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ABSTRACT

The eastern Bering Sea is a major marine ecosystem containing some of the largest
populations of groundfish, crabs, birds, and marine mammals in the world. Commercial
catches of groundfish in this region have averaged about 1.6 million tons (t) annually in
1970-86. This report describes the species and relative importance of species in the eastern
Bering Sea groundfish complex, the environment in which they live, and the history of the
fisheries and management during the years 1954 - 1985. Historical changes in abundance
and the condition of the principal species at the end of this first 30 years of exploitation are
also examined. Results suggest that the biomass of the groundfish complex is characterized
by variability rather than stability. The most reliable data (1979 to 1985) suggests that the
biomass of the complex fluctuated between 11.8 and 15.7 million t. Even greater variability
is suggested by the less reliable data from earlier years. Because of its dominance in the
complex and wide fluctuations in abundance, walleye pollock (Theragra chalcogramma) is
primarily responsible for the major variations in abundance of the complex. After 30 years

of exploitation, the complex was generally in excellent condition.

Introduction

The eastern Bering sea is one of the most biologically
productive marine environments in the world. It con-
tains some of the largest populations of marine mam-
mals, birds, crabs, and groundfish in the world (Hood
1981). The reasons for this high productivity are not
completely understood, but one of the primary factors
is the size of the continental shelf (Fig. 1), which is one of
the largest in the northern hemisphere (Coachman 1986).

The productivity of groundfish in the eastern Bering
Sea relative to other northern and temperate seas may
be roughly gauged by the magnitude of commercial
catches in each of these regions (Table 1). During
1970-81, commercial catches of groundfish in the east-
ern Bering Sea averaged 1.6 million metric tons (t)
annually, which was similar to average annual catches
in this period from the northwest Atlantic Ocean (1.6
million t), the Yellow and East China Seas (1.5 million
t), and the Barents Sea (1.5 million t). They were ex-
ceeded only by those from the North Sea (2.0 million t)
and possibly the Okhotsk Sea for which only one year
(1979) of catch statistics (2.7 million t) was available.
Based on the mean catch of groundfish per unit of
shelf area, the productivity of the eastern Bering Sea is
exceeded by that in the Yellow and East China Seas, the

western Bering Sea and western Pacific Ocean region,
the Okhotsk Sea, (productivity in the latter two regions
was based on one year of catch data), and the North
Sea (Table 1). These comparisons may be biased by
incomplete catch statistics, differences in rates of ex-
ploitation among the regions, use of total shelf areas
rather than the actual areas of fishing, and by the
extent to which the total complexes were utilized by the
fisheries of each area.

The groundfish in the eastern Bering Sea are a valu-
able economic resource. Based on ex-vessel prices!,
eastern Bering Sea groundfish landings were valued at
$216.3 million in 1986. The dollar values of these re-
sources are of course much larger at the wholesale and
retail levels.

In addition to their value to man, groundfish, espe-
cially walleye pollock (Theragra chalcogramma), are im-
portant components of the eastern Bering Sea ecosys-
tem because they provide a food source for other fishes
and higher trophic animals such as marine mammals
and birds. McAlister and Perez (1987) have estimated
that marine mammals consume about 2.27 million t of
fish per year, equal to 5.5% of the standing biomass of
! Ex-vessel values are based on prices paid to fishermen by U.S.

shore-based processing plants and by foreign processing vessels in
U.S. joint venture fisheries.
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The Bering Sea, giving place names mentioned in the text
by Sayles et al. 1979).

fish and 5.3% of commercially important groundfish.
Walleye pollock was the principal commercially impor-
tant groundfish consumed by marine mammals (520,000
t annually), 84.9% of which were juvenile fish age 1-2
years. Marine birds, which consume mainly small juve-
nile pollock, take an additional estimated 140,000 t per
year (Springer et al. 1986). Interestingly, the predation
of pollock by pollock (cannibalism) and by other fishes
has been estimated to be even higher than that of marine
mammals and birds at almost 3.4 million t annually
(Livingston et al. 1986). Thus, the consumption of pollock
by fishes, birds, and mammals may be three to four times
higher than the level taken by the commercial fishery.
Commercial exploitation of groundfish in the east-
ern Bering Sea has a history of over 100 years dating
back to 1882 when U.S. sailing schooners initiated a
handline fishery for Pacific cod (Gadus macrocephalus)
(Cobb 1927). However, cod and other groundfish in
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(Kinder 1981—from a figure prepared by Noel McGary for the atlas

this region have received relatively intense exploitation
only since about 1960. Greater utilization of eastern
Bering Sea groundfish was initiated by Japanese dis-
tant-water fisheries in 1954. Japanese fleets were later
joined by those from the U.S.S.R., the Republic of
Korea, and other nations. Groundfish catches were
dominated by these distant-water fisheries until 1986
when catches by U.S. fishing vessels involved in joint
ventures with foreign processing vessels first exceeded
those of all other nations. Thus, 1985 marked the end
of an era that had seen the development of the fishery
and full utilization of groundfish in the eastern Bering
Sea primarily by foreign fisheries. Subsequently, U. S.
fleets took an ever-increasing proportion of the harvest
and presently are the sole participants in the fishery.
The objectives of this study are to describe 1) the
species and the relative importance of species in this
major groundfish complex, 2) the distribution and abun-
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Table 1
Groundfish catches (1,000 metric tons) in the eastern Bering Sea and other northern and temperate regions of the Pacific
and Atlantic Oceans.

