.70 6.80 3.50 2.10 1.00 0.10 345.00
TRN-1 3 HB 45 25 2 3 689.30 22310 240 0.00 17.80 2.10 33.30 35.90 15.80 0.00 5.70 15.60 15.10 1.40 1098.70
TRN-1 3 HB 45 8 2 3 863.80 2080 1.60 0.00 0.00 0.00 3.30 0.90 2.90 0.00 0.00 2.30 6.80 3.70 924.90
TRN-1 3 HB 45 22 2 3 84.70 30.90 050 0.00 7.90 5.40 8.70 2.30 4.20 0.00 0.40 2.40 2.80 0.50 170.60
TRN-1 3 HB 45 15 2 3 9590 4190 0.10 0.00 6.90 1.60 3.60 15.40 5.10 0.00 0.00 4.10 250 1.10 189.10
TRN-1 3 HB 45 0.5 2 1 0.40 080 070 0.00 0.10 0.00 0.20 0.00 0.00 0.00 0.00 0.10 0.00 0.60 4.00
TRN-1 4 HB 125 30 3 3 119.10 14.20 0.00 0.00 10.40 0.00 2.30 9.90 4.50 0.00 0.00 0.40 2.30 0.00 174.00
TRN-1 4 HB 125 5 3 2 0.70 6.50 0.00 0.00 0.10 0.00 0.00 0.00 1.40 0.00 0.00 0.20 110 0.10 11.50
TRN-1 5 HB 80 5 3 2 1.90 230 000 0.00 0.70 0.00 0.00 0.40 0.20 0.00 0.00 0.60 120 0.30 16.70
TRN-1 5 HB 80 55 3 3 77.30 17.40 0.00 0.00 21.20 0.00 19.80 12.20 3.80 0.00 0.20 0.20 1.20 0.10 172.00
TRN-2 7 HB 25 5 2 2 8.70 740 2860 0.00 0.60 0.00 12.50 0.00 1.10 0.00 0.00 1.40 1.00 820 74.90
TRN-2 7 HB 25 16 2 3 182.10 55.80 3.30 0.00 12.70 0.00 1.80 2.70 8.90 0.00 14.10 1.40 14.80 1.50 320.20
TRN-2 8 HB 42 18 2 3 81.90 75.10 4.00 0.00 12.20 0.00 25.50 0.60 7.70 0.00 0.00 1.50 3.90 0.20 230.40
TRN-2 8 HB 42 6 2 2 1.80 150 250 0.00 0.00 0.80 1.90 4.00 11.20 0.00 0.00 5.20 5.00 5.30 58.70
TRN-2 8 HB 42 12 2 3 122.60 123.20 3.70 0.00 0.40 0.30 18.30 1.80 20.00 0.00 0.00 2.70 0.40 2.60 306.20
TRN-2 9 HB 56 9 3 2 0.20 0.00 0.00 0.00 0.00 0.00 11.20 0.80 0.60 0.00 0.00 1.50 9.20 3.90 38.00
TRN-2 9 HB 56 19 3 3 160.50 25.20 3.90 0.00 12.10 0.00 30.90 0.00 10.70 0.00 0.00 17.10 9.50 240 278.60
TRN-2 9 HB 56 32 3 3 43.70 910 080 0.00 9.20 0.00 19.90 0.00 6.20 0.00 0.00 6.40 3.50 0.30 104.60
TRN-2 10 HB 185 18 3 3 71.80 1270 0.10 0.00 13.50 0.00 15.20 2.10 5.80 0.00 0.00 1.00 1.60 2.50 140.00
TRN-2 10 HB 185 90 3 3 18.90 920 0.00 0.00 550 0.00 4.20 1.50 3.20 0.00 0.00 0.20 1.00 0.50 46.00
TRN-4 11 HB 14 10.5 1 3 67.90 13.90 160.70 8.50 8.10 0.00 13.00 0.80 8.20 86.80 12.40 14.70 0.10 0.60 419.40
TRN-4 11 HB 14 0.5 1 1 13.10 050 0.70 0.00 0.00 4.90 1.90 0.00 1.20 0.00 0.00 1.00 0.00 0.00 44.20
TRN-4 11 HB 14 8 1 3 56.70 71.10 75.70 3.90 0.00 0.00 8.30 0.00 6.20 5.90 49.20 7.70 0.50 0.90 309.80
TRN-4 12 HB 25 5 2 2 5.70 260 050 280 0.00 0.30 0.70 0.00 0.00 0.00 0.00 3.30 0.00 4.20 33.20
TRN-4 12 HB 25 20 2 3 365.60 125.40 163.70 15.10 0.00 21.40 5.00 1.00 7.60 9.20 0.10 3.70 1.70 3.80 760.60
TRN-4 12 HB 25 12 2 3 45.60 9.70 286.20 34.20 0.00 3.10 0.00 2.20 5.40 0.50 0.50 1.70 0.20 8.50 414.10
TRN-4 13 HB 40 30 2 3 26.80 1940 050 0.00 210 0.80 1.40 0.00 1.60 0.00 1.50 2.40 470 9.90 82.10
TRN-4 13 HB 40 5 2 2 1.10 0.00 1.00 1.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 4.50 16.90
TRN-4 13 HB 40 12 2 2 1.10 0.10 0.00 0.00 0.70 5.10 0.00 0.00 0.00 0.00 0.00 10.50 8.40 6.20 44.40
TRN-1 1 OB 13 10 1 - 83.40 11.80 195.30 100.00 0.00 11.90 10.40 1.20 8.80 17.70 19.80 0.30 0.00 3.30 486.50
TRN-1 2 OB 28 25 2 - 93.50 28.10 27.10 0.60 3.70 0.00 0.20 1.50 0.90 0.50 0.00 0.30 0.40 0.10 162.30
TRN-1 3 OB 45 35 2 - 134.80 5440 040 0.00 9.20 7.60 30.30 15.60 6.60 0.00 2.30 3.20 3.80 1.90 284.80
TRN-1 4 OB 125 80 3 - 65.50 14.40 0.00 0.00 15.70 0.00 4.20 8.90 4.40 0.00 0.00 0.20 0.90 0.00 123.50
TRN-1 5 OB 80 50 3 - 28.30 14.60 0.10 0.00 8.20 1.10 7.70 0.10 2.10 0.00 0.00 2.00 1.50 0.00 79.60
TRN-2 7 OB 25 22 2 - 8140 28.60 9.90 1250 1.10 0.00 9.60 5.00 5.90 0.00 5.70 2.40 250 1.40 183.60
TRN-2 8 OB 42 39 2 - 102.50 4020 0.90 0.20 0.20 0.00 18.80 13.70 11.60 0.00 1.10 0.70 2.80 0.40 204.90
TRN-2 9 OB 56 50 3 - 136.10 19.10 0.70 0.00 6.80 0.50 27.10 1.00 4.30 0.00 0.10 2.70 3.50 0.30 209.70
TRN-2 10 OB 185 100 3 - 61.00 18.80 0.00 0.00 12.80 0.00 4.50 10.20 2.10 0.00 0.10 0.00 0.80 1.40 119.20
TRN-4 11 OB 14 10 1 - 51.80 37.50 102.70 8.30 2.30 14.70 4.30 0.10 430 27.70 39.20 4.90 0.30 1.00 331.00
TRN-4 12 OB 25 20 2 - 87.90 17.90 9420 9.60 0.00 8.20 2.40 0.10 2.30 0.00 0.10 2.10 0.00 7.70 254.00
TRN-4 13 OB 40 35 2 - 2.70 0.30 0.50 0.00 0.50 0.00 1.00 0.00 0.10 0.00 0.00 3.20 7.60 15.90 45.90

@1 = Shallow Cold Saline, 2 = Mackenzie Influenced, 3 = Outer Shelf Arctic
° 1 = surface layer; 2 = tow made within pycnocline; 3 = arctic water.
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APPENDIX 5.15. Biomass (mg/m3) of the dominant zooplankton groups in oblique (OB) and surface (SB) bongo tows in the eastern Alaskan

Beaufort Sea, Sept 1986.

g 2 £
gl £ 5 £ 2 5 3
2 F=ir<t @ 2 =2 8 S 8

. Q T O kel © = Q - Q. o o
Station Sta.  Samp. Water 2 s < @ S 1 2 g s = g T
Type Depth (m) Tow Type No. No.  Mass® 8 5 O § o 5: fon 5 S L.Q_ o 2
TRN-1 9 OB 1 120 1 70.86 2.41 0.05 0.00 1.37 0.73 0.21 0.38 1.14 1.27 78.41
TRN-1 30 OB 2 124 1 144.16 45.54 0.00 4.85 2.63 0.19 2.16 9.74 12.87 0.82 222.95
TRN-1 40 OB 3 129 2 236.49 23.33 1.50 0.89 20.59 4.66 20.51 2.26 2.65 4.18 317.06
TRN-1 50 OB 4 133 3 4.93 4.76 0.00 0.00 6.01 2.26 1.02 0.33 2.20 3.22 24.73
TRN-1 50 OB 5 138 3 0.72 48.98 0.00 0.00 3.76 0.18 0.54 0.02 3.02 0.19 57.41
TRN-2 8 OB 1 142 1 46.00 0.69 0.00 0.00 4.53 0.11 0.11 0.00 3.54 0.55 55.53
TRN-2 22 OB 2 146 1 717.89 8.13 0.95 0.13 10.90 6.72 5.94 13.08 9.26 3.86 776.85
TRN-2 50 OB 5 150 3 1.24 21.78 0.00 0.00 7.92 0.03 2.36 0.00 0.00 10.59 43.92
TRN-2 100 OB 5 151 3 11.68 23.55 0.00 0.00 3.81 0.05 8.27 0.00 18.73 0.20 66.29
TRN-3 9 OB 1 79 1 12.88 21.04 0.00 0.00 2.09 2.99 0.03 6.99 2.77 1.47 50.27
TRN-3 18 OB 2 83 1 2.81 14.25 0.76 0.90 7.15 7.47 0.07 93.23 17.42 2.81 146.86
TRN-3 35 OB 3 87 2 48.59 12.95 0.00 1.98 22.35 2.61 0.99 3.23 15.77 4.18 112.65
TRN-3 50 OB 4 91 3 33.04 6.63 0.00 0.00 10.43 2.88 2.89 0.00 9.69 2.55 68.11
TRN-3 50 OB 5 95 3 1.36 4.38 0.00 0.00 4.27 1.34 0.15 0.30 1.42 4.96 18.19
TRN-4 10 OB 1 57 1 1001.20 3.35 14.80 0.00 0.32 0.66 0.50 0.45 14.53 0.00 1035.81
TRN-4 18 OB 2 62 1 0.47 0.16 0.00 0.00 0.51 0.05 0.98 1.68 0.00 0.12 3.99
TRN-4 40 OB 3 66 2 6.92 28.10 0.00 0.78 5.82 18.37 0.88 1.44 18.21 0.73 81.24
TRN-4 50 OB 4 71 3 0.41 9.70 0.00 0.00 5.54 2.73 0.19 0.36 1.94 0.38 21.26
TRN-4 50 OB 5 75 3 18.70 13.95 0.00 0.01 1.38 1.42 28.50 0.00 0.51 0.66 65.13
WF® 16 OB 1 2 1 13.97 36.74 5.66 0.17 12.54 5.00 2.93 13.37 2.77 3.20 96.36
WF 12 OB 5 19 1 1179.07 30.59 2.09 0.31 1.85 0.58 273 3.35 7.58 0.00 1228.16
WF 8 OB 7 27 1 777.10 6.72 53.38 0.15 4.04 0.09 0.22 0.55 0.51 10.61 853.38
WF 5 OB 9 36 1 165.83 13.49 127.43 0.00 6.26 0.24 0.13 0.00 4.87 0.28 318.54
WF 9 OB 10 39 1 35.44 43.81 4.85 0.00 2.01 3.01 0.12 6.33 7.91 1.53 105.01
WF 18 OB 12 48 1 869.90 10.61 217 0.00 5.80 1.04 6.94 0.71 11.02 4.21 912.39
CTL 12 OB 11 44 1 114.01 53.23 0.38 1.84 3.82 0.48 6.80 7.74 6.39 3.83 198.53
CTL 20 OB 2 7 1 40.68 2.89 0.00 0.00 0.61 0.26 0.73 2.49 3.04 1.10 51.79
CTL 22 OB 6 23 2 14.05 30.94 0.00 0.00 3.24 11.36 1.02 5.86 12.74 2.00 81.19
CTL 18 OB 8 32 2 12.83 4.96 0.00 0.00 15.39 0.96 1.33 1.72 0.00 3.32 40.51
CTL 21 OB 13 53 2 0.65 9.74 0.00 0.00 0.69 5.76 0.03 14.54 19.79 747 58.67
TRN-1 0 SB 1 119 1 49.41 217 0.00 0.00 2.54 0.04 0.11 0.39 0.00 1.69 56.35
TRN-1 0 SB 3 128 2 1.02 0.13 0.00 0.00 0.03 0.01 0.13 0.01 0.09 0.05 1.48
TRN-1 0 SB 5 137 3 0.37 0.12 0.00 0.00 0.09 0.03 0.05 0.07 0.00 0.27 1.01
TRN-2 0 SB 5 149 3 0.60 0.19 0.00 0.00 0.27 0.01 0.01 0.00 4.89 0.05 6.01
TRN-3 0 SB 1 78 1 1.10 2.02 0.00 0.00 0.59 0.28 0.24 0.00 0.00 0.72 4.96
TRN-3 0 SB 3 86 2 0.55 0.42 0.00 0.00 0.01 0.07 0.01 0.09 0.93 0.07 2.14
TRN-3 0 SB 5 94 3 0.04 0.00 0.00 0.00 0.14 0.01 0.01 0.01 0.00 0.04 0.24
TRN-4 0 SB 1 56 1 144.04 3.30 0.42 0.00 0.14 0.55 0.00 0.00 0.66 0.19 149.30
TRN-4 0 SB 3 65 2 1.24 13.53 0.00 0.00 2.48 0.87 1.74 14.07 1.47 0.01 35.42
TRN-4 0 SB 5 74 3 0.09 0.07 0.00 0.00 0.29 0.00 0.01 0.07 0.11 0.40 1.03
WF 0 SB 1 1 1 0.05 0.36 0.00 0.00 0.00 0.24 0.00 0.00 0.00 0.00 0.67
WF 0 SB 5 18 1 047 0.54 0.00 0.00 0.58 1.94 0.00 0.02 0.00 0.30 3.84
WF 0 SB 7 26 1 7.62 9.06 0.00 0.00 1.93 0.08 0.02 0.00 0.26 0.09 19.06
WF 0 SB 9 35 1 67.39 4.99 0.15 0.00 1.29 0.00 0.10 0.00 0.22 0.10 74.24
WF 0 SB 10 38 1 8.36 3.88 0.13 0.00 0.09 1.09 0.03 3.86 0.94 0.57 18.95
WF 0 SB 12 47 1 2.37 1.26 0.00 0.00 0.02 0.03 0.01 0.00 0.07 0.14 3.90
CTL 0 SB 11 43 1 0.41 13.72 0.00 0.00 0.05 1.76 0.00 9.42 4.57 0.17 30.11
CTL 0 SB 2 6 1 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.10 0.29
CTL 0 SB 6 22 2 0.21 1.72 0.00 0.00 0.28 6.35 0.00 0.12 0.00 0.02 8.70
CTL 0 SB 8 31 2 0.47 1.37 0.01 0.00 0.04 0.00 0.00 0.00 0.00 0.01 1.90
CTL 0 SB 13 52 2 4.33 0.03 0.00 0.00 0.00 0.06 0.00 0.01 0.00 0.11 4.54

#1 = Shallow Cold Saline, 2 = Mackenzie Influenced, 3 = Outer Shelf Arctic
°WF = Whale feeding station, CTL = Control Station ( see Chapter 6).
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5-58  Bowhead Whale Feeding in the E Alaskan Beaufort Sea

APPENDIX 5.16. Biomass (mg/ms) of the dominant zooplankton groups in horizontal (HB) tows in the
eastern Alaskan Beaufort Sea, Sept 1986. The samples were collected with an opening and closing
bongo net and the data needed to be scaled to match corresponding data collected with a standard
bongo net assembly. (See Griffiths et al. 1987 for scaling factors).
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5 % 5 & E = S s | 2| s|s|E| 8| 8| 5] % 5

n ) = [45) (%) = o [6X8) = w a < o a) o [ =
TRN-1 10 HB 1 121 1 139.6 31 17 00 00 35 13 18 14 02 152.6
TRN-1 5 HB 1 122 1 141.8 47 00 00 43 14 03 19 06 00 155.0
TRN-1 10 HB 2 125 2 3588 1054 0.0 19 00 25 19 101 03 43 485.3
TRN-1 21 HB 2 126 3 308.6 593 11 27 00 37 139 34 36 5.1 393.4
TRN-1 5 HB 2 127 2 3.4 248 00 00 00 03 00 399 05 14 70.4
TRN-1 11 HB 3 131 2 15.0 234 00 00 85 26 04 37 07 21 56.4
TRN-1 27 HB 3 130 3 1298.9 294 00 7.7 137 304 231 22 30 92 1417.5
TRN-1 19 HB 4 135 1 8.0 1339 00 00 382 44 09 08 39 0.0 190.0
TRN-1 11 HB 4 136 1 71 80 00 00 09 11 01 02 16 28 21.7
TRN-1 15 HB 5 139 1 0.5 747 00 00 00 26 00 00 01 59 83.9
TRN-1 34 HB 4 134 3 139.9 847 00 15 22 307 335 56 39 89 310.7
TRN-1 47 HB 5 140 3 0.2 664 00 00 02 05 01 00 00 09 68.3
TRN-2 5 HB 1 144 1 56.2 86 12 00 14 23 00 209 05 3.1 94.3
TRN-2 6 HB 2 148 1 12.6 36 00 00 15 01 00 123 02 106 41.0
TRN-2 8 HB 1 143 2 56.3 143 133 03 32 26 00 810 06 126 184.2
TRN-2 15 HB 2 147 3 2095.0 176 101 25 30 30 83 77 06 11 2148.9
TRN-2 10 HB 5 153 2 0.8 862 00 00 00 81 02 00 104 04 106.3
TRN-2 50 HB 5 152 3 6.2 258 00 00 01 14 33 06 03 638 44.4
TRN-3 6 HB 1 81 1 3.2 298 00 00 53 00 00 88 07 44 52.4
TRN-3 10 HB 1 80 2 26.5 156 14 04 366 30 02 601 24 52 151.4
TRN-3 18 HB 2 84 2 167.2 328 19 35 05 31 13 27 23 76 222.8
TRN-3 10 HB 2 85 2 5.2 180 04 06 138 65 04 250 3.3 256 98.6
TRN-3 26 HB 3 88 3 3683 1010 01 22 13 32 59 33 05 76 493.4
TRN-3 17 HB 3 89 3 161.1 922 0.0 04 406 207 07 97 127 13.0 351.2
TRN-3 26 HB 4 92 3 354.7 540 00 34 18 377 442 00 78 55 509.1
TRN-3 17 HB 4 93 3 8.7 936 00 00 85 107 11 02 28 140 139.6
TRN-3 27 HB 5 97 3 08 6582 00 00 07 45 01 01 08 4.1 669.2
TRN-3 30 HB 5 98 3 1.1 172 00 00 09 86 06 09 43 0.0 33.6
TRN-4 4 HB 1 58 1 1943.5 280 93 00 13 00 00 230 03 17 2007.0
TRN-4 10 HB 1 60 2 4262 1064 59 02 12 56 77 73 15 124 574.4
TRN-4 8 HB 1 59 2 34.1 35 07 00 02 10 11 31 08 00 76.6
TRN-4 10 HB 2 64 2 93.3 497 00 00 112 14 32 50 08 0.0 164.8
TRN-4 19 HB 2 63 3 2111.3 532 42 153 06 122 92 47 05 25 2213.6
TRN-4 7 HB 3 69 1 5.3 71 00 00 257 08 00 11 01 17 41.8
TRN-4 14 HB 3 67 2 5.4 382 00 00 887 124 03 62 02 94 160.9
TRN-4 36 HB 3 68 3 343.9 171 00 09 10 21 34 33 03 0.0 372.1
TRN-4 12 HB 4 73 2 21.4 317 00 00 21 88 01 13 03 109 76.6
TRN-4 34 HB 4 72 3 782.7 152 00 45 04 55 22 05 08 1.9 813.8
TRN-4 51 HB 5 76 3 3.1 151 00 00 O01 05 58 02 01 0.0 24.8
TRN-4 30 HB 5 77 3 9.3 337 00 00 03 18 283 00 02 10 74.7



APPENDIX 5.16. Concluded.

§3. Zooplankton: Species Composition, Biomass & Distribution
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WF® 4 HB 1 5 1 0.2 121 0.0 0.0 2.1 0.2 0.0 116 0.0 0.0 26.3
WF 13 HB 1 3 2 20.0 21.2 0.0 0.0 2.3 7.0 24 185 0.6 1.8 73.9
WF 10 HB 5 20 2 2920.1 63.0 2.5 0.2 0.0 1.4 2.0 7.5 2.2 23.8 3022.6
WF 6 HB 5 21 2 1206.1 19.0 0.0 0.0 1.0 2.3 2.9 9.7 1.3 26.5 1268.8
WF 7 HB 7 28 2 1069.8 38.6 118.83 0.0 02 47 1.0 47 0.0 142 1252.0
WF 8 HB 7 29 2 2386.1 29.6 452.75 0.0 0.0 45 0.0 0.9 0.0 124 2886.1
WF 11 HB 10 41 2 2926.1 62.5 63.6 6.0 0.0 54 72 293 1.5 17.5 31191
WF 8 HB 10 42 2 3734.3 58.2 0.1 7.4 0.0 2.7 53 242 2.8 11.6 3846.7
WF 13 HB 12 49 2 642.9 68.8 1.7 0.0 1.3 19.3 7.3 8.0 2.7 0.0 762.1
WF 6 HB 12 50 2 598.3 4.2 8.3 0.0 1.3 1.6 1.0 0.8 0.5 2.6 618.8
WF 15 HB 12 51 2 2075.2 13.6 30.7 0.3 0.0 135 2.7 0.0 0.9 0.0 2137.0
WF 8 HB 1 4 2 2.0 36.7 0.0 0.0 10.6 8.5 0.0 126 1.2 3.1 74.7
WF 7 HB 10 40 2 34.1 29.2 0.4 0.0 1.6 0.2 0.3 1.8 0.9 0.0 68.5
WF 3 HB 7 30 2 64.5 254 1.1 0.0 0.0 3.0 0.0 0.0 0.8 0.0 94.9
CTL 17 HB 8 33 2 1128.1 90.5 11.6 2.8 0.8 119 237 7.7 1.4 1.4 1280.0
CTL 12 HB 11 45 2 867.3 127.3 94.8 4.8 0.0 25 147 126 1.2 239 11491
CTL 17 HB 13 54 2 5.9 59.0 0.0 0.0 1.5 1.2 0.7 283 1.2 6.6 104.6
CTL 8 HB 6 25 2 0.5 9.8 0.0 0.0 17.0 1.0 0.1 517 1.0 16.6 97.7
CTL 7 HB 8 34 2 16.6 49.0 0.0 0.0 10.3 7.7 0.3 146 2.2 10.0 110.7
CTL 6 HB 11 46 2 84.9 82.8 0.2 0.0 7.5 1.4 1.3 634 3.1 153 259.9
CTL 8 HB 13 55 2 5.0 20.0 0.0 0.0 1.9 1.7 0.1 742 1.1 3.4 107.5
CTL 22 HB 2 8 3 129.8 59.6 0.0 0.2 0.2 2.6 9.8 0.5 3.4 71 213.1
CTL 21 HB 6 24 3 14.7 28.7 0.3 0.3 8.0 7.9 3.8 194 1.9 7.3 92.2
CTL 10 HB 2 9 3 187.8 41.7 0.0 0.0 0.5 2.7 0.7 48 0.8 156 254.6

?1 = Shallow Cold Saline, 2 = Mackenzie Influenced, 3 = Outer Shelf Arctic
®WF = Whale feeding station, CTL = Control Station ( see Chapter 6).
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APPENDIX 5.17. Biomass (mg/m3) of the dominant zooplankton species in oblique (OB) and horizontal

(HB) bongo tows and vertical (VT) tows in the eastern Alaskan Beaufort Sea, Sept 1986.
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CTL° [ 0 [HB] 11 43 |1 0.0 0.0/ 0.0/ 0.0/0.0 0.3 6.2 7.3 0.0 0.0, 17 0.0/ 0.0/ 0.0/ 0.0/ 0.0 0.0/ 30.1
CTL 0 |[HB| 2 6 |1 0.1 0.0/ 0.0/ 0.0/0.0 0.1 0.0 0.0 0.0 0.0, 0.0 0.00 0.0/ 0.0/ 0.0/ 0.0 0.0 0.3
CTL 0 |[HB| 6 22 |2 0.0 0.0 0.0/ 0.0/0.0 0.2 1.6 0.0 0.0 0.0/ 6.4 0.0/ 0.0/ 0.0/ 0.0/ 0.0 0.0 8.7
CTL 0 |[HB| 8 31 ]2 0.0 0.0/ 0.0/ 0.0/0.0 0.3 0.6 0.1 0.0 0.0, 0.0 0.0/ 0.0/ 0.0/ 0.0f0 0.0 0.0 1.9
CTL 0 |[HB| 13 52 |2 0.0 0.0/ 0.0/ 0.0/0.0 3.8 0.0 0.0 0.0 0.0] 04 0.0/ 0.0/ 0.0/ 0.0/ 0.0 0.0 4.5
WF 0 |HB| 1 1 11 0.0 0.0/ 0.0/ 0.0/0.0 0.0 0.0 0.2 0.0 0.0, 0.2 0.00 0.0/ 0.0/ 0.0] 0.0 0.0 0.7
WF 0 |[HB| 5 18 |1 0.0 0.1] 0.1] 0.0/0.0 0.3 0.0 0.1 0.0 0.3 1.9 0.00 0.0/ 0.0/ 0.0/ 0.0 0.0 3.8
WF 0 [HB| 7 26 |1 0.5 1.0/ 4.0/ 0.0/ 0.0 2.1 7.2 0.5 0.0 0.0] 041 0.0/ 0.0f 0.0/ 0.0/ 0.0 0.0 19.1
WF 0 |[HB| 9 35 |1 0.0 0.3] 3.1] 0.0/0.0/ 637 0.0 3.8 0.0 1.2 0.0 0.00 0.0/ 0.0/ 0.0/ 0.0 0.0 742
WF 0 [HB| 10 38 |1 0.0 0.3] 0.2] 0.0/0.0 7.7 0.0 2.1 0.0 1.5 1.0 0.0/ 0.0/ 0.0/ 0.0/ 0.0 0.0 19.0
WF 0 |HB| 12 | 47 |1 0.2 0.0/ 0.1] 0.0/0.0 1.8 0.0 0.0 0.0 0.7, 0.0 0.00 0.0/ 0.0/ 0.0] 0.0 0.0 3.9
WF 13 |HB| 12 49 |1 7.3| 244| 32| 1.8/0.0/ 283.0f 114 0.8 0.0 3.8/ 041 0.0] 104 0.0/ 56| 0.3 0.0] 392.8
WF 6 |[HB| 12 50 |1 0.0 1.2] 1.6/ 0.0/ 0.0/ 299.9 0.0 1.2 0.0 0.0 04 0.0/ 0.0f 0.0/ 0.7] 0.0 0.0] 319.0
WF 15 |HB| 12 51 |1 5.7 11.2| 4.0/ 0.0/ 1.0{1018.6 0.0 0.0 0.0 42| 0.0 0.0/ 22.0/ 0.0/ 18] 0.0 0.0/1101.5
WF 16 |[OB| 1 2 |1 2.2 24| 13| 0.3]0.1 7.4 35| 252 0.0 21 5.0 0.0/ 3.0/ 0.2 29| 100 23 96.4
WF 12 |OB| 5 19 |1 0.9 3.0 6.1 3.5/0.0/1162.1| 22.8 0.0 0.0 6.9 0.6 0.0] 1.5/ 03] 27| 0.0 2.111228.2
WF 8 |0B| 7 27 |1 3.1 6.6/ 11.1] 0.0/ 0.0] 754.1 3.3 1.1 0.0 1.6/ 0.1 499 35/ 02| 02| 0.2 0.5/ 8534
WF 5 |[OB| 9 36 |1 0.5 0.5| 1.8 0.0/0.0] 162.6 6.5 6.2 0.0 0.0] 0.2 1271 0.0] 0.0/ 0.1 0.5 0.0] 318.5
WF 9 |0B| 10 39 |1 0.3 0.8] 04| 0.2/ 0.1 33.6] 176| 21.3 0.0 13| 26 0.0/ 0.0/ 0.00 0.0/ 041 5.5/ 105.0
WF 18 |OB| 12 48 |1 1.3 52| 43| 1.3/ 1.3| 8556 0.0 4.2 0.0 47, 1.0 12| 04| 0.0/ 3.0/ 04 44| 9124
CTL |20 |OB| 2 7 |1 9.2 6.1] 0.8/ 1.2/1.0 22.3 0.0 24 0.0 0.2] 0.3 0.0/ 0.0/ 0.0/ 0.1 0.4 3.0 51.8
CTL |22 |OB| 6 23 |2 1.2 8.8/ 0.4| 0.0/0.0 3.4 9.0/ 151 0.0 3.1 1141 0.00 0.0/ 0.0/ 0.7/ 19| 104 812
CTL |18 |OB| 8 32 |2 1.1 1.9] 04| 1405 7.5 0.0 2.8 0.0 0.0/ 1.0 0.0/ 0.0/ 0.0] 1.2] 147 0.0 40.5
CTL |12 |OB| 11 44 |1 4.3 13.6| 2.5 0.7/0.2] 927 0.0/ 50.1 0.0 0.8/ 0.3 0.00 0.0/ 0.0/ 64| 0.2 0.0/ 1985
CTL | 21 |OB| 13 53 |2 0.0 0.0/ 0.0/ 0.0/0.0 0.6 0.0 8.5 0.0 0.8 5.6 0.00 0.0/ 0.0/ 0.0f 04| 11.5] 587
TRN-1] 9 |OB| T1-1 | 120 |1 1.8/ 10.8/14.3] 0.0/ 0.0 39.2 0.9 0.4 0.0 0.0, 0.5 0.1 0.0, 0.0/ 041 0.0 0.0 78.4
TRN-1| 30 |OB| T1-2 | 124 |1| 23.7/ 118.5] 1.4| 0.0/ 0.1 0.1 6.2 2.9 0.0] 34.8/ 0.0 0.0] 0.0/ 4.9 19| 0.0/ 11.4] 223.0
TRN-1]40 |OB| T1-3 | 129 |2| 63.5/170.5| 0.2| 1.9/0.2 0.0 0.0] 177 0.0 0.0, 47 0.0/ 0.0/ 0.9] 20.2] 13.6 2.7 3171
TRN-1| 50 |OB| T1-4 [ 133 |3 1.0 3.5/ 0.1] 0.1/0.0 0.0 0.0 2.9 0.0 09| 23 0.0/ 0.0/ 0.0/ 0.0f 4.5 2.2 24.7
TRN-1| 50 |OB| T1-5 | 138 |3 0.1 0.4/ 0.0/ 0.0/0.0 0.1 0.0 04 0.0 6.8/ 0.0 0.0/ 0.0 0.0/ 0.2/ 3.6 3.0 57.4
TRN-2| 8 |OB| T2-1 | 142 |1 0.2| 39.8] 3.2 1.1/03 0.9 0.0 0.0 0.0 0.0, 0.1 0.00 0.0/ 0.0/ 0.0/ 0. 0.0 55.5
TRN-2| 22 |OB| T2-2 | 146 | 1| 139.4| 578.1] 0.4| 0.0/ 0.0 0.0 0.8 54 0.0 1.3 6.6 0.0] 041 0.0] 52 11 2.2| 776.9
TRN-2| 50 |OB| T2-5 | 150 |3 0.0 1.2| 0.0/ 0.0/0.0 0.0 0.0 0.0 0.0, 214 0.0 0.00 0.0/ 0.0/ 23] 7.6 0.0] 439
TRN-2 |[100|OB| T2-5 [ 151 |3 0.2 11.2| 0.1] 0.0/0.0 0.1 0.0 3.9 0.0] 185 041 0.0/ 0.0/ 0.0 82| 0.0/ 187 66.3
TRN-3| 9 |OB| T3-1] 79 |1 0.0 04| 0.6/ 0.0/0.0 11.8] 11.2 7.8 0.0 0.0, 2.0 0.00 0.0/ 0.0/ 0.0/ 0. 0.0/ 503
TRN-3| 18 |OB| T3-2 | 83 |1 0.2 0.2] 0.0/ 0.8/0.0 1.5 8.2 55 0.0 05| 7.5 0.0/ 0.0/ 0.9] 0.0/ 2.7| 12.9] 146.9
TRN-3| 35 |OB| T3-3 | 87 |2| 431 46| 0.5/ 0.0/0.2 0.2 4.8 3.5 0.0 1.0 26 0.0/ 0.0/ 14| 05| 17.6] 15.8] 1127
TRN-3| 50 |OB| T3-4 | 91 |3| 31.2 14| 0.1] 0.0/0.1 0.3 0.0 4.1 0.0 0.2, 29 0.00 0.0/ 0.0/ 25/ 65 9.7 68.1
TRN-3| 50 |OB| T3-5| 95 |3 0.4 0.9] 0.0/ 0.0/0.0 0.0 0.0 3.7 0.0 0.1 1.2 0.0/ 0.0/ 0.0/ 0.0/ 3.5 1.4 18.2
TRN-4| 10 |OB| T4-1 | 57 |1 1.7 4.6/ 1.3/ 0.0/ 0.0] 993.6 0.0 1.8 0.0 1.5/ 0.6 14.8/ 0.0/ 0.0/ 0.0/ 0.0 0.0/ 1035.8
TRN-4| 18 |OB| T4-2 | 62 |1 0.0 0.0/ 0.1] 0.0/ 0.0 0.3 0.0 0.0 0.0 0.1 0.0 0.0/ 0.00 0.0/ 1.0/ 0.5 0.0 4.0
TRN-4| 40 |OB| T4-3 | 66 |2 0.5 0.2| 0.0/ 0.0/0.0 6.2 13| 24.6 0.0 1.2| 17.6 0.00 0.0/ 0.8/ 0.0f 50/ 18.2] 812
TRN-4| 50 |lOB| T4-4 | 71 |3 0.0 0.0/ 0.0/ 0.0/0.0 0.4 1.9 4.8 0.0 0.2 26 0.00 0.0/ 0.0/ 0.0/ 38 1.9 21.3
TRN-4| 50 |OB| T4-5| 75 |3 3.2 14.3] 0.3] 0.1/0.3 0.2 0.0 6.8 0.0 6.7, 14 0.0/ 0.0/ 0.0] 28.3] 11 0.5 65.1
C 50 |[VT| 5 272 0.1 6.4| 0.1] 0.9/0.3 0.0 0.0 0.4 0.0 2.0/ 0.0 0.0/ 0.0/ 0.2 1.7/ 0.0 0.0 15.0
[} 50 |[VT| 10 |239 0.2 189| 0.2 1.7/04 0.0 0.0 2.8 0.0/ 50.1| 0.0 0.0/ 0.0/ 0.0] 225/ 0.0 0.0 972
D 50 |[VT| 10 |246 0.0/ 15.9| 0.1 0.2{12. 0.0 0.0 0.1] 269.1 1.8/ 0.0 0.0/ 0.0/ 1.6| 19.7] 0.0 0.0| 328.2
9
D 50 |[VT| 10 | 255 9.1 38.3] 0.1] 0.1]0.2 0.0 0.0 6.7 0.0 0.0, 46 0.00 0.0f 25| 96| 0.0 8.6/ 857
D 50 |VT| 12 | 261 6.5/ 51.3] 0.2/ 0.0/ 0.1 0.0 0.0 2.2 0.0 1.5/ 0.1 0.0/ 0.0/ 04| 6.7/ 0.5 0.0/ 164.8

1 = Shallow Cold Saline, 2 = Mackenzie Influenced, 3 = Outer Shelf Arctic

PWF = Whale feeding station, CTL = Control Station ( see Chapter 6).




