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Introduction

RICHARD D. BRODEUR, PATRICIA A. LIVINGSTON,
THOMAS R. LOUGHLIN, and ANNE B. HOLLOWED

Alaska Fisheries Science Center
National Marine Fisheries Service, NOAA
7600 Sand Point Way N.E.
Seattle, Washington 98115

The Alaska Fisheries Science Center (AFSC), National
Marine Fisheries Service (NMFS), hosted an interna-
tional workshop, “The Importance of Prerecruit Wall-
eye Pollock to the Bering Sea and North Pacific Ecosys-
tems,” from 28 to 30 October 1993. This workshop was
held in conjunction with the annual International North
Pacific Marine Science Organization (PICES) meeting
held in Seattle. Nearly 100 representatives from govern-
ment agencies, universities, and the fishing industry in
Canada, Japan, the People’s Republic of China, Russia,
and the United States took part in the workshop to
review and discuss current knowledge on juvenile pol-
lock from the postlarval period to the time they recruit
to the fisheries. In addition to its importance to hu-
mans as a major commercial species, pollock also serves
as a major forage species for many marine fishes, birds,
and mammals in the North Pacific region.

This workshop originated in 1990, as we lamented
how little we knew about the juvenile phase of walleye
pollock relative to the larval and adult phases. Although
this generality may apply to almost any marine fish
species, we thought that the lack of knowledge was par-
ticularly acute for pollock, considering their importance
to the North Pacific ecosystem. As an example of the
underemphasis on the juvenile phase of pollock life
history, the published proceedings of the last major
workshop on walleye pollock held in 1988 in Anchor-
age, Alaska, contained almost 800 pages, of which only
about 30 (less than 5%) pertained to juvenile pollock.
We were aware that scientists throughout the North
Pacific were interested, as we were, in juvenile pollock,
not only for its biology, but also for its importance as
prey for a wide diversity of marine organisms. We
thought that much could be gained by gathering these
researchers together to discuss what is known, and also—
perhaps more important—what we still need to learn
about juvenile walleye pollock. We believed that the
timing of this workshop was particularly appropriate
because the North Pacific ecosystem has undergone

some extensive changes in the last two decades because of
both natural and human-induced perturbations.

The workshop was opened by William Aron, Direc-
tor, AFSC, who challenged us to see beyond our own
research and to work together to understand pollock’s
importance to the ecosystem. Warren Wooster, Chair-
man, PICES, next spoke on how this workshop fit into
the overall objectives of PICES. Michael Sissenwine,
Senior Scientist, NMFS, Silver Spring, Maryland, pre-
sented a keynote address on the general importance of
juvenile fishes to the productivity and management of
marine ecosystems. Sissenwine has long been a propo-
nent of studying the juvenile phase as a way to under-
stand recruitment of marine fishes, and he brought to
the workshop much experience with juvenile gadids.

The workshop continued with sessions on abundance
and distribution, ecology and growth, predator—prey
relations, and population dynamics and modeling, with
invited experts from each field serving as session mod-
erators. Overall, 70 authors contributed to 29 oral and
7 poster presentations. All contributors were invited to
submit their papers for this publication, and 14 full
articles were submitted. Each manuscript was reviewed
by at least two anonymous referees consisting of both
workshop participants and “outside” reviewers. When
papers were to be published elsewhere, the authors
were given the option of publishing an extended ab-
stract in these proceedings. These abstracts and the
comments of the session chairpersons did not receive
extensive peer review.

As workshop conveners, we would like to thank all
those who contributed to the success of this meeting. In
particular, our Research Center and Division Direc-
tors—William Aron, Jim Balsiger, Gary Stauffer, Rich-
ard Marasco, and Howard Braham—provided financial
support to convene the meeting and edit the proceed-
ings. The PICES Secretariat provided logistical support
throughout the workshop. We are indebted to the nu-
merous AFSC personnel who helped with registration,

1
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audiovisual presentations, and other technical aspects
of the workshop. We thank Ron Hardy and his editorial
staff for their assistance in the review process, Martha
Jackson and Gary Duker for assistance in editing the
proceedings, and also the many reviewers who helped
improve the manuscripts. Finally, we thank the session
moderators—Don Gunderson, Ian Perry, George Lilly,

and Bill Overholtz—for keeping the workshop on sched-
ule and for offering insightful comments on their ses-
sions both in their talks during the workshop and in
their written reports for these proceedings. Their gen-
erous giving of time contributed significantly to what
we consider a very successful workshop.