Yellow
and Western Bering Northwest
East China  Japan Okhotsk Sea and Western Eastern Gulf of Atlantic North  Barents

Year Sea® Sea’ Sea‘ Pacific Ocean® Bering Sea?  Alaska* Ocean/ Sea# Sea®
1970 1,182 1,594 118 2,090 2,066 1,721
1971 1,264 2,157 116 2,155 1,939 1,628
1972 1,364 2,249 167 2,099 2,009 1,378
1973 1,470 2,063 160 2,097 1,797 1,631
1974 1,590 1,900 183 1,743 2,457 2,045
1975 1,582 244 1,645 178 1,568 2,093 1,805
1976 1,592 290 1,429 193 1,309 2,229 1,767
1977 1,612 288 1,170 197 1,165 2,095 1,568
1978 1,724 265 1,312 163 1,136 1,924 1,240
1979 1,575 263 2,681 1,038 1,167 167 1,237 1,765 1,004
1980 1,574 251 1,223 204 1,227 2,047 875
1981 1,597 282 1,260 243 1,261 1,740 972
Mean catch

1970-81 1,510 269 — — 1,597 174 1,591 2,013 1,470
Shelf area”

(1,000 km?) 874 250 620 480 1,200 369 1,260 550 1,300
Mean

catch (t/km?) 1.728 1.076 4.324 2.162 1.331 0.472 1.263 3.660 1.131

¢ Catches by Japan, Republic of Korea, and People’s Republic of China. Japanese catches from Chikuni (1985); other catches from
Hitoshi Fujita, personal communication, Seikai Regional Fisheries Research Laboratory, Nagasaki, Japan, November, 1987.

® Catches by Japan and Republic of Korea. Japanese catches from Japanese Ministry of Agriculture, Forestry and Fisheries (1977-83).
Korean catches from Korea Ministry of Agriculture, Forestry, and Fisheries (1976-82).

¢ Catch data from Chikuni (1985). Catches not reported for other years.

4 Catches from Bakkala (1987).

¢ Catches from Major and Wildebuer (1988).

/ Catches from Northwest Atlantic Fisheries Organization (1985).

€ Catches from Conseil International pour I’ Exploration de la Mer (1972-83).

" Shelf areas from Yellow Sea-East China Sea (Inoue 1981), Japan Sea, Okhotsk Sea, western Bering Sea-western Pacific Ocean (Chikuni
1985), eastern Bering Sea (Hood 1981), Gulf of Alaska (Hood 1987), northwest Atlantic Ocean, North Sea, and Barents Sea (Gulland

1971).
i Based only on 1975-81 data.
J Based only on 1979 data.

dance of major families and species, 3) the history of
exploitation and management of the resource, 4) his-
torical changes in abundance of principal individual
species and the overall complex since the mid-1960’s,
5) factors that may have influenced observed changes
in abundance of the complex, and 6) the condition of
the resource at the end of the first 30 years of exploitation.

The Eastern Bering Sea Environment
The Bering Sea is a subpolar sea bounded by the Aleu-

tian Island arc in the south and by the Bering Strait in
the north (Fig. 1). The Aleutian Islands present only a

minor restriction to exchange of waters with the North
Pacific Ocean and, oceanographically and biologically,
the Bering Sea is largely an extension of the North
Pacific Ocean (Hood 1983). The Bering Sea has two
major geomorphological features: the deep Aleutian
Basin and the extensive eastern Bering Sea shelf, each
occupying an approximately equal amount of surface
area (McRoy et al. 1986). The eastern Bering Sea shelf
is 1,200 km in length, exceeds 500 km in width at its
narrowest point, and represents the widest continental
shelf outside the Arctic Ocean (Coachman 1986). Only
the North Sea and the East China Sea approach its breadth.

The eastern Bering Sea shelf is essentially a large,
featureless plain that deepens gradually from the shore
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to the shelf break at about 170 m where it is indented
by several submarine canyons (Coachman 1986). How-
ever, there are two zones of enhanced sea floor gradi-
ents near the 50 and 100 m isobaths (Askren 1972) that
are related to fronts that separate the shelf region into
three oceanographic domains.

Oceanographic Fronts and Domains

The primary form of energy on the eastern Bering Sea
shelf is the kinetic energy of the tidal currents (Coach-
man 1986). The interactions between these fluctuating
tidal flows and steeper bottom gradients at the 50, 100,
and 170 m isobaths, on the otherwise extremely flat
shelf, create oceanographic fronts (i.e., zones of spe-
cific dynamic activity including upwelling, partial mix-
ing, and small, along-isobath flows), which separate the
eastern Bering Sea shelf into three distinct domains:
coastal, central, and outer shelf. The domains are sepa-
rated by the inner and middle shelf fronts at approxi-
mately 50 and 100 m; the outer shelf domain is sepa-
rated from oceanic water of the Aleutian Basin by an
oceanic front between 150 and 200 m (Fig. 2). The

domains are characterized by their temperature, salin-
ity, vertical structure, and the seasonal changes in these
properties (Fig. 3). :

The outer shelf domain differs from the others by
having both significant mean and subtidally variable
flows (Coachman 1986). These flows result in more
rapid flushing (perhaps on the order of every two to
three months) than that which occurs in the other two
domains. The outer shelf domain is a zone of lateral
water mass interaction between central shelf water and
Aleutian Basin water. These two water masses do not
mix evenly or completely, resulting in an interleaving
and layering of the partial mixtures. In general, the
basin waters intrude shoreward near the bottom while
the middle shelf waters extrude seaward above them
(Schumacher 1984).