APPENDIX 5.18. Biomass (mg/m3) of the dominant zooplankton species in oblique (OB) and selected surface (SB) and horizontal (HB) bongo tows
in the eastern Alaskan Beaufort Sea, Sept 1998.

Cnidarians/Ctenophores Copepods Amphipods Euphausiids| Mysids | Decapods |Chaetognaths| Larvaceans| Fish
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CcTL® 14.0 HBE 5 15 1 1.27 3.45 000 2038 13418 7135 0.00 1017 0.02 0.00 000 018 0.00 116.38 0.00 0.00 36717
CTL 37 HBE 14 4 2 20.10 0.00 0.00 227 3838 1.17 0.03 0.34 0.00 0.00 000 000 0.00 9.30 270 0.00 7621
TRN 17.2 HBE 10 301 3278 0.00 0.00 229 297.59 1.17 0.63 5.06 0.00 0.00 489 3696 0.00 77.97 013 0.00 46269
TRN/MWF 358 HBE 15 43 2 7.94 0.00 0.00 913 34605 11.61 0.00 1.99 0.06 0.91 0.00 0.00 0.00 41.69 3.87 0.00 42561
WF 15.0 HBE 3 7 1 18.29 8.64 0.00 0.00 23401 2286 1.52 5.66 0.84 0.00 0.00 656 0.00 303.89 01 0.00 61571
WF 19.6 HBE 4 10 1 53.40 2.99 000 1347 191.06 35864 4.26 8.51 1.22 0.00 0.47 0.80 0.00 138.09 0.00 0.00 460.27
WF 6.0 HBE 8 23 2 10.61 0.00 8.43 0.00 0.43 0.01 0.00 0.02 0.00 0.00 0.00 000 0.00 0.75 043 0.00 2399
WF 235 HBE 8 24 2 44,52 0.00 0.00 0.00 37632 2291 0.06 2.36 0.00 0.00 0.61 0.75 0.00 48.77 035 0.00 504.47
WF 13.4 HBE 28 96 1 o 214 000 1347 1035 2.59 0.02 6.86 0.00 1.36 0.00 2650 0.00 37.79 000 1013 11260
WF 14.1 HBE 32 111 1 1223 2117 000 3105 1972 4.68 0.25 8.76 0.02 0.00 1207 1616 0.00 104.96 000 6993 32873
CTL 65 OB 2 4 1 1.29 0.00 0.00 0.65 5.14 0.44 0.00 1.81 0.00 0.00 000 556 0.00 37.78 000 164.08 23379
CTL 195 OB 5 13 1 3.72 0.00 000 9351 15073 69.69 0.00 6.53 0.16 0.00 000 016 0.00 87.57 0.00 0.00 41812
CTL 125 OB 22 7 1 2465 0.00 000 1807 1223 4110 0.00 461 0.00 0.00 000 3.06 0.00 193.68 0.00 0.00 298.44
CTL 295 OB 29 99 1 4.96 0.00 000 5480 8355 6570 0.09 8.54 0.07 0.00 0.00 587 0.00 204.03 052 0.00 429.23
TRN 70 OB 9 26 1 28.82 000 4117 0.00 0.78 0.07 0.04 0.07 0.00 0.00 000 Q.00 0.00 3.56 1.21 0.00 7719
TRN 100 OB 6 16 1 57.64 0.00 0.00 0.65 8.15 0.51 0.03 0.34 0.00 0.00 0.00 1596 0.00 73.97 0.00 0.00 163.90
TRN 140 OB 10 29 1 87.65 000 8616 197 77.98 2.88 0.08 0.25 0.00 0.00 2.3 0.00 0.00 30.76 0.50 0.00 29259
TRN 310 OB 1 32 2 18.37 000 1086 332 7301 1022 0.23 0.46 0.00 1.28 0.00 0.00 0.00 321 0.46 0.00 151.46
TRN 95 OB 13 3%/ 2 7.97 0.00 000 439 2707 2328 0.29 1.45 0.00 0.00 0.00 0.81 0.00 33.54 0.03 0.00 13670
TRN 245 OB 14 @/ 2 4223 0.00 1.89 137 237.08 3237 0.00 5.61 0.01 0.00 000 785 0.00 4017 5.61 0.00 37473
TRN 75 OB 17 51 1 036 2382 0.00 000 127 9.82 0.00 1554 0.00 0.00 0.00 14.02 0.00 49.00 0.00 0.00 158.65
TRN 195 OB 18 54 1 40.47 0.00 000 1986 6023 4156 0.00 4.36 0.00 0.00 0.00 488 0.00 183.66 0.00 0.00 36163
TRN 245 OB 19 57 1 16.80 270 000 8960 27479 9833 110 1317 0.00 2.36 000 110 0.00 101.62 0.00 0.00 611.27
TRN 375 OB 20 60 2 31.94 573 0.00 0.08 157.36 0.76 0.00 1.39 0.00 0.84 085 000 0.00 15.56 417 0.00 219.90
TRN 80 OB 23 %1 8.19 0.00 000 1246 88M 5.37 0.18 1.42 0.00 0.00 3589 1110 0.00 44.48 0.04 0.00 180.86
TRN 145 OB 24 7 1 8.05 0.00 0.00 0.00 163.29 314 0.03 268 0.00 0.00 000 000 0.00 50.20 3.49 0.00 23145
TRN 215 OB 25 82 2 7437 0.00 183.84 0.00 14291 6.84 0.00 0.01 0.00 0.00 000 000 0.00 19.21 1.66 0.00 42913
TRN 330 OB 26 86 2 2512 000 141 557 7419 1634 0.35 0.12 0.02 2.58 17 0.00 0.00 25.47 3.49 0.00 167.52
TRN/CTL 460 OB 16 47 2 1432 1.39 0.00 000 2181 3 0.58 0.44 0.00 415 000 000 0.00 6.14 044 1234 7149
TRN/CTL 160 OB 7 19 1 28.02 0.00 0.00 0.00 40.04 1.82 0.22 0.22 0.00 0.00 264 1.93 0.00 18.04 0.46 000 9374
TRN/CTL 85 OB 30 103 1 3.64 0.00 000 1533 3335 24 0.00 4.70 0.08 0.00 238 6179 0.00 83.70 000 10285 311.69
TRN/CTL 180 OB 3 106 1 4.09 0.00 000 3228 23105 1994 0.00 5.1 0.00 0.00 252 25624 2581 4498 0.51 0.00 406.88
TRN/MWF 325 OB 15 42 2 2256 1354 0.00 043 77.05 3.83 0.19 0.87 0.00 3.20 000 000 0.00 10.29 4.08 9.21 14823
WF 105 OB 1 3 1 12.34 0.00 0.00 047 10175 10867 0.00 1.46 015 7.75 0.00 000 0.00 7.43 0.09 0.00 143.95
WF 100 OB 3 6 1 3432 2145 0.00 0.00 48251 4337 0.07 8.58 0.43 0.00 0.00 000 0.00 83.17 0.03 0.00 67835
WF 190 OB 4 9 1 3895 1.3 0.00 3.04 22785 5794 0.28 0.54 021 0.00 0.94 0.00 0.00 12510 0.02 0.00 468.44
WF 240 OB 8 22 1 26.87 0.00 163.96 000 8801 1542 0.61 0.91 0.00 0.00 360 0.00 0.00 25.81 1.21 0.00 33096
WF 245 OB 21 66 1 6.42 0.00 000 1225 15533 6843 0.00 9.72 0.00 0.00 000 644 0.00 63.38 1.17 0.00 327.05
WF 75 OB 27 90 1 5.08 0.00 349 3123 136 1548 0.00 4.32 000 11.40 0.00 6993 0.00 52.82 0.00 0.00 20761
WF 135 OB 28 94 1 059 2483 000 4528 117 8.01 0.02 4.40 0.00 0.00 0.00 7432 0.00 101.47 0.00 0.00 27051
WF 13.0 OB 32 1Mo 1 152 2256 000 3821 4517 4.40 0.05 5.57 0.00 0.00 622 1587 0.00 7 0.00 0.00 239.03
WF 155 OB 33 15 2 5.58 0.65 000 1022 5088 8.72 0.00 8.16 0.00 0.00 733 2405 0.00 107.48 0.14 0.00 22445
CTL 16 SB 7 21 1 10.89 0.00 2.57 0.00 0.99 0.07 0.00 0.02 0.00 0.00 0.00 000 0.00 0.65 0.26 0.00 1547
CTL 06 SB 22 74 1 212 0.00 0.00 5.53 2.59 1.32 0.00 461 0.00 0.00 0.00 Q.00 0.00 1.32 0.00 0.00 1749
TRN 1.2 SB 16 50 2 0.18 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00 Q.00 0.00 0.20 0.03 0.00 1.74

*1 = Shallow Cold Saline, 2 = Mackenzie Influenced, 3 = Quter Shelf Arctic
“WF = Whale feeding station, CTL = Control Station ( see Chapter 8).
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APPENDIX 5.19. Biomass (mg/m3) of the dominant zooplankton groups in oblique (OB) bongo tows

in the eastern Alaskan Beaufort Sea, Sept

1998.
[0 [0 1)) 2] _‘-Cf
@ g ) B 2 %) g £ o g
g5l 8 g 2l g gl 8| 2% gl ¢

Depth  Tow Samp. Water 3 g 2 i < 2 gl o2 g B ° g < s
Transect  (m) Type Sta.No. No.  Mass® S35 3 E a4 < al 6 =5 S s & 2
CTL® 6.5 OB 2 4 1 2.35 7.58 0.67 0.00 20.54 0.72 0.00 0.05 37.78 0.00 164.08 233.79
CTL 19.5 OB 5 13 1 101.83 228.16 0.16 0.02 0.16 0.21 0.00 0.01 87.57 0.00 0.00 418.12
CTL 125 OB 22 71 1 42.73 58.97 0.00 0.00 3.06 0.00 0.00 0.00 193.68 0.00 0.00 298.44
CTL 29.5 OB 29 99 1 59.57 158.88 0.28 0.01 5.87 0.07 0.00 0.00 204.03 0.52 0.00 429.23
TRN 7.0 OB 9 26 1 71.42 0.96 0.00 0.04 0.00 0.00 0.00 0.00 3.56 1.21 0.00 77.19
TRN 10.0 OB 6 16 1 63.49 9.08 0.00 0.65 15.96 0.00 0.00 0.00 73.97 0.00 0.00 163.15
TRN 14.0 OB 10 29 1 175.78 81.20 0.00 3.99 0.00 0.36 0.00 0.01 30.76 0.50 0.00 292.59
TRN 31.0 OB 11 32 2 33.16 83.98 1.28 0.38 0.00 0.09 0.00 0.00 32.12 0.46 0.00 151.46
TRN 9.5 OB 13 35 1 49.74 52.52 0.00 0.03 0.81 0.03 0.00 0.00 33.54 0.03 0.00 136.70
TRN 24.5 OB 14 38 2 4550 275.06 0.01 0.25 7.85 0.01 0.00 0.25 40.17 5.61 0.00 374.73
TRN 75 OB 17 51 1 56.18 39.12 0.00 0.08 14.02 0.20 0.04 0.00 49.00 0.00 0.00 158.65
TRN 19.5 OB 18 54 1 60.33 106.77 0.16 0.08 4.88 0.04 0.00 0.31 183.66 0.00 5.41 361.63
TRN 24.5 OB 19 57 1 109.20 387.96 2.36 0.01 1.10 0.16 0.00 4.35 101.62 0.00 4.51 611.27
TRN 37.5 OB 20 60 2 38.06 159.51 0.94 1.09 0.00 0.02 0.00 0.56 15.56 417 0.00 219.90
TRN 8.0 OB 23 75 1 20.64 95.27 0.00 9.29 11.10 0.00 0.04 0.00 44 .48 0.04 0.00 180.86
TRN 14.5 OB 24 78 1 8.08 169.27 0.00 0.40 0.00 0.00 0.00 0.00 50.20 3.49 0.00 231.45
TRN 215 OB 25 82 2 258.20 149.76 0.03 0.11 0.00 0.09 0.00 0.02 19.24 1.66 0.00 429.13
TRN 33.0 OB 26 86 2 42.11 91.10 2.60 2.06 0.00 0.10 0.00 0.12 25.93 3.49 0.00 167.52
TRN/CTL 46.0 OB 16 47 2 20.38 26.64 4.16 0.58 0.00 0.69 0.01 0.10 6.14 0.44 12.34 71.49
TRN/CTL 16.0 OB 7 19 1 28.04 42.31 0.00 2.90 1.93 0.04 0.00 0.00 18.04 0.46 0.00 93.74
TRN/CTL 8.5 OB 30 103 1 18.97 41.63 0.09 2.41 61.79 0.06 0.09 0.00 83.70 0.00 102.95 311.69
TRN/CTL 19.0 OB 31 106 1 38.34 256.49 0.00 2.59 25.24 26.01 1.49 0.28 44.98 0.51 10.96 406.88
TRN/WF 325 OB 15 42 2 37.64 82.38 3.66 0.23 0.00 0.47 0.06 0.06 10.45 4.08 9.21 148.23
WF 10.5 OB 1 3 1 13.63 113.89 7.89 0.26 0.00 0.70 0.01 0.06 7.43 0.09 0.00 143.95
WF 10.0 OB 3 6 1 56.50 534.79 0.43 0.10 0.00 1.95 0.07 1.32 83.17 0.03 0.00 678.35
WF 19.0 OB 4 9 1 53.66 287.03 0.21 1.19 0.00 0.51 0.00 0.73 125.10 0.02 0.00 468.44
WF 24.0 OB 8 22 2 190.83 105.10 0.00 4.32 0.00 0.27 0.06 0.00 25.81 1.21 3.34 330.96
WF 24.5 OB 21 66 1 18.97 233.58 0.00 0.00 6.44 0.00 0.00 0.00 63.38 1.17 3.51 327.05
WF 75 OB 27 90 1 42.06 31.33 11.40 0.07 69.93 0.00 0.00 0.00 52.82 0.00 0.00 207.61
WF 13.5 OB 28 94 1 70.80 23.62 0.00 0.04 74.32 0.27 0.00 0.00 101.47 0.00 0.00 270.51
WF 13.0 OB 32 110 1 83.28 55.27 0.10 6.57 15.87 0.72 0.00 0.00 77.21 0.00 0.00 239.03
WF 15.5 OB 33 115 2 16.53 68.00 0.00 7.77 24.05 0.48 0.00 0.00 107.48 0.14 0.00 224 .45

@1 = Shallow Cold Saline, 2 = Mackenzie Influenced, 3 = Outer Shelf Arctic
®WF = Whale feeding station, CTL = Control Station ( see Chapter 6).
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APPENDIX 5.20. Biomass (mg/m?®) of the dominant zooplankton groups in surface (SB) bongo tows in the eastern Alaskan Beaufort Sea, Sept
1998.

2]
[72] 7)) 7)) ey
o ® 3 = .- T 2

& o & Z 5T 3 .8 < g £ 8 _
Depth Tow Sta. Samp. Water | 5 ¢ 2 s %6 3 Rz g 9 ® 2 < I
Transect (m) Type No. No. Mass’| SO 3 < SO a =S =S S S i e
CTL® 1.2 SB 5 14 1 3.40 3.18 0.00 0.00 0.00 0.00 0.01 0.78 0.00 0.00 7.37
CTL 1.6 SB 7 21 1 13.46 1.08 0.00 0.01 0.00 0.01 0.00 0.65 0.26 0.00 15.47
CTL 06 SB 22 74 1 7.64 8.53 0.00 0.00 0.00 0.00 0.00 1.32 0.00 0.00 17.49
CTL 09 SB 29 102 1 0.96 1.40 0.00 0.01 0.00 0.00 0.00 0.30 0.73 0.00 3.40
TRN 09 SB 9 28 1 38.54 0.14 0.00 0.01 0.01 0.00 0.00 0.24 0.03 0.00 38.97
TRN 1.2 SB 6 17 1 9.70 0.10 0.00 0.00 0.00 0.00 0.00 0.37 0.00 0.00 10.16
TRN 09 SB 13 37 1 186.38 37.48 0.00 0.01 0.00 0.01 0.56 2.55 0.06 0.00 227.05
TRN 0.7 SB 17 53 1 27.50 17.06 0.00 9.97 0.01 0.00 0.01 52.38 0.00 0.00 106.94
TRN 06 SB 18 56 1 2.20 12.09 0.00 0.00 0.00 0.00 0.00 0.82 0.00 0.00 15.11
TRN 1.0 SB 19 59 1 9.64 111.20 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 120.87
TRN 1.0 SB 20 65 2 7.14 6.82 0.00 0.00 0.00 0.08 0.02 0.97 942 0.00 24 .45
TRN 1.5 SB 24 81 1 0.70 272.34 0.00 0.03 0.04 0.00 0.00 1.64 470 0.00 279.46
TRN 1.0 SB 25 85 2 59.82 12.13 0.00 0.01 0.02 0.00 0.00 2.99 146 0.00 76.42
TRN 1.0 SB 26 89 2 13.58 0.67 0.00 0.03 1.27 0.00 0.00 1.23 1.57 0.00 18.36
TRN/CTL 1.2 SB 16 50 2 0.29 0.12 0.00 0.02 1.08 0.00 0.00 0.20 0.03 0.00 1.74
TRN/CTL 1.2 SB 30 105 1 289.78 2.73 0.06 4.60 0.28 0.01 5.04 37.27 0.22 0.00 340.00
TRN/CTL 20 SB 31 109 1 12.82 504.27 0.00 0.57 0.60 0.00 0.00 19.31 0.27 0.00 537.85
TRN/WF 1.3 SB 15 46 2 0.95 0.16 0.00 0.00 0.31 0.01 0.00 0.06 223 0.00 3.72
WF 1.0 SB 4 11 1 4.05 3.94 0.00 0.00 0.00 0.03 0.01 0.57 0.02 0.00 8.62
WF 09 SB 21 70 1 0.28 4.82 0.00 0.00 0.00 0.00 0.00 0.20 0.00 0.00 5.30
WF 0.8 SB 27 93 1 1.62 2.10 0.00 0.00 0.00 0.00 0.00 0.85 0.00 0.00 4.58
WF 1.0 SB 28 98 1 5.72 1.64 0.00 0.00 0.00 0.00 0.00 0.56 0.00 0.00 7.92
WF 1.0 SB 32 114 1 32.13 3.32 0.00 0.92 0.40 0.02 0.01 11.37 0.03 0.09 48.29
WF 1.5 SB 33 118 2 5.67 93.29 0.00 0.00 0.03 0.00 0.07 2.19 0.14 0.00 101.39

@1 = Shallow Cold Saline, 2 = Mackenzie Influenced, 3 = Outer Shelf Arctic
®WF = Whale feeding station, CTL = Control Station ( see Chapter 6).
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APPENDIX 5.21. Biomass (mg/m®) of the dominant zooplankton groups in horizontal (HB) bongo tows in the eastern Alaskan Beaufort Sea, Sept,

1998. ; ; T L 2

2§ g g 2 P 8l ¢§ E ¢

g2 kel o} 7] ° @ 5 @ 5 [+

£a 3 el o3 g 8l Z8§ g 3
Depth  Tow Samp. Water 3 g 2 sl 2% 8 g2 g9 8 g < IS
Transect (m)  Type Sta.No. No. Mass?® 58 3 E =3 8 =5 =5 S5 S 2 el
CTL® 56 HB 2 5 1 12.60 27.09 0.00 49.58 0.00 0.00 0.21  138.27 0.00 13,57 241.32
CTL 14.0 HB 5 15 1 32.94 216.76 0.18 0.22 0.00 0.00 0.69 116.38 0.00 0.00 367.17
CTL 37 HB 14 41 2 23.17 40.60 0.00 0.01 0.07 0.36 0.00 9.3 2.70 0.01 76.21
CTL 6.6 HB 22 73 1 38.21 112.53 0.01 0.00 0.01 0.00 1.65 288.89 0.00 0.00 441.29
CTL 25.7 HB 29 100 1 124.21 54.38 0.00 31.83 0.54 0.00 0.00 509.34 0.00 6.27 726.56
CTL 1.3 HB 29 101 1 25.08 99.29 216 0.06 0.56 0.00 0.45 49.31 0.01 0.00 176.93
TRN 54 HB 9 27 1 50.61 727 0.00 1.71 0.00 0.02 0.05 12.83 0.96 0.00 73.46
TRN 8.8 HB 6 18 1 18.65 12.37 0.00 16.84 0.31 0.00 0.02 0.00 132.63 0.00 180.82
TRN 16.7 HB 7 20 1 35.95 176.42 0.00 59.37 0.34 0.68 0.17 93.91 0.14 1215 379.12
TRN 12.2 HB 10 31 1 116.74 177.32 0.01 1.62 0.26 0.00 0.54 48.48 0.55 0.00 34552
TRN 17.2 HB 10 30 1 35.07 304.72 0.00 42.74 0.27 0.00 0.23 77.97 0.13 1.57  462.69
TRN 253 HB " 33 2 50.33 211.40 0.00 1.24 0.28 0.01 0.10 44.35 0.21 247 31041
TRN 12.4 HB " 34 2 30.43 8.68 0.00 0.02 0.27 0.00 0.00 2.63 0.76 0.02 42.82
TRN 76 HB 13 36 1 135.72 60.29 0.00 4.92 0.15 0.02 0.00 50.79 0.00 1.80 253.70
TRN 21.9 HB 14 39 2 10.51 303.08 0.00 0.10 0.09 0.02 0.00 27.49 2.1 1.64  345.06
TRN 13.1 HB 14 40 2 63.66 143.55 0.03 0.14 0.17 0.00 0.00 7.62 0.77 0.00 21594
TRN 8.6 HB 17 52 1 31.36 21.84 0.00 35.47 0.00 42.50 0.00 36.85 0.00 0.00 168.01
TRN 13.0 HB 18 55 1 34.51 142.65 0.06 0.03 0.03 0.00 0.71  347.41 0.00 0.00 525.41
TRN 14.5 HB 19 58 1 21.18 502.89 0.00 0.05 0.01 0.00 0.01 18.17 0.00 0.00 542.31
TRN 28.9 HB 20 61 2 54.80 399.51 0.00 0.30 0.02 0.02 0.20 24.52 1.19 1.02 481.58
TRN 18.4 HB 20 62 2 131.58 5.68 1.43 0.13 0.73 0.05 0.01 2.47 8.68 0.12  150.88
TRN 30.9 HB 20 63 2 31.22 197.56 1.01 0.07 0.12 0.10 0.41 19.36 293 2.81 255.60
TRN 6.2 HB 23 76 1 95.86 22.81 0.68 2.7 0.01 0.00 0.73 67.51 0.00 0.01 190.33
TRN 11.3 HB 24 79 1 62.10 98.77 0.00 0.90 0.12 0.00 0.01 20.00 3.70 843 194.03
TRN 8.8 HB 24 80 1 10.17 4717 0.00 0.97 0.1 0.01 0.77 32.24 12.98 0.00 104.43
TRN 21.5 HB 25 83 2 44.83 441.67 0.00 0.03 0.00 0.00 0.05 72.20 255 0.00 561.33
TRN 17.5 HB 25 84 2 126.70 14522 0.00 2.05 0.00 0.00 0.04 26.62 1.27 10.93 312.85
TRN 31.5 HB 26 87 2 321.67 416.68 1.71 1.78 0.00 0.03 0.41 83.75 0.82 3.93 830.76
TRN 22.0 HB 26 88 2 44.49 1.86 0.52 0.27 0.05 0.00 0.00 0.86 212 0.00 50.18
TRN/CTL 347 HB 16 48 2 42.44 37.96 0.54 10.05 1.69 0.60 3.69 43.97 0.94 6.00 147.87
TRN/CTL  19.2 HB 16 49 2 3.69 0.39 2.07 0.07 1.02 0.16 0.03 1.45 0.20 4.09 13.17
TRN/CTL 82 HB 30 104 1 59.39 68.91 023 111.15 0.14 2.78 0.06 133.96 0.00 116.04 49265
TRN/CTL  19.2 HB 31 107 1 26.54 262.17 1.45 18.96 77.87 0.00 0.01 270.39 0.00 127.90 785.29
TRN/CTL  12.6 HB 31 108 1 2160 172.84 0.00 70.49 0.22 0.00 3.90 42.10 049 447 316.12
TRN/WF 224 HB 15 44 2 763.82 3.24 0.01 0.03 0.15 0.07 0.00 0.74 2.65 0.00 770.71
TRN/WF  13.8 HB 15 45 2 16.94 0.07 0.06 0.03 0.20 0.05 0.00 1.23 2.94 10.28 31.80
TRN/WF  35.8 HB 15 43 2 17.15 359.65 1.02 0.14 0.94 0.00 1.05 41.69 3.97 0.00 425.61
WF 9.6 HB 1 2 1 4216 210.44 0.55 0.00 0.07 0.00 0.21 38.78 0.00 2.66 294.86
WF 1.4 HB 3 8 1 28.77 237.22 0.35 0.41 0.60 0.00 0.19 165.17 0.03 5.17  437.91
WF 15.0 HB 3 7 1 33.50 264.65 0.84 6.65 0.65 0.02 0.17 303.89 0.1 520 615.71
WF 13.5 HB 4 12 1 52.28 41.54 0.11 0.46 0.35 0.01 0.12 98.86 0.00 0.00 193.74
WF 19.6 HB 4 10 1 72.16  239.62 1.34 1.36 0.23 0.00 1.65 138.09 0.00 5.83  460.27
WF 13.5 HB 8 25 1 29.63 3.66 0.00 0.47 0.16 0.06 0.00 1.64 1.89 2.00 39.51
WF 6.0 HB 8 23 1 21.46 0.73 0.01 0.06 0.26 0.28 0.01 0.75 0.43 0.00 23.99
WF 23.5 HB 8 24 1 4461 401.65 0.00 1.74 0.93 0.01 0.18 48.77 0.35 6.24  504.47
WF 23.0 HB 21 67 1 56.43 143.86 0.02 4.46 0.01 1.06 1.21 177.42 0.00 450 388.96
WF 18.8 HB 21 68 1 2750 117.07 0.07 0.00 0.07 0.00 0.06 45.71 0.00 1.48 191.96
WF 9.9 HB 21 69 1 36.31  174.09 0.00 0.43 0.1 0.00 0.19 2417 0.00 0.21 235.50
WF 121 HB 21 72 1 17.48 30.37 0.08 1.28 0.00 0.00 0.65 168.68 0.00 0.00 218.53
WF 6.8 HB 27 91 1 40.79 34.69 0.00 86.60 0.06 0.00 0.72 7717 0.00 27.26 267.29
WF 52 HB 27 92 1 54.74 72.28 0.00 1.75 0.12 0.00 4.48 74.92 0.00 488 21317
WF 10.8 HB 28 95 1 158.41 24.94 0.00 100.14 0.00 0.02 0.00 121.34 0.00 15.88  420.73
WF 84 HB 28 97 1 47.52 25.60 0.00 58.42 0.00 0.03 0.00 131.81 0.00 0.00 263.38
WF 13.4 HB 28 96 1 16.39 20.05 1.45 26.50 0.05 0.23 0.00 37.79 0.00 10.13 112.60
WF 8.8 HB 32 12 1 171.25 24.41 0.24 31.57 0.16 0.00 0.22 82.17 0.13 0.00 310.14
WF 49 HB 32 13 1 39.84 6.49 0.78 79.44 0.22 0.01 0.01 48.09 0.00 12.41 187.29
WF 14.1 HB 32 1M1 1 64.45 35.03 0.73 28.47 0.16 0.34 0.1 104.96 0.00 9449 32873
WF 13.7 HB 33 116 2 38.07 37.80 043 72.70 0.17 0.00 244 195.01 0.32 39.31 386.25
WF 10.5 HB 33 17 2 49.04 61.45 0.00 0.35 0.12 0.00 0.01  143.77 0.17 0.00  254.90

2 1 = Shallow Cold Saline, 2 = Mackenzie Influenced, 3 = Outer Shelf Arctic
° WF = Whale feeding station, CTL = Control Station ( see Chapter 6).
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APPENDIX 5.22. Biomass (mg/m®) of the dominant zooplankton species in oblique (OB) bongo tows in the eastern Alaskan Beaufort Sea, Sept