Distribution and Abundance of Age-0 Juvenile Walleye Pollock,
Theragra chalcogramma, along the Pacific Coast
of Southeastern Hokkaido, Japan

HIROYA MIYAKE!

Hokkaido Kushiro Fisheries Experimental Station
2-6 Hama-cho
Kushiro, Hokkaido 085, Japan

HIDEO YOSHIDA

Hokkaido Central Fisheries Experimental Station
Hamanaka 238, Yoichi-cho,
Hokkaido 046, Japan

YOSHIYUKI UEDA

Muroran Branch, Hokkaido Hakodate Fisheries Experimental Station
Muvroran, Hokkaido 051, Japan

ABSTRACT

Age-0 juveniles of walleye pollock, Theragra chalcogramma, were studied along the coast
of southeastern Hokkaido in autumn in order to describe interannual variations in distribu-
tion and abundance and to evaluate the feasibility of using juvenile abundance to measure
year-class strengths. The shishamo trawl net surveys for the assessment of shishamo smelt,
Spirinchus lanceolatus, were conducted in 1978-92, and bycatch data for walleye pollock were
collected. Age-0 walleye pollock juveniles were found mainly in the 50-m and the 60-m depth
strata, with the highest abundance off Ohtsu. This indicates that juvenile pollock move from the
surface layer to the bottom layer, deeper than 40 m off southeastern Hokkaido, as they grow. An
age-0 abundance index was calculated by summing the CPUE’s of all 10-m depth intervals
for each year. There was no significant relationship between abundance indices and esti-
mated numbers of age-0 fish from VPA. Before 1987, however, abundance indices were
significantly correlated with estimated numbers from VPA (r=0.76).

Introduction

A key issue in fisheries biology is determining when the
relative strength of a year class is to be established. In a
management context, this information is useful for pre-
dictive purposes, revealing when prerecruit surveys
should be conducted. In order to give fisheries manag-
ers maximum lead time for establishing harvest levels,
surveys should be conducted as early as possible (Bailey
and Spring, 1992). Walleye pollock, Theragra chalco-
gramma, is important for commercial fisheries around
Japan. Its annual catch from the Pacific Ocean off Ja-

pan was 166,304 tin 1990, and 50,000-80,000 t from off
southeastern Hokkaido.

Recruitment appears to be the major factor that drives
change in the biomass of this stock. Bailey and Spring
(1992) found that age-0 juvenile surveys can detect
relatively strong or weak year classes in the western Gulf
of Alaska. Many studies of the egg, larval, and early
juvenile stages of walleye pollock in the Pacific coast
population of Hokkaido have been undertaken (e.g.,

! Current address: Hokkaido Wakkanai Fisheries Experimental Sta-
tion, Wakkanai, Hokkaido 097, Japan.
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Kanamaru, 1985; Nakatani and Maeda, 1987; Nakatani,
1988), but little is known of the biology of age-0 juve-
niles of walleye pollock around Japan in autumn (e.g.
Ishigaki et al., 1960; Hayashi, 1976).

We describe the geographical distribution and abun-
dance of the juvenile stage of walleye pollock that have
settled to the bottom layer. We then estimate an abun-
dance index of juveniles from the results of surveys that
have been conducted in September and October since
1978. Finally, we evaluate the feasibility of using our
abundance index for estimating year-class strength.

Methods and Materials

Shishamo trawl net surveys for the assessment of shi-
shamo smelt, Spirinchus lanceolatus, stock have been
conducted along the Pacific coast of southeastern Hok-
kaido in September and October since 1978 (Fig. 1).
Captain Nahira modified the shishamo smelt beam-
trawl net by taking the beam off, changing the net size,
making the upper net longer than the ground net, and
so on (Fig. 2). A total of 1,152 tows were made at 38
main stations and at some additional points, mainly off
Kushiro region. The No.5 Tensho-maru was used for all
surveys. Bycatch data for age-0 walleye pollock were
recorded. We took samples of up to 100 individuals
each year for standard length measurements. We were
able to discriminate age-0 walleye pollock from older
age classes by their length distribution in this season.
Almost all age-0 walleye pollock ranged from 7 to 13 cm

140° 142°  144°
I T S T T | L |

KUSHIRO

- 43°

44
i HOKKAIDO

R

- 42° 307

.\/ // / PACIFIC OCEAN

T T T 42° N
144° 30" E

Figure 1
Survey area in southeastern Hokkaido showing the three
regions used to calculate local abundance indices.

in standard length, so we classified walleye pollock
smaller than 15 cm as age-0 juveniles. A Nansen bottle
sampler was used to gather information on the water
temperature of the bottom layer at each station.