The main feature of the central shelf domain is a
general tendency toward two-layered vertical structure
(Coachman 1986). During most of the year, a surface
layer of 10 to 40 m overlies a relatively homogeneous
deep layer. There is little or no significant advection in
this domain and heat content is governed by air-sea
exchange (Reed 1978). The isolation of the deeper
water in this domain from solar heating, combined
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Approximate locations of hydrographic domains and fronts over the southeastern Bering

Sea shelf (from Schumacher et al. 1983).
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A schematic interpretation on the cross-shelf plane of energy balance,
fresh- and saltwater fluxes, and vertical structure; note that the middle
shelf domain becomes mixed either during periods of surface cooling
(winter) or during extreme storms (from Schumacher et al. 1983).

with the absence of significant advection, leads to a
large pool of relatively homogeneous, cold (<0 to 3°C)
bottom water in summer, the coldest water on the shelf
(Coachman 1986). This large area of cold bottom wa-
ter is the most distinctive feature of eastern Bering Sea
shelf waters. The temperature of this bottom layer is
dependent on the severity of winter climatic condi-
tions. Flushing in the central domain is extremely slow
and water in this domain has a long residence time (e.g.,
more than one year and perhaps as much as two years).

The coastal domain is a product of direct mixing of
freshwater runoff and saline water and on the average
is the least saline of the three domains (Coachman
1986). A distinct feature of the coastal water is a ten-
dency toward homogeneity due to the shallowness of
the domain, wind, and strong tidal mixing. Because of
the shallow water column and good mixing of this
domain, the heat exchange between the water column
and the overlying atmosphere is high, resulting in a
large seasonal variation in temperature ranging from
near freezing (-1.5°C) in winter to average air tempera-
ture (10°C) in summer. Flushing time for the coastal
domain is about six months and hence intermediate
between those of the outer and middle shelf domains
(Coachman 1986).

The fronts separating the three domains and the

outer shelf domain from Aleutian Basin water are broad
zones in which horizontal property gradients are rela-
tively stronger than elsewhere (Coachman 1986). Also,
they frequently have long, sloping rather than vertical
interfaces. The inner shelf front is about 20 km wide
centered at about the 50 m isobath. At this front the
two-layered structure of the central domain changes to
the nearly homogeneous structure of the coastal do-
main. The middle and outer fronts are each about 50
km wide and centered at about 100 m depth and over
the shelf break.

Circulation

Water circulation over the eastern Bering Sea (Fig. 4) is
dominated by the action of the tidal currents (Coach-
man 1986). Three important types of motion are found
on the outer shelf domain: 1) tidal currents, which
represent about 80% of the flow field, 2) a mean lateral
flow of 5 to 10 cm/sec along the upper continental
slope and shelf break, 3) and an onshelf-offshelf flow of
1 to 5 cm/sec. In the middle shelf domain, tidal cur-
rents provide the only important type of motion and
mean net flows are weak. In the coastal domain there are
two types of motion: tidal currents, representing about
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Estimated long-term (mean) circulation. The dashed arrows in the northern coastal
regime suggest probable seasonal variability while those off Unimak Island and in the
outer shelf domain are a result of subtidal variations, usually lasting 2 to 10 days
duration. Flow over the shelf is mostly tidal so that the instantaneous flow is quite
different from this depiction; however, it is the instantaneous flow which affects the
net advective transport of properties (from Coachman 1986 as adapted from Kinder

and Schumacher 1981).

95% of the flow energy, and a small but significant (1 1o 5
cm/sec) mean lateral flow following the 50 m isobath.

Sea Ice

Ice cover is a seasonal feature of the eastern Bering Sea
shelf, varying from none in summer to greater than
80% coverage during its maximum extent in March
(Niebauer 1983). The seasonal advance of ice begins at
the Bering Strait in November, reaches its southern
maximum in March-April, and is completely melted by
early July. Large year-to-year deviations of hundreds of
kilometers from the seasonal means have been observed
(Figs. 5 and 6). These deviations are generally corre-
lated with either wind fields or storm tracks (Niebauer
1983). For example, during heavy ice years, storms
occur predominantly along the Aleutian Islands and
eastward into the Gulf of Alaska, staying south of the
eastern Bering Sea shelf. This results in more winds
from the north and northeast over the eastern Bering
Sea, which increases ice production and moves the ice
farther south, increasing the extent of ice cover. Dur-
ing light ice years, storms generally move north across
the western Bering Sea and a reduced number of storms
occur along the Aleutian Islands. This results in a greater

incidence of winds from the south and southwest, which
produce higher air and sea temperatures and less ice
cover in the eastern Bering Sea.