1999.
Cnidarians/Ctenophores Copepods Amphipods | Euphausiids ] Mysids | Chaetognaths | Fish Total
. S = =
S o s §l, & § o £ 8 3 3 s g
S = 3 § & ®¥|F £ £ % . aof%§ 8 g T 9 |3
& 5 3 3 N 2 ) g g & > £ e 2 ] 2 ] g o
- 8 a 3 3 s | s £ S ® £ s | 3 3 3 S S e g
7] © %] S © Y > < K I KS] S g g © 5 © 2 3
g < 3 © 2 S 2 2 8 3 O S I3 3 2 = s g 2
< < 1) 2 3 S IS s 9] < 3 ] ESy ES) S ® S S I3 ©
Depth Tow Sta. Samp. Water| § & £ S < 3 ] ] § S 3 3 S @ 4 K £ S o £
Transect (m) Type No. No. Mass’| & & & & S |8 &8 5 § = ¢]8& & S s a & ] 2
CTL® 30 OB 5 19 1 0.00 5.13 0.00 1832 6.74 13.71 4.69 13465 0.00 251 0.05 0.03 0.01 0.07 414 0.00 1.94 9.11 13.92 21544
CTL 40 OB 2 6 1 69.27 0.00 0.00 12.76 589 0.00 1550 21585 0.00 1.67 567 0.07 0.19 827 0.00 0.00 325 3813 3.99 384.34
TRN 7 OB 9 34 1 0.00 053 0.00 0.00 174 0.00 1.21 0.00 0.01 0.00 0.03 265 0.00 0.00 0.00 0.00 0.00 3.60 0.00 9.79
TRN 7 OB 13 49 1 0.00 20.92 14.06 0.00 5865 0.00 756 1125 0.00 0.00 0.07 1.16 0.00 0.00 0.00 0.00 0.00 77.03 0.00 190.99
TRN 8 OB 18 67 1 0.00 4149 0.00 0.00 0.00 0.00 6.51 826 0.04 0.00 0.00 81.33 0.00 1.83 0.00 63.94 0.17 64.90 39.21 308.67
TRN 8 oB 22 83 1 0.00 9436 0.00 31.21 480 0.00 516 4480 0.00 2.05 0.11 0.62 0.00 0.00 0.00 0.00 048 9590 0.00 288.79
TRN 15 OB 8 31 1 0.00 1.88 0.00 0.00 235 0.00 0.51 040 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00 3.34 0.00 8.64
TRN 17 OB 12 45 1 0.00 1155 256 0.00 77.23 0.00 554 18.04 0.00 0.15 0.30 0.18 0.00 0.00 21.38 1.56  0.07 200.00 27.35 366.26
TRN 18 oB 21 79 1 0.00 2854 0.00 0.00 253.26 0.00 16.58 317.55 0.00 0.00 1.44 0.07 0.02 4.31 0.00 0.00 1.37 11114 17.82 756.52
TRN 29 oB 11 41 1 0.00 094 0.00 0.00 15.14 2941 1568 67.18 0.00 3.82 1.06 0.08 0.04 243 142 0.00 060 26.62 12.08 178.00
TRN 30 OB 7 27 1 0.00 1042 043 0.00 16.13 0.85 9.14 101.08 0.00 0.93 0.00 0.24 0.00 1.14 20.09 0.00 1.76 15599 874 327.13
TRN 30 OB 16 60 1 0.00 10.50 2.01 0.00 60.05 13.59 61.54 271.13 0.00 227 9.05 036 042 1.21 3.05 0.00 1.45 179.37 757 627.79
TRN 30 OB 20 74 1 0.00 60.59 0.00 0.00 58.87 0.00 58.31 603.59 0.00 0.53 19.34 0.85 0.03 0.28 0.00 0.00 11.95 199.68 12.22 1029.45
TRN 35 OB 19 70 1 0.00 12045 2.38 0.00 878 0.00 2253 65.66 0.00 838 1.09 0.00 0.06 2.14 0.29 0.00 1530 13.06 1.90 270.49
TRN 40 OB 6 23 1 0.00 46.18 0.21 20.54 12.77 0.00 30.85 278.04 0.00 1.22 3.97 0.12 0.14 3.65 0.00 0.00 869 4853 10.18 466.08
TRN 42 OB 10 37 1 0.00 1154 125 0.00 13.28 0.00 12.55 147.90 0.00 2.56 0.00 0.02 0.13 3.33 0.00 0.00 331 1244 312 21257
TRN/CTL 18 OB 17 64 1 0.00 12.38 0.00 0.00 111.79 0.00 28.38 54.04 0.00 1.85 0.30 0.15 0.11 2.04 40.26 406 057 173.74 6.75 437.96
TRN/WF 32 OB 14 52 1 0.00 4240 0.00 0.00 4464 0.00 3501 27154 0.00 5.04 532 0.30 0.04 0.00 0.54 0.00 724 30.88 536 449.52
TRN/WF 40 OB 15 56 1 0.00 21.32 1.74 0.00 46.00 0.00 87.58 356.47 0.00 11.48 11.56 0.26 1.80 0.46 1.10 0.00 533 31.33 4.04 58276
WF 40 OB 1 2 1 1.09 1766 0.20 0.00 13.82 0.00 43.60 242.72 0.00 1.31 10.32 0.14 022 431 2.1 0.00 14.80 67.30 13.79 442.72
WF 40 OB 3 11 1 11.10 0.00 156 0.00 1.53 0.00 18.69 12752 0.00 4.27 1.10 0.03 0.03 5.78 3.67 0.00 390 1545 6.80 207.41
WE 41 OB 4 15 1 042 26.08 0.00 0.00 6.03 0.00 16.19 137.25 0.00 1.97 0.53 0.03 0.00 3.23 0.40 0.00 6.77 1455 444 221.16
#1 = Shallow Cold Saline, 2 = Mackenzie Influenced, 3 = Outer Shelf Arctic

°WF = Whale feeding station, CTL = Control Station ( see Chapter 6).
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APPENDIX 5.23. Biomass (mg/m3) of the dominant zooplankton groups in oblique (OB) bongo tows in the eastern Alaskan Beaufort Sea, Sept
1999.

0 ® 2 g

R » % 'g © 8

£58 gl g 2l o 8 @ 5
Depth Tow Sta. Samp. Water % 3 8 = = 2 @ g c § IS
Transect (m) Type No. No. Mass? 56 3 E 0 = 5 o i = 2
CTL® 30 oB 5 19 1 43.90 141.93 0.08 4.25 0.00 11.05 0.07 13.92 0.00 215.44
CTL 40 OB 2 6 1 89.78 238.76 9.37 0.00 0.00 41.38 0.69 3.99 0.27 384.34
TRN 7 OB 9 34 1 2.28 3.91 0.00 0.00 0.00 3.60 0.01 0.00 0.00 9.79
TRN 7 OB 13 49 1 93.89 20.07 0.00 0.00 0.00 77.03 0.00 0.00 0.00 190.99
TRN 8 OB 18 67 1 41.49 96.68 1.83 0.00 63.94 65.06 0.04 39.21 0.41 308.67
TRN 8 OB 22 83 1 130.37 52.78 0.00 0.00 0.00 96.37 0.00 9.23 0.00 288.79
TRN 15 OB 8 31 1 4.23 0.98 0.00 0.00 0.00 3.34 0.01 0.00 0.00 8.64
TRN 17 OB 12 45 1 91.34 24.21 0.00 21.38 1.56 200.07 0.00 27.35 0.01 366.26
TRN 18 OB 21 79 1 281.80 335.64 4.32 0.00 0.00 11250 0.04 21.64 0.00 756.52
TRN 29 OB 11 41 1 45.60 87.81 2.68 1.42 0.00 27.22 0.45 12.08 0.00 178.00
TRN 30 OB 7 27 1 27.84 111.39 1.14 20.09 0.00 157.76 0.00 8.74 0.00 327.13
TRN 30 OB 16 60 1 86.14 344.36 2.21 3.05 0.00 180.81 0.90 9.55 0.00 627.79
TRN 30 OB 20 74 1 120.32 682.63 0.60 0.00 0.00 211.63 1.42 12.36 0.00 1029.45
TRN 35 OB 19 70 1 134.70 97.66 2.19 0.29 0.00 28.35 0.90 4.85 0.00 270.49
TRN 40 OB 6 23 1 79.70 314.20 3.79 0.00 0.00 57.22 0.99 10.18 0.00 466.08
TRN 42 OB 10 37 1 26.07 163.03 3.47 0.00 0.00 15.74 1.12 3.12 0.01 212.57
TRN/CTL 18 OB 17 64 1 124.17 84.72 2.15 40.26 4.06 174.30 0.00 8.11 0.00 437.96
TRN/WF 32 OB 14 52 1 87.04 317.21 0.05 0.54 0.00 38.12 0.07 5.36 0.03  449.52
TRN/WF 40 OB 15 56 1 69.06 467.34 2.26 1.10 0.00 36.66 1.80 453 0.02 582.76
WF 40 OB 1 2 1 32.76 298.08 6.32 2.11 0.00 82.11 0.14 13.79 743 44272
WF 40 OB 3 11 1 14.20 151.61 5.95 3.67 0.00 19.34 0.97 11.47 0.01 207.41
WF 41 OB 4 15 1 33.03 155.97 3.43 0.40 0.00 21.32 0.79 5.62 0.48 221.16

&1 = Shallow Cold Saline, 2 = Mackenzie Influenced, 3 = Outer Shelf Arctic
® WF = Whale feeding station, CTL = Control Station ( see Chapter 6).
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APPENDIX 5.24. Biomass (mg/m3) of the dominant zooplankton groups in horizontal (HB) bongo tows in the eastern Alaskan Beaufort Sea, Sept

1999.

(7} 2 g

o %) 8 8 T ]

g5 gl % ] I ol % 5
Depth Tow Sta. Samp. Water % 3 Qo s < 2 ° g - § 5
Transect (m) Type No. No. Mass? 56 3 E O < ) s 2 = 2
TRNP 31 HB 6 24 1 142.81 39.41 4.46 0.00 0.00 18.61 1.70 9.64 0.00 216.63
TRN 41 HB 6 25 1 171.89 541.14 5.03 3.38 0.00 75.65 2.06 14.22 0.00 813.36
TRN 17 HB 7 28 1 163.19 73.22 0.89 8.35 0.00 86.91 23.75 1.16 0.00 357.47
TRN 8 HB 7 29 1 34.84 1.16 3.43 0.00 0.00 3.19 0.02 8.86 0.02 51.52
TRN 8 HB 8 32 1 143.33 0.12 0.00 0.00 0.00 0.46 0.00 5.84 0.00 149.75
TRN 6 HB 9 35 1 0.30 0.51 1.10 0.81 0.00 1.57 0.01 8.98 0.00 13.28
TRN 26 HB 10 38 1 85.95 339.49 0.88 0.00 0.00 19.73 3.99 2.88 0.16 453.09
TRN 8 HB 10 39 1 9.79 0.55 2.20 0.00 0.00 0.49 1.63 2.40 0.00 17.06
TRN 27 HB 11 42 1 86.73 9.92 0.94 2.45 0.00 20.55 0.24 7.03 0.90 128.75
TRN 11 HB 11 43 1 64.60 2.68 1.60 0.00 0.00 3.94 1.01 4.05 0.12 78.00
TRN 11 HB 12 46 1 132.90 8.75 0.00 1.42 0.00 54.15 0.00 7.84 0.48 205.53
TRN 15 HB 12 47 1 493.77 38.14 0.78 57.26 0.00 335.13 0.00 2.73 0.00 927.81
TRN 7 HB 13 50 1 93.12 17.81 1.16 0.00 0.00 40.86 0.00 27.76 0.05 180.76
TRN 23 HB 16 61 1 114.27 587.21 0.07 0.45 0.77 365.40 0.22 26.37 1.44 1096.21
TRN 10 HB 16 62 1 83.89 7.78 3.66 0.00 0.00 35.34 0.15 2.58 0.35 133.76
TRN 5 HB 18 68 1 103.37 66.42 0.00 0.00 25.12 248.27 0.00 10.32 0.00 453.49
TRN 26 HB 19 71 1 317.60 149.29 0.31 1.79 0.00 92.62 0.53 578 6.51 574.43
TRN 10 HB 19 72 1 61.14 0.82 7.37 0.00 0.00 0.38 0.30 2.84 0.41 73.26
TRN 9 HB 20 7 1 166.45 430.93 0.18 0.00 0.00 125.32 1.62 11.37 0.05 735.93
TRN 12 HB 21 80 1 137.85 406.25 0.02 2.46 0.00 237.40 0.00 8.01 0.05 792.03
TRN 6 HB 21 81 1 199.17 102.38 0.57 0.00 0.77 7212 0.03 21.64 0.43 397.11
TRN 8 HB 22 84 1 166.08 121.66 1.35 0.00 7.37 305.29 0.00 11.98 0.00 613.73
TRN/CTL 17 HB 17 65 1 287.44 243.68 0.29 12.73 4.07 263.99 0.00 1.24 0.84 814.28
CTL 21 HB 2 8 1 88.04 2.70 12.81 0.00 0.00 8.04 0.53 4.07 0.30 116.49
CTL 8 HB 2 7 1 56.81 1.76 11.50 0.00 0.00 0.91 0.28 2.39 0.46 74.10
CTL 15 HB 5 20 1 32.24 69.90 0.22 0.00 0.00 29.72 0.12 2.75 0.12 135.07
CTL 6 HB 5 21 1 16.33 0.55 4.67 0.00 0.00 0.01 0.02 10.91 0.00 32.49
TRN/WF 31 HB 14 53 1 261.53 242.52 4.72 0.52 0.00 76.60 0.00 7.93 1.09 594.91
TRN/WF 13 HB 14 54 1 45.20 1.58 1.54 0.00 0.00 0.61 0.10 6.03 0.00 55.07
TRN/WF 24 HB 15 57 1 247.10 239.94 7.58 0.00 0.00 34.66 4.70 36.82 0.71 571.51
TRN/WF 13 HB 15 58 1 9.68 1.25 0.35 0.00 0.00 1.27 4.83 2.81 1.99 22.18
WF 37 HB 1 3 1 82.71 391.88 1.89 0.20 0.00 61.06 0.65 6.39 0.11 544.88
WF 19 HB 1 4 1 135.10 0.59 1.29 0.00 0.00 0.36 0.58 3.22 0.53 141.66
WF 10 HB 1 5 1 28.37 0.09 0.81 0.00 0.00 0.39 0.12 0.00 0.00 29.78
WF 19 HB 3 12 1 13.42 1.45 243 0.00 0.00 3.44 3.44 13.44 1.26 38.89
WF 34 HB 3 13 1 146.49 593.92 6.24 21.31 0.00 102.96 1.59 13.80 0.12 886.43
WF 40 HB 4 16 1 59.48 607.98 573 2.80 0.00 89.31 0.17 12.19 0.04 777.71
WF 14 HB 4 17 1 3.18 0.16 5.04 0.00 0.00 0.38 0.36 6.12 0.01 15.25

@1 = Shallow Cold Saline, 2 = Mackenzie Influenced, 3 = Outer Shelf Arctic
®WF = Whale feeding station, CTL = Control Station ( see Chapter 6).
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APPENDIX 5.25 Biomass (mg/m3) of the dominant zooplankton groups in surface (SB) bongo tows in the eastern Alaskan Beaufort Sea, Sept 1999.

» c =

0 4 w @ ke T 3

£s g o4 2 0 o 3 5
Depth Tow Sta. Samp. Water % S g 'é- S g & 2 < § ©
Transect (m)  Type No. No. Mass® 56 8 < @ s 5 S i s o
TRNP 1 SB 6 22 1 0.36 0.06 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.42
TRN 1 SB 7 26 1 0.80 0.05 0.00 0.00 0.00 0.15 0.03 0.00 0.00 1.02
TRN 1 SB 8 30 1 11.35 0.93 0.00 0.15 0.00 0.35 0.02 0.00 0.00 12.79
TRN 1 SB 9 33 1 0.46 0.25 0.00 0.00 0.00 0.45 0.01 0.00 0.00 1.17
TRN 1 SB 10 36 1 0.21 0.1 0.08 0.00 0.00 0.00 0.01 0.00 0.00 0.41
TRN 1 SB 11 40 1 9.13 1.59 0.04 0.00 0.00 0.23 0.03 0.00 0.00 11.01
TRN 1 SB 12 44 1 0.96 0.30 0.51 0.00 0.00 0.08 0.03 0.00 0.00 1.88
TRN 1 SB 13 48 1 10.37 0.20 0.31 0.00 0.00 0.51 0.00 0.00 0.00 11.39
TRN 1 SB 16 59 1 1.00 0.01 0.08 0.00 0.00 0.05 0.17 0.00 0.00 1.31
TRN 1 SB 18 66 1 88.68 18.98 0.00 0.00 0.00 10.81 0.01 0.00 0.00 118.48
TRN 1 SB 19 69 1 0.07 0.25 0.00 0.00 0.15 0.03 0.00 0.00 0.00 0.50
TRN 1 SB 20 73 1 1.89 3.27 0.00 0.00 0.00 0.02 0.03 0.00 0.00 5.20
TRN 1 SB 21 78 1 2.31 0.20 0.06 0.00 0.00 0.01 0.01 0.00 0.00 2.58
TRN 1 SB 22 82 1 72.60 3.67 1.41 0.00 0.70 23.92 0.00 0.05 0.01  102.35
CTL 1 SB 2 7 1 15.99 0.04 0.00 0.00 0.00 0.01 0.17 0.00 0.00 16.22
CTL 1 SB 5 18 1 1.55 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.56
TRN/CTL 1 SB 17 63 1 24.23 0.42 0.83 0.00 0.00 0.12 0.01 0.20 0.00 25.81
TRN/WF 1 SB 14 51 1 0.01 0.65 0.00 0.00 0.00 0.08 0.01 0.00 0.01 0.76
TRN/WF 1 SB 15 55 1 0.25 0.37 0.00 0.00 0.00 0.10 0.07 0.00 0.00 0.80
WF 1 SB 1 1 1 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01
WF 1 SB 3 10 1 3.35 0.10 0.04 0.00 0.00 0.00 0.00 0.00 0.00 3.49
WF 1 SB 4 14 1 0.19 0.25 0.00 0.00 0.00 0.05 0.03 0.00 0.00 0.52

@1 = Shallow Cold Saline, 2 = Mackenzie Influenced, 3 = Outer Shelf Arctic

®WF = Whale feeding station, CTL = Control Station ( see Chapter 6).
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APPENDIX 5.26. Biomass (mg/m3) of the dominant zooplankton species in oblique (OB) bongo tows in the eastern Alaskan Beaufort Sea, Sept
2000.

Cnidarians/Ctenophores Copepods Amphipods] Euphausiids | Mysids | Chaetognaths | Larvaceans] Fish
2] . 3 S

:‘E © » ‘13’ (;g % ‘q% ] % ©

T 3 k) 9] o @ IS = Q k]
S| g gl E| | g E| S| g §le | s S S HEE
S 5| S| § sl 81 3| 3 S gl 3 |8 L 2 Py 2| 8 g g o ]
@ S of| & al £ ® N 3 2§ s|l2e| € @ @ [ (- R} sl 3 £
2 o gl = 2 5 S| 3 ® o|l% 2l =I5 3| § S S S| S ) S| B S
S S S 9 S © 3 < 3 38§51 3l 8 < S ] o 5 ol 3 I3 o
< < () < — [0} I~ < 2= @ = (%] o = Q. o —
Depth Tow Sta. Samp. Water| 51 s €| 5 Z| e | % S| Slss| slggl g g g a| £ S gl ¢ [
Transect (m) Type No. No. Mass®’] < | & @] =F| 3] & = 8] Sl5E|l sSIe8 & & & S 3 3 5] &K 2
TRN-1 10 OB 1 1 1 0.07 0.66 16.13 0.00 10.50 0.00 0.00 892 26.65 151 126 0.02 0.00 0.00 1.49 0.00 0.00 0.16 0.69 0.14 0.00 70.60
TRN-1 18 OB 2 4 1 0.09 336 0.00 0.00 19.24 0.00 8.39 46.69 31.41 7.34 0.20 0.27 0.08 0.00 0.85 0.00 0.00 0.1 37.81 0.33 1.21 157.81
TRN-1 30 OB 3 9 1 0.03 398 1.10 0.04 7.62 0.00 60.57 19.27 29.73 118.14 0.00 0.64 3.87 0.00 3.46 0.00 0.02 3.53 30.64 0.49 0.36 285.08
TRN-2 8 OB 4 12 1 0.02 134 210 0.00 10.03 0.00 0.00 092 1573 0.61 069 0.00 0.00 0.00 0.00 0.50 1213 0.23 6.89 0.00 1.95 56.30
TRN-2 19 OB 5 15 1 0.00 1.10 0.00 0.00 0.00 841 0.00 16.24 4438 4.41 0.02 0.14 0.38 0.00 9.59 0.00 1.73 0.02 2413 0.02 0.00 111.66
TRN-2 28 OB 6 19 1 043 329 0.00 0.00 343 017 0.00 250 26.48 4062 0.09 064 163 0.11 3.32 0.00 0.00 0.57 40.57 0.08 0.30 126.84
TRN-2 47 OB 7 23 1 0.20 17.74 0.00 0.00 4.65 0.00 0.00 1564 26.46 52.08 0.16 793 3.81 052 3.14 0.00 0.00 20.20 10.65 0.31 0.38 184.17
TRN-3 9 OB 8 27 1 0.25 445 0.00 0.00 0.00 0.00 0.00 090 38.62 4352 210 0.03 0.56 529 0.00 0.00 3.19 1.60 38.79 0.14 0.98 153.34
TRN-3 18 OB 9 30 1 055 843 2.05 0.00 0.00 0.00 0.00 097 3243 2527 005 063 023 182 045 0.00 0.00 0.36 11.77 0.27 0.61 91.66
TRN-3 28 OB 10 34 1 0.04 1573 1.70 0.00 0.00 0.00 0.00 0.00 3049 64.35 0.05 200 0.64 236 2.05 0.00 0.00 0.97 6.12 0.13 0.00 129.15
TRN-3 45 OB 11 38 1 0.00 13.57 0.00 0.00 0.00 0.00 0.00 2551 19.02 4549 0.11 9.26 1.85 052 0.35 0.00 0.00 5.53 2.26 0.25 0.00 127.40
TRN-4 8 OB 12 42 1 0.03 390 6.75 0.00 0.00 0.00 0.00 0.00 25.60 62.54 465 0.17 0.29 0.00 0.00 0.00 3.81 0.12 4.48 0.06 0.00 114.02
TRN-4 18 OB 13 45 1 0.06 33.52 0.30 0.86 0.00 0.00 0.00 7.03 33.63 152.39 058 1.16 1.33 1.12 251 0.00 0.09 1.77 48.36 0.64 0.00 288.75
TRN-4 28 OB 14 49 1 0.28 1832 1.74 0.38 0.00 0.35 0.00 0.39 29.69 3853 0.03 079 0.75 469 217 0.00 0.00 1.27 18.48 0.14 0.00 120.23
TRN-4 40 OB 15 53 1 115 1545 0.00 0.00 0.00 0.00 1.84 3.22 20.69 40.71 0.02 424 066 0.00 0.52 0.00 0.00 2.97 9.90 0.39 0.47 108.01
TRN-5 9 OB 16 58 1 0.15 0.00 7.01 0.03 36.94 0.00 0.00 053 27.00 1.38 6.60 0.00 0.00 0.00 0.00 0.00 241 0.21 1.58 0.03 0.00 92.25
TRN-5 18 oB 17 61 1 0.00 6.81 0.94 0.00 0.00 416 0.00 3860 4752 13.61 0.05 6.00 144 149 1.98 0.00 0.11 1.84 82.74 0.02 0.31 210.91
TRN-5 20 OB 18 66 1 0.61 1506 0.00 0.00 3.50 0.00 0.00 061 6147 19.28 0.02 0.18 0.27 0.14 12.88 0.00 0.00 0.10 30.84 0.03 9.13 158.02
TRN-6 40 OB 19 70 1 0.27 16.30 0.00 0.00 0.23 0.00 2.69 498 5556 92.66 0.01 281 4.18 152 426 0.00 0.00 2.19 2713 0.19 0.88 217.15
TRN-6 39 OB 20 74 1 0.21 1233 259 0.00 0.00 0.00 0.53 6.09 26.27 63.60 025 140 250 0.00 19.95 0.00 0.00 0.75 28.73 0.07 1.83 171.27
TRN-6 26 OB 21 78 1 0.67 4989 211 0.04 0.00 0.63 0.00 251 27.46 121.83 057 081 1.60 0.82 0.00 16.77 0.00 1.83 43.72 0.38 8.70 286.20
TRN-6 18 OB 22 82 1 0.66 27.88 041 0.00 0.00 0.00 0.00 1.05 34.83 71.11 025 0.16 0.30 0.69 26.22 0.00 0.00 0.54 62.62 0.13 8.86 244.44
TRN-6 8 OB 23 86 1 015 570 046 0.00 0.00 201 0.00 458 2438 7.22 0.03 006 0.77 0.00 12.02 0.00 0.34 0.00 33.09 0.00 1.36 97.30
TRN-7 38 OB 24 89 1 0.32 1593 564 0.00 0.65 0.00 0.00 4.70 128.36 86.20 0.94 254 143 6.14 15.67 0.00 0.00 3.88 57.22 0.27 2.23 342.96
TRN-7 26 OB 25 93 1 042 11.24 0.22 0.00 0.00 0.00 0.00 1.86 28.65 160.00 0.00 0.63 0.31 0.68 14.64 0.00 0.00 0.16 46.07 0.13 2.80 276.39
TRN-7 18 OB 26 97 1 0.26 119.10 245 0.00 0.00 0.00 0.00 17.69 52.74 170.81 0.04 220 0.82 0.00 6.45 0.00 161 0.75 42.26 0.18 1.25 421.20
TRN-7 10 oB 27 101 1 046 528 5.83 0.40123.82 0.06 0.00 20.81 2445 9.16 6.03 0.23 0.00 0.00 0.34 0.00 14.04 0.77 6.63 0.03 0.00 218.89
TRN-8 14 OB 28 104 1 158 747 098 797 0.00 0.00 0.00 2.61 105.75 53.85 0.42 0.03 1.35 578 17.73 0.00 0.42 0.00 50.74 0.00 0.00 265.80
TRN-8 18 OB 29 108 1 038 540 0.72 0.00 0.00 0.00 2.81 7.06 77.04 2999 0.00 0.05 0.26 3.84 28.63 0.00 1.18 0.05 37.77 0.05 1.85 203.12
TRN-8 25 OB 30 112 1 0.65 4156 0.09 0.03 2.36 0.00 024 0.70 32.38 9229 0.06 0.38 2.37 0.00 107.62 0.00 0.00 0.66 55.30 0.25 1.98 341.92

#1 = Shallow Cold Saline, 2 = Mackenzie Influenced, 3 = Outer Shelf Arctic

uoynqLysiqy 3 ssvuworg ‘uonisoduio)) sa1vads uopyuvidooz ¢§

69-S



APPENDIX 5.27. Biomass (mg/m’) of the dominant zooplankton groups in oblique (OB) bongo tows in the eastern Alaskan Beaufort Sea, Sept
2000.

3 ® & £ %)

s2l g | % 2 S 5

po S =3 2 ® 8 §’ 8
Depth Tow Sta. Samp. Water g i) g 5 S 8 3 8 2 < 3 I
a = Q = = > Jog R & [ = o
Transect (m) Type No. No. Mass (SN (&) < L = =] (&) — iC O =
TRN-1 10 OB 1 1 1 36.28 31.85 0.00 1.49 0.00 0.00 0.85 0.14 0.00 0.00 70.60
TRN-1 18 OB 2 4 1 77.89 39.35 0.08 0.85 0.00 0.12 37.92 0.33 1.21 0.05 157.81
TRN-1 30 OB 3 9 1 92.61 149.48 3.93 3.46 0.02 0.05 34.16 0.49 0.86 0.00 285.08
TRN-2 8 OB 4 12 1 14.41 17.07 0.04 0.50 12.13 0.33 7.12 0.00 4.67 0.04 56.30
TRN-2 19 OB 5 15 1 25.75 4935 0.83 9.59 1.73 0.24 2414 0.02 0.00 0.00 111.66
TRN-2 28 OB 6 19 1 9.82 68.66 2.14 3.32 0.00 0.52 41.14 0.08 1.15 0.00 126.84
TRN-2 47 OB 7 23 1 54.98 89.54 459 3.14 0.00 0.03 30.84 0.31 0.38 0.34 184.17
TRN-3 9 OB 8 27 1 10.83 84.31 9.18 0.00 3.19 0.1 40.39 0.14 5.18 0.01 153.34
TRN-3 18 OB 9 30 1 16.30 5887 286 045 0.00 0.08 12.13 0.27 0.61 0.08 91.66
TRN-3 28 OB 10 34 1 1822 9859 3.00 205 0.00 0.06 7.09 0.13 0.00 0.02 129.15
TRN-3 45 oB 11 38 1 39.08 7740 237 0.35 0.00 0.15 7.79 0.25 0.00 0.01 127.40
TRN-4 8 OB 12 42 1 10.67 93.14 1.37 0.00 3.81 0.38 4.60 0.06 0.00 0.00 114.02
TRN-4 18 OB 13 45 1 41.77 189.56 265 2.51 0.09 1.20 50.13 0.64 0.06 0.14 288.75
TRN-4 28 OB 14 49 1 21.47 69.38 5.60 2.17 0.00 0.72 19.75 0.14 0.00 1.00 120.23
TRN-4 40 OB 15 53 1 25.10 66.89 0.80 0.52 0.00 0.45 12.87 0.39 0.47 0.52 108.01
TRN-5 9 OB 16 58 1 4513 3536 0.26 0.00 2.41 0.00 1.79 0.03 7.28 0.00 92.25
TRN-5 18 oB 17 61 1 50.52 67.26 3.23 1.98 0.1 2.07 84.57 0.02 1.14 0.00 210.91
TRN-5 20 OB 18 66 1 19.78 80.94 0.58 12.88 0.00 3.44 30.94 0.03 9.13 0.31 158.02
TRN-6 40 OB 19 70 1 2453 15133 592 4.26 0.00 0.68 29.32 0.19 0.88 0.04 217.15
TRN-6 39 OB 20 74 1 21.76 92.35 2.69 19.95 0.00 2.49 29.48 0.07 2.25 0.25 171.27
TRN-6 26 OB 21 78 1 55.84 150.75 3.11 16.77 0.00 2.41 4555 0.38 9.82 1.56 286.20
TRN-6 18 OB 22 82 1 30.02 107.73 1.14 26.22 0.00 4.82 63.16 0.13 8.86 2.35 244 .44
TRN-6 8 OB 23 86 1 12.92 31.88 1.02 12.02 0.34 0.12 33.09 0.00 5.92 0.00 97.30
TRN-7 38 OB 24 89 1 27.25 218.75 8.06 15.67 0.00 0.67 61.10 0.27 10.42 0.76 342.96
TRN-7 26 OB 25 93 1 13.74 190.97 1.25 14.64 0.00 4.25 46.22 0.13 4.67 0.52 276.39
TRN-7 18 OB 26 97 1 139.50 22755 1.05 6.45 1.61 0.31 43.01 0.18 1.25 0.29 421.20
TRN-7 10 oB 27 101 1 156.66 40.36 0.00 0.34 14.04 0.06 7.41 0.03 0.00 0.00 218.89
TRN-8 14 OB 28 104 1 2216 160.21  7.57 17.73 0.42 0.21 50.74 0.00 6.68 0.08 265.80
TRN-8 18 OB 29 108 1 16.38 107.97 455 28.63 1.18 1.25 37.81 0.05 1.85 3.46 203.12
TRN-8 25 OB 30 112 1 45.62 125.12 2.80 107.62 0.00 2.55 55.96 0.25 1.98 0.01 341.92

@ 1 = Shallow Cold Saline, 2 = Mackenzie Influenced, 3 = Outer Shelf Arctic
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APPENDIX 5.28. Biomass (mg/m3) of the dominant zooplankton groups in horizontal (HB) bongo tows in the eastern Alaskan Beaufort Sea, Sept
2000.