We estimated the abundance index by summing up
the catch per unit of effort (CPUE) of each interval of
10-m depth in each region (Fig. 1) over all areas; 0

87mm mesh

20mm mesh

Figure 2
Shishamo trawl net as modified by Captain Nahira.

20mm mesh
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catches were included. The equation used was

=1 j=1

where Y is the abundance index, X. is the number of
tows, C; is the total catch in the t{q area, 7 is the i th
depth stratum j is the j th region, N is the number of
depth strata, and M is the number of regions.

We compared abundance indices of age-0 fish with
estimated numbers of age-0 and age-4 fish derived from
virtual population analysis (VPA) for the Pacific stock
around Japan (Watanabe?).

Results

Distributions of Juvenile Pollock

The shishamo trawl net tows were made at depths from 5
m to 210 m. After 1983, survey depths ranged from 5 m to
60 or 70 m in most years. The catches by haul of age-0
juveniles ranged from 0 kg to 120 kg. The largest catch was
observed in the 60-m depth stratum (Fig. 3). Juveniles ranged
from 5 cm to 15 cm standard length; average length was
9.4 cm from 1988 through 1991. Juveniles were found in
the 40-m to 100-m depth strata, mainly in the 50-m and 60-
m strata; very few were found shallower than 40 m in any
year (Table 1, Fig. 4). The highest CPUE was 100.0 kg/tow
in the 60-m depth stratum in region Il in 1988.

To examine interannual changes in distribution along
the coast, we calculated the local abundance indices for

2 Watanabe, K. Hokkaido National Fisheries Research Station,
Katsurakoi 116, Kushiro, Hokkaido, 085 Japan. Unpubl. data.

Catch (kg)
I}

|
20 Il = - ~
0 * [~ T &\‘ * T * * YJ

0 20 40 60 80 100 120 140 160 180 200
Depth (m)

Figure 3
Catches and depths. Dots show mean of catches and
bars show range of catches for each 10-m depth stratum.

each year by the three regions shown in Figure 1. In
1978, 1979, and 1980, the highest index of juveniles was
in region I (off Kushiro); in 1981 and 1982 the highest
index was in region III (off Hiroo). Region II (off
Ohtsu) was dominant from 1983 through 1991. However
indices were very low in all three regions in 1992 (Fig. 5).
The bottom-water temperature ranged widely, from
6° to 16°C, in the areas where catches of age-0 juveniles
were observed through all years (Fig. 6). We did not
catch any O-age juveniles in the areas where bottom
temperatures were lower than 6° or higher than 16°. The
highest catch (120 kg) was recorded at the station off
Ohtsu, where the bottom water temperature was 13°.

Abundance Indices

The changes in age-0 abundance indices are shown in
Figure 7. Age-0 juveniles were relatively abundant in
1978, 1981, 1986, and 1988-91. During 1988-91 the
abundance index was very high, but it decreased rap-
idly in 1992. The age-0 abundance index of walleye
pollock ranged over two orders of magnitude, from
175.6 in 1989 to 1.2 in 1992.

The changes in estimated numbers of age-0 juveniles
from VPA are also shown in Figure 7. The changes in
abundance indices and estimates based on VPA were
similar during 1978 to 1986. The relationship between
abundance indices and VPA estimates of age-0 fish is
shown in Figure 8. The simple correlation coefficient
was not significant during 1978 to 1991 (=-0.03, n=14);
however, it was highly significant from 1978 to 1986
(r=0.76, n=9, p=0.018).

Discussion

Abe (1968) reported that larval walleye pollock ranging
from 4 to 38 mm total length (TL) are distributed
mainly in the surface layer along the coast of southeast-
ern Hokkaido in June. When pollock reach 85 mm TL
in July, they move to the bottom layer in Funka Bay
(Nakatani and Maeda, 1987). These studies indicate
that juveniles migrate offshore and move to the bottom
layer as they grow. We found very few age-0 juvenile
walleye pollock shallower than the 40-m depth stratum
in any year. A shishamo trawl net catches fish in the
bottom layer, and thus our results indicate that juve-
niles move from the surface layer to the bottom layer,
which is deeper than 40 m off southeastern Hokkaido
in autumn.