In the mid-to-late 1960’s (until 1967) air flow came
from the south producing above-normal sea tempera-
tures in the eastern Bering Sea (Niebauer 1983). A
change in atmospheric conditions led to a sharp de-
crease in sea temperatures from 1967 to 1976, with
bottom water temperatures being particularly low in
1972, 1975, and 1976 (Fig. 7). The upper air flowed
from the south again in 1977, initiating a warming
trend that reached a maximum in 1979. Bottom tem-
peratures again declined after 1979 but did not reach
the low levels observed in 1972 and 1975-76 through at
least 1986 (Fig. 7).

Food Chain Dynamics

Properties of the oceanographic fronts and domains in
the eastern Bering Sea divide the shelf into distinct
production regions (Alexander 1986; Walsh and McRoy
1986). Over the outer shelf, a large portion of the
annual primary production is channeled into a pelagic
food web that supports the large population of walleye
pollock and other semidemersal species in this region.
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Estimates of the southern ice limit in the eastern Bering Sea in April of a
cold year (1976) and a warm year (1979) (Niebauer 1983). Outlined area
was used to calculate percent ice cover.

The major portion of the primary production not con-
sumed in the water column is advected off the shelf to
the continental slope and a relatively small portion sinks
to the sea floor. These processes lead to a relatively low
biomass of macrobenthos on the outer shelf domain and
reduced abundance of benthic-feeding groundfish.
Almost all of the primary production settles to the
sea floor on the central shelf, where the abundance of
pelagic grazers is low (Alexander 1986; Walsh and
McRoy 1986). The biomass of macrobenthic infauna
on the central shelf is 10 times greater than on the
outer shelf (Haflinger 1981) and this domain supports
the greatest abundance of benthic predators such as
yellowfin sole (Pleuronectes aspera) and other small flat-
fishes. Food is not limited for most organisms in the
southeast Bering Sea. (Walsh and McRoy 1986)

Sources of Data and Methods

Data on the groundfish complex of the eastern Bering
Sea and historical changes in biomass are derived from
research vessel surveys and commercial fisheries. Ex-
tensive demersal trawl surveys were first conducted in
the eastern Bering Sea by the U.S.S.R. in 1957-59. The

methods used during these surveys are not well docu-
mented and the data from these surveys are used spar-
ingly. In 1965, the International Pacific Halibut Com-
mission (IPHC) conducted an extensive demersal trawl
survey using methods and trawls similar to those used
in later years by the Northwest and Alaska Fisheries
Center (NWAFC). Surveys by the NWAFC have been
the principal source of assessment data for eastern
Bering Sea groundfish since the mid-1970s. Because of
the similarities in methods and trawls, the IPHC survey
data were considered reasonably compatible with the
later NWAFC survey data. The Japanese Fishieries Agency
(JFA) initiated demersal trawl surveys of eastern Bering
Sea groundfish in 1966 and continued independently
to survey groundfish each year (except 1972) until
1978. The earlier JFA surveys are particularly important
for describing historical changes in biomass of ground-
fish because they provide the only standard series of
survey data during the developmental and peak peri-
ods of the fishery for walleye pollock.

The NWAFC initiated groundfish trawl surveys in
1971, but those surveys were limited to the southeast
Bering Sea continental shelf (<200 m) until 1975, when
the first large-scale, systematic demersal trawl survey
was conducted. The survey encompassed most of the
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Figure 6

Departures from monthly mean values for ice cover, sea surface temperature (SST), degree days (DD), and north-south component of the surface wind
(solid line with solid circles) from the eastern Bering Sea (from Niebauer 1983). In wind panel, open circles with solid lines are seasonal mean winds
plotted such that, for a given month, when wind anomalies (solid dot) fall below seasonal mean (open dot), the wind is actually from the north regardless
of the sign of the anomaly. When the anomaly rises above, the wind is from the south. Wind data have been smoothed by a 3-month running mean.
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Figure 7
Mean summer bottom water temperatures, based on bathythermograph casts at depths ranging from 20 to 200 m during
Northwest and Alaska Fisheries Center groundfish surveys. The dashed line represents data for the southeast Bering Sea only
(see inset) 1971-85; the solid line represents data for the entire survey area (1975, 1979-86).

eastern Bering Sea continental shelf and sampled the
major portions of the distributions of groundfish on
the shelf. Less extensive surveys were again conducted
in the eastern Bering Sea in 1976-78, but in 1979 the
NWAFC began to sample a major portion of the shelf
on an annual basis (Fig. 8). These large-scale surveys
have been continued until the present. Also in 1979,
the JFA joined the NWAFC in the first of a series of
cooperative surveys to provide the first comprehensive
assessment of groundfish on the continental slope (200-
1,000 m depth) of the eastern Bering Sea (Fig. 9). The
1979 cooperative survey also included a hydroacoustic
and midwater trawl survey of walleye pollock to assess
the midwater portion of the population. Combined
with the demersal trawl data, this survey provided the
first assessment of the overall pollock population in the
eastern Bering Sea. Cooperative NWAFC and JFA dem-
ersal trawl and hydroacoustic surveys were repeated on
a triennial basis through 1985; in addition, the JFA
surveyed the continental slope in 1981. These coopera-
tive demersal trawl and hydroacoustic surveys provide

the most comprehensive assessment of the eastern
Bering Sea groundfish and are the main source of
information for describing the groundfish complex and
the distribution and biomass of the species in the com-
plex. The 1979-86 NWAFC demersal trawl surveys of
continental shelf waters also provide eight years of stan-
dardized annual estimates of the overall biomass of
groundfishes except for walleye pollock and continen-
tal slope species. This time series can be extended to a
12-year period by including the 1975 survey data.