3 & @ & :éj @
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S =3 = © ] =] S = _
Tow Samp. Water = 2 =3 g % [ g = z o
Transect Depth (m) Type  Sta. No. No. Mass® 5T 3 g i s S 3 £ o =
TRN-1 8 HB 1 3 1 61.38 78.81 0.89 0.43 0.88 0.52 0.09 2.48 047 145.46
TRN-1 [} HB 2 [} 1 34.07 45.88 118 0.85 1.25 37.12 0.30 0.79 0.10 121.33
TRN-1 6 HB 2 T 1 22.88 58.10 0.32 0.1 0.00 39.33 0.13 0.07 0.14 121.09
TRN-1 28 HB 3 10 1 25.98 102.90 9.69 5.48 0.00 28.70 0.22 0.48 0.07 173.51
TRN-1 10 HB 3 11 1 8.88 31.29 0.48 0.00 0.00 1.84 0.03 2.89 0.01 45.01
TRN-2 7 HB 4 14 1 39.20 42.03 0.64 1.33 14.23 16.74 0.41 1.73 013 116.45
TRN-2 17 HB 5 17 1 51.01 48.63 2.30 14.45 4.76 109.90 1.21 2.88 078 23392
TRN-2 11 HB 5 18 1 25.04 68.35 0.14 0.03 0.06 12.89 0.07 0.77 012 107.47
TRN-2 27 HB 8 21 1 14.90 168.73 1.78 11.38 0.00 2075 0.20 1.24 045 219.41
TRN-2 10 HB 5} 22 1 7.79 38.93 0.68 0.00 0.00 1.89 0.01 0.72 0.50 50.30
TRN-2 45 HB 7 25 1 14.60 79.71 1.62 0.77 0.00 66.30 2.16 0.37 0.21 185.74
TRN-2 15 HB 7 26 1 189.24 79.44 1.24 0.00 0.00 5.58 0.25 0.00 0.78 276.51
TRN-3 9 HB 8 29 1 47.94 188.10 5.85 0.49 0.87 100.57 0.18 0.20 1.60 345.80
TRN-3 15 HB 9 32 1 80.53 105.09 0.97 0.53 0.00 48.38 017 012 0.15 23592
TRN-3 T HB e} 33 1 2.70 51.68 2.09 0.00 0.00 3.55 0.49 219 0.33 73.03
TRN-3 25 HB 10 36 1 48.02 95.15 4.78 4.58 0.00 22.54 0.06 0.00 0.03 175.17
TRN-3 7 HB 10 37 1 25.30 86.35 10.88 0.00 0.05 3.08 0.01 0.54 0.20 108.40
TRN-3 43 HB 11 40 1 10.08 150.15 4.64 2.00 0.00 16.97 1.76 0.00 0.06 185.66
TRN-3 15 HB 11 41 1 33.18 48.39 8.82 0.00 0.00 3.868 0.03 0.00 0.53 92.81
TRN-4 8 HB 12 44 1 15.29 303.21 1.08 1.01 11.81 5.94 0.02 0.55 0.03 338.95
TRN-4 16 HB 13 47 1 81.98 153.15 2.48 312 0.00 52.15 0.49 0.00 0.60 203.97
TRN-4 [} HB 13 48 1 59.37 135.03 5.73 1.90 0.00 438.34 0.32 0.23 5.10 256.01
TRN-4 22 HB 14 51 1 23.90 81.44 4.55 0.00 0.00 26.48 0.28 0.00 0.53 137.17
TRN-4 8 HB 14 52 1 15.48 41.64 8.38 0.00 0.00 1.49 0.83 0.00 347 71.28
TRN-4 35 HB 15 55 1 11.51 72.99 2.84 0.00 0.00 Q.76 0.08 0.00 013 97.30
TRN-4 15 HB 15 58 1 72.85 109.12 3.99 0.00 0.00 12.61 0.16 3.64 1.59 203.96
TRN-4 7 HB 15 57 1 5.55 88.13 213 0.00 0.00 1017 0.29 2.82 0.28 89.17
TRN-5 9 HB 16 80 1 38.53 76.89 0.53 0.09 1.85 7.1 0.03 2.86 0.1 125.80
TRN-5 18 HB 17 83 1 48.88 49.49 4.39 3.18 3.863 336.56 0.06 3.73 0.78 450.85
TRN-5 9 HB 17 B84 1 20.34 98.67 1.33 0.00 0.52 101.78 0.03 2.20 2.01 226.88
TRN-5 5 HB 17 B85 1 15.47 136.23 0.42 0.00 0.00 58.22 0.03 042 0.62 200.42
TRN-5 15 HB 18 88 1 52.31 41.79 1.68 34.37 1.91 32.10 0.07 8.74 2.83 17578
TRN-5 [} HB 18 B89 1 12.90 33.50 1.21 0.00 0.00 3.00 0.03 4.94 1.93 57.60
TRN-8 30 HB 19 72 1 110.82 32251 B8.82 2.23 0.00 53.08 0.38 2.99 0.88 499.50
TRN-8 5 HB 19 73 1 11.08 36.65 0.21 0.00 0.00 0.49 2.33 3.05 0.54 54 .37
TRN-8 28 HB 20 76 1 14.66 212.57 2.59 71.98 0.00 39.62 0.09 0.00 0.64 34216
TRN-8 10 HB 20 77 1 273 36.39 0.66 0.70 0.00 9.42 0.33 13.10 248 65.81
TRN-6 22 HB 21 380 1 32.65 71.49 3.47 63.03 0.00 59.46 0.26 8.25 3.10 241.71
TRN-8 8 HB 21 381 1 183.99 113.30 3.28 1.08 0.00 2515 0.15 6.30 15.37 348.58
TRN-8 17 HB 22 84 1 21.44 87.89 3.82 90.59 0.98 287.83 0.16 4.83 14.49 511.84
TRN-8 8 HB 22 85 1 36.94 112.47 0.88 0.55 0.00 17.80 0.35 28.53 413 199.85
TRN-8 8 HB 23 88 1 19.05 71.60 0.64 46.83 0.07 468.73 0.00 9.51 0.21 194.64
TRN-7 34 HB 24 o1 1 452.42 209.85 5.51 13.55 0.00 55.61 0.79 1.13 11.19 750.04
TRN-7 8 HB 24 92 1 2.98 36.32 1.68 0.00 0.00 219 0.38 0.00 078 44 .32
TRN-7 24 HB 25 95 1 8§2.99 413.43 3.1 62.20 0.00 156.81 0.38 11.41 1.05 731.39
TRN-7 8 HB 25 98 1 21.44 203.53 1.09 0.00 0.00 16.83 0.43 4.07 0.51 24791
TRN-7 10 HB 26 Q9 1 311.36 323.05 0.60 219 0.00 76.87 0.06 413 573 723.99
TRN-7 5 HB 28 100 1 115.49 514.09 0.94 0.00 0.00 7.55 0.40 0.30 0.30 630.08
TRN-7 9 HB 27 103 1 213.11 203.98 1.32 0.81 2.68 34.62 0.00 4.42 1.83 482.31
TRN-8 5 HB 28 107 1 8.52 148.58 7.95 0.75 0.00 1.27 0.09 0.27 0.88 166.10
TRN-8 11 HB 28 108 1 13513 81.75 10.94 3.57 248 5695 0.01 1.49 1.05 273.35
TRN-8 6 HB 29 111 1 8.03 110.68 0.96 0.82 0.00 3.29 0.32 1.52 0.55 126.17
TRN-8 13 HB 29 110 1 21.27 53.74 5.49 15.95 117 13.11 0.20 3.88 2.50 117.28
TRN-8 [} HB 30 115 1 2.28 47.60 0.44 0.00 0.00 0.18 0.12 17.08 0.12 687.80
TRN-8 18 HB 30 114 1 89.83 107.19 4.02 186.00 2.53 99.20 0.49 2.30 3.38 497.95

? 1 = Shallow Cold Saline, 2 = Mackenzie Influenced, 3 = Outer Shelf Arctic
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APPENDIX 5.29. Biomass (mg/m3) of the dominant zooplankton groups in surface (SB) bongo tows in the eastern Alaskan Beaufort Sea, Sept

2000.
[77] ey
5 2 %) 5 § 5 g

Depth Tow Sta. Samp. Water % i g 'é- S E & s < g IS
Transect (m) Type No. No. Mass’| &S 3 < @ s S S iC e} e
TRN-1 1 SB 1 2 1 9.34 5.07 0.04 0.00 0.00 0.01 0.02 0.21 0.00 14.68
TRN-1 1 SB 2 5 1 0.16 1.34 0.04 0.00 0.00 0.00 0.01 0.00 0.00 1.54
TRN-1 1 SB 3 8 1 4.62 1.74 0.52 0.00 0.00 0.17 0.02 0.03 0.02 7.12
TRN-2 1 SB 4 13 1 19.04 6.58 0.12 0.00 0.42 12.42 0.02 0.00 0.17 38.77
TRN-2 1 SB 5 16 1 3.52 2.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 5.52
TRN-2 1 SB 6 20 1 16.01 8.33 0.45 0.00 0.00 0.01 0.00 0.00 0.01 24.79
TRN-2 1 SB 7 24 1 4.64 3.65 0.85 0.00 0.00 0.23 0.00 0.00 0.00 9.37
TRN-3 1 SB 8 28 1 9.06 23.21 3.58 0.00 0.03 0.29 0.02 0.00 0.11 36.30
TRN-3 1 SB 9 31 1 0.48 0.73 0.48 0.00 0.00 0.05 0.05 0.00 0.00 1.79
TRN-3 1 SB 10 35 1 2.65 2.23 0.09 0.00 0.00 0.01 0.01 0.00 0.00 5.00
TRN-3 1 SB 11 39 1 0.11 0.94 0.04 0.00 0.00 0.02 0.01 0.00 0.00 1.12
TRN-4 1 SB 12 43 1 1.75 43.67 0.55 0.00 0.32 0.17 0.03 0.00 0.14 46.62
TRN-4 1 SB 13 46 1 2.28 39.66 0.72 0.00 0.02 0.66 0.27 0.00 0.03 43.63
TRN-4 1 SB 14 50 1 0.01 1.48 0.00 0.00 0.00 0.01 0.01 0.00 0.01 1.52
TRN-4 1 SB 15 54 1 0.89 1.06 0.06 0.00 0.00 0.00 0.00 0.00 0.00 2.01
TRN-5 1 SB 16 59 1 24.49 23.17 0.00 0.00 0.00 1.93 0.00 0.00 0.01 49.59
TRN-5 1 SB 17 62 1 9.35 26.39 0.06 0.00 0.00 4.35 0.01 0.00 0.03 40.19
TRN-5 1 SB 18 67 1 14.87 30.31 0.34 0.00 0.00 0.36 0.01 0.00 0.01 45.90
TRN-6 1 SB 19 71 1 6.43 31.04 0.16 0.00 0.00 0.01 0.04 0.00 0.00 37.68
TRN-6 1 SB 20 75 1 7.50 9.86 0.33 0.00 0.00 0.06 0.26 0.00 0.04 18.04
TRN-6 1 SB 21 79 1 2.88 4.26 0.00 0.40 0.00 0.06 0.09 0.00 0.00 7.70
TRN-6 1 SB 22 83 1 1.01 10.34 0.12 0.00 0.00 0.31 0.01 0.00 0.26 12.06
TRN-6 1 SB 23 87 1 29.66 51.17 0.21 0.24 0.00 28.35 0.00 0.82 0.04 110.49
TRN-7 1 SB 24 90 1 0.79 22.75 0.14 0.00 0.00 0.05 0.01 0.00 0.01 23.75
TRN-7 1 SB 25 94 1 1.10 9.80 0.22 0.00 0.00 0.13 0.01 0.00 0.00 11.26
TRN-7 1 SB 26 98 1 5.72 30.68 0.11 0.00 0.00 0.11 0.05 0.00 0.00 36.67
TRN-7 1 SB 27 102 1 3.65 0.89 0.00 0.00 0.00 0.05 0.00 0.29 0.12 4.99
TRN-8 1 SB 28 105 1 6.26 105.85 0.36 0.00 0.00 0.08 0.00 0.00 0.06 112.61
TRN-8 1 SB 29 109 1 0.12 4.9 0.07 0.00 0.00 0.01 0.00 0.00 1.25 6.35
TRN-8 1 SB 30 113 1 0.95 0.45 0.36 0.60 0.00 0.03 0.00 0.00 0.00 2.38

@1 = Shallow Cold Saline, 2 = Mackenzie Influenced, 3 = Outer Shelf Arctic
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6. ZOOPLANKTON AND WATER MASSES AT BOWHEAD WHALE
FEEDING LOCATIONS IN THE EASTERN BEAUFORT SEA

William B. Grifﬁthsl, Denis H. Thomson ? and Michael S.W. Bradstreet >
Introduction

Bowhead whales of the Bering—Chukchi—Beaufort (BCB) stock winter in the Bering Sea and an-
nually migrate to summering areas in the Beaufort Sea and Amundsen Gulf (Moore and Reeves 1993). It
has traditionally been assumed that bowheads, like other mysticete whales, feed primarily during summer
and autumn (Lowry 1993). If so, a primary reason for the annual migration to the Beaufort Sea would be
to reach preferred feeding areas. This would imply that summering areas are rich in food, and important
to the whales that travel a round-trip distance of several thousand kilometers to feed in those areas.

Many BCB bowhead whales arrive in Canadian waters in June. At that time at least part of the
population is present in the extreme eastern Beaufort Sea and Amundsen Gulf area, having traveled from Point
Barrow, Alaska, to Banks Island through offshore waters where there are cracks and leads in the ice (Braham
et al. 1984; Moore and Reeves 1993). By early to mid August, bowheads are present in inshore waters of the
Canadian Beaufort Sea, near the Bathurst and Tuktoyaktuk Peninsulas, Mackenzie Delta, and/or Yukon coast.
In some years, many bowheads remain in those areas until well into September (Richardson et al. 1987; Moore
and Reeves 1993). Behavioral observations indicate that they spend a considerable amount of time feeding in
the Canadian Beaufort Sea (Wiirsig et al. 1985, 1989; Dorsey at al. 1989; see also Chapter 12).

The eastern part of the Alaskan Beaufort Sea may represent a western extension of the late-summer
feeding range for bowhead whales. The westward migration of bowhead whales along the Beaufort Sea
coast starts in August, when many bowheads in the Canadian Beaufort Sea begin to move gradually west,
and when bowheads start to appear along the Alaskan coast. Feeding whales have been observed in the
eastern Alaskan Beaufort Sea during the late summer/early autumn period in each of the five years of this
study, though with widely varying frequencies in different years (Chapters 9, 12). The overall sighting
rates of bowheads in the eastern Alaskan Beaufort Sea during late summer and early autumn were sub-
stantially higher in 1990-2000 than in the 1980s, although widely variable among years (Chapter 9).

Bowhead whales and the closely related right whales are filter feeders. Their feeding apparatus
allows them to feed while moving through the water (Pivorunas 1979). They feed on zooplankton. Cope-
pods were the dominant food items (by volume) in 13 of 21 stomach samples from bowhead whales har-
vested in the eastern Alaskan Beaufort Sea in autumn, while euphausiids were dominant in 5 of 21
stomachs; mysids and amphipods occasionally were important (Lowry and Sheffield, Chapter 18). In
contrast, stomachs of bowheads harvested in autumn some 500 km farther west, near Barrow, Alaska,
were dominated by euphausiids (Chapter 18).

"' LGL Ltd., environmental research associates, 9768 Second St., Sidney, B.C. V8L 3Y8. Phone: 250-
656-0127; e-mail: bgriff@lgl.com

2 LGL Ltd., environmental research associates, 22 Fisher St., POB 280, King City, Ont. L7B 1A6.
Phone: 905-833-1244. e-mail: dthomson@lgl.com

3 Present address of MSWB: Bird Studies Canada, P.O. Box 160, Port Rowan, Ont. NOE IMO0. Phone:
519-586-3531; e-mail: mbradstreet@bsc-eoc.org



6-2 Bowhead Whale Feeding in the E Alaskan Beaufort Sea

The purposes of this study were (1) to describe the characteristics of bowhead feeding areas in the
castern Alaskan Beaufort Sea, with emphasis on the zooplankton and water masses found there; (2) to
determine whether bowhead whales feed in areas where zooplankton is concentrated; and (3) to determine
the quantity and kinds of zooplankton associated with feeding bowhead whales. This study was one part
of a broader investigation of the importance of the eastern part of the Alaskan Beaufort Sea for feeding by
bowhead whales. The study included field sampling during September of five years, 1985-86 and 1998—
2000 (Table 6.1). In addition, similar studies were conducted during 1980, 1981, 1985 and 1986 farther
east in the Canadian part of the Beaufort Sea, where most BCB bowhead whales summer. In this
analysis, we use results from both of these areas to document characteristics of bowhead feeding areas.

Methods

In the Eastern Alaskan Beaufort Sea, zooplankton was sampled at 21 stations where bowhead
whales were either observed feeding or where whales had been observed feeding the previous day (Table
6.1; Fig. 6.1A; Appendix 6.1). * Feeding bowheads were not encountered during zooplankton sampling
in that area in September 1985 and 2000. Zooplankton was sampled at other stations along systematic
transects during all five years (see Griffiths and Thomson, Chapter 5). Aircraft-based observers guided
the sampling boat to feeding whales seen during aerial reconnaissance, systematic aerial surveys, or
systematic aerial observations of whale behavior, as described in Chapters 9—12. On 7 occasions, whales
were still present when the boat arrived on site, in which case sampling was conducted near bowheads
observed from the boat. In other cases, the whales had departed by the time the boat arrived and sampling
was conducted at locations transmitted to the boat by aerial observers. For each feeding station sampled,
a “control” station was also sampled about 8 to 10 km from the feeding station.

In the Canadian Beaufort Sea, zooplankton near feeding bowheads was sampled at a total of 16
stations (Table 6.1; Fig. 6.1B). Sampling in late August and early September of 1980, and August 1981,
was conducted during an BLM-sponsored study of the behavior of bowhead whales. The project aircraft
directed the boat to areas where whales were observed to be feeding. In 1985 and 1986, the boat sampled
in areas where bowhead whales were seen from the boat. In addition, in 1986, samples taken along
systematic transects at places where no whales were seen from the boat were later classified as being in
(or not in) one of two large areas—diameter 40 and 100 km—where whales were often observed during
concurrent aerial surveys by Ford et al. (1987). In 1988, zooplankton was sampled opportunistically at a
single whale feeding station off Shingle Point, along the Yukon coast, during a zooplankton study.

Temperature and Salinity Measurements

Vertical profiles of temperature and salinity were obtained at all systematic sampling stations,
except for the single station off Shingle Point in 1988. In the Canadian Beaufort, we used a Hydrolab
System 8000 in 1980-81 and a System 4021 in 1985, and an Applied Microsystems CTD-12 (CTD =
Conductivity—Temperature—Depth) in 1986. The CTD-12 was also used in the Alaskan Beaufort Sea in

*In 1986, the vessel that sampled in the eastern Alaskan Beaufort Sea also sampled near bowheads feeding off the
Yukon coast west of Herschel Island on two dates (4 and 7 Sept.; Fig. 6.1A). Sampling at these two stations 50 and
5 km into Canada employed the same methods as in Alaska, not the methods used farther east in the Canadian Beau-
fort Sea in 1986. Subsequent references to sampling in the eastern Alaskan Beaufort during 1986 include these two
stations. However, whales were seen from the boat at only 1 of these 2 stations—the one 5 km into Canada. Thus,
analyses of zooplankton at stations where whales were seen from the boat use data from Alaskan waters plus one
station ~5 km into Canada. All sampling described as being in the Canadian Beaufort was east of Herschel Island.



TABLE 6.1. Summary of sampling effort in the Canadian and Eastern Alaskan Beaufort Sea, showing the dates of sampling, vessels used, and
kind of guidance received by the vessels. “# Stations” refers to stations near bowhead whales; many additional stations without whales were also
sampled.

Year Dates # Stations Vessel (LOA)' Positioning Aerial guidance References
Canadian Beaufort Sea (east of Herschel Isl.)
1980 14-26 Aug 1 Ungaluk (14 m), zodiac NavSat, theodolite Search and direction Griffiths and Buchanan 1982
Imperial Sarpik (21 m) radar
1981  31Jul-25 Aug 3 Sequel (12.5m) Radar, NavSat Search and direction Griffiths and Buchanan 1982
1985 23-30 Aug 4 Sequel (12.5m) Radar, NavSat Surveys in area Bradstreet and Fissel 1986
1986 28 Aug-8 Sep 7 Arctic Ivik (67 m) NavSat Surveys in area Bradstreet et al. 1987
1988 12 Sep 1 Boston whaler (7 m) Dead reckoning None LGL Limited, Unpublished Data
Eastern Alaskan Beaufort Sea (and east to Herschel Isl.)?
1985 1-20 Sep 0 Annika Marie (13 m) NavSat Search and direction Griffiths et al. 1987; Johnson and Griffiths 1990; Chapter 5
1986 4-19 Sep 6 Annika Marie (13 m) NavSat Search and direction Griffiths et al. 1987; Johnson and Griffiths 1990; Chapter 5
1998 11-22 Sep 10 Annika Marie (13 m) GPS Search and direction Chapter 5
1999 16-22 Sep 5 Annika Marie (13 m) GPS Search and direction Chapter 5
2000 10-21 Sep 0 Annika Marie (13 m) GPS Search and direction Chapter 5

" Length overall
2 Locations are shown in Appendix 6.1
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FIGURE 6.1. Locations of sampling near feeding bowhead whales (A) in and near Alaskan Beaufort Sea,
and (B) in Canadian Beaufort Sea from Herschel Island eastward. Details about each station are shown
in Appendices 6.1 and 6.3.
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1985-86, and a digital Sea-Bird SBE 19 was used in 1998-2000. Methods for deploying the instruments
and for retrieving and analyzing the data are described by Griffiths (Chapter 4) and Griffiths and Thom-
son (Chapter 5). They also describe the accuracy of the meters.

Zooplankton Sampling

1981-86 and 1998-2000.—In 1981, 1985, and 1998-2000, oblique and horizontal zooplankton
tows were made using a standard bongo assembly towed behind the boat. In 1986, standard bongo nets
were used in the Canadian Beaufort and for oblique and surface tows in the eastern Alaskan Beaufort.
However, horizontal tows in Alaska in 1986 were taken with a Tareq opening and closing bongo assem-
bly. In all cases, the bongo frame was fitted with two 0.5 mm mesh, 0.61 m diameter, plankton nets and a
General Oceanics Inc. model 2030 flow meter. The horizontal tows were targeted to specific depths
where an echosounder showed an apparent zooplankton concentration. We used a 200 kHz Ross Fine
Line 250-M echosounder in the Canadian Beaufort Sea in 1981, 1985 and 1986, and Biosonics 200-430
kHz units (described later) in the eastern Alaskan Beaufort Sea in 1985-86 and 1998-2000. In 1985 and
1986, the depth of each horizontal tow in both the Alaskan and Canadian studies was recorded in real
time using an upward-looking depth sounder (Apelco Ranger model 1650) attached to the bongo frame.
In 1998-2000, the depth of the net during the tow was calculated using wire angle and the amount of wire
out. The actual depth profile of each 1998-2000 tow was determined later from data recorded with a
Wildlife Computers dive recorder (Model Mk7-S) attached to the bongo frame. In 1981, net sampling
depth was determined by measuring wire angle and the amount wire out.

In 1981, 1985-86 and 1998-2000, in all areas, horizontal tows lasted five minutes from the time
the net reached the desired depth. The net was lowered and retrieved slowly while the boat was moving
slowly to minimize sampling during ascent and descent. During the 1986 horizontal sampling in the
eastern Alaskan Beaufort, the net was open only when at the target depth.

Oblique tows were made by lowering the net to a depth near the bottom, raising it, and repeating
the process a second time, while the boat was moving. In areas deeper than 100 m, oblique tows were to
a maximum depth of 100 m.

The entire sample from one of the paired bongo nets was preserved in 10% formalin for analyses of
zooplankton biomass and numbers. Sub-samples from the other net were frozen and later sent to other
researchers for analyses of caloric, isotopic, and/or fatty acid content.

1980 and 1988.—Sampling in these two years was less systematic. In 1980, vertical tows were
taken using a 60 cm diameter plankton net with 0.5 mm mesh and an Inter Ocean model 313 flowmeter.
In 1988, a 0.5-mm mesh, 0.25-m diameter zooplankton net equipped with a General Oceanics Inc. model
2030 flow meter was used. Only shallow vertical tows and shallow horizontal tows were done in 1988,
given that the whales observed at this station were feeding at the surface.

Hydroacoustic Sampling

Eastern Alaskan Study Area.—Quantitative echosounder surveys were conducted between whale
feeding and control stations during September of 1986, 1999 and 2000, and along other transects in that
area during all five field seasons. Methods are described in Johnson and Griffiths (1990), Griffiths
(Chapter 4), and Griffiths and Thomson (Chapter 5). A single frequency (1998) or dual frequency (other
years) Biosonics echosounder was used.

Regression equations were developed to relate measured acoustic back scatter to matched data on
zooplankton biomass as determined from horizontal net tows (Johnson and Griffiths 1990; Griffiths,
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Chapter 4). These equations were then used to estimate zooplankton biomass at other places and depths
where echosounder but no net-tow data were available. Chapter 4 describes regression equations applic-
able to the 200 kHz echosounder data from the Alaskan Beaufort Sea in 1985-86, and to the 430 kHz
echosounder data in 1999-2000. For 1998, the correlation between matched echosounder (430 kHz) and
net-tow data was too weak to allow confident use of echosounder data in estimating zooplankton biomass
(Chapter 4). Along each transect, zooplankton biomass was integrated for each 2-m (1985-86) or 1-m
(1999-2000) depth interval within each 2-min (~240 m) horizontal interval.

Canadian Beaufort Sea.—The echosounder used in this area in 1981, 1985 and 1986 was useful in
selecting depths for horizontal tows through water with high (and low) apparent biomasses of zooplank-
ton. However, it did not provide quantitative estimates of zooplankton biomass.

Analyses of Zooplankton

The same person analyzed all samples from both regions. Samples were sieved through 163-um
mesh Nitex and examined under a low-power binocular microscope. Animals from all oblique tows were
identified to species, and those from horizontal tows to major taxa. After blotting on dry filter paper, the
sorted animals were wet-weighed to the nearest mg on an Acculab electronic balance.

For large samples, large or rare organisms were removed, identified and weighed, and then the
small animals were sub-sampled with a Folsom Plankton Splitter or a Hensen—Stempel pipette and treated
as above.

For each sample, the flow meter reading recorded during the tow was used to calculate the volume
of water filtered. This information, in conjunction with wet-weights for the individual species or groups,
was used to determine the wet-weight biomass in mg/m’. The opening and closing bongo net used for
horizontal tows in Alaska during 1986 underestimated biomass, as shown by matched tows with that net
and a standard bongo net. Therefore, results from 1986 horizontal tows with the opening and closing net
were corrected, i.e., scaled up, as described in Griffiths (Chapter 4).

Wet-weight data from oblique tows were used to calculate the average biomass of zooplankton in
the water column. Data from the horizontal tows were used to calculate wet-weight biomass at particular
depths at each station.

Results

Zooplankton Near Bowhead Whales in the Eastern Alaskan Beaufort Sea

Total Biomass.—Feeding whales were not observed in the eastern Alaskan Beaufort Sea in 1985
and 2000. Table 6.2 shows zooplankton biomass data from whale feeding locations in that area during
1986, 1998 and 1999. Average biomass in oblique tows, in the horizontal tow with highest biomass, and
in all horizontal tows were all higher in areas where bowheads were actively feeding, or where they had
been observed feeding but departed prior to arrival of the boat, than at nearby control stations.

Average biomass of zooplankton in 94 oblique tows taken at other locations in the eastern Alaskan
Beaufort Sea not shown in Fig. 6.1 or Table 6.2, and where whales were not observed, was 237 mg/m’ for
the years 1985-86 and 1998-2000 (Chapter 5). This value from sampling along systematic transects was
very similar to the average at control stations (233 mg/m’; Table 6.2).
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TABLE 6.2. Mean wet-weight biomass (mg/m3) of zooplankton at whale feeding vs.
matched control stations in the eastern Alaskan Beaufort Sea during September of 1986,
1998 and 1999. Shown separately are data from the horizontal tow at the depth with maxi-
mum biomass, from all horizontal tows, and from oblique tows at those stations. Also
shown are results from the subset of these stations where whales were actually observed
while sampling was being conducted.

Feeding Stations Control
Mean +s.d. n Mean +s.d. n
Horizontal Tows — Max. Biomass
All Feeding Stations 1986 2393 1431 5 578 586 5
1998 443 154 10 446 220 8
1999 675 149 5 355 398 3
All 989 1072 20 512 385 14
Whales Seen While Sampling 1986 2973 701 4 659 644 4
1998 771 1 144 1
1999 661 165 2 126 13 2
All 2006 1307 7 433 536 7
All Horizontal Tows
All Feeding Stations 1986 1375 1366 14 367 453 10
1998 302 178 25 370 236 11
1999 334 341 11 234 327 5
All 610 876 50 343 340 26

Whales Seen While Sampling 1986 2101 1170 9 400 507 8
1998 409 370 3 78 92 2

1999 302 342 5 90 46 4

All 1273 1246 17 265 407 14

Oblique Tows
All Feeding Stations 1986 586 476 6 86 65 5
1998 304 163 10 283 141 8
1999 381 162 5 346 116 3
All 403 298 21 233 152 16
Whales Seen While Sampling 1986 684 460 5 95 71 4
1998 234 1 71 1
1999 332 157 2 300 119 2
All 529 416 8 150 124 7

There were two kinds of whale feeding stations: (1) those where whales were observed from the
boat during or immediately before sampling was conducted, and (2) those where aerial observers had seen
feeding whales within the previous day, but the whales had departed before the boat arrived and began
sampling. Mean biomass in oblique tows and in the horizontal tow with the highest biomass at stations
where whales were observed during sampling were significantly higher than those at paired control sta-
tions (Table 6.3). Mean biomass in the same kinds of tows taken at stations where whales were observed
from the aircraft but not the boat were similar to those taken at paired control stations. Thus, only stations
at which bowheads were observed from the boat during or just before sampling can be considered to be
representative of feeding locations.
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TABLE 6.3. Comparison of the mean biomass of zooplankton at paired whale feeding and control stations
in the Eastern Alaskan Beaufort Sea in 1986, 1998 and 1999. Values shown are mean * s.d. (n). In the
3 cases where two feeding stations were paired to one control, the average of the two feeding-station
biomasses was used. Data were log transformed prior to analysis with a t-test.

Mean Biomass (mg/m°)

Feeding Station Control Station t statistic P (one-tail)
Whales observed from boat
Oblique Tows 543 +s.d. 417 (7) 150 + s.d. 124 (7) 2.14 0.038
Horizontal Tows 2006 + s.d. 1307 (7) 433 +s.d. 536 (7) 5.39 0.001
Whales not observed from boat
Oblique Tows 299 +s.d. 159 (10) 305 = s.d. 154 (10) 0.20 0.424
Horizontal Tows 382 +s.d.152(9) 500 +s.d. 222 (9) —1.66 0.068

Differences in zooplankton biomass among years were mainly due to the abundance of copepods.
Copepods accounted for 715 of the 775 mg/m’ of total zooplankton biomass in oblique tows at feeding
stations where whales were observed during or just before sampling in 1986 (n = 4), but only 82 of 104
mg/m’ in 1998 (n = 1), and 226 of 328 mg/m’ in 1999 (n = 2) (Fig. 6.2). Likewise, in the horizontal tows
at the depth of maximum biomass, copepods constituted most of the biomass in 1986 but not to the same
extent in 1998 or 1999 (Fig. 6.3).

Species Composition.—The species composition of copepods at whale feeding stations was quite
different in each of the three years (Fig. 6.4; Table 6.4; see also Appendix 6.2 and 6.3). In 1986, the small
copepod Limnocalanus macrurus was by far the dominant zooplankter at whale feeding and control sta-
tions, as it was in inshore areas generally (Chapter 5). It was not found at the few 1998 or 1999 whale
feeding or control stations (Fig. 6.4; Table 6.4), or elsewhere in the study area in 1998-99 (Chapter 5).

In 1986, the large copepods Calanus glacialis and C. hyperboreus were uncommon at feeding and
control stations (Table 6.4). In 1998 and 1999, C. glacialis and C. hyperboreus were the major contrib-
utors to the average biomass in the water column and in horizontal tows at depth at both whale feeding
and control stations (Fig. 6.4; Table 6.4; Appendix 6.2).

Predatory cnidarians, ctenophores, and chaetognaths were major contributors to zooplankton bio-
mass at both feeding and control stations in 1998 and 1999, but not in 1986 (Table 6.4).