Data from IPHC and JFA demersal trawl surveys in
1965-71 were used to examine trends in biomass of
groundfish in years prior to the first extensive NWAFC
trawl survey in 1975. Although the IPHC conducted
annual trawl surveys in most years in 1963-78 as did the
JFA for most years in 1966-78, the areas sampled varied
considerably from year to year. The variable sampling
areas made the data from the complete series of these
surveys unsuitable for assessing changes in groundfish
biomass. The main objective of the IPHC surveys was to
assess the condition of juvenile Pacific halibut



10 NOAA Technical Report NMFS 114

L ol . i | | il 4 | | |

—~
KST. LAWRENCE I.

64 OON

r 63 00

62 00

r 61 00

r 60 00

59 00

58 00

57 00

r 56 00

r S5 00

54 00

1 t t t 1 T T ¥ T t T T

180 0OW 168 00

. Figure 8
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(Hippoglossus stenolepis). Abundance of other ground-
fish species in the catches were usually only roughly
estimated except in 1965 when all species were sorted
and weighed. Thus, only the 1965 IPHC survey data
were useful for purposes of this study.

Two JFA survey areas were useful for the present
study because each of the sampling areas was relatively
large and the survey data were likely representative of
groundfish populations throughout the eastern Bering
Sea shelf area. Each of these areas was also sampled in
two different years (one in 1966 and 1971 and the
other in 1968 and 1970), thus providing two standard-
ized sets of biomass estimates for this period.

Results from cohort and stock-reduction analyses
(Pope 1972; Kimura 1985; Zhang 1987; Kimura 1988)
were used to describe historical changes in biomass
when available (Table 2); Survey data were used for
species not analyzed in that manner. Fishery catch,
length-frequency, and age data used in age-structured
models and for deriving other information reported
here were obtained from two sources. Biological data
collected by the Japanese from their fishery were used

until about 1973 and catch data reported by the indi-
vidual fishing nations until about 1977. Most of the
biological data used since 1973 were collected by the
NWAFC Foreign Fishery Observer Program from the vari-
ous fisheries. Starting in 1977, the program also began to
collect catch data, which have generally been used rather
than those reported by foreign sources. In the absence of
fishery age data, survey age data have been used in age-
structured models for rock sole and Alaska plaice.

Trends in biomass were examined for the principal
species and species groups occupying continental shelf
waters as well as Pacific ocean perch (Sebastes alutus)
and sablefish (Anoplopoma fimbria), two target species of
the continental slope fisheries. These species and spe-
cies groups represented about 98% of the total sampled
groundfish biomass on the eastern Bering Sea shelf
and slope, based on results of the 1985 NWAFC-JFA
cooperative survey.

Results from cohort analyses were available for de-
scribing historical changes in biomass of walleye pol-
lock and yellowfin sole, the two most abundant species,
since the early years of the fisheries for those species.
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Areas of the continental shelf and slope of the eastern Bering Sea sampled during the Northwest and Alaska Fisheries Center-
Japan Fisheries Agency cooperative surveys in 1979-85. Shown is the sampling pattern of survey vessels in 1985. Numbers 1 to 14

represent subarea numbers.

Cohort analysis results were also available for rock sole
(Pleuronectes bilineatus) and Alaska plaice (Pleuronectes
quadrituberculatus) since the early or mid-1970’s. Survey
data and stock-reduction analyses (described below)
were used for the remaining species and species groups.

Survey Methods and Analyses

Survey Areas—The standard NWAFC survey area was
larger than the 1965 IPHC and 1966-71 JFA survey
areas (Figs. 10-12, Table 3). Some of the stations
sampled during the IPHC and JFA surveys were not
used in order to provide uniform sampling densities
within the survey areas. In the case of the JFA surveys,
some stations were omitted to standardize the areas
sampled between years.

During the 1975 and 1979-86 time series of NWAFC
standard bottom trawl surveys on the continental shelf
(Fig. 8), 465,000 km? were sampled at a density of 1,314
km? per station. The 1979, 1982, and 1985 NWAFC-JFA
cooperative bottom trawl surveys expanded the sam-
pling effort of these surveys (Fig. 9) with NWAFC sur-
vey vessels extending bottom trawl sampling to the
north shelf between St. Matthew and St. Lawrence Is-
lands and JFA vessels sampling continental slope wa-
ters. The JFA also sampled continental slope waters in
1981. The station pattern used in 1985 is representative
of sampling during the earlier NWAFC-JFA cooperative
bottom trawl surveys in 1979, 1981, and 1982 although
there were some modifications (Bakkala and
Wakabayashi 1985; Bakkala et al. 1985; Sample et al.
1985). Except for 1979, NWAFC vessels sampled all
shelf stations and JFA vessels all slope stations. The total
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Table 2
Species and species groups of groundfish of the east-
ern Bering Sea for which historical changes (1965-85)
in biomass were examined and the methods of deriv-
ing these estimates.