In surface waters, although copepods, gelatinous zooplankters, and chaetognaths were typically
present each year, no one zooplankton group was the major contributor to the biomass in surface waters in
all years.

Nature and Extent of Feeding Areas as Shown by Echosounder Surveys.—In 1986 and 1999,
echosounder surveys were conducted at and between feeding and control stations. Acoustic backscatter
data were converted to estimates of biomass. No similar estimates were possible for 1998 (see “Methods”
and Chapter 4). Results are presented for situations where whales were actually observed feeding just
before or during zooplankton sampling. In 1986, there were three such cases, all located in shallow water
off the Kongakut Delta in the eastern portion of the study area. In 1999, three feeding stations and two
control stations were located in somewhat deeper water off Beaufort Lagoon in the central portion of the
study area (Fig. 6.1A).
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FIGURE 6.2. Mean biomass (mg/m°®) of major zooplankton groups in oblique tows taken at all whale feed-
ing and control stations in the eastern Alaskan Beaufort Sea during Sept 1986, 1998 and 1999. Includes
stations where whales were seen during zooplankton sampling.
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FIGURE 6.3. Mean biomass (mg/m®) of major zooplankton groups in layer of maximum biomass at all
whale feeding and control stations in the eastern Alaskan Beaufort Sea during Sept 1986, 1998 and
1999.
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FIGURE 6.4. Mean biomass (mg/m3) of zooplankton species in oblique tows representing the water col-
umn as a whole at all whale feeding and control stations in the eastern Alaskan Beaufort Sea, 1986, 1998

and 1999.



TABLE 6.4. Species composition of mean zooplankton biomass (mg/m3) in oblique and horizontal tows at whale feeding and control stations in the
eastern Alaskan Beaufort Sea and adjacent Yukon Coast. Samples from all horizontal tows taken in 1999, and from those taken at control

stations in 1986, were not identified to species (see also Appendix 6.2).

Whale Feeding Stations

Control Stations

Water Column as a Whole Horizontal Tows at Depth

W ater Column as a Whole

Horizontal Tows at Depth

1986 %of 1998 %of 1999 % of 1986° %of 1998 % of 1986 % of 1998 %of 1999 % of 1998 % of
Species mg/m® Total mg/m® Total mg/m® Total mg/m® Total mg/m® Total mg/m® Total mg/m® Total mg/m® Total mg/m?® Total
Copepods
Calanus glacialis 3 0.5 125 41.0 40 105 12 2.1 168  48.0 6 70 72 26.0 16 47 78 36.0
Calanus hyperboreus 1 0.2 24 8.0 227 54.6 4 0.7 14 4.0 3 3.7 26 9.0 134 40.0 38 17.0
Pseudocalanus minutus 4 0.7 4 1.0 <1 <1 3 0.5 5 1.0 1 0.9 4 10 <1 <1 5 2.0
Limnocalanus macrurus 496 84.7 0 0.0 0 0.0 534 90.2 0 0.0 25 294 0 0.0 0 0.0 0 0.0
Cnidarians/
Ctenophores
Aglantha digitale 10 1.7 15 5.0 21 55 1 0.1 21 6.0 16 18.3 11 4.0 6 17 3 1.0
Aeginopis laurentii 0 0.0 0 00 0 00 0 0.0 0 0.0 0 0.0 0 0.0 23 6.6
Bougainvillea principis 0 0.0 9 30 0 00 0 0.0 5 1.0 0 0.0 0 0.0 0 0.0 9 4.0
Cyanea capillata 0 0.0 17 6.0 0 00 0 0.0 1 0.0 0 00 0 00 10 3.0 0 0.0
Mertensia ovum 3 0.5 14 50 22 57 3 0.2 10 3.0 1 1.1 27 9.0 41 120 10 5.0
Halitholus cirratus 9 1.5 0 00 0 00 4 0.3 0 0.0 2 21 0 00 0 00 0 0.0
Amphipods
Parathemisto libellula 2 0.3 2 10 3 08 <1 <1 0 0.0 4 441 1 02 3 09 2 1.0
Pteropods
Spiratella helicina 2 0.3 0 00 0 00 <1 <1 0 0.0 4 43 0 00 0 00 0 0.0
Mysids
Mysis litoralis 31 5.3 19 6.0 0 00 11 0.9 7 2.0 0 0.0 13 5.0 1 04 0 0.0
Euphausiids
Thysanoessa rachii 0 0.0 2 07 2 05 <1 <1 2 0.6 0 0.0 1 03 14 42 <1 <1
Chaetognaths
Sagitta elegans 2 0.3 65 22.0 32 84 3 0.2 97 270 2 20 84 30.0 74 214 61 28.0
Eukrohnia hamata 0 0.0 0 00 8 21 0 0.0 0 0.0 0 0.0 0 00 2 06 0 0.0
Fish Larvae
Boreogadus saida 3 0.4 1 05 7 18 0 0.0 11 3.0 5 58 35 12.0 8 24 6 2.0
Other Species 20 34 7 23 19 49 32 52 12 34 17 19.9 9 32 14 4.0 9 4.1
Total Biomass 586 304 381 607 353 86 283 346 221
Number of tows 6 10 5 3 7 5 8 3 2

@ For 1986, horizontal tow data have been corrected to allow for underestimation by the opening and closing net.
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In 1986, estimated zooplankton biomass along all three transects decreased between the whale
feeding and control stations. At all three whale feeding stations, a thick layer of zooplankton with an
estimated (“acoustic”) biomass of 500-2200 mg/m’ extended from depth 4-8 m to the bottom (Fig. 6.5,
6.6, 6.7). At control stations there was only a thin layer with estimated biomass about 400 to 600 mg/m’
at depths 17-20 m. There was good correspondence between acoustic and net biomass at both the feeding
and control stations (Fig. 6.5-6.7). Layers of concentrated zooplankton extended at least 2—6 km from the
whale feeding stations in the direction of the control stations.

In 1999, a single layer of concentrated zooplankton, about 10 to 20 m thick, extended from depths
of 25 to 30 m most or all of the way to the bottom at both feeding and control stations (Fig. 6.8, 6.9). Net
sampling showed that zooplankton biomass within this layer was 350-700 mg/m’ (Table 6.2; Fig. 6.8,
6.9). In 1999, there was little change in zooplankton biomass, as estimated from echosounder data, along
transects between feeding and control stations. The depth-averaged horizontal distribution of biomass
was generally uniform, and biomass within the layer of maximum biomass was also fairly consistent
along the transects.

Zooplankton Near Bowhead Whales in the Canadian Beaufort Sea

In the Canadian Beaufort Sea east of Herschel Island, there were five years when sampling was
conducted where bowhead whales were observed prior to or during sampling (Fig. 6.1B; Appendix 6.3).
Such sampling occurred off the Tuktoyaktuk Peninsula and Mackenzie Delta in 1980, 1981 and 1986, and
along the Yukon coast in 1985, 1986 and, in a limited way, 1988.

In 1980, mean biomass in 24 vertical tows in a general area off the Mackenzie Delta where aerial
observers had seen whales feeding was 632 + s.d. 491 mg/m’. This is about the same as the biomass of
542 + 221 mg/m’ found in 6 oblique tows at stations where whales were observed within 1 km of the boat
in 1985 and 1986 (see below). For 1980, no comparable data were obtained from locations without bow-
heads. However, in 1985-86, mean biomass in 49 oblique tows at locations in the Canadian Beaufort Sea
where whales were not observed from the sampling vessel was 138 + 116 mg/m’. If 1980 “no whale”
values were similar to those in 1985-86, average biomass in the water column near feeding bowheads in
1980 was ~4 times higher than at stations where bowheads were not observed to be feeding.

In 1981, aerial observers saw 30 bowheads surface-feeding near the boat at a location off Richard's
Island on 18 August. The whales were feeding intensively an estimated 2-3 m below the surface, freq-
uently in echelon formation (Wiirsig et al. 1985). The echosounder showed a concentration of zooplank-
ton in a band at depths 1-4 m. Biomass in three surface tows was 216 = s.d. 86 mg/m’, and was predom-
inantly Calanus hyperboreus. This was a relatively high biomass for surface waters; in 1981, biomass in
33 surface tows at 11 stations where no whales were observed did not exceed 21 mg/m’. However, at the
18 August location, biomass was notably higher, 885 + 268 mg/m’ in 3 tows at 15 m depth, than in the
near-surface waters where the bowheads fed intensively. The zooplankton at 15 m depth was also pre-
dominantly Calanus hyperboreus. The maximum biomass in horizontal tows at depth at two other sta-
tions where whales were observed to be feeding either below the surface or near the bottom was 1405 +
937 (n =3 tows) and 807 mg/m’ (Appendix 6.3). Average maximum biomass in horizontal tows at each
of 10 stations where no bowheads were observed was 298 + 254 mg/m”.

In 1985, average maximum biomass of zooplankton at four stations where whales were observed
from the boat off the Yukon Coast was 1684 £ s.d. 621 mg/m’. The biomass in 17 horizontal tows taken
within layers of zooplankton at 10 stations where bowheads were not observed was 213 + 232 mg/m’.
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FIGURE 6.5. Echosounder-based estimates of zooplankton biomass off the Kongakut Delta, Alaska, at
whale feeding station 86-5, at control station 86-6, and along Transect E between them. (A) Vertical dis-

tribution at stations, (B) depth-averaged (below) and maximum (above) biomass along transect between

stations, and (C) patchiness between stations. Based on 200 kHz echosounder data, 5 Sept 1986.
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FIGURE 6.6. Echosounder-based estimates of zooplankton biomass off the Kongakut Delta, Alaska, at
whale feeding station 86-7, at control station 86-8, and along Transect F between them. Otherwise as in
Figure 6.5. Based on 200 kHz echosounder data, 6 Sept 1986.
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FIGURE 6.7. Echosounder-based estimates of zooplankton biomass off the Kongakut Delta, Alaska, at
whale feeding station 86-12, at control station 86-13, and along Transect J between them. Otherwise as
in Figure 6.5. Based on 200 kHz echosounder data, 7 Sept 1986.
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FIGURE 6.8. Echosounder-based estimates of zooplankton biomass off Beaufort Lagoon, Alaska, at
whale feeding Station 1, at control Station 2, and along the transect between them. Otherwise as in Fig-
ure 6.5. Based on 430 kHz echosounder data, 16 Sept 1999.
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FIGURE 6.9. Echosounder-based estimates of zooplankton biomass off Beaufort Lagoon, Alaska, at
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Corresponding results from oblique tows were 562 + 388 mg/m’ with whales (n = 2 tows) and 161 + 189
mg/m’ without whales (n = 14 tows).

In 1986, mean zooplankton biomasses in oblique tows, horizontal tows at depth, and surface tows
were all much higher at stations sampled near whales than at stations where the closest whales sighted from
the ship were >1 km away or where no whales were observed from the ship (Table 6.5). Mean biomass in
the horizontal tow with the highest biomass for that station was over 6 times greater within 1 km of whales
than at stations where no whales were seen. These samples were taken off the Tuktoyaktuk Peninsula and
off the Yukon coast (Fig. 6.1B). During sampling, the echosounder provided guidance to the depth of
maximum biomass at only two stations with whales <1 km away. Therefore, the average for horizontal
tows may underestimate the biomass available to whales in 1986. Maximum biomasses at the locations
where echosounder guidance was available were 1543 and 770 mg/m’ (mean 1157 mg/m’).

In 1988, sampling near bowheads feeding at the surface off the Yukon coast revealed the highest
biomass of zooplankton recorded during all the sampling summarized here (Appendix 6.3). Biomass was
close to 5 g/m’, and dominated by Limnocalanus macrurus.

There were some difference in species composition in samples taken at whale feeding stations in
the Canadian Beaufort Sea among locations and years (Table 6.6, Appendix 6.3):

o Off the Tuktoyaktuk Peninsula, the copepod Calanus hyperboreus was the dominant contrib-
utor to zooplankton biomass in samples taken at 4 of 5 stations. At the other station in that
area, the hydrozoan Aglantha digitale was the dominant contributor.

o Off Richards Island, the cnidarians Halitholus cirratus and Euphysa flammea were the domin-
ant contributors to total zooplankton biomass at all 5 whale feeding stations in 1980. In 1981,
the copepod C. hyperboreus dominated at all three whale feeding stations. Mysids (Mysis
litoralis) were also a dominant contributor (18% of total biomass) at one 1981 station where
bowheads were observed to be bottom feeding.

o Off the Yukon coast, most of the high biomass collected in both 1985 and 1986 was attribut-
able to the high biomass of the copepod Limnocalanus macrurus. At one 1986 station, euphau-
siids (Thysanoessa raschii and T. inermis) were also major contributors (20% of total biomass).

TABLE 6.5. Mean biomass (mg/m°®) of zooplankton in tows taken at stations in the Canadian Beaufort Sea
east of Herschel Isl. during 1986, distinguishing stations where whales were seen from the ship <1 km
away (4 stations) and >1 km away (2 stations), and stations where no whales were seen from the ship.?
The “no whales seen from ship” stations are categorized as being within or outside two large areas where
whales were observed from the air (Ford et al. 1987) at some time during the 11-day study (5 and 35 sta-
tions, respectively).

Whales <1 km Whales >1 km Seen from air No whales

Mean *sd. n Mean = s.d. n Mean +sd. n Mean = s.d. n
Surface tows 100 167 4 6 6 3 11 25 12 6 7 33
Horizontal tows® 672 489 7 53 - 1 123 89 12 101 112 28
Oblique tows 532 175 4 219 90 3 144 36 4 130 70 35

@ Excludes feeding stations in Canadian waters west of Herschel Island (n = 2) that were sampled during the 1986
eastern Alaska study.

b Considering, for each station, the horizontal tow with the highest biomass; echosounder guidance to the depth of
maximum biomass was available for 2 of 4 stations <1 km from whales and for most of the other stations.
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TABLE 6.6. Dominant zooplankton groups and species at whale feeding stations in the Canadian Beaufort
Sea by area and year.

No. of No. Stns % of
Feeding Dominant Where % of Total Dominant Total
Location Year Stations Group Dominant  Biomass Species Biomass
Tuktoyaktuk 1986 5 Copepods 4 71to 87  Calanus hyperboreus 55t0 76
Peninsula Cnidarians 1 39 Aglantha digitale 34
Richards Island 1980 5 Cnidarians 5 46 t0 94  Halitholus cirratus 13 to 39
off Mackenzie
Delta Euphysa flammea 7to 55
1981 3 Copepods 3 64 to 92 Calanus hyperboreus 39 to 82
Yukon Coast 1985 4 Copepods 4 92t099  Limnocalanus macrurus 77 to 97
1986 2 Copepods 2 61 to 91 Limnocalanus macrurus 26 to 86
Physical Oceanography

Example CTD data collected at whale-feeding and control stations in the eastern Alaskan and Can-
adian Beaufort Sea are shown in Figure 6.10. (Station numbers in this Figure are as assigned in the
original reports; they appear in parentheses to the right of the corresponding station descriptions in
Appendix Table 6.3.) Appendices 6.4 and 6.5 show additional Alaskan data.

Eastern Alaskan Beaufort Sea.—Griffiths and Thomson (Chapter 5) described two water masses
(in depths <50 m) that were present in the eastern Alaskan Beaufort Sea during the five years of the study.
The two water masses were a Shallow Cold Saline water mass and a generally more offshore water mass
influenced by the Mackenzie River. The presence or absence of Mackenzie River water defined the prop-
erties of these two water masses. Its influence differed among years (Chapter 5). The main characteristic
of the Shallow Cold Saline water mass was the absence of a strong influence of Mackenzie River water
and the absence of sharp discontinuities in the vertical distribution of temperature and salinity (pycno-
clines). The relatively cold temperatures and high salinities were fairly uniform from surface to bottom.
The Mackenzie-Influenced water mass, farther offshore, was characterized by the strong presence of
Mackenzie River water at the surface, overlying water that was generally colder and more saline than that
of the Shallow Cold Saline water mass.

Water mass characteristics varied among the three years when feeding whales were observed in the
study area and did not always correspond directly to the water masses described above. In 1986, all six
whale-feeding stations were in shallow water with depths of 7 to 22 m and the five control stations in
slightly deeper depths of 15 to 27 m (Fig. 6.10A,B; Appendix 6.4). The water was cooler and more saline
at the whale-feeding stations than at control stations, and was characterized by a relatively warm brackish
surface layer of varying thickness, overlaying cooler more saline water. All stations had sharp tempera-
ture and salinity discontinuities with differences in temperatures and salinities between surface and bot-
tom water of ~4°C and about 5 to 6 psu. This water mass was similar to the generally offshore
Mackenzie-Influenced water mass described above. However, it was only present in the shallow near-
shore region in the southeastern corner of the study area when feeding bowheads were observed, and
appeared to have moved in from along the nearshore area of the Yukon Coast.
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FIGURE 6.10. Examples of temperature—salinity profiles in Canadian and eastern Alaskan Beaufort Seas
in various years and circumstances. Also shown is biomass in mg/m3 at each station based on H, hori-

zontal tow, or O, oblique tow.

In each case, temperature (left line in lower part of each plot, blue)

decreases with increasing depth; salinity (right line, red) increases or (in E) remains nearly constant.
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In 1998, the whale-feeding and control stations varied widely in depth (10 to 40 m) and were
located in both the shallow cold saline and the more offshore Mackenzie-influenced water masses desc-
ribed above. Seven of 10 feeding and 6 of 8 control stations were in the Shallow Cold Saline water mass,
while 3 feeding and 2 control stations were in the Mackenzie-Influenced water mass (Fig. 6.10G; Appen-
dix 6.5). Strong pycnoclines were found at 3 of 10 whale feeding and 2 of 8 control stations in 1998 (Fig.
6.10G; Appendix 6.5). Vertical temperature and salinity discontinuities were not sharp at the other 1998
feeding stations or at most (6 of 8) 1998 control stations.

In 1999, only the Shallow Cold Saline water mass was present within the area studied; it extended
offshore to at least the 50 m contour. All 1999 whale-feeding and control stations were located in the
deeper waters (depths 40 to 48 m) of this water mass (Fig. 6.10D,E; Appendix 6.5). Temperature and
salinity discontinuities were present at 3 of 5 whale feeding stations but they were not as sharp as those
seen in 1986 and 1998. There were no temperature and salinity discontinuities at 2 of the feeding or any
of the control stations.

Canadian Beaufort Sea.—In 1985 and 1986, waters in nearshore areas along the Yukon coast
were overlain by relatively warm freshened water of Mackenzie River origin (e.g., Fig. 6.10I). Very high
biomasses of zooplankton were found in this area (Appendix 6.3). In 1986, sampling was also conducted
of the Tuktoyaktuk Peninsula where strong pycnoclines were not evident (e.g., Fig. 6.10H). Biomass of
zooplankton was low in this area.

In 1980 and 1981, there were vertical temperature and salinity discontinuities in areas sampled near
feeding bowheads (e.g., Fig. 6.10F,G). Zooplankton biomass was high in these areas (Appendix 6.3).

At all whale-feeding stations in both the Canadian and Alaskan Beaufort seas, the highest biomass
of zooplankton was taken in the cold saline water under a warm freshened layer. High biomasses of zoo-
plankton were never taken in the warm freshened layer.

Discussion

Local and Traditional Knowledge of Bowhead Feeding

Whale hunters and other residents of Kaktovik, within the present eastern Alaskan study area,
know much about the seasonal and geographic patterns in bowhead use of that area and adjacent Canad-
ian waters, and of the general activities of the whales (see Chapter 2 and Annex B). They also know that
the stomachs of most bowheads harvested near Kaktovik contain zooplankton, and believe that the area
near Kaktovik is important for feeding. In one case, many large shrimp-like organisms were released
from the mouth when a harvested bowhead was pulled up onto shore. A few local residents mentioned
that they sometimes see concentrations of “krill” in or on the water near bowheads, with amounts of krill
varying from year to year. Some residents commented that, when they see food concentrations and bow-
head whales, these tend to be near water-mass boundaries or off river mouths. However, the majority of
the local residents report that they rarely can distinguish feeding from other activities when they see
whales at sea. This is not surprising, given the low vantage points available from small boats, ice, and
shore, and the fact that bowheads seen from a moving boat are likely to be avoiding the boat even if they
were originally feeding before the boat approached.

Zooplankton Biomass Available to Whales

Bowhead whales feed in concentrations of zooplankton in the both the eastern Alaskan and
Canadian Beaufort Sea. As expected, zooplankton biomass in both regions was higher at stations where
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bowhead whales were present than at routine sampling stations where whales were not present (Tables
6.2, 6.5). Furthermore, zooplankton biomass was higher when whales were present during sampling than
at stations where whales had been sighted from the aircraft recently, but were no longer present when the
boat began sampling (Tables 6.2, 6.3, 6.5, 6.7). The sea is a dynamic environment where conditions
change rapidly, and it appears that concentrations of zooplankton used by bowhead whales can be
ephemeral and difficult to find without direct observation of the whales.

To characterize zooplankton availability at places where bowheads choose to feed, we considered
horizontal plankton tows taken at the depth of maximum biomass at locations where bowheads were
observed feeding. There were 17 locations where such tows were guided to layers of concentrated zoo-
plankton by an echosounder (or taken near the surface in concentrations of zooplankton) and where
bowheads were observed <1 km from the sampling boat. These locations were in the Canadian Beaufort
Sea in 1981, 1985, 1986 and 1988 (n = 10), and in the eastern Alaskan Beaufort Sea in 1986, 1998 and
1999 (n= 7). These are the stations designated “whales observed from boat” in the last column of
Appendix 6.3. Other samples were not included because there was no certainty that conditions during
sampling were similar to those occurring earlier when bowheads had been present, or were similar to
those at locations of whales visible >1 km from the boat. In addition, it was obvious that, in order to
document the maximum biomass available to whales, reliable echosounder data were needed to guide the
net to layers of zooplankton that were sometimes quite thin.

TABLE 6.7. Mean biomass in all horizontal tows, horizontal tows with highest
biomass at each station, and oblique tows, distinguishing routine stations,
stations where bowheads were observed from aircraft and/or sampling boat,
and stations where whales were observed from boat immediately before and/or
during sampling. Includes samples collected in 1980 (vertical tow only), 1981
(horizontal only), and 1985, 1986, 1998 and 1999 in Eastern Alaskan and Can-
adian Beaufort Sea. Routine sampling was conducted at stations along broad-
scale transects in the same manner as that at whale feeding stations; for
details, see Chapter 5 (for Alaska) and references listed in Table 6.1.

Biomass mg/m°

Mean +s.d. n
All Horizontal Tows
All Stations - No Whales 242 315 313
All Feeding Stations 589 829 68
Whales Seen While Sampling 891 1058 35
Horizontal Tows — Maximum Biomass
All Stations - No Whales 360 380 165
All Feeding Stations 975 1000 23
Whales Seen While Sampling 1841 1226 17
Oblique Tows®
All Stations - No Whales 230 173 173
All Feeding Stations 467 356 36
Whales Seen While Sampling 529 416 8

@ includes vertical tows made in 1980.
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At these 17 whale-feeding stations, mean biomass in the horizontal tows and one vertical tow with
the highest biomass was 1841 = s.d. 1226 mg/m’ (n = 17). The frequency distribution of biomass at these
stations was

mg/m>: 500-1000 1000-2000  2000-3000  3000-4000 4000-5000
No. samples: 5 5 4 2 1

The 1980 vertical tow with a biomass of 1153 mg/m’ was included because no horizontal tows were taken
at this whale-feeding station. Vertical tows would tend to underestimate the zooplankton biomass
available to whales so the 1153 mg/m’ value can be viewed as conservative. The lowest biomass in any
of these tows was 545 mg/m’. For 4 of 17 stations, the highest biomass measured was 771-807 mg/m’,
and for 12 of 17 stations the highest value was >1000 mg/m’. Biomasses of ~800 mg/m’, as determined
by our horizontal tow method, may represent the feeding threshold for bowhead whales, i.e., the mini-
mum biomass for economical feeding.

Although echosounders were used to guide the net to layers of zooplankton at these 17 whale feed-
ing stations, at only 6 stations (4 from 1986 and 2 from 1999), all in the eastern Alaskan study area, were
both net zooplankton samples and acoustic estimates of zooplankton biomass available:

Kongakut Kongakut Kongakut Clarence Beaufort Beaufort

Delta Delta Delta Lagoon Lagoon Lagoon
1986 1986 1986 1986 1999 1999
Max. net tow biomass 3023 2887 2137 3847 545 778
Max. acoustic biomass 970 2131 1090 1365 650 774

A comparison of the maximum net tow biomass with the maximum estimate of acoustic biomass at the
corresponding stations suggests that the net did sample within the layer of highest zooplankton biomass at
each station. At 4 of 6 stations, the net detected an appreciably higher biomass than that estimated via the
echosounder for the depth of maximum biomass. This suggests that, at locations of high biomass, the
echosounder-based estimates may have tended to underestimate the actual maximum zooplankton bio-
mass available, at least in 1986. As discussed in Chapters 4 and 5, even with guidance by an echosounder
to the depth of maximum biomass, the net sampling is also expected to underestimate the actual
maximum biomass some of the time.

Zooplankton biomass at the surface is generally lower than biomass in the water below (Chapter 5).
However, bowheads are sometimes seen swimming at or near the surface with their mouths open and with
water streaming from the corners of their mouths (Wiirsig et al. 1985; also Chapter 12). The very high
ratio of the surface area of the baleen to the cross-sectional area of the mouth opening (Thomson, Chapter
22) may reduce drag and enable bowheads to feed while swimming at the surface on the typically low
biomass of zooplankton in near-surface waters of the Beaufort Sea. During the unusually intensive near-
surface feeding observed off Richard's Island in the Canadian Beaufort Sea in 1981, the near-surface
zooplankton biomass was 216 + s.d. 86 mg/m® (n= 3). At a whale feeding location off King Point
(Yukon) in 1988, a vertical tow near the surface contained almost 5000 mg/m’, mainly Limnocalanus.

Several studies of the anatomically similar North Atlantic right whale (Eubalaena glacialis) have
reported data on zooplankton numbers or biomass collected at whale feeding stations (Wishner et al.
1988, 1995; Mayo and Marx 1990; Murison and Gaskin 1989; Kann and Wishner 1995; Beardsley et al.
1996; Woodley and Gaskin 1996). All of those studies have identified the copepod Calanus finmarch-
icus, particularly the larger copepodite IV and V stages, as the main food item for the right whales near
the eastern Canadian and northeastern U.S. coasts. Some of the studies reported their results as number of
organisms/m’, while others reported the results as both numbers and biomass.
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In the Bay of Fundy, mean biomass of zooplankton in vertical tows in grids where right whales
were observed was 3566 + s.e. 449 mg/m’ (wet weight) in 1983, and 2639 + s.e. 295 mg/m’ in 1984
(Murison and Gaskin 1989). They estimated that the right whale feeding threshold was ~170 mg/m’ dry
weight (=1133 mg/m® wet weight). In the same area, average density of zooplankton in the water column
(160 to 197 m deep) in areas where right whales were sighted from a sampling boat was 1139
organisms/m’ (Woodley and Gaskin 1996), which may have translated to ~680 mg/m® wet weight. [Most
were Calanus finmarchicus (97%) and most of these were 2—4 mm in length. Average biomass of single
copepods of this size in Wishner et al.’s (1995) samples was ~0.6 mg.] All of these values are averages
for the water column, and probably underestimate the amount of food available to feeding whales; as
evident in our results for bowhead feeding sites in the Beaufort Sea, densities and biomasses in layers of
concentrated zooplankton may have been much higher.

More specific estimates of the amount of food potentially available to right whales have been
reported from two occasions:

(1) In Cape Cod Bay, right whales were observed to be surface feeding in zooplankton densities of
6540 organisms/m’® (Mayo and Marx 1990; ~3924 mg/m’ based on data in Wishner et al. 1995). Biomass
in surface tows where no whales were observed was 870 organisms/m’ (~522 mg/m’). Surface feeding
began at a threshold value of ~1000 organisms/m’ or ~600 mg/m’ (Mayo and Marx 1990).

(2) Beardsley et al. (1996) followed two feeding right whales and sampled zooplankton with an
echosounder and a MOCNESS plankton sampler. Highest biomass in horizontal tows was in the upper 10
to 20 m in a patch with mean biomass of 6000 mg/m’ and a maximum biomass of 28,000 mg/m’. The
whale reversed direction and swam back into this dense patch when maximum biomass in the water
dropped to 1000 to 3000 mg/m’. One whale was observed to be skim feeding at the surface in a zoo-
plankton concentration of 256,000 mg/m’!

Kann and Wishner (1995) and Wishner et al. (1995) did not find any difference in biomass in
vertically-stratified oblique tows in areas where whales were observed from the air within 24 h of
sampling vs. areas where whales were not seen. When mean biomass in the water column was compared
using a more rigorous definition of a whale feeding area (whales seen <1 km from sampling boat), bio-
mass was significantly higher than average in one year, but not another.

The results obtained in the present study and in the right whale studies described above indicate
that an area can only be described as a feeding area when feeding whales are in the immediate vicinity.
To estimate the amount of food available to whales, sampling must be conducted close to feeding whales,
and an echosounder is needed to guide the net to the layers of maximum biomass in the water column
and/or to estimate biomass via quantitative echosounding methods.

Feeding thresholds of bowhead whales appear to be lower than those of the closely-related right
whale. Plankton production and biomass is lower in the Beaufort Sea than in temperate waters (Mac-
Donald et al. 1987). Bowhead whales may have lower energetic requirements than those of other whales.
They grow very slowly and reach maturity later than other baleen whales, including right whales (Koski
et al. 1993; George et al. 1999). In addition to having lower requirements for growth than do other
species, the metabolic rate of bowheads may be lower than that of other species (George et al. 1999;
Thomson, Chapter 22). Bowheads have apparently adapted their energetic requirements, physical adapta-
tions for feeding, and feeding threshold to food availability in their habitat.
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Characteristics of Feeding Areas

Copepods were the dominant taxa at the majority of the whale feeding stations, and also at the
majority of the routine zooplankton sampling stations without whales, in both the eastern Alaskan and
Canadian Beaufort Sea. In eastern Alaskan waters, copepods dominated at 14 of 21 (67%) stations where
feeding whales were observed during sampling or on adjacent days, and at 24 of 47 (51%) routine transect
stations that were not feeding or control stations.

During the 1986 eastern Alaska study, sampling sites near feeding bowhead whales were mainly in
the Kongakut Delta area, in the extreme southeast part of the eastern Alaskan Beaufort Sea (Fig. 6.1).
This area was under the influence of warm turbid surface water, probably influenced by the Mackenzie
River, during the period when sampling was conducted. However, the biomass of copepods, especially
Limnocalanus macrurus, was highest in the cold saline bottom layer that lay under the warmer freshened
layer of Mackenzie River water. Limnocalanus accounted for most of the zooplankton biomass at these
Alaskan whale-feeding stations (Appendix 6.3). Here the difference in temperature and salinity between
surface water and the water below was ~4°C and about 5 to 6 psu.

Similar high biomasses of Limnocalanus macrurus were found in cold saline bottom water that lay
under warmer freshened surface water at whale feeding stations in the nearshore zone along the Yukon
Coast in 1985 and 1986 (Appendix 6.3). High biomasses of L. macrurus were associated with strong
temperature/salinity gradients in nearshore waters along the Yukon coast in 1985, 1986 and 1988. The
difference in temperature and salinity between surface water and the water below at whale feeding sta-
tions along the Yukon coast was up to 5 or 6°C and about 8 to 12 psu, i.e., somewhat more than in eastern
Alaska. Of the five years with sampling in the eastern Alaskan Beaufort Sea, these physical and biolog-
ical oceanographic characteristics extended into Alaska only in 1986.

In some years, bowhead whales do not concentrate along the Yukon coast, west of the mouth of the
Mackenzie River, during August and early September. This was so in 1980 and 1981 (Richardson et al.
1987; Moore and Reeves 1993). There is some evidence showing that in 1980 and 1981 the Mackenzie
River plume was blown to the north and east, rather than west, by the winds (Thomson et al. 1986).
Conversely, in 1985 and 1986 the Mackenzie River plume had a strong influence on the oceanographic
regime off the Yukon Coast and feeding bowheads were commonly observed there.

In September of 1998 and 1999, feeding bowheads were not as concentrated in the eastern Alaskan
Beaufort Sea as they had been in 1986, and they were seen more often in offshore waters and/or the
western part of the eastern Alaskan study area (Chapter 12). In 1998 and 1999, warm fresh Mackenzie
water was not found in nearshore areas, L. macrurus was absent, and average zooplankton biomass at
whale feeding stations was lower than in 1986. Strong temperature/salinity gradients were not found in
nearshore waters in either 1998 or 1999.

Calanus hyperboreus and C. glacialis were the dominant copepod species at whale feeding and
control stations in the eastern Alaskan Beaufort Sea in 1998 and 1999, but their biomass was typically
lower than that of the Limnocalanus macrurus present at whale feeding stations in 1986. Predatory cnid-
arians, ctenophores, and chaetognaths were much more abundant at whale feeding and control stations in
1998-99 than in 1986. These animals feed on copepods and other zooplankters. The absence of L. mac-
rurus in 1998-99 was largely responsible for the lower biomass observed at feeding stations in those
years as compared with 1986. The absence of L. macrurus was possibly attributable to the reduced temp-
erature and salinity gradients in 1998-99 and/or the presence of numerous predators. The predatory
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species that were abundant in 1998-99 are of much lower nutritive value than are copepods (Thomson,
Chapter 22).

Calanus glacialis and (especially) C. hyperboreus were also the dominant copepod species at
whale feeding stations off Richard’s Island, N.W.T., in 1980 and 1981. Warm fresh water was found at
the surface in both years, and vertical temperature and salinity gradients were present. In 1981, the echo-
sounder showed layers of zooplankton below the pycnocline, and maximum biomass of zooplankton in
horizontal tows was found in those layers. Whales were seen at distances >1 km from the ship, and
average biomass at these stations was not particularly high. At these stations, the difference in temper-
ature and salinity between surface water and the water below was ~1°C and 4 to 6 psu.

Euphausiids did not dominate the zooplankton at any of our 37 zooplankton sampling sites where
whales were observed from the boat and/or from an aircraft either during sampling or on an adjacent day
(entries 1-37 in Appendix 6.3). Euphausiids did comprise 20% of the biomass at one whale-feeding site off
the Yukon coast in 1986. They were not abundant during routine sampling in the eastern Alaskan Beaufort
Sea in 1985-86 or 1998-2000. Euphausiids comprised 30% of biomass in one oblique tow in 2000, and
their biomass of 189 mg/m’ accounted for 38% of total biomass in a horizontal tow taken at the same station
(see Appendix 5.28 following Chapter 5). Otherwise, euphausiids accounted for up to about 10 or 12% of
biomass in a few other tows. Euphausiids also were not abundant in any samples taken during routine
sampling or during sampling near bowhead whales in the Canadian Beaufort Sea in 1980, 1981, or 1985,
and were abundant at only 1 station in 1986, a whale-feeding station (station 31 in Appendix 6.3).

However, euphausiids did dominate the zooplankton at 2 of 4 bowhead feeding sites in the eastern
Alaskan Beaufort Sea sampled in 1989 by Wartzok et al. (1990). They found these feeding sites by
tracking radio-tagged whales, and sampled around whales that were observed to be feeding. Biomass in
vertical tows was 854, 1619 and 3287 mg/m’ at three feeding sites in Camden Bay, and 730 mg/m’ at a
feeding site near Demarcation Bay. The 3287 and 730 mg/m’ values came from locations where
euphausiids represented 85% and 50% of the biomass (see last subsection of Appendix 6.3). Copepods
and chaetognaths accounted for most of the biomass of zooplankters at the other two stations. Only
vertical tows were taken so no data were available on layering of zooplankton at these stations; biomass at
some depths was probably higher than that documented by vertical tows.

Thysanoessa inermis and T. raschii are the two species of euphausiids found in the study area and
in bowhead stomachs (Chapter 5; see also Lowry and Sheffield, Chapter 18). As in most species of
euphausiids, 7. raschii is known to exhibit vertical migration, to form large concentrations, and (at times)
to swarm at the surface (Nicol 1984; Simard et al. 1986; Watkins et al. 1986). In the St. Lawrence estu-
ary, a layer of euphausiids dominated by 7. raschii and with a biomass >1000 mg/m’ was 1 to 7 km in
width and over 100 km in length (Simard et al. 1986). In the Barents Sea, the highest biomass of 7. iner-
mis and T. raschii was found at depths of 400-500 m, and maximum biomass was over 3000 mg/m’
(Dalpadado and Skjoldal 1996). When they occur, euphausiids can form large dense concentrations.

Other taxa that occasionally were dominant components of the zooplankton at whale feeding
stations, aside from copepods and (less commonly) euphausiids and chaetognaths, were gelatinous groups
(cnidarians and ctenophores) and mysids. Gelatinous groups were the dominant taxa at whale-feeding
stations north of Tuktoyaktuk, west of Herschel Island, and off Clarence Lagoon (YT) in 1986; and east
of Barter Island in 1998. As described in Chapter 22, the energy content of the gelatinous groups is low
and it is doubtful that they would be a preferred food of whales. Mysids occasionally are found in bow-
head stomachs (Chapter 18), and are known to swarm near the bottom at some locations (off the Kong-
akut Delta in 1986 and off Jago Spit in 1998).
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In the shallow areas sampled close to shore, whale feeding stations contained a relatively high biomass
of zooplankton as compared with other stations, and were usually characterized by strong temperature and
salinity discontinuities caused by the presence of warm brackish Mackenzie River water over cold saline water
below. In these areas, the zooplankton is almost always concentrated below the pycnocline. Most of the
bowhead feeding is apparently below the surface (Chapter 12), and presumably at or near the depth of
maximum zooplankton biomass. In nearshore waters, the small copepod Limnocalanus macrurus is often the
dominant species. In water farther offshore, Calanus hyperboreus and C. glacialis are the dominant species.
In some cases, bowheads direct their feeding to dense concentrations of euphausiids.

Most of the bowheads that fed in the shallow-water areas sampled in the Canadian and eastern
Alaskan Beaufort Sea, as described above, were subadult whales (Koski et al. 1988; Chapter 10). Adult
bowheads tend to occur farther offshore (and east) in the Canadian Beaufort Sea during summer, and
farther offshore in the eastern Alaskan Beaufort Sea during late summer and autumn. In both areas,
bowheads in deep water (>50 m) have sometimes been observed feeding in the water column (Richardson
et al. 1995; Chapter 12). Some bowheads feeding in areas of the eastern Alaskan Beaufort Sea >20 m
deep during September have specifically been confirmed to be adults (Chapter 12).

The zooplankton available at times and locations in the Beaufort Sea where adult bowheads were
feeding has not been documented. By late summer and autumn, the large copepods Calanus hyperboreus
and C. glacialis have begun to descend to their overwintering depths, which range from 200-300 m to
over 1000 m in other regions (Hirche 1991). Copepods in deep water have large oil sacks and a high lipid
content (Hirche 1983; Head and Harris 1985). The timing of the autumn descent by copepods depends on
timing of ice breakup (Longhurst et al. 1984). The depth of the descent depends on the species, structure
of the water column, and water depth (Longhurst et al. 1984; Sameoto 1984). Subadult bowheads can
dive to depths >300 m (Krutzikowsky and Mate 2000). It can be assumed that adult bowheads can dive
to these depths and probably greater. At Isabella Bay, Baffin Island, bowhead behavior and the vertical
distribution of zooplankton biomass were indicative of feeding in waters >100 m deep (Finley et al. 1994;
Richardson et al. 1995). Zooplankton biomass in a trough where bowheads were feeding was signific-
antly higher in waters >100 m deep than in the upper 100 m of the water column. Most of the whales at
Isabella Bay are large subadults and adults (Finley 1990).

Our net sampling and echosounder surveys were done during daylight. During September, there
are several hours of darkness each night in this area. The extent of diel vertical migration by zooplankton
in this area and season is unknown (see Chapter 5). Especially in deep areas, vertical migration of prey
could cause day—night differences in food availability. However, most areas where we sampled were
sufficiently shallow that any zooplankton concentrations present should have been detected (and access-
ible to bowheads) regardless of their depth. Krutzikowsky and Mate (2000) found no notable day—night
differences in depths of dives or surface—dive cycles of bowheads during September—October.

We did not sample near feeding whales in 1985 and 2000. Concentrations of feeding whales were
scarce in the eastern Alaskan study area in 1985 and especially 2000, and the sampling vessel was not
able to reach any feeding concentration in those years. The estimated number of bowhead feeding days in
the study area was very low in 2000, and also relatively low in 1985 (Table 6.8 and Chapter 23). Use of
the study area by feeding bowheads appears to be quite variable from year to year. Likewise, right whale
distribution appears to be related to the presence or absence of their preferred prey (Kenney 2001); in one
case, right whales did not appear in their usual summering area because of a scarcity of copepods. In our
study area, biomass of zooplankton was lower in 2000 than in the other four years, and very few
bowheads fed in the study area in 2000.
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TABLE 6.8. Estimated numbers of whale—days of use of the eastern-Alaskan study area
by bowheads during late summer and autumn (Chapter 9), proportion of time spent feed-
ing (Chapter 12), and feeding days of use per year (from Chapter 23).

1985 1986 1998 1999 2000 Per Year
Number of whale—days of use 11,937 17,899 31,507 101,850 18,727 36,384
Proportion of time feeding 0.39 057 0.38 0.67 0.09 0.47
Feeding Days of Use 4,643 10,228 11,915 67,900 1,702 16,953

Prey in Whale Stomachs vs. Zooplankton Sampled Near Feeding Whales

Stomachs from 32 bowhead whales harvested by hunters from Kaktovik in 1979-2000 were
examined by Lowry and Sheffield (Chapter 18). Twenty-four of the 32 whales were considered to have
been feeding, and 21 of these contained a sufficient sample for analysis. Copepods and euphausiids were
the main prey items in stomachs. Copepods were present in every stomach sample, were the dominant
prey in 60% of stomachs, and were the only prey in 12 of the 21 stomachs that contained food. Euphaus-
iids were also important as prey, and were the dominant prey in 5 whale stomachs. Other crustaceans and
fishes also were eaten, but they generally were minor components (Chapter 18).

Copepods and (to a lesser degree) euphausiids, cnidarians, ctenophores, chaetognaths and mysids
were, on a biomass basis, the dominant taxa collected near feeding whales in the Canadian and eastern
Alaskan Beaufort Sea during all years. With the exception of euphausiids, these groups were also the
dominant components of the zooplankton collected by net sampling in the eastern Alaskan Beaufort Sea
as a whole (Griffiths and Thomson, Chapter 5). Euphausiids were the predominant zooplankton collected
by nets at two stations near feeding whales (Wartzok et al. 1990), but were not major components of the
zooplankton collected by nets in either the eastern Alaskan or Canadian Beaufort Sea (Bradstreet and
Fissel 1986; Bradstreet et al. 1987; Chapter 5; Appendix 6.3). Euphausiids are fast swimmers and are
often able to detect and avoid nets (Wiebe et al. 1982; Hovekamp 1989), which suggests that zooplankton
sampling in the Beaufort Sea may have underrepresented euphausiids. However, we have collected large
quantities of euphausiids in bongo tows at locations in the Western Alaskan Beaufort Sea (Griffiths et al.
1987), and Wartzok et al. (1990) caught large biomasses of euphausiids in vertical tows with standard
nets. If euphausiids had been present in large quantities at other whale feeding stations, we believe that
they would have been caught in bongo tows more often, even if underrepresented.

The dominant prey items found in whale stomachs at Kaktovik have fairly well represented the
zooplankton present at whale feeding stations. The main differences between prey in bowhead stomachs
and zooplankton found near feeding whales is the relatively higher importance of euphausiids and lower
importance of the small copepod Limnocalanus macrurus in the stomachs relative to the net samples.
There are several potential reasons for the differences that were observed: < Not all potential feeding
habitats were sampled during this study. * Many whale-feeding stations in the eastern Alaskan Beaufort
Sea were well outside the area near Kaktovik where whales were harvested (cf. Chapter 2). « Thomson
(Chapter 22) argues that food passes through the bowhead gut very rapidly when whales are feeding, with
the result that stomach contents of whales harvested near Kaktovik most likely represented prey avail-
ability close to the harvest locations. * Stomach contents of harvested whales may be affected by differ-
ential digestion rates of different prey taxa, which are quite variable in size and composition.

These factors may account for the differences between prey collected near feeding whales and prey
found in whale stomachs. Limnocalanus macrurus is small compared to Calanus spp.; however, L.
macrurus has many spines which cause the animals to become entangled with each other and form a ball in
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a plankton net, or presumably in a bowhead’s mouth. Thus, they may be easily eaten by bowhead whales.
In any event, during some years large numbers of feeding bowheads occur at nearshore locations where
Limnocalanus is the only abundant zooplankton taxon. This provides very strong evidence that these small
copepods are an important prey item in some years and locations.

Summary

Introduction and Objectives

Bowhead whales winter in the Bering Sea and annually migrate to summering areas in the Beaufort
Sea. If bowheads, like other mysticete whales, feed mainly during summer, a primary reason for the
annual migration would be to reach preferred summer feeding areas. This would imply that summering
areas are sufficiently rich in food to justify migrating several thousand kilometers (round-trip) to feed.
This component of the study had three main objectives: (1) to describe the characteristics of bowhead
feeding areas in the eastern Alaskan and Canadian Beaufort Seas, with emphasis on the zooplankton and
water masses; (2) to determine whether bowhead whales feed in areas where zooplankton is concentrated,
and (3) to determine the quantity and kinds of zooplankton associated with feeding bowheads.

Methods

In the Eastern Alaskan Beaufort Sea, zooplankton was sampled during September of 1986, 1998
and 1999 at 21 stations where bowhead whales were either observed feeding or where whales had been
observed feeding the previous day. Sampling near feeding bowheads was not possible in 1985 and 2000.
For each feeding station sampled, a control station about 8 to 10 km from the feeding station was also
sampled. Zooplankton near feeding bowheads was sampled at 16 additional stations in the Canadian
Beaufort Sea during August and early September of 1980-81, 1985-86, and 1988. The eastern Alaskan
and Canadian data are presented separately, but are also considered together to provide a broader view of
bowhead feeding in the eastern Beaufort Sea. Vertical profiles of temperature and salinity were obtained
at all but one systematic sampling station.

At most stations, oblique and horizontal zooplankton tows were made using a standard bongo
frame fitted with two 0.5 mm mesh, 0.61 m diameter, plankton nets, and a flow meter. At most stations,
at least one horizontal tow was targeted to a specific depth where an echosounder showed an apparent
zooplankton concentration. The limited 1980 and 1988 sampling in Canadian waters employed vertical
tows, and in 1986 the horizontal tows in Alaskan waters used an opening-and-closing bongo system.
Animals from all oblique tows were identified to species, and those from horizontal tows to major taxa.
Sorted animals were wet-weighed, and wet-weight biomass/m’ was calculated using flow-meter data on
volume filtered.

In the Alaskan Beaufort Sea, quantitative echosounder surveys were conducted between whale
feeding and control stations during 1986, 1999 and 2000, and along other transects during all five field
seasons. Regression equations were developed to relate zooplankton biomass in horizontal net tows to
measured acoustic back scatter, and then used to estimate biomass where only echosounder data were
available. In the Canadian Beaufort, the echosounder used in 1981, 1985 and 1986 identified depths with
high (and low) apparent biomasses of zooplankton, but did not provide quantitative data on biomass.

Results

Bowhead whales feed in areas with a higher than average concentrations of zooplankton. A high
biomass of zooplankton was found in areas where feeding bowheads were observed from the sampling
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boat in the eastern Alaskan and Canadian Beaufort Sea. Mean wet-weight biomass in the water column
near actively feeding whales was 529 mg/m’, a value considerably higher than the mean biomass in the
water column elsewhere in the eastern Alaskan and Canadian parts of the Beaufort Sea (230 mg/m’).
Mean biomass in the horizontal tows with maximum biomass at 17 stations where whales were observed
within 1 km of the boat and the echosounder was functioning was 1841 + s.d. 1226 mg/m’. The
distribution of biomass values at places with feeding bowheads indicates that the feeding threshold for
bowheads may be a wet biomass of ~800 mg/m”.

A high biomass of zooplankton near feeding whales in nearshore waters was usually associated
with the presence of strong temperature and salinity gradients (pycnocline) in the water column. In these
cases, concentrations of zooplankton are found in the cold saline water that underlies the warmer
freshened layer. These conditions are found at varying locations in the Canadian Beaufort Sea regardless
of wind direction, but occur in shallow waters of the eastern Alaskan Beaufort Sea mainly under east
wind conditions. The eastern Alaskan Beaufort Sea appears to be more important to feeding whales in
years when oceanographic conditions that cause zooplankton to concentrate in nearshore waters off the
Yukon coast extend west into Alaska.

The small copepod Limnocalanus macrurus dominated the zooplankton biomass near feeding bow-
heads in nearshore waters along the Yukon coast and into northeast Alaska when cold saline water was
overlain by warm Mackenzie water. Farther offshore, the large copepods Calanus hyperboreus and
C. glacialis dominated. Stomach contents of whales landed at Kaktovik show that bowheads sometimes
feed on dense swarms of euphausiids. However, euphausiids are rarely the dominant zooplankters around
bowheads feeding in the present study areas. Other taxa that occasionally are dominant near feeding
whales are gelatinous cnidarians and ctenophores, chaetognaths, and mysids.

We did not find places with feeding whales where euphausiids were dominant, but this has been
reported previously from the Camden Bay area, and euphausiids are the dominant components of the prey
in the stomachs of a minority of the bowheads landed at Kaktovik (see Chapter 18). Euphausiids are
known to show avoidance reactions to sampling nets. As a result euphausiids are probably somewhat
under-represented in our net samples. However, where euphausiids are abundant, as they are at times in
the western Beaufort Sea, they are prominent in net samples. In general, euphausiids are apparently less
important as prey for bowhead whales in the eastern Alaskan Beaufort Sea than farther west near Point
Barrow.

Most whales observed in the areas sampled were subadults. Adult bowheads tend to feed in deeper
water, where large copepods predominate. By early autumn, most large copepods have descended to their
overwintering depths (>100 m).

Water masses in the areas sampled are defined by the presence or absence of the plume of fresh-
ened and warmer water influenced by Mackenzie River outflow. Wind conditions have rapid effects on
the Mackenzie plume, so oceanographic conditions can change rapidly. These changes influence the bio-
mass and composition of the zooplankton community in the eastern Beaufort Sea, and especially the
portion that is in Alaska.
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APPENDIX 6.1.

Locations of whale feeding and control stations in the eastern Alaskan Beaufort Sea,

September 1986, 1998 and 1999a.
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Reference Whale Water Time Station
Station Number® Date Feeding Depth (m) (ADT) Latitude Longitude
1986
86-1 5 4/9/1986 Yes 17 9:20 69°35.7'N 139°31.6'W°
86-2 4/9/1986 Control 25 14:00 69°40.3'N 139°28.4'W°
86-5 1 5/9/1986 Yes 14 15:00 69°50.1'N 141°51.9'W
86-6 5/9/1986 Control 27 18:16 69°53.8'N 141°45.6'W
86-7 2 6/9/1986 Yes 11 11:03 69°48.9'N 141°47.8'W
86-8 6/9/1986 Control 23 13:28 69°52.6'N 141°48.3'W
86-9 3 6/9/1986 Yes 7 1704 69°48.6'N 141°46.8'W
86-10 6 7/9/1986 Yes 12 9:10 69°38.1'N 140°49.4'W°
86-11 7/9/1986 Control 15 11:47 69°38.7'N 140°52.4'W°
86-12 4 7/9/1986 Yes 22 14:51 69°49.2'N 141°35.3'W
86-13 7/9/1986 Control 25 16:25 69°51.1'N 141°33.8'W
1998
1 7 11/09/98 Yes 15 14:11 70°04.80' N 144° 46.45'W
2 11/09/98 Control 8 17:42 69°59.74' N  144° 47.98' W
3 8 12/09/98 Yes 17 8:47 70°07.55'N  144° 46.76' W
4 9 12/09/98 Yes 25 13:17 70°11.57'N  144° 5317'W
5 12/09/98 Control 22 15:22 70°10.68'N  144° 32.06' W
7 14/09/98 Control 18 10:31 69°49.92'N  141°40.04' W
8 10 14/09/98 Yes 27 14:08 69°50.18' N 141°23.43'W
15 11 16/09/98 Yes 40 13:30 70°18.72'N  143° 25.81'W
16 16/09/98 Control 46 15:35 70°23.52'N  143°24.12' W
21 12 18/09/98 Yes 27 12:54 70°13.33' N 143°49.68' W
22 18/09/98 Control 14.5 14:59 70°09.67'N  143°47.97'W
27 13 20/09/98 Yes 10 11:09 70°10.14'N  143°24.00' W
28 14 20/09/98 Yes 14.5 11:46 70°10.44'N  143°16.80' W
29 20/09/98 Control 34 15:14 70°14.47'N  143° 09.71' W
30 22/09/98 Control 12 9:26 70°09.53'N  143° 37.75'W
32 15 22/09/98 Yes 16 14:52 70°09.92' N  143°07.96' W
31 22/09/98 Control 19 10:11 70°11.31'N  143°41.06' W
33 16 22/09/98 Yes 19 15:08 70°10.55'N  143°07.77'W
1999
1 17 16/9/99 Yes 48 14:31 70° 08.58'N  141°49.29' W
2 16/9/99 Control 46 16:06 70°08.34'N  142° 05.04' W
3 18 17/9/99 Yes 48 11:24 70° 08.33'N  141°52.50' W
4 19 17/9/99 Yes 48 13:14 70° 08.85'N  142° 00.59' W
5 17/9/99 Control 35 16:00 70°03.36' N 142° 08.31' W
15 21 20/9/99 Yes 45 12:00 70°20.75' N 143°25.70' W
14 20 20/9/99 Yes 35 15:07 70°16.12' N 143°32.87'W
17 20/9/99 Control 20 16:26 70°11.80'N  143° 39.75'W

ADT = Alaska daylight time.

& Corresponding to whale feeding stations in Figure 6.1 and Appendix 6.3.

P Stations in the Canadian Beaufort Sea near Alaska that were sampled during the Alaskan project.
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APPENDIX 6.2. Major zooplankton taxa and species collected in oblique tows at apparent feeding and
corresponding control stations 1986, 1998, 1999. Sample depth is the maximum water depth of the

oblique tow, which was near the bottom (see Appendix 6.1 for station depths).

Sample Zooplankton
Depth Biomass  Copepods Comprising Other Taxa Comprising No. of Whale Sightings
Location (m) mg/m® >1% of Biomass % >1% of Biomass % Whales
1986
A. 4 Sept 1986, West of Herschel Island
Sta. 86-1 16 96.4 Copepods 14.5 Cnidarians & Ctenophores 38.1 10 Whales feeding
(Whales) Limnocalanus macrurus 7.7 Amphipods 13.0 on Sept 3
Ref 5° Calanus hyperboreus 2.3 Mysids 59
Calanus glacialis 2.5 Fish Larvae 29
Pseudocalanus minutus 14 Chaetognaths 3.0
Decapod larvae 13.9
Pteropods 5.2
Sta. 86-2 20 51.8 Copepods 78.5 Fish Larvae 59
(Control) Limnocalanus macrurus 43.1 Cnidarians & Ctenophores 5.6
Calanus hyperboreus 17.8 Decapod larvae 4.8
Calanus glacialis 11.8 Chaetognaths 1.4
Euchaeta glacialis 23 Amphipods 1.2
Metridia longa 1.9
B. 5 Sept 1986, Kongakut Delta
Sta. 86-5 12 1228.1 Copepods 96.0 Cnidarians & Ctenophores 2.5 Many Numerous whales seen
(Whales) Limnocalanus macrurus 95.0 from boat
Ref 1
Sta. 86-6 22 81.2 Copepods 17.3 Cnidarians & Ctenophores 38.1
(Control) Calanus glacialis 10.8 Fish larvae 15.7
Limnocalanus macrurus 4.2 Decapod larvae 7.2
Calanus hyperboreus 1.5 Amphipods 4.0
Chaetognaths 1.3
Pteropods 14.0
C. 6 Sept 1986, Kongakut Delta
Sta. 86-7 8 853.4 Copepods 91.1 Mysids 6.3 Many Numerous whales seen
(Whales) Limnocalanus macrurus 88.4 from boat
Ref 2 Pseudocalanus minutus 1.3
Sta. 86-8 23 40.5 Copepods 31.7 Amphipods 38.0
(Control) Limnocalanus macrurus 18.5 Cnidarians & Ctenophores 12.3
Calanus glacialis 4.7 Decapod larvae 4.3
Euchaeta glacialis 3.5 Chaetognaths 3.3
Calanus hyperboreus 2.7 Pteropods 2.4
D. 7 Sept 1986, Clarence Lagoon
Sta. 86-10 12 105.0 Copepods 33.8 Cnidarians & Ctenophores 41.7 8 Whales feeding
(Whales) Limnocalanus macrurus 32.0 Fish larvae 7.5 on Sept 7
Ref 6 Decapod larvae 6.0
Mysids 4.6
Pteropods 2.9
Amphipods 1.9
Sta. 86-11 12 198.5 Copepods 57.4 Cnidarians & Ctenophores 26.8
(Control) Limnocalanus macrurus 46.7 Fish larvae 3.2
Calanus glacialis 6.9 Chaetognaths 3.4
Calanus hyperboreus 2.2 Decapod larvae 3.9
Pseudocalanus minutus 1.3 Amphipods 1.9
E. 7 Sept 1986, Kongakut Delta
Sta. 86-12 18 9124 Copepods 95.3 Fish larvae 1.2 12 Whales feeding
(Whales) Limnocalanus macrurus 93.8 Cnidarians & Ctenophores 1.2
Ref 4
Sta. 86-13 21 58.7 Copepods 1.1 Fish larvae 33.7
(Control) Limnocalanus macrurus 1.0 Decapod larvae 24.8
Cnidarians & Ctenophores 16.6
Pteropods 9.8
Amphipods 1.2
Other 12.7



APPENDIX 6.2. (continued)

. Zooplankton: Characteristics of Bowhead Feeding Areas  6-37

Sample  Zooplankton
Depth Biomass Copepods Comprising Other Taxa Comprising No. of Whale Sightings
Location (m) mg/m® >1% of Biomass % >1% of Biomass % Whales
1998
A. 11 Sept. 1998, East Camden Bay
Sta. 98-1 10.5 144.0 Copepods 79.1 Cnidarians & Ctenophores 9.5 4+ Water-column
(Whales) Calanus glacialis 70.7 Amphipods 5.5 feeding
Ref 7 Calanus hyperboreus 74 Chaetognaths 5.2
Pseudocalanus minutus 1.0
Sta. 98-2 6.5 233.8 Copepods 3.2 Fish Larvae 70.2
(Control) Calanus glacialis 2.2 Chaetognaths 16.2
Calanus hyperboreus 0.2 Mysids 8.8
Pseudocalanus minutus 0.8
B. 12 Sept. 1998, East Camden Bay
Sta. 98-3 10.0 678.4 Copepods 78.8 Chaetognaths 12.3 10+ Seen Day
(Whales) Calanus glacialis 711 Cnidarians & Ctenophores 8.3 Before
Ref 8 Calanus hyperboreus 6.4
Pseudocalanus minutus 1.3
Sta. 98-4, 4 nmiles North Sta. 98-3 Copepods 61.3 Chaetognaths 26.7 3+ Water-column
(Whales) 19.6 468.4 Calanus glacialis 48.6 Cnidarians & Ctenophores 11.5 Feeding
Ref 9 Calanus hyperboreus 124
Pseudocalanus minutus 0.2
Sta. 98-5 19.5 418.1 Copepods 54.6 Cnidarians & Ctenophores 24.4
(Control) Calanus glacialis 36.1 Chaetognaths 20.9
Calanus hyperboreus 16.7
Pseudocalanus minutus 1.6
C. 14 Sept. 1998, Icy Reef
Sta. 98-8 24.0 331.0 Copepods 31.8 Cnidarians & Ctenophores 57.7 6+ Water-column
(Whales) Calanus glacialis 26.6 Chaetognaths 7.8 Feeding
Ref 10 Calanus hyperboreus 4.7 Euphausiids 1.3
Pseudocalanus minutus 0.3
Sta. 98-7 16.0 93.7 Copepods 45.1 Cnidarians & Ctenophores 29.9
(Control) Calanus glacialis 42.7 Chaetognaths 19.2
Calanus hyperboreus 2.0 Euphausiids 3.1
Pseudocalanus minutus 0.2 Mysids 2.1
D. 16 Sept. 1998, North of Bernard Spit Barter Island
Sta. 98-15
(Whales?) 32.5 148.2 Copepods 55.6 Cnidarians & Ctenophores 25.4 3+ Seen from the
Ref 11 Calanus glacialis 52.0 Chaetognaths 7.0 Boat, stayed in
Calanus hyperboreus 2.7 Fish Larvae 6.2 area during
Pseudocalanus minutus 0.7 Larvaceans 2.8 sampling
Amphipods 2.5
Sta. 98-16 46.0 71.5 Copepods 37.3 Cnidarians & Ctenophores 28.5
(Control) Calanus glacialis 30.5 Fish Larvae 17.3
Calanus hyperboreus 5.2 Chaetognaths 8.6
Pseudocalanus minutus 0.6
E. 18 Sept. 1998, East Camden Bay
Sta. 98-21 24.5 3271 Copepods 71.4 Chaetognaths 19.4 14+ Water-column
(Whales) Calanus glacialis 475 Cnidarians & Ctenophores 5.8 Feeding
Ref 12 Calanus hyperboreus 20.9 Mysids 2.0
Pseudocalanus minutus 3.0 Fish Larvae 1.1
Sta. 98-22 12.5 298.4 Copepods 19.8 Chaetognaths 64.9
(Control) Calanus glacialis 4.1 Cnidarians & Ctenophores 14.3
Calanus hyperboreus 13.8 Mysids 1.0
Pseudocalanus minutus 1.6
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APPENDIX 6.2. (continued)

Sample Zooplankton
Depth Biomass Copepods Comprising Other Taxa Comprising No. of Whale Sightings
Location (m) mg/m® >1% of Biomass % >1% of Biomass % Whales
F. 20 Sept. 1998, Off Jago Spit
Sta. 98-27 7.5 207.6 Copepods 15.1 Mysids 33.7 4+ Water-column
(Whales) Calanus glacialis 5.5 Chaetognaths 254 feeding
Ref 13 Calanus hyperboreus 7.5 Cnidarians/Ctenophores 20.3
Pseudocalanus minutus 2.1
Sta. 98-28 rth of Sta. 98-27
(Whales) 13.5 270.5 Copepods 8.7 Chaetognaths 375 4+ Water-column
Ref 14 Calanus glacialis 4.1 Mysids 275 feeding
Calanus hyperboreus 3.0 Hydrozoans & Ctenophores 26.2
Pseudocalanus minutus 1.6
Sta. 98-29 295 429.2 Copepods 37.0 Chaetognaths 47.5
(Control) Calanus glacialis 19.5 Cnidarians/Ctenophores 13.9
Calanus hyperboreus 15.3 Mysids 14
Pseudocalanus minutus 2.0
G. 22 Sept. 1998, Off Barter Island
Sta. 98-32 13.0 239.0 Copepods 23.1 Cnidarians/Ctenophores 34.8 4+ Bottom
(Whales) Calanus glacialis 18.9 Chaetognaths 32.2 feeding
Ref 15 Calanus hyperboreus 1.8 Mysids 6.6
Pseudocalanus minutus 2.3 Euphausiids 2.8
Sta. 98-30 8.5 311.7 Copepods 13.4 Fish Larvae 33.0
(Control) Calanus glacialis 10.7 Chaetognaths 26.9
Calanus hyperboreus 1.0 Mysids 19.8
Pseudocalanus minutus 15 Cnidarians/Ctenophores 6.1
Sta. 98-33 15.5 224.5 Copepods 30.3 Chaetognaths 47.9 4+ Bottom
(Whales) Calanus glacialis 22.7 Mysids 10.7 feeding
Ref 16 Calanus hyperboreus 3.9 Cnidarians/Ctenophores 7.4
Pseudocalanus minutus 3.6 Euphausiids 3.5
Sta. 98-31 19.0 406.9 Copepods 63.0 Chaetognaths 11.1
(Control) Calanus glacialis 56.8 Cnidarians/Ctenophores 9.4
Calanus hyperboreus 4.9 Mysids 6.2
Pseudocalanus minutus 1.3 Decapods 6.4
Fish Larvae 2.7
1999
A. 16 Sept. 1999, Off Nug Lagoon
Sta. 99-1 40.0 4427 Copepods 67.3 Chaetognaths 18.5 18 Water-column
(Whales) Calanus glacialis 9.8 Cnidarians/Ctenophores 7.4 feeding
Ref 17 Calanus hyperboreus 54.8 Fish Larvae 3.1
Pseudocalanus minutus <1.0
Sta. 99-2 40.0 384.3 Copepods 62.1 Cnidarians/Ctenophores 24.4
(Control) Calanus glacialis 4.0 Chaetognaths 10.8
Calanus hyperboreus 56.2 Fish Larvae 3.6
Pseudocalanus minutus <1.0
B. 17 Sept. 1999, Off Nug Lagoon
Sta. 99-3 40.0 207.4 Copepods 73.1 Chaetognaths 9.3 15 Water-column
(Whales) Calanus glacialis 9.0 Cnidarians/Ctenophores 6.8 feeding
Ref 18 Calanus hyperboreus 61.5 Fish Larvae 5.5
Pseudocalanus minutus <1.0
Sta. 99-4 41.0 221.2 Copepods 70.5 Cnidarians/Ctenophores 14.9 13 Water-column
(Whales) Calanus glacialis 7.3 Chaetognaths 9.6 feeding
Ref 19 Calanus hyperboreus 62.0 Fish Larvae 2.5
Pseudocalanus minutus <1.0
Sta. 99-5 30.0 215.4 Copepods 65.6 Cnidarians/Ctenophores 204
(Control) Calanus glacialis 2.2 Fish Larvae 6.5
Calanus hyperboreus 62.4 Chaetognaths 5.1
Pseudocalanus minutus >1.0



APPENDIX 6.2. (concluded)

§6. Zooplankton: Characteristics of Bowhead Feeding Areas  6-39

Sample  Zooplankton
Depth Biomass  Copepods Comprising Other Taxa Comprising No. of Whale Sightings
Location (m) mg/m*® >1% of Biomass % >1% of Biomass % Whales
C. 20 Sept. 1999, Off Barter Island
Sta. 99-14 40.0 449.50 Copepods 70.6 Cnidarians/Ctenophores 19.4 15 W ater-column
(Whales) Calanus glacialis 7.8 Chaetognaths 8.5 feeding between
Ref 20 Calanus hyperboreus 60.4 Fish Larvae 1.2 St. 14 and 15
Pseudocalanus minutus <1.0
Sta. 99-15 45.0 582.80 Copepods 80.2 Cnidarians/Ctenophores 11.8 15 W ater-column
(Whales) Calanus glacialis 15.0 Chaetognaths 8.5 feeding between
Ref 20 Calanus hyperboreus 61.2 Fish Larvae <1.0 St. 14 and 15
Pseudocalanus minutus <1.0
Sta. 99-17 18.0 438.00 Copepods 19.3 Chaetognaths 39.8
(Control) Calanus glacialis 6.5 Cnidarians/Ctenophores 28.3
Calanus hyperboreus 12.3 Euphausiids 9.2
Pseudocalanus minutus <1.0 Fish Larvae 1.9
Mysids 0.9

? Corresponding to whale feeding stations in Figure 6.1 and Appendix 6.3.