Species Sources of biomass estimates

Walleye pollock Cohort analysis

Pacific cod Surveys

Pacific ocean perch Stock-reduction analysis

Sablefish Stock-reduction analysis
Yellowfin sole Cohort analysis
Rock sole Surveys 1965-74 and 1985,

Cohort analysis 1975-84
Flathead sole Surveys

Alaska plaice Surveys 1965-70, cohort analysis

1971-85
Greenland turbot Surveys
Arrowtooth flounder Surveys
Pacific halibut Surveys
Sculpins Surveys
Eelpouts Surveys
Skates Surveys

shelf area sampled in 1985 was 627,400 km? ata density ;

of 1,684 km? per station. The area of the slope sampled
was 37,300 km? with a mean of 123 km? per station.

The 1985 hydroacoustic-midwater trawl survey cov-
ered 368,000 km? over bottom depths of approximately
30 to 500 m (Fig. 13) and from about 15 m below the
surface to within 3 m of the bottom (Walters et al.
1988). The 1985 hydroacoustic survey area was larger
than that covered in 1982 (294,500 km?) (Bakkala et al.
1985) and 1979 (132,300 km?) (Traynor and Nelson
1985).

Vessels and Fishing Gear — A variety of vessels and sam-
pling trawls have been used during the various surveys
(Table 4). Differences in size and horsepower of vessels

and trawl characteristics undoubtedly influence any
between-year comparison of bottom trawl survey re-
sults. The 1965 IPHC survey used the 400-mesh eastern
trawl, which was the standard trawl used during most
NWAFC bottom trawl surveys until 1982. This trawl has
a small vertical opening (about 1.5 m) and was fished
without roller gear. The trawls used during the 1966-
71 Japanese surveys had similar characteristics: a low
vertical opening (2.0-2.5 m) and only light roller gear.
Thus, the trawls used by the three agencies are assumed
to have sampled groundfish in a similar manner.

The 83-112 trawl, a larger version of the 400-mesh
eastern trawl, was used for the 1975 NWAFC survey and
on one of the survey vessels in 1981. Comparative fish-
ing experiments using the 400-mesh eastern and 83—
112 trawls in 1981 showed that differences in catch
rates were not significant for most species; significant
differences were found for yellowfin sole, Alaska plaice,
Greenland turbot (Reinhardtius hippoglossoides
[Greenland halibut of Robins et al. 1991]), and skates
(Rajidae) (Sample et al. 1985).

In 1982, the NWAFC adopted the 83-112 trawl as the
standard trawl for its eastern Bering Sea surveys. Prior
to the 1982 survey, test fishing operations were con-
ducted to determine how well the footrope of the 83—
112 trawl made contact with the bottom. Unsatisfactory
contact with the seabed resulted in rerigging of the
trawl. Dandylines were changed from a single 46-m
section branching into two 27-m bridles for an overall
length of 73 m to double dandylines having an overall
length of 55 m. In addition, 61-cm chain extensions
were attached between each end of the footrope and
lower dandyline. The presence of bottom debris in the
catches indicated that the new rigging resulted in good
bottom contact of the footrope.

These changes in rigging apparently resulted in a
significant increase in the efficiency of the 83-112 trawl
over the trawls used previously, based on large increases
in abundance for some flatfishes between the 1981 and
1982 surveys that could not be explained by population
increases alone. The catch-per-unit-effort (CPUE) val-

Table 3
Characteristics of demersal trawl surveys for groundfish in the eastern Bering Sea by the Northwest and Alaska Fisheries
Center (NWAFC), the International Pacific Halibut Commission (IPHC) and the Japan Fisheries Agency (JFA), 1965-86.

Area Sampled Proportion of Number of Sampling density
Agency Survey year(s) (km?2) NWAFC survey area stations (km?/station)
NWAFC 1975, 1979-86 465,035 1.000 354 1,314
IPHC 1965 201,849 0.434 92 2,194
JFA 1966 222,014 0.477 132 1,682
JFA 1971 222,014 0.477 121 1,835
JFA 1968 162,407 0.349 120 1,353
JFA 1970 162,407 0.349 100 1,624




Bakkala: Groundfish Complex of the Eastern Bering Sea 13

IPHC 1965 v
62 OON

AN

& ALASKA

N sS4
1 60 00
8 58 Q0
56 00

-
vr' F i F—— f f =ttt 7 f f f f == f = t 54 00
180 00W 176 00 172 00 168 00 164 00 160 00 156 00
Figure 10

Area and stations sampled in the eastern Bering Sea by the International Pacific Halibut Commission (IPHC) in
1965 (boldline) within the larger Northwest and Alaska Fisheries Center (NWAFC) survey area in 1975 and 1979-86.

ues increased from 51.5 to 70.4 kg/ha for yellowfin
sole, 6.5 to 12.3 kg/ha for rock sole, 11.5 to 15.1 kg/ha
for Alaska plaice, and 3.5 to 4.2 kg/ha for flathead sole
(Hippoglossoides elassodon). Although the abundances of
these species were known to be increasing during the
early 1980’s, the magnitude of the increases between
the period 1981 and earlier and the period 1982 and
later was probably less than indicated by the survey data
owing to the change in the sampling gear. As will be
shown below from comparisons of survey estimates with
results of cohort analyses, the pre-1982 trawls may have
underestimated the biomass of at least some flatfishes.