APPENDIX 6.3. Attributes of the 42 whale feeding stations sampled in eastern Alaskan Beaufort Sea, along Yukon coast and off Tuktoyaktuk
Peninsula, 1981-99. Locations are shown on Figure 6.1 (from Griffiths and Buchanan 1982; Griffiths et al. 1987; Bradstreet and Fissel 1986;
Bradstreet et al. 1987; Wartzok et al. 1990; and present study).
biomass from horizontal bongo tows. Note: The station numbers in parentheses are the station numbers that appear in the original reports.

Mean biomass and dominant taxa are from oblique bongo tows; maximum

Water Biomass (mg/m°) Depth of Dominant Taxa Bowheads
Date Depth (m)| Mean [Maximum | Max Biomass [Taxa (%) Species (%) Observed
Eastern Alaskan Beaufort Sea 1986
1 Off Kongakut Delta 5-Sep 86 14 1228 3023 10 Copepods (95%) Limnocalanus Feeding whales observed
69°50.1'N 141°51.9'W (St 5) macrurus (93%) from boat and aircraft
2 69°48.9'N 141°47.8'W (St 7) 6-Sep 86 11 853 2887 8 Copepods (91%) Limnocalanus Feeding whales observed
macrurus (91%) from boat and aircraft
3 69°48.6'N 141°46.8'W (St 9) 6-Sep 86 7 319 -b -b Copepods (90%) Limnocalanus Feeding whales observed
macrurus (85%) earlier in day from aircraft
4 69°49.2'N 141°35.3'W (St 12) 7-Sep 86 22 912 2137 15 Copepods (95%) Limnocalanus Feeding whales observed
macrurus (94%) from boat and aircraft
5 West of Herschel Is. (St 1) 4-Sep 86 17 96 75 8 Cnidarians + Aglantha None seen from boat;
69°35.7'N 139°31.6'W Ctenophores (38%) digitale (26%) feeding previous day
6 Off Clarence Lagoon (St 10) 7-Sep 86 12 105 3847 8 Cnidarians + Limnocalanus 1 whale observed from boat;
69°38'N 140°49'W Ctenophores (42%) macrurus (32%) several feeding previous day
Eastern Alaskan Beaufort Sea 1998
7 Eastern Camden Bay (St. 1) 11-Sep 98 15 144 295 10.5 Copepods (79%) Calanus 4+ whales observed from
70° 04.80'N 144° 46.45'W glacialis (71%)  aircraft surface feeding
8 Eastern Camden Bay (St. 3)
70° 07.55'N 144° 47.76'W 12-Sep 98 17 678 615 15 Copepods (79%) Calanus 10+ whale seen from aircraft
glacialis (71%)  on the previous day
9 Eastern Camden Bay (St. 4)
70° 11.57'N 144° 53.17'W 12-Sep 98 25 468 460 10.6 Copepods (61%) Calanus 3+ whale observed from
glacialis (49%)  aircraft feeding in water-column
10 Off Icy Cape (St. 8)
69° 50.18'N 141° 23.43'W 14-Sep 98 27 331 504 23.5 Cnidarians + Cyanea 6+ whale observed from
Ctenophores (58%) capillata (49%) aircraft feeding in water-column
11 Off Jago Spit (St. 15)
70° 18.72'N 143° 25.81'W 16-Sep 98 40 148 771 22.4 Copepods (56%) Calanus Several whales observed
glacialis (52%)  from boat during sampling
12 Eastern Camden Bay (St. 21)
70° 13.33'N 143 49.68'W 18-Sep 98 27 327 389 23 Copepods (71%) Calanus 14+ whales observed from
glacialis (48%)  aircraft feeding in water-column
13 Off Jago Spit (St. 27)
70° 10.14'N 143° 24.00'W 20-Sep 98 10 208 267 6.8 Mysids  (34%) Mysis 4+ whales observed from
litoralis (34%) aircraft feeding in water-column
14 Off Jago Spit (St. 28)
70° 10.44'N 143° 16.80'W 20-Sep 98 14.5 271 421 10.8 Chaetognaths (38% Sagitta 4+ whales observed from
elegans (38%)  aircraft feeding in water-column
15 East of Barter Island (St. 32)
70° 09.92'N 143° 07.96'W 22-Sep 98 16 239 329 141 Cnidarians + Mertensia 4+ whales observed from

Ctenophores (35%) ovum (16%)

aircraft bottom feeding
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APPENDIX 6.3. (continued)

Water Biomass (mg/m3) Depth of Dominant Taxa Bowheads
Date Depth (m)| Mean |Maximum | Max Biomass [Taxa (%) Species (%) Observed
16 East of Barter Island (St. 33)
70° 10.55'N 143° 07.77W 22-Sep 98 19 225 386 13.7 Chaetognaths (48%) Sagitta 4+ whales observed from
Eastern Alaskan Beaufort Sea 1999 elegans (48%)  aircraft bottom feeding
17 Off Beaufort Lagoon (St. 1)
70° 08.58' N 141° 49.29' W 16-Sep 99 48 443 545 31 Copepods (67%) Calanus 18 whales observed from boat
hyperboreus (55% aircraft feeding in water-column
18 Off Beaufort Lagoon (St. 3) 17-Sep 99 48 207 886 40 Copepods (73%) Calanus
70° 08.33' N 141° 52.50' W hyperboreus (62% 15 whales observed from
aircraft feeding in water-column
19 Off Beaufort Lagoon (St. 4) 17-Sep 99 48 221 778 40 Copepods (71%) Calanus
70° 08.85' N 142° 00.59' W hyperboreus (62% 13 whales observed from boat &
aircraft feeding in water-column
20 East of Barter Island (St. 14)  20-Sep 99 40 450 595 31 Copepods (71%) Calanus
70° 16.12' N 143° 32.87' W hyperboreus (60% 15 Whales observed between
St. 14 and St. 15 from
aircraft feeding in water-column
21 East of Barter Island (St. 15) 20-Sep 99 45 583 571 24 Copepods (80%) Calanus 15 Whales observed between
70° 20.75' N 143° 25.70' W hyperboreus (61% St. 14 and 15 from aircraft
feeding in water column
Canadian Beaufort Sea 1980
22 Off Richard's Island 14-26 Aug 80 26 558 mean -b Hydrozoans (71%) Halitholus Whales observed in general are
Mackenzie Delta 1017 max cirratus (25%) by aircraft
70°00'N 134°30'W Euphysa
Canadian Beaufort Sea 1981 flammea (38%)
23 Off Richards Island., 18-19 Aug 81 26 -C 885 15 Copepods (79%) Calanus 30 whales observed surface
Mackenzie Delta hyperboreus (70% feeding (aircraft and
70°00'N 135°43'W boat observations)
216 0 Copepods (92%) Calanus
hyperboreus (69%)
24 Off Richards Island., 24-Aug 81 30 -C 1405 15 Copepods (64%) Calanus Whales observed to be feeding
Mackenzie Delta hyperboreus (52% by boat
70°08'N 134°38'W C. glacialis
552 0 Copepods (83%) Calanus
hyperboreus (82%)
C. glacialis
25 Off Richards Island., 25-Aug 81 11 -C 807 10 Copepods (61%) Calanus Whales observed to be feeding
Mackenzie Delta Mysids (18%) hyperboreus (39% near the bottom by boat
69°52'N 134°49'W Mysis littoralis (18%)
Canadian Beaufort Sea 1985
26 Off Kay Pt., Yukon Coast (St° 27-Aug 85 64 288 1098 8 Copepods (92%) Limnocalanus Observed from boat
69°27'N 138°04'W macrurus (77%)
27 Off King Pt., Yukon Coast (St 28-Aug 85 12 -C 2142 1 Copepods (99%)  Limnocalanus Observed from boat, 1 was

69°05'N 137°47'W

macrurus (97%) surface feeding
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APPENDIX 6.3. (concluded)

raschii (100%)

Water Biomass (mg/ma) Depth of Dominant Taxa Bowheads
Date Depth (m)] Mean [Maximum | Max Biomass |Taxa (%) Species (%) Observed
28 Off King Pt., Yukon Coast (St 3)  29-Aug 85 21 836 1203 9 Copepods (94%) Limnocalanus Observed water-column
69°08'N 138°00'W macrurus (88%) feeding from boat
29 Off Kay Pt., Yukon Coast (St 26) 29-Aug 85 25 -C 2294 8 Copepods (98%) Limnocalanus Observed some water-column
69°16'N 138°16'W 693 1 macrurus (84%) feeding and some surface
Canadian Beaufort Sea 1986
30 King Point, Yukon Coast (St 2) 5-Sep 86 14 776 1543 3 Copepods (91%) Limnocalanus About 12 whales
69°05'N 137°47'W macrurus (86%) observed from ship
31 King Point, Yukon Coast (St 3) 5-Sep 86 21 455 771 14 Copepods (61%) Limnocalanus 3 whales observed
69°08'N 137°38'W macrurus (26%) from ship possibly
Euphausiids (20%) Calanus feeding
hyperboreus (18%)
32 North of Tuktoyaktuk (St 60) 30-Aug 86 49 369 -a -a Copepods (85%) Calanus Whales observed within
70°42'N 132°53'W hyperboreus (76%) 50 m of ship
33 North of Tuktoyaktuk (St 54) 30-Aug 86 38 260 -a -a Cnidarians + Aglantha Whales >1 km from ship
70°29'N 131°27'W Ctenophores (39%) digitale (34%)
34 North of Tuktoyaktuk (St 55) 30-Aug 86 52 282 139 20 Copepods (70%) Calanus Whales >1 km from ship
70°49'N 131°27'W hyperboreus (68%)
35 Off E. Tuk. Penin. (St 79.3) 3-Sep 86 43 116 93 33 Copepods (71%) Calanus Whales >1 km from ship
70°51'N 130°46'W hyperboreus (55%)
36 Off E. Tuk. Penin. (St 79) 3-Sep 86 36 527 -a -a Copepods (87%) Calanus 3 whales observed within
70°44'N 130°46'W hyperboreus (68%) 500 m of ship
Canadian Beaufort Sea 1988
37 Off Shingle Point® 11-Sep 88 Oto1 1732 4889 Copepods Limnocalanus 5 whales observed surface
69°00'N 137°28'W Oto2 736 2635 macrurus feeding (boat observations)
Other Studies in the Canadian and Alaskan Beaufort Sea (Wartzok et al. 1990)
38 Off Tuktoyaktuk Peninsula Sep 89 about 20 426 -b -b Copepods (67%) 8 whales observed from boat
water column feeding
39 Off Demarcation Bay Sep 89 about 20 730 -b -b Euphausiids (50%) Thysanoessa 12 whales observed from boat
raschii (100%) skim and water colum feeding
40 Camden Bay Sep 89 about 20 1619 -b -b Copepods (97%) 12 whales observed from boat
water column feeding
41 Camden Bay Sep 89 about 20 854 -b -b Chaetognaths (58%) 3 whales observed from boat
water column feeding
42 Camden Bay Sep 89 about 20 3287 -b -b Euphausiids (85%) Thysanoessa 20 whales observed from boat

skim feeding near surface

©aS 1ojneag Ueysely 3 au) ul Buipeed afeum peaymod  Zi-9

a Echosounder not functioning.

b No horizontal taken at depth

¢ No oblique tows taken.

d Only numbers and calculated biomass for Limnocalanus macrurus known for this station.



APPENDIX 6.4. Temperature and salinity profiles (CTD) in the water column at whale feeding and control stations in the eastern Alaskan Beaufort
Sea, Sept 1986 and 1999. See Figure 6.1A,B and Appendix 6.1 for station locations. At the right of all profiles, top line (red) is salinity and bottom

line (blue) is temperature.
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APPENDIX 6.5. Temperature and salinity profiles (CTD) in the water column at whale feeding and control stations in the eastern Alaskan Beaufort
Sea, Sept. 2000. See Figure 61.1C and Appendix 6.1 for station locations. At the right of all profiles, top line (red) is salinity; bottom line (blue) is

temperature.
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7. ZOOPLANKTON: SUMMARY AND CONCLUSIONS

William B. Griffiths' and Denis H. Thomson>

The main purpose of the zooplankton components of the study was to characterize, in a quantitative
way, the zooplankton available to feeding bowhead whales over the continental shelf from the Canadian
border to central Camden Bay (141° to 145°W) during late summer and early autumn. That is the season
when much of the Bering—Chukchi—Beaufort stock of bowhead whales travels west through that area,
often feeding on zooplankton either while traveling west or while lingering in certain parts of the area.
To characterize the zooplankton, we needed to document the general distribution (horizontal and vertical)
of the zooplankton biomass and species composition in the study area, and their variability from year to
year. Also required was an understanding of the distribution, biomass, and species composition of zoo-
plankton at the specific locations and times where bowhead whales chose to feed.

We addressed these requirements via a program of boat-based sampling near feeding whales and in
the study area generally during varying date ranges in September of five years, 1985-86 and 1998-2000,
as documented in Chapters 4—6. Weather, oceanographic, and ice conditions varied among these years,
and the frequency and locations of conspicuous feeding by bowhead whales also varied. Coordinated net
sampling and quantitative echosounder surveys, both near feeding whales and along broader-scale
transects, provided the needed data (in conjunction with limited physical oceanographic sampling).
During all five seasons, aerial surveyors searched for bowheads in the same study area, observed whether
they were feeding, and guided the boat-based crew to feeding bowheads when possible.

Acoustic vs. Net Biomass

There was a need for a method to estimate zooplankton biomass from echosounder data acquired
along transects and at whale feeding locations in the eastern Alaskan Beaufort Sea. This was done by
comparing zooplankton biomass collected in horizontal bongo-net tows with concurrent echosounder
measurements of acoustic back scatter at corresponding depths. Paired data of these types were collected
during September in all five years of the study. Linear regression techniques (robust LTS regressions in
1998-2000) were used to develop equations that could predict zooplankton biomass from acoustic back
scatter when only the latter is measured. In all five years, there was a positive and statistically significant
(P < 0.05 or better) correlation between net biomass and acoustic back scatter. Predictive equations were
developed for data collected in 1985, 1986, 1999, and 2000. In all cases, the best-fit equations were
developed using the highest frequency transducer, 200 kHz in 1985-86 and 430 kHz in 1999-2000. In
1998, the relationship between back scatter and zooplankton biomass was too weak to be of use. A strong
relationship between backscattering data and net zooplankton biomass is difficult to obtain because the
acoustic data may contain echoes not only from zooplankton but also from other biotic as well as abiotic

" LGL Ltd., environmental research associates, 9768 Second St., Sidney, B.C. V8L 3Y8. Phone: 250-
656-0127; e-mail: bgriff@lgl.com

2 LGL Ltd., environmental research associates, 22 Fisher St., POB 280, King City, Ont. L7B 1A6.
Phone: 905-833-1244. e-mail: dthomson@lgl.com
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sources. Sources of variability include such things as fish larvae, other large swift or very small zoo-
plankters not captured by nets, the shape and orientation of the zooplankton, sediment plumes, and
density discontinuities. (In any future related work, additional attention should be given at the planning
stage to possible ways of reducing these problems.) Despite the limitations and biases, the method
provided useful data concerning the locations and depths of high-density zooplankton patches, and the
relative amounts of zooplankton at different locations, depths, and times within and among the four years
when useful data were available. This approach was an important technique in assessing the characteristics
and quality of bowhead whale feeding habitat available in the eastern Alaskan Beaufort Sea during those
four years.

Species Composition, Biomass, and Distribution

There have been notable differences in zooplankton biomass and species composition of
zooplankton, particularly copepods, sampled in September of 1985-86 and 1998-2000. In the eastern
Alaskan study area as a whole, total zooplankton biomass appeared to be higher in 1985 and especially
1986 than in 1998-2000. Predatory cnidarians, ctenophores, and chaetognaths were much more abundant
in samples collected in 1998-2000 than in either 1985 or 1986. Predation may have contributed to the
lower total zooplankton biomass observed in 1998 through 2000. Another major difference was a change
in the dominant nearshore copepod species in the region. In 1985 and 1986, the brackish-water species
Limnocalanus macrurus was by far the dominant copepod (on a biomass basis) in nearshore waters. This
species was not found in the study area in 1998 and 1999 and was found only rarely in 2000, perhaps due
to the absence of a relatively warm, freshened surface water mass in these years. Copepods of the genus
Calanus were present in all samples from all five years, and were the dominant species in 1998-2000.

The vertical distribution of zooplankton biomass evident on the echosounders differed among the
four years with useful echosounder data. The 1985 and 1986 results were similar in that one to three
layers of zooplankton were observed at individual stations. Throughout the study area, most of these
zooplankton layers were 5 to 8 m thick, and most were in the upper 45 m of the water column. At some
of the 1985-86 shallow water stations (<25 m depth), the zooplankton layers occurred throughout most of
the water column, extending all the way to the bottom. During sampling in 1999, there was usually only
a single layer of zooplankton at each station, which varied in thickness from 5 to 25 m. Most of the layers
were found in water depths >10 m and extended to the bottom. The year 2000 was different from all
other years in that there was a marked difference in zooplankton between eastern and western stations,
i.e., from the Canadian border to Jago Lagoon vs. Barter Island to Camden Bay. In the eastern portion of
the study area, few zooplankton layers were evident at any stations, while to the west there were 1-3
dominant zooplankton layers.

In 1985 and 1986, the echosounder surveys and net samples showed that zooplankton biomass was
generally highest in the nearshore zone and tended to decrease with increasing distance from shore and
increasing depth. In 1999 and 2000, zooplankton was more evenly distributed along the transects. How-
ever, in 2000 the zooplankton biomasses were much higher in the western area (Barter Island to Camden
Bay) than farther east. Another major difference in zooplankton distribution was that the biomass of
zooplankton estimated to be in the concentrated layers was higher in 1985 and 1986 than in 1999 or (for
most locations) 2000. Maximum zooplankton biomass in layers exceeded 1200 mg/m’ (wet weight) in
both 1985 and 1986, and 750 mg/m’ on the three westernmost transects in 2000, but was only ~700
mg/m’ in 1999 and 500 mg/m’ on most other 2000 transects.
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In 1985 and 1986, along each transect, numerous zooplankton patches ~1 km in length and a few
meters in thickness contained densities ranging from an estimated 1400 to 2000 mg/m’. In 1999, biomass
in similar-sized zooplankton patches did not exceed 500 mg/m’, while in 2000 large patches of zooplank-
ton biomass that ranged from 1000 to 1400 mg/m’ were typically found only along the western three
transects.

Characteristics of Bowhead Feeding Areas

Zooplankton biomass near feeding whales was studied in September of 1986, 1998, and 1999. (In
September of 1985 and 2000, few if any bowheads lingered in the eastern Alaskan area to feed, and we
were not able to sample near whales feeding in that area.) Zooplankton biomass was much lower at the
whale feeding locations sampled in 1998 and 1999 than in 1986. In 1986, zooplankton biomass at whale
feeding stations averaged 586 mg/m’ (maximum 1228 mg/m’) for the water column as a whole, and
averaged 1375 mg/m’ (maximum 3847 mg/m’) in horizontal tows at depth. During 1986, some individ-
ual whales lingered to feed for several days, particularly in the nearshore zone in the southeastern corner
of the study area (Chapter 11). The small copepod Limnocalanus macrurus dominated there, as has often
been the case at whale feeding locations in nearshore waters along the Yukon coast. In 1998 and 1999,
zooplankton biomass at whale feeding stations was below 400 mg/m’ (maximum 678 mg/m”®) in the water
column as a whole, and below 400 mg/m’ (maximum 886 mg/m’) in horizontal tows at depth. In 1998,
bowhead whales moved quickly through the area and did not appear to stop and feed for any length of
time (Chapter 11). In 1999, some bowhead whales stopped to feed in the study area for a few days, but
these were located in the deeper offshore waters (40 to 150 m depth; Chapter 11). Bowhead whale
feeding habitat in the eastern Alaskan Beaufort Sea appears to have been of better quality in 1986 than in
either 1998 or 1999.

Bowhead whales feed in concentrations of zooplankton in the both the eastern Alaskan and Canad-
ian Beaufort Sea. There was no obvious difference in average zooplankton biomass in the water column
as a whole as measured in oblique tows in those two regions. Zooplankton biomass was higher at stations
where bowhead whales were present than at routine sampling stations where whales were not present.
Furthermore, zooplankton biomass was higher when whales were present during boat-based sampling
than at stations where whales had been sighted from the aircraft during the preceding day, but were no
longer present when the boat began sampling.

Horizontal plankton tows guided to layers of concentrated zooplankton by an echosounder have
been done at 17 stations where bowheads were observed <1 km from the sampling boat in the eastern
Alaskan and Canadian Beaufort seas. At these stations, mean biomass in the horizontal tows with the
highest biomass was 1841 + s.d. 1226 mg/m’ (n = 17; includes one vertical tow). The lowest biomass in
these tows was 545 mg/m’. For 4 of 17 stations, the highest biomass measured was 771-807 mg/m’, and
for 12 of 17 stations the highest value was >1000 mg/m’. Biomasses of ~800 mg/m’, as determined by
horizontal bongo-net tows guided by echosounder, may represent the feeding threshold for bowhead
whales, i.e., the minimum biomass for economical feeding.

In 1998 and 1999, Calanus hyperboreus and C. glacialis were the dominant copepod species at
whale feeding stations in the eastern Alaskan Beaufort Sea, but their biomass was typically lower than
that of the Limnocalanus macrurus present at whale feeding stations in 1986. Predatory cnidarians,
ctenophores, and chaetognaths were much more abundant at whale feeding and control station in 1998
and 1999 than in 1986. These animals feed on copepods and other zooplankters. The absence of
L. macrurus in 1998-99 was largely responsible for the lower biomass observed at feeding stations in
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those years as compared with 1986. The absence of L. macrurus was possibly attributable to the reduced
temperature and salinity gradients in 1998-99 and/or the presence of numerous predators. The predatory
species that were abundant in 1998-99 are of much lower nutritive value than are copepods (Thomson,
Chapter 22).

Calanus hyperboreus and C. glacialis were also the dominant copepod species at whale feeding
stations off Richard’s Island in the Canadian Beaufort Sea during 1980 and 1981. Calanus hyperboreus
was again the dominant copepod species at whale feeding stations off Richard’s Island in 1986. Whales
were seen at distances >1 km from the ship, and average biomass at these stations was not particularly
high.

Other taxa that occasionally were dominant components of the zooplankton at whale feeding
stations, aside from copepods and (less commonly) euphausiids and chaetognaths, were gelatinous groups
(cnidarians and ctenophores) and mysids. We did not find places with feeding whales where euphausiids
were dominant, but this has been reported previously by Wartzok et al., and euphausiids are the dominant
components of the prey in the stomachs of a minority of the bowheads landed at Kaktovik (Chapter 18).
Euphausiids are known to show avoidance reactions to sampling nets, and as a result euphausiids are
probably somewhat under-represented in our net samples. However, where euphausiids are abundant, as
they are at times in the western Beaufort Sea, they are prominent in net samples. In general, euphausiids
are apparently less important as prey for bowhead whales in the eastern Alaskan Beaufort Sea than farther
west near Point Barrow.

Recommended Research

The present study involved zooplankton sampling and echosounder surveys at a variety of dates
during September. September is known, from aerial surveys, to be the month of peak utilization of the
castern Alaskan Beaufort Sea by westward-migrating bowheads. However, information from aerial
surveys and from local residents indicates that bowheads can be present in appreciable numbers from
August to October, with occasional sightings in July (Chapters 2 and 9). Zooplankton biomass and
energy content are expected to vary seasonally, and there could also be seasonal trends in relative
importance of different species or groups. More precise estimates of food availability to bowheads in the
eastern Alaskan Beaufort Sea would be possible if zooplankton sampling there could be extended to
include the full period when bowheads use the area, or at least the main period of use from mid-August to
mid-October. However, sampling in October would be complicated by deteriorating weather conditions
and the fact that ice would likely be present at this time.

The present zooplankton study was conducted in the eastern Alaskan part of the Beaufort Sea, for
reasons explained in Chapter 1. Similar studies have been done on parts of the summer feeding grounds
in the Canadian Beaufort Sea. However, there has been no similar zooplankton study at autumn feeding
locations farther west in the Alaskan Beaufort Sea, or along the northeast coast of the Chukotsk Peninsula
in the western Chukchi Sea. In the western Beaufort Sea (Barrow to Smith Bay) during autumn,
euphausiids apparently are a predominant part of the bowhead diet (Chapter 18). To understand the
relative importance of autumn feeding areas west of the present eastern-Alaskan area, studies of zoo-
plankton availability in the more westerly areas during autumn would be useful. Insofar as possible,
zooplankton availability in these areas should be studied throughout the seasonal period when bowheads
occur in these areas, as evident from previous scientific studies and the experience of local residents.
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Given the documented year-to-year variability in zooplankton within the eastern Alaskan study
area, any follow-up study of zooplankton availability in different months or in different areas should be
planned for a duration of at least 3 years if at all possible.

This study has shown that it is necessary to sample quite close to feeding bowhead whales in order
to obtain meaningful data on the food available to the whales (Chapter 6). This limits the number of
sampling opportunities, and makes it important for the zooplankton sampling team to be guided to
feeding whales by aerial surveyors who have a broader and more synoptic perspective on whale use of the
area. Any future bowhead feeding study needs to include guidance by aerial observers (or some other
means, e.g., telemetry) to locations of feeding whales. Such guidance was available during the present
5-season study, but has not always been available during previous studies.

There is partial segregation of size (and age) classes of bowheads when they are passing through
the eastern Alaskan Beaufort Sea during late summer and autumn, with larger (older) whales tending to
be farther offshore (see Chapter 10). To date, opportunities to sample near feeding bowheads in this area
have been largely limited to bowheads in nearshore and inner-shelf waters, where subadult whales
predominate. Within the eastern Alaskan Beaufort Sea, it would be desirable to obtain additional data on
food availability and associated aspects of bowhead feeding in deeper waters. In the deeper areas, a
higher proportion of the bowheads are larger, older individuals, and in those areas zooplankton may con-
centrate at deeper depths, especially in the later parts of the season.

A combination of net sampling and echosounder surveys has been shown to be necessary in studies
of food availability for bowhead whales. These methods have different strengths and limitations, and are
complementary. However, the correlation between results from the two methods, as applied in the
Alaskan and Canadian Beaufort Sea, has been weaker and more variable than desired. Several probable
or possible reasons for the weaker-than-desired correlation have been identified (Chapter 4). [t will be
desirable, in any similar future study of zooplankton availability to bowhead whales, to develop and use
improved field and analysis methods that will provide more reliable and better-correlated net-sampling
and echosounder results. Possible improvements include expanded efforts to identify and measure
confounding factors (e.g., density gradients and turbidity) and to treat them as covariates, and use of
multi-frequency echosounder data to help deal with the problems created by different types and sizes
zooplankton. It would also be desirable to consider the suitability of improved or new types of zoo-
plankton sampling gear that might be available (and practical) by the time a future study is being plan-
ned, e.g., opening-and-closing nets; video plankton recorder; specialized echosounder gear. It would be
useful to conduct preliminary fieldwork to develop and test any such improvement or new methods prior
to applying them during an extensive sampling effort.

Data on day—night differences, if any, in the vertical distribution of zooplankton in areas and
seasons where bowheads feed would be helpful in assessing food availability to bowheads. The extent of
diel vertical migration by zooplankton has not been documented for the Beaufort Sea during summer or
autumn. Seasonal variability in the occurrence of diel vertical migration is to be expected, given the
continuous daylight from spring to mid-summer, and increasing darkness from mid-August onward.
Foraging behavior of bowhead whales is likely to be affected by any pronounced vertical migration by
concentrations of prey.



BOWHEAD WHALE DISTRIBUTION,
NUMBERS AND ACTIVITIES

8. INTRODUCTION TO BOWHEAD WHALE COMPONENTS OF STUDY

W. John Richardson and William R. Koski'

Studies of the distribution, numbers, and activities of bowhead whales within and near the eastern
Alaskan Beaufort Sea, primarily via aircraft-based techniques, are described in Chapters 8§—16 of this
report. This work was done as an integrated part of a broader study of the importance of that area to
feeding bowheads. Other major study components included compilation of local and traditional know-
ledge (Chapter 2), studies of zooplankton near feeding whales and in the study area generally (Chapters
3-7), studies of bowhead diet (Chapters 17-21), an energetic analysis (Chapter 22), and integration
(Chapter 23). As stated by MMS,

‘The goal of this study is, collaboratively with key stakeholders, to summarize available
scientific and traditional knowledge and to plan and implement a multi-year study of
bowhead whale feeding in the eastern Alaska Beaufort Sea (between Kaktovik and the
Canadian border, south of 71° N latitude) in order to determine its importance as a
feeding area for bowhead whales.’

The initial phase of this work was conducted during Year 1 of the project (September 1997 through
August 1998). During that time, we compiled the then-available information, both traditional and scien-
tific, concerning the use of the study area and adjacent waters for feeding by bowhead whales and other
related topics (Appendices A through D in Richardson and Thomson 1999). We also worked with the
subsistence hunters, other stakeholders, and the project’s Scientific Review Board to define the key ques-
tions and hypotheses, and to develop a study plan for Years 2—4, which were to include fieldwork in
August—September of 1998 to 2000 (Thomson and Richardson 1998, 1999).

During Year 1 of the project (1997-98), considerable effort was spent in documenting local know-
ledge about use of the eastern Alaskan Beaufort Sea by bowheads, feeding and otherwise. Information
was assembled at a meeting and a workshop convened in Kaktovik, and from individual discussions with
whaling captains and other local people interested in bowhead whales. The results were summarized by
subcontractor M.S. Galginaitis and presented as Appendix D in Richardson and Thomson (1999). An
updated version of that document appears as Chapter 2 of the present report.

At the meetings and via individual discussions during the planning stage, local people described the
timing of occurrence of bowheads in the eastern Alaskan Beaufort Sea and the places where bowheads are
most often seen. One significant point was that, although the main autumn migration does not begin near
Kaktovik until early September, small numbers of bowheads occur in the area during August and occas-

" LGL Ltd., environmental research associates, 22 Fisher St., POB 280, King City, Ont. L7B 1A6.
Phone: 905-833-1244; e-mail: wjr@lgl.com, bkoski@]Igl.com




8-2  Bowhead Whale Feeding in the E Alaskan Beaufort Sea

ionally July. The hunters also noted that bowheads often are seen in Camden Bay just to the west of
Kaktovik as well as in the waters near and to the east of Kaktovik. Some local people suggested that the
study should extend west into Camden Bay, and this was done during fieldwork in 1998, 1999, and 2000.
Relatively little of the traditional information was explicitly about whale feeding behavior, as the hunters
generally do not distinguish feeding whales from other whales when they encounter them at sea. How-
ever, the information provided at the meetings and during individual discussions was helpful in formulat-
ing a study plan that (1) would focus on the key questions and (2) could be implemented without
interfering with the bowhead hunt. That information, and additional information obtained during further
discussions with local people during 1998-2000, has been summarized in Chapter 2 (see also Annex B in
Volume 2). Relevant local and traditional knowledge has been integrated with the scientific data
collected during this and previous studies in the area, e.g., in Chapters 9, 10 and 12, to provide a more
complete picture of bowhead use of the eastern Alaskan Beaufort Sea.

The original study plan called for additional field research in Years 2—4 (1998-2000) on bowhead
distribution, numbers, and activities in the study area. The data collected during the first year of intensive
fieldwork (1998) were presented in draft in May 1999. This report was reviewed at the June 1999
Scientific Review Board (SRB) meeting. The SRB made some specific recommendations about field
work and analyses to be conducted in following years. The revised study plan that considered comments
made by the SRB and MMS was distributed in August 1999 (Thomson and Richardson 1999) and the
final report on activities conducted during Years 1 and 2 was distributed in September of 1999 (Richard-
son and Thomson 1999). The data collected during the second year of intensive fieldwork (1999) were
presented in a draft report circulated in July 2000. No further substantive changes to the study plan were
recommended based on the data presented then, and the third season of fieldwork (2000) proceeded much
as in 1999.

The project plan (Thomson and Richardson 1998, 1999) called for the use of aerial surveys, aerial
observations of behavior, and aerial photographic methods to document the distribution, abundance,
behavior, sizes, and residence times of bowheads in the study area. More specifically, the purposes of the
aircraft-based fieldwork were to

e  determine distributions and raw numbers of bowheads within the study area during late sum-
mer/early-autumn feeding periods in that area,

e  determine correction factors for sightability during aerial surveys,

e use the above data to estimate whale-days of utilization of the study area,
e  document the proportion of time spent feeding,

e  characterize feeding behavior (near-surface/water-column/bottom), and

e  determine residence times of individual bowheads.

The aerial survey crew had the additional critical task of providing the boat-based crew with infor-
mation about locations of bowhead whales (especially feeding whales) on a real-time basis. This was
necessary to allow the boat-based crew to locate bowheads for the purpose of sampling the zooplankton
around feeding whales (described in Chapter 6).

Aerial work of these types was conducted during 1998, 1999 and 2000. Similar data were already
available from a closely-related project in the same region during September 1985-86 (Richardson [ed.]
1987). Thus, comparable data are available from five different years, providing a basis for dealing with



§8. Bowheads: Introduction 8-3

the year-to-year variability issue. Aircraft-based work during the previous study extended from 4 Sep-
tember to 3 October in 1985, and from 2 to 27 September in 1986.

The 1998, 1999 and 2000 field seasons for aircraft-based work were initially anticipated to be from
approximately 1 to 21 September. However, the Kaktovik whaling captains requested that, in 1998-2000,
boat-based work east of Kaktovik not commence until after two whales had been landed at Kaktovik.
Because of the need for coordination between aerial and boat-based work, the start of both aerial and boat
work in 1998 and 1999 was delayed until 10 September, when the 2" whale was landed. In 2000,
Kaktovik whalers landed their third whale on 8 September, and both aircraft-based and boat-based work
started on 8 September. The aircraft and crew were based at Kaktovik for quick access to the study area
and to optimize opportunities for local liaison. In 1998, 1999 and 2000, our aerial work was limited to
about 2.5-3 weeks each year for budgetary reasons. However, MMS was able to modify their aerial
survey effort (Treacy 2000, 2002) to provide additional coverage of our study area, particularly just
before our field season started (1998, 1999 and 2000) and after our field season ended (1998). MMS pro-
vided those data to us for use in this project (see Chapters 9 and 15).

Many of the chapters of this report have been organized and written to facilitate production of sci-
entific papers, which MMS has encouraged. Thus, some of the material (particularly Methods) is repeat-
ed in more than one chapter. For purposes of this report, one advantage of this approach is that the indi-
vidual chapters are largely self-contained and reasonably compact.

Chapter 9 describes the distribution and numbers of bowheads observed in and near the eastern
Alaskan Beaufort Sea during aerial surveys conducted during the late summer and autumn of 1979-2000.
The data used here include not only those from the 1985-86 and 1998-2000 phases of the present study,
but also the results from the surveys conducted or sponsored by MMS each autumn since 1979 (and some
industry-sponsored projects as well). Raw densities of bowheads (numbers seen per 100 km of system-
atic surveying) are examined relative to four water-depth strata, four east—west strata, and half-month
periods from 1 August to 31 October. Year-to-year and seasonal variation in use of the study area are
examined. The numbers of bowheads present in the study area are calculated for specific days during
each year based on the aerial survey data and correction factors for whales missed during aerial surveys,
as developed in Chapter 15. Numbers of whale-days of use of the study area are calculated for the five
years of the feeding study. The results contribute to the assessment of the importance of autumn feeding
areas in the eastern Alaskan Beaufort Sea.

Chapter 10 describes the length—frequency distribution of bowheads in and near the eastern
Alaskan Beaufort Sea relative to that of the population as a whole, and describes habitat segregation by
different age classes of the bowhead whale population. It assesses variation in the sizes of whales relative
to year, half-month intervals from 16 August to 15 October, geographic subdivisions, and water depth.
This chapter assesses habitat use by different age classes of bowhead whale, which is important in
energetics calculations (Chapter 22) and to assess the importance of the study area to the overall Bering—
Chukchi—Beaufort bowhead population (Chapter 23).

Chapter 11 describes rates of movements and residence times of bowhead whales in and near the
eastern Alaskan Beaufort Sea and compares them to those of bowheads in summering areas off the
eastern Yukon coast and in Amundsen Gulf. Both types of data, plus activity budgets from Chapter 12,
are required to estimate the proportion of the annual energy requirements of bowhead whales that are
obtained in the eastern Alaskan Beaufort Sea (Chapter 22).

Chapter 12 documents the observed activities and specific behaviors of bowhead whales in and
near the eastern Alaskan Beaufort Sea during late summer and autumn, and compares them with bowhead
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activities during other seasons. An understanding of activities and behaviors in the area, especially feed-
ing activity, are important in understanding bowhead use of the study area. Activity budgets presented in
this chapter are used in calculations of residence times (Chapter 11) and energy budgets (Chapter 22).

Chapter 13 discusses bowhead surfacing, respiration and dive (SRD) cycles in and near the study
area in relation to whale activity. The patterns in which whales surface, respire and dive vary with whale
activity. These patterns can be used to quantify whale activity. Data on SRD cycles are also one of the
critical components in the correction factors needed to estimate absolute numbers of whales present based
on the relative information provided by aerial surveys (Chapter 15). Data on SRD cycles are also needed
for whale energetics calculations (Chapter 22).

Data on surfacing, respiration and dive cycles by age category of bowhead whale are given in
Chapter 14. These age-specific characteristics of behavior are important in the calculations done in
Chapter 22 concerning energy requirements and potential water filtering capacity while feeding. In this
chapter, we include data on SRD cycles during spring migration around northwestern Alaska and on the
summering grounds in the Canadian Beaufort Sea as well as data from the present study area during Sep-
tember.

Chapter 15 derives the correction factors needed to estimate the numbers of whales present in the
study area from the results of aerial surveys (Chapter 9). The surfacing, respiration and dive cycle data
presented in Chapter 13 are used in the derivation of the factor that corrects for whales missed because
they are below the surface (“availability bias”). Auxiliary data acquired during aerial surveys in the pres-
ent study area and elsewhere in the Beaufort Sea are used to develop other necessary correction factors,
and to assess their dependence on survey conditions.

Chapter 16 summarizes the data presented in Chapters 9 through 15, and comments on what is
known about the responsiveness of feeding bowheads to disturbance. Chapter 16 also outlines some
recommendations for future research on the topics covered in Chapters 9 to 15.

To determine the importance of the eastern Alaskan Beaufort Sea to the annual energetic require-
ments of bowhead whales we need to know (1) how many bowheads occur in the study area (Chapters 9
and 15), (2) the population structure of the bowheads using the study area (Chapter 10), (3) how long
individual whales remain in the area from Kaktovik to Demarcation Bay (Chapter 11), (4) what propor-
tion of that time is spent feeding, and what feeding modes are used (Chapter 12), and (5) how much food
they consume while feeding. The last of these determinations is especially difficult, but data provided in
Chapters 4 through 7 (zooplankton chapters), plus 11, 13 and 14 are all relevant, along with subsequent
chapters 18, 20, and 22 on diet and energetics. That topic is addressed in Chapter 23, “Integration”.

During their meeting on 3—4 June 1999, the project’s Scientific Review Board (SRB) recommend-
ed that statistical power analyses be done before subsequent field seasons to evaluate the optimum alloca-
tion of aerial effort among the various possible aircraft-based tasks (Appendix A in Thomson and Rich-
ardson 1999). This was done in a limited way, in conjunction with SRB member Dr. J. Zeh, as part of the
planning for 1999 (Thomson and Richardson 1999). The power analyses resulted in three recommenda-
tions concerning allocation of field efforts.

First, the power analyses indicated that aerial surveys could not provide statistically rigorous esti-
mates of bowhead numbers present in the study area throughout the autumn migration period (and hence
estimates of residence time). Therefore, it was recommended that less effort be expended on aerial
surveys in 1999 and 2000 than had been expended in 1998. The SRB requested that the MMS/BWASP
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aerial survey crew put extra effort into obtaining survey coverage of the feeding study area to augment the
reduced survey effort by LGL.

Second, the number of independent samples available for assessing whale activity within the study
area needed to be increased to have the power to distinguish possible differences between areas and years.
Thus, the strategy for conducting behavior observations of whales was changed so that more observation
sessions of shorter duration would be conducted in 1999 and 2000. It was recommended that the field
time previously used to conduct aerial surveys be divided between additional behavior observation ses-
sions and additional bowhead photography (see below).

Third, a method of estimating residence times of bowheads in the study area needed to be develop-
ed. Data from repeated photographic coverage of the study area appeared to have the potential to estimate
residence times but in 1998 the duration of coverage was too short. Therefore, the SRB recommended
that in 1999 and 2000 photography begin on the first day of the field program and continue to the end of
the season to maximize the period covered. It was also recommended that some of the time previously
spent conducting aerial surveys be used to conduct additional photography.

The recommendations of the SRB were implemented in 1999 and 2000. This resulted in more reli-
ance on the MMS/BWASP surveys for information on bowhead distribution and numbers in the study
area (Chapter 9) but increased the amount of information obtained for the other components of the study
over what would have been collected if the 1998 strategy had been continued.
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9. DISTRIBUTION AND NUMBERS OF BOWHEAD WHALES IN THE EASTERN
ALASKAN BEAUFORT SEA DURING LATE SUMMER AND AUTUMN, 1979-2000

Gary W. Miller, Robert E. Elliott, Tannis A. Thomas, Valerie D. Moulton, and W.R. Koski'

Introduction

From mid-June through October, many bowhead whales of the Bering—Chukchi—Beaufort (BCB)
stock inhabit the Canadian Beaufort Sea and Amundsen Gulf. Bowheads have often been observed feeding
in Canadian waters during summer (e.g., Wiirsig et al. 1985, 1989). That region has generally been assum-
ed to be the primary feeding grounds of the BCB stock of bowhead whales, despite the evidence from iso-
topic studies that bowheads feed extensively during late autumn, winter, or both in Chukchi and Bering Sea
waters (Schell and Saupe 1993; see also Chapter 20). Although the Canadian Beaufort Sea is apparently the
primary summering grounds, some bowhead whales occur off the north coast of Alaska for at least part of
the summer (Moore and Clarke 1991; Chapter 2), and may feed while there. Residents of Kaktovik, adjac-
ent to the eastern Alaskan Beaufort Sea, report that they occasionally see bowheads near Kaktovik as early
as July (Chapter 2 and Annex B). Bowhead sightings in the Alaskan Beaufort become more common in
August, and peak sighting rates near Kaktovik occur in September. At least some of the bowhead whales
that summer and feed in Canadian waters continue to feed as they migrate westward through the Alaskan
Beaufort Sea during September and October. This is evident from stomach contents of harvested whales
(Lowry 1993; see also Chapter 18), and from direct visual observations of feeding activities in Alaskan
waters during late summer and early autumn (Ljungblad et al. 1986a; Richardson et al. 1987; Landino et al.
1994; see also Chapters 2, 12). Those data show that feeding is common in the Alaskan Beaufort Sea
during September and October, but the overall importance of summer and autumn feeding in that area to
bowhead whales is not well understood.

Bowhead use of the eastern Alaskan Beaufort Sea study area during late summer and autumn has
been documented for many years by systematic aerial surveys, mainly conducted or sponsored by BLM
and MMS (e.g., Ljungblad et al. 1987; Moore et al. 1989; Treacy 2000, 2002). These surveys have
gathered much information about bowhead use of the study area, including information about relative
utilization according to year, season, and region within the study area. Results for all years from 1979
through 2000 have been described in a lengthy series of annual reports. Results for various combinations
of years have been summarized by Ljungblad et al. (1986b), Clarke et al. (1987), Moore et al. (1989,
2000), and Moore (2000). However, none of those papers uses the survey data collected by MMS after
1991. In addition to the 1979-2000 MMS data, additional survey data have been obtained in parts of the
eastern Alaskan Beaufort Sea during late summer and autumn of certain years during industry-sponsored
monitoring projects and during the present study of bowhead feeding ecology.

Richardson et al. (1987) found that in some years (e.g., 1985) very few bowheads occur in the eastern
Alaskan Beaufort until the main period of westward migration from Canadian waters begins in mid-
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September. In other years (e.g., 1986), the western edge of the main summer feeding range extends into the
castern Alaskan Beaufort Sea before the start of active westward autumn migration. Small numbers of
bowheads often occur in eastern Alaskan waters during August, usually well offshore. Moore et al. (1989)
described the late summer and early autumn (1 Aug.—15 Sept.) distribution of bowheads in the eastern Alaskan
Beaufort region based on surveys conducted from 1979-86. They found that bowheads consistently occurred
along the coast near the U.S./Canada border and north and northeast of Kaktovik, and that sighting rates
(number of whales seen/survey hour) during late August were less than half those calculated for early August
and early September. Bowheads were primarily in deep (>200 m) offshore waters in early August, with
relatively more bowheads occupying shallower nearshore waters in late August and early September.
Although mean headings of swimming bowheads were northwesterly throughout August, the variability was
high, and headings did not become significantly clustered about that direction until early September.

Recently published studies of bowhead distribution and habitat selection, based on BLM/MMS
data from the ten years 1982-91, found that in summer, bowheads in the eastern Alaskan Beaufort Sea
selected outer continental shelf and slope depth habitats without regard to ice conditions. In autumn
bowheads selected shallow inner-shelf waters during years with moderate and light ice cover, and deeper
continental slope habitat during years with heavy ice conditions (Moore 2000; Moore et al. 2000).

Estimates of bowhead numbers in the eastern Alaskan Beaufort Sea during various periods in late
summer and early autumn have included estimates of 0 (1983), <100 (1985), between 100 and 500 (1982,
1983, 1984, and 1986), and as many as 1200-3000 in early August 1982 (Richardson et al. 1987; Moore
and Clarke 1991). These estimates were calculated based on strip transect techniques, with adjustments
for missed whales.

This report describes the seasonal distribution and numbers of bowheads observed in the eastern
Alaskan Beaufort Sea and adjacent Canadian waters during aerial surveys conducted during the late sum-
mer and autumn of 1979-2000. The 21 years of data considered here include « all systematic aerial sur-
veys conducted by or for MMS from 1979 to 2000 (no data were available from 1980 for our study area),
* some surveys conducted during industry-funded monitoring programs (1986, 1993), and ¢ surveys con-
ducted by us as part of the MMS-funded studies to assess the importance of the eastern Alaskan Beaufort
Sea to feeding bowheads (1985-86, 1998-2000). This data set includes considerably more data from the
present study area than were available to previous authors. For periods when sufficient aerial survey
coverage was obtained, we have estimated the numbers of bowheads present in the Alaskan portions of
the study area inshore of the 200 m depth contour, with allowance for the numbers of whales present but
missed by the aerial observers. A companion chapter (Chapter 15) describes the correction factors for
missed whales.

Methods

The general approach to this analysis was to examine the distribution and numbers of bowheads in
various geographic regions and depth strata based on aerial survey data collected over a 22-year period.
The study area for this analysis (139°-146°W, south of 71°10'N; see Fig. 9.1) extended slightly farther
east and west than the area considered in most other parts of the feeding study (cf. Fig. 1.2 in Chapter 1).
Although described as the “eastern Alaskan” study area, it included Canadian waters between the Alaska—
Yukon border and Herschel Island. This extended study area was divided into four E-W regions, and
four depth strata defined by the 20, 40 and 200 m contours (Fig. 9.1). Considering both the E-W regions
and depth strata, the study area was divided into 16 analysis zones. For seasonal analyses, the data were
categorized into six half-month (15- or 16-day periods) from 1 Aug. to 31 Oct.
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FIGURE 9.1. The study area, showing E-W regions, depth strata, and analysis zones used in analyses of
bowhead distribution in the 139°-146°W region of the Beaufort Sea, August to October of 1979-2000.

Data were assembled from numerous studies conducted from 1979 to 2000. Priority was placed on
obtaining data that were available in digital format. In addition, data from several important studies that
were not available in digital format were converted to digital format and validated. Studies that provided
few data and that were not available in digital form were not included in this analysis. Most, but not all,
of the systematic surveys conducted in the eastern Alaskan Beaufort Sea during the 22-year period from
1979 through 2000 were included in the following analyses.

We examined several specific measures of bowhead use of the study area, including the following:
e distribution,

e relative abundance among zones within seasons,

e relative abundance within zones among years, and

e estimated numbers of bowheads present in the study area.

Data Sources

The data from a large number of studies conducted in late summer/autumn were compiled. These
studies included aerial surveys flown by or on behalf of ¢ the U.S. Minerals Management Service, and
* various industry groups including Shell Western Exploration & Production Inc. (SWEPI) and ARCO
Alaska Inc. Table 9.1 summarizes the amount of aerial survey effort by year during each study included
in this analysis.
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TABLE 9.1. Linear kilometers of systematic transects flown in the 139°-146°W portion of
the Beaufort Sea during 1979-2000 and included in the present analysis. Excludes
survey effort during poor sighting conditions.

Range of NOSC/ LGL for COPAC
Survey MMS for MMS LGL for for
Year Dates MMS Feeding SWEPI ARCO Total
1979 02 Aug - 27 Oct 4960 4960
1980 - 0 0
1981 05 Sep - 11 Oct 1396 1396
1982 02 Aug - 13 Oct 9873 9873
1983 02 Aug - 12 Oct 7692 7692
1984 01 Aug - 10 Oct 8526 8526
1985 01 Aug - 20 Oct 13391 4119 17,509
1986 15 Aug - 17 Oct 8568 3968 8494 21,031
1987 02 Sep - 31 Oct 8182 8182
1988 03 Sep - 18 Oct 7895 7895
1989 04 Sep - 11 Oct 4412 4412
1990 02 Sep - 17 Oct 2444 2444
1991 31 Aug - 12 Oct 2360 2360
1992 31 Aug - 14 Oct 6023 6023
1993 17 Aug - 28 Oct 5490 15581 21,070
1994 31 Aug - 12 Oct 2666 2666
1995 31 Aug - 19 Oct 3158 3158
1996 02 Sep - 06 Oct 3554 3554
1997 01 Sep - 19 Oct 3497 3497
1998 31 Aug - 27 Oct 6099 2852 8951
1999 03 Sep - 26 Sep 3195 1593 4789
2000 01 Sep-120ct 4413 956 5369
Total 117,793 13,488 8494 15,581 155,357

1979-2000 Autumn Aerial Surveys for or by MMS.— The most extensive and consistent source of
data concerning bowhead distribution in the study area is the series of aerial surveys conducted each year
from 1979 to 2000 for or by MMS (Bureau of Land Management prior to 1982). This MMS dataset has
been documented in a series of annual reports by Naval Oceans Systems Center (NOSC) for 1979-86
(e.g., Ljungblad et al.1987; Moore et al. 1989) and by MMS for 1987-99 (e.g., Treacy 2000). From the
combined 1979-2000 dataset, we selected sighting and survey effort records pertaining to longitudes
139°-146°W. MMS/NOSC data for that region exist for all years in the 1979-2000 period except 1980,
i.e., 21 years. During many early years, survey coverage of the study area began during the late summer
period, typically around 2 Aug. (Table 9.1). In most later years, the MMS/NOSC surveys began in late
August or early September, around the time when the autumn westward bowhead migration could be
expected to start. Survey coverage ended in mid-to-late October in most years. Within those date ranges,
the present study area typically was sampled on about 1 day within each 5-7 day period. During 1998—
2000, MMS surveyors modified their survey effort to provide somewhat increased coverage of the eastern
Alaskan Beaufort Sea study area in support of the present study.
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1985—-86 Aerial Surveys During Feeding Study for MMS.—1LGL conducted systematic aerial
surveys for MMS as part of a bowhead feeding study in the eastern Alaskan Beaufort Sea during 1985-86
(Richardson et al. 1987). The surveys were conducted weekly (approx.) from 5 to 27 Sept. in 1985 and
from 4 to 26 Sept. in 1986. We digitized the data into a format similar to that used by MMS in the above
studies.

1986 Aerial Surveys for SWEPI.—1LGL conducted systematic aerial surveys from 2 Sept. to 9 Oct.
1986 on behalf of Shell Western Exploration & Production Inc. as part of a study to investigate the
responses of migrating bowhead whales to an exploratory offshore drilling operation. These surveys were
conducted near the Hammerhead and Corona drillsites in Camden Bay on a daily basis, weather permit-
ting (Evans et al. 1987). We digitized the data into a format similar to that used by MMS.

1993 Monitoring Surveys for ARCO.—Coastal and Offshore Pacific Corp. (COPAC) conducted
systematic aerial surveys in 1993 for ARCO Alaska Inc. (Anchorage). These surveys were conducted to
study the distribution and relative abundance of bowheads and other marine mammals in relation to the
Kuvlum (2 and 3) and Wild Weasel drilling projects in the Camden Bay area (Hall et al. 1994). The
surveys were flown from 17 Aug. to 28 Oct. 1993 on a daily basis, weather permitting. Digital data were
provided by Jeremy Davies (then with the National Marine Mammal Laboratory, Seattle, WA). We con-
verted those data into a format similar to that used by MMS.

1998-2000 LGL Aerial Surveys During Feeding Study for MMS.—Systematic aerial surveys
were conducted during September of 1998-2000 as part of the present study to assess the importance of
the eastern Alaskan Beaufort Sea to bowhead whales. Surveys were conducted every 7-10 days (approx.)
from 11 to 24 Sept. in 1998, from 12 to 26 Sept. in 1999, and on 12 Sept. 2000. Again, we digitized the
data into a format similar to that used by MMS.

Aerial Survey Methods

MMS Aerial Surveys, 1979-2000.—Overall, 21 of 28 aerial survey programs considered in this
analysis were the annual programs conducted or sponsored by MMS from 1979 to 2000. During these
years, late summer and autumn aerial surveys were flown over broad portions of the Alaskan Beaufort
Sea from 140°-157° W longitude, south of 72° N latitude. The surveys were flown in a modified Grum-
man Goose (1980-87) or a deHavilland Twin Otter (1979 and 1986-2000) at air speeds of 185-300 km/h
(100-160 knots). In recent years, surveys were conducted at an altitude of 457 m a.s.l. (1500 ft), but
some earlier surveys were as low as 100 m (330 ft) when cloud ceilings were low. The three observers
used inclinometers to measure the angle (relative to horizontal) to each cetacean sighting when the initial
sighting location was abeam of the aircraft. Observers and pilots were linked by a common communica-
tion system, and conversations and comments could be recorded onto audiotape (1979—82). Seating and
window arrangements varied, and are summarized in Chapter 15.

The aircraft were equipped with radar altimeters and either a VLF navigation system or, in recent
years, a Global Positioning System (GPS). Starting in 1982, an onboard computer interfaced with the
navigation system stored flight data (time and position) automatically for later analysis. Since 1983, the
on-board computer has also been linked to a radar altimeter or GPS for automatic input of altitudes.
Marine mammal sightings, environmental conditions (e.g., weather, sea state, ice cover), and start and end
points of transects and other survey segments, were entered manually into the computer. More details
concerning the survey aircraft and other equipment used during MMS/NOSC surveys are provided in the
reports summarizing each year’s data (e.g., Ljungblad et al. 1987; Treacy 2002) and in previously-cited
papers by S.E. Moore et al.
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Daily flight patterns were derived by dividing each MMS/NOSC survey block into north-south
strips 30 minutes of longitude wide; 30’ is ~18.5 km or 10 n.mi. at this latitude. One of the minute marks
along the northern edge of each 30’ section was selected at random to designate one end of a transect.
The other transect endpoint was determined using a separate randomly generated number along the
southern edge of the same 30’ section. A straight line, representing one transect, was drawn between the
two points. The same procedure was followed for all 30’ sections of the survey block. The transect to be
flown within each 30’ section was determined separately each time that area was surveyed. The selection
of survey blocks to be flown on a given day was non-random, based on weather conditions, where survey
coverage had been obtained during recent days, etc. The MMS/NOSC study area was very large, extend-
ing west from 140°W (near the east edge of our study area) to 157°W (near Barrow). MMS/NOSC cover-
age in our study area typically occurred during one day within each 5-7 d (approx.) period.

Non-transect flight segments were identified as “Connect” and “Search” segments. “Connect”
segments were the east—west (or similar) flights from the end of one transect to the start of another.
“Search” segments were flights to or from the survey block where transects were flown, or non-random
flights to find whales. Sightings during “Connect” and “Search” segments are plotted (as open symbols)
on our maps, but were not used in quantitative analyses.

LGL and COPAC Systematic Surveys.—The 7 additional aerial survey programs considered here
were conducted by LGL Ltd (1985-86 and 1998-2000) and COPAC (1993).

Transects flown by LGL during the MMS-sponsored feeding studies (1985-86, 1998-2000) were
randomized and oriented roughly perpendicular to the coast and depth contours. The same set of
randomly-selected transects was flown repeatedly, typically about once per week in 1985—-86 and every
7-10 days in 1998-99, but only once in 2000. In 1985-86, the 140°—144°W region was sampled by 13
continental shelf (0200 m contour) transects and 8 continental slope (2002000 m contour) transects
totaling 1260 km. During 1998-2000, the study area was extended west to 145°, and 4 continental shelf
and two continental slope transects in this new region were added to the transects flown in 1985-86. All
27 transects were flown in 1998, but in 1999-2000 only the 17 continental shelf transects were flown.

Surveys flown by LGL for SWEPI in 1986 and by COPAC for ARCO in 1993 consisted of repeat-
ed daily (weather permitting) surveys of N—S survey grids roughly centered on drillsites. ¢ SWEPI sur-
veys in 1986 included “intensive” grids (12 transects spaced 4 km apart; total 475 km) and “area” grids
(8 transects spaced 10 km apart; total 608 km when at Corona and 531 km when at Hammerhead). The
intensive grid was usually flown every day that weather permitted. If no whales were seen on that grid,
then portions of the “area” grid were flown. The surveys near the Corona drillsite (2—17 Sept. 1986) were
wholly within the present study area. However about half of the survey grid around Hammerhead (19
Sept.—9 Oct. 1986) was west of our study area. * COPAC surveys in 1993 were flown on a “proximal”
grid (6 transects spaced 12.9 km apart) and a “distant” grid (6 transects spaced 12.9 km apart and located
east of the “proximal” grid). The westernmost of the 6 proximal transects was west of our study area.
Typical daily survey coverage by COPAC within our study area was ~700 km.

The aerial survey methods used during the LGL and COPAC studies were generally similar to
those during surveys for MMS with the following exceptions. Survey altitude was usually 305 m a.s.l.
(1000 ft), but some surveys were conducted at 152 m (500 ft) when ceilings were low. Survey speed
varied from 185 to 220 km/h (100 to 120 knots). During all LGL surveys, data on whale sightings and
survey conditions were recorded onto tape recorders and later entered into computer files. Aircraft posi-
tion data were dictated onto audiotape in 1985-86 (LGL) but were logged automatically during 1993
(COPAC) and 1998-2000 (LGL). Surveys in 1985-86 were flown in a Twin Otter. Surveys in 1993 and
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1998-2000 were flown in a Twin Commander 500 (1993 only) or 680FL (1993 and 1998-2000) piston-
engined aircraft. Seating and window arrangements varied, and are summarized in Chapter 15. Details
concerning the aerial survey methods used in these studies can be found in Richardson et al. (1987),
Evans et al. (1987), and Hall et al. (1994).

Data Analyses

Mapping.—Bowhead sightings during the 1979-2000 study period are depicted on standard base
maps. These maps show the 139°-146°W (approx.) region, from the coast north to ~71°10°N.
MMS/NOSC survey coverage north of this boundary, although much reduced, extended as far north as
72°N. The industry-funded studies were more localized and did not extend north of 71°10°’N. Bathy-
metric contours shown on maps were developed based on all publicly available point soundings. Sound-
ing data from U.S. waters were obtained on CD-ROMs from NOAA, including Hydrographic Survey
Data, Vol. 1, vers. 3.1; and Marine Geophysical Data/Bathymetry, Magnetics, Gravity, vers. 3.2. Point
soundings and gridded bathymetry data were contoured using a triangulated irregular network (TIN) algo-
rithm in the Vertical Mapper add-on module for MapInfo Professional.

Each sighting symbol on these maps represents a sighting of one or more individual bowhead whales.
“Non-transect” sightings are those seen during “search or connect” segments (generally before the start or
after the end of a transect). “Excluded” sightings are those seen during portions of transects with poor
sightability (Beaufort scale >4 or visibility <l km). “Transect” sightings include all other sightings along
systematic transects, regardless of distance from the trackline.

The maps and analyses do not include all bowhead sightings from aircraft during the years of study.
The LGL studies during 1985-86 and 1998-2000 included aerial components other than systematic aerial
surveys (behavior observations, aerial photography of bowheads, reconnaissance—see Chapters 10 and 12)
that also resulted in many sightings of bowheads from aircraft. Those sightings are not plotted on these maps.
Similarly, the 1981-84 studies by NOSC for MMS included additional site-specific surveys, reconnaissance
flights, and behavioral studies conducted from a separate aircraft; those data are also excluded.

The maps (and analyses) exclude aerial survey sightings coded as “duplicates” or “repeats” of pre-
vious sightings, i.e., the same animal(s) seen by more than one observer or more than once at the same
location. Direction indicators (in degrees True) attached to the symbols indicate the headings of whales
classified as “traveling”.

Bowheads Per Unit Effort (Relative Abundance).—The maps described above provide much of
the distributional information. However, they are difficult to interpret because survey effort varied con-
siderably within the study 