The design of the JFA and NWAFC trawls used dur-
ing the 1979-85 cooperative surveys differed as did
their effectiveness for various species. The NWAFC trawls
were designed to fish on the relatively smooth sea floor
of the continental shelf and to be efficient at capturing
benthic organisms while the JFA trawls were designed
to fish continental slope waters where the sea floor may
be irregular. There was no roller gear on the footrope
of the NWAFC trawls which was designed to fish hard
on the bottom, and the trawl had a relatively small
vertical opening of 1.5-2.3 m. The JFA trawls had a
greater vertical opening (2.3-3.4 m) and lengths of

chain between the upper and lower groundrope re-
sulted in an opening of 20-28 cm between the bottom
of the trawl and the lower groundrope. The lower
groundrope was also equipped with 45-55 cm diameter
steel bobbins. Results of comparative fishing experi-
ments between the JFA and NWAFC vessels and trawls
were generally similar each year. The NWAFC trawls
were more efficient for most species, particularly for
species more closely associated with the bottom such as
the flatfishes. The Japanese trawls were usually more
efficient for semidemersal species such as herring
(Clupea pallasii) and walleye pollock.

Data Collection and Station Sampling Procedures —
Demersal trawl surveys— Detailed methods of data
collection and sampling of catches during cooperative
NWAFC-JFA surveys were described by Wakabayashi et
al. (1985). These methods have been used on all NWAFC
surveys since 1975. The methods of sorting and weigh-
ing catches on the early JFA and IPHC surveys are
compatible with those on NWAFC surveys. Briefly, the
data collected at each station included haul-position
information, distance trawled, species composition by
weight and number, and water temperature profiles.
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Area and stations sampled in the eastern Bering Sea in 1966 and 1971 by the Japan Fisheries Agency (JFA)
(boldline) within the larger Northwest and Alaska Fisheries Center (NWAFC) survey area in 1975 and 1979-86.
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Area and stations sampled in the eastern Bering Sea in 1968 and 1970 by the Japan Fisheries Agency (JFA)

(boldline) within the larger Northwest and Alaska Fisheries Center (NWAFC) survey area in 1975 and 1979-86.
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Figure 13
Transects of the charter fishing vessel Morning Star during the 1985 midwater survey. Age-1 and older walleye pollock ( Theragra
chalcogramma) were sampled on legs 1 and 2 and age O-pollock on leg 3.

Random samples of principal species were measured
for length at most stations where they appeared in
catches. An age-structure sample, stratified by sex and
length class, was also collected for commercially impor-
tant species.

Methods of measuring wing spread for deriving areas
swept by the trawls have varied. The wing spreads of
NWAFC trawls were initially derived by diver observa-
tions and later by intermittent measurements with trawl
mensuration equipment developed at the NWAFC
(Wathne 1977). In most recent years these measure-
ments have been obtained for most hauls by a commer-
cial trawl mensuration system (Scanmar).

Until 1985, Japanese scientists used an indirect
method of measuring wing spread based on the angle
of the trawl warps (Koyama 1974). During the 1985
NWAFCJFA cooperative surveys, measurements were
made both indirectly by the Koyama method and di-

rectly using a net monitor transducer (FNR-80, Furuno
Electric Co.). For deriving biomass estimates from JFA
survey data prior to 1979, an average wing spread of
20.9 m was used based on indirect measurements taken
in 1974 (Wakabayashi, pers. comm. National Research
Institute of Fisheries Science, Fisheries Agency of Japan,
5-5-1 Kachidaki, Chuo-ku, Tokyo, 104 Japan, Nov. 1988).

Distances trawled were also not recorded during the
early Japanese surveys and an average distance of 3.13
km for a 30-minute tow was used based on recorded
values from 1976, 1977, and 1978 JFA surveys.

Hydroacoustic surveys—Hydroacoustic data were col-
lected by means of a computerized echo-integration
and target-strength measurement system installed in a
portable van, which was located on the deck of the
vessel (Traynor and Nelson 1985). The hydroacoustic
system operated at 38 kHz and was designed to collect



integration data and target-strength information using
dual- and split-beam techniques.

Echo-integration density estimates (in kg/ m?) were
obtained for up to 400 1-m depth intervals from the
transducer and in each of forty 1-m bottom referenced
intervals. Density outputs were obtained at 1-min inter-
vals along the survey transects. Estimates of walleye
pollock target strength were obtained when conditions
suitable for single-target recognition were encountered.

Walleye pollock and other species were sampled along
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the acoustic transects by midwater trawling. For each
midwater haul the total weight was determined for all
species and the total number for each species of fish.
Sex and length composition and age-structure samples
were collected for each catch of walleye pollock.

Data Analyses—

Demersal trawl surveys—The methods of data analysis
for all of the bottom trawl surveys were the same and
are described in detail by Wakabayashi et al. (1985). In

Table 4
Vessels and trawl gear used during demersal trawl and hydroacoustic surveys in the eastern Bering Sea.
Vessel characteristics
Overall Gross
length tonnage Engine
Year Agency Vessel name (m) (t) horsepower Trawl gear
1965 IPHC* Tordenskjold 20.4 60 220 400-mesh eastern
1966 JFA? Kawachi maru — 300 700 2-seam trawl
1968 JFA Chosui maru — 365 1,050 2-seam trawl
1970 JFA Inase maru No. 3 — 313 1,000 2-seam trawl
1971 JFA Tanshu maru — 291 800 2-seam trawl
1975 NWAFC* Oregon® 30.5 219 600 400-mesh eastern
NWAFC Anna Marie 26.2 177 665 83-112
NWAFC Pat San Marie 30.0 200 765 83-112
NWAFC Miller Freeman 65.5 1,500 2,200 83-112
1979 NWAFC Oregon 30.5 219 600 400-mesh eastern
NWAFC Paragon Il 33.5 196 850 400-mesh eastern
NWAFC Discovery Bay 32.9 196 850 400-mesh eastern
NWAFC Miller Freeman’ 65.5 1,500 2,200 Norsenet
JFA Yakushi maru No. 21 48.4 350 2,500 Commercial trawl
JFA Shotoku maru No. 35 50.8 350 3,000 Commercial trawl
1980 NWAFC Oregon 30.5 219 600 400-mesh eastern
NWAFC Ocean Harvester 32.9 199 1,125 400-mesh eastern
1981 NWAFC Chapman 38.7 427 1,250 83-112
NWAFC Alaska 30.5 219 600 400-mesh eastern
JFA Ryoan maru No. 31 50.7 350 2,700 Commercial trawl
1982 NWAFC Chapman 38.7 427 1,250 83-112
NWAFC Pat San Marie 30.0 200 765 83-112
NWAFC Miller Freeman 65.5 1,500 2,200 83-112
NWAFC U.S. Dominator 37.8 199 1,450 Gourock rope wing and Diamond 1000
JFA Ryujin maru No. 8 54.4 350 2,500 Commercial trawl
1983 NWAFC Chapman 38.7 427 1,250 83-112
NWAFC Alaska 30.5 193 600 83-112
1984 NWAFC Chapman 38.7 427 1,250 83-112
NWAFC Alaska 30.5 219 600 83-112
1985 NWAFC Alaska 30.5 219 600 83-112
NWAFC Argosy 38.1 200 1,125 83-112
NWAFC Morning Star’ 37.5 188 1,125 Diamond 1000
JFA Daikichi maru No. 32 50.4 350 2,500 Commercial trawl
1986 NWAFC Alaska 30.5 219 600 83-112
NWAFC Morning Star 37.5 188 1;125 83-112
¢ International Pacific Halibut Commission.
® Japanese Fisheries Agency.
¢ Northwest and Alaska Fisheries Center.
¢ Independently surveyed southeast Bering Sea Shelf.
¢ Hydroacoustic survey vessel.
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general terms, catches at each station were standard-
ized to a basic sampling unit (kg/ha) trawled or CPUE.
Mean CPUE by species and strata were then computed
from the standardized catch rates and summed over
strata after being weighted by the size of each stratum
to obtain mean catch rates for the overall survey area.
Standing stock (biomass) estimates were derived using
the “area swept” method of Alverson and Pereyra (1969).
Vulnerability (the proportion of the population that is
available to the fishing gear and is caught when en-
countered by the gear) of all species was assumed to be
1.0, except when fishing power adjustments were made
as described below.

In estimating the length composition of the sampled
populations, the number of individuals within sex and
size classes for each station was derived by expanding
the length-frequency subsample to the total catch per
standard sampling unit. The individual station data
were then expanded to the total strata area and summed
over strata to obtain estimates for the total survey area.
Age composition was estimated by proportioning the
computed population length-frequency distributions to
ages with age-length keys that were stratified by sex and
size categories. ’

During the NWAFC surveys since 1975, the relative
fishing powers of vessels within a survey period have
been determined through side-by-side trawling or by
alternate-row fishing. In the latter method, the vessels
fished alternate north-south rows of stations through-
out the survey area or a large portion of the survey area.
CPUE values from the two vessels fishing either method
were compared to determine the relative fishing pow-
ers for each species or species group taken. The Geisser
and Eddy (1979) technique was used to determine
whether the CPUE distributions were the same or dif-
ferent. If CPUE distributions were the same for a given
species, or there were insufficient data to test for differ-
ences, the vessels were assumed to have the same fish-
ing powers for that species. If CPUE distributions were
different, then the CPUE values of the less efficient
vessel were adjusted to that of the more efficient vessel
for that species using the CPUE ratio of the two vessels.
The rationale for this procedure was based on the
assumption that CPUE values of the more efficient
vessel more nearly reflected the true abundance of the
species. No attempt has been made to estimate be-
tween-year relative fishing powers among the vessels.
Relative fishing powers between NWAFC and JFA ves-
sels were determined during each of the cooperative
surveys in 1979-85, but mainly in shelf waters. In this
study, adjustments in abundance estimates for relative
fishing powers between NWAFC survey data on the shelf
and JFA survey data on the slope were not made because
of differences in trawls used and the species assemblages
and size composition of species in the two areas.

To examine historical changes in biomass of ground-
fish an effort was made to derive estimates from the
1965-71 IPHC and JFA survey data of groundfish that
were compatible with estimates from the 1975 and 1979-
85 NWAFC survey data. The procedure was to deter-
mine initially if the biomass estimates from the IPHC
and JFA survey areas were representative of the esti-
mates from the larger NWAFC survey area (Figs. 10—
12). This was accomplished by first deriving biomass
estimates within the IPHC and JFA survey areas using
NWAFC survey data from 1975 and 1979-85. Linear
regression analyses were then used to determine if the
relationship between the estimates in the IPHC and
JFA survey areas and the larger NWAFC survey area was
significant. If the r