The highest age-0 pollock catches were consistently
located in region II (off Ohtsu) from 1983 to 1991. In
other years, most fish were found in region I or III. Our
survey area was deficient in some strata, mainly those
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Table 1

CPUE of each 10-m depth stratum in the three regions, from 1978 to 1992.

1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992

Depth (m) I o mmiIi mmirT o1 mmrIr omrr om» mmi1» Iomir oo momomrr o momrrmomoumromomromou
0 0.0 0.0 00 00 00 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

10 00 00 00 0.0 00 00 00 00 00 00 00 00 00 0.0 0.0 00 00 00 0.0 00 00 00 00 00 00 00 0000 00 00 00 00 00 00 00 00 00 00 00
20 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 0000 00 00 01 00 00 00 00 00 00 00 00 00
30 0.0 0.0 00 0.0 00 00 0.0 00 28 00 00 00 00 00 00 01 00 00 00 02 10 00 00 02 125 00 00 00 00 00 0000 00 00 78 00 00 08 01 00 00 01 00 00
40 1220 18 00 00 00 15 01 24 00 00 00 00 00 00 00 20 01 00 10 05 29 00 01 33 0.0 00 00 00 0000 00 0050 10700 27 176 00 03 01 00 00
50 52 20 04 00 00 42 52 30 L1 01 01 00 00 37 27 01 10 02 00 00 10 00 400 06 11 48 00 0000 30425 78 29 100 34 62600 15 06 03 00
60 40 30 0.0 0700 00 00 00 15 07 00 100 25 10 52 02 00 1000 25 60 20 00 05 02 00120 70 00 00 00
70 30 17 10 50 00 26.7 02 13 15 50 0.7 0.0 0.1
80 150 0.0 0.0 00 0.0
90 0.0 6.0 00 00 0.2 0.3
100 15.0 0.0 0.0 0.0 0.0
110 0.0 0.0
120 0.0 0.0
130
140
150 0.3
160 0.0
170 0.0
180 0.0
190
200 0.0 0.0
210 0.0

uede[ jo jseo) o1yey oy Suope yooog 243[epm uaan( (-28y jJo duepunqy pue wonnqrusi( :[e 13 AN
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Figure 5
Local abundance indices for the three regions, from 1978 to 1992.
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Figure 6
Relation between catches and temperature of bottom layer, from 1978 to 1992.
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Change of age-0 juvenile abundance index from 1978 to 1992 (solid line) and population
of age-0 walleye pollock from VPA (dotted line). Numbers in figure are values of the

abundance index.
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deeper than 70 m. In cases in which the highest CPUE
was in the edge stratum in the survey area, more fish
may have been distributed beyond that stratum. How-
ever, we observed such cases in only 5 years: 1980, 1983,
1987, 1988, and 1989. In the other 10 years our survey
probably covered the main distribution of juveniles
after their migration. The highest CPUE occurred most
frequently in the 50-m and 60-m depth strata in those
10 years (three times in each). Moreover, the largest
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Figure 8
Relation between age-0 juvenile abundance index and
population of age-0 walleye pollock from VPA. Num-
bers in figure indicate years.

catch occurred in the 60-m stratum. Thus we concluded
that in autumn, 0-age juveniles were located mainly in
the 50-m and the 60-m strata, with the highest abun-
dance found off Ohtsu.

Kanamaru (1985) reported larvae under 10 mm long
distributed to the east of Kushiro. Our survey did not
cover this area, because this survey’s main object was an
assessment of shishamo smelt, and extensive surveys are
costly. However, survey there may yield further infor-
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mation on interannual shifts in pollock distribution.
Thus we hope to extend the survey area eastward of
Kushiro.

Moreover, age-0 juveniles were observed in bottom
water ranging from 6° to 16°C. Olla and Davis (1990)
showed that juvenile pollock avoid cold water (3°C) in
the bottom of an experimental tank. This indicates that
cold water in the offshore bottom layer may be an
obstacle to age-0 pollock. Our results show that cold
water under about 6°C forms an obstacle. This tem-
perature was observed from 50 m to 110 m depth (Fig-
ure 9). Therefore, survey for age-0 walleye pollock
should be extended to the 100-m depth stratum.

During 1988-91 this survey overestimated the abun-
dance of age-0 juveniles, compared with VPA estimates.
Therefore, we did not find a statistically significant
linear correlation between abundance indices and esti-
mated numbers from VPA. However, before 1986 the
trends of abundance indices and VPA estimates were
very similar, and the correlation between them was
significant. Our survey did not cover all areas deeper
than 70 m after 1987, however we believe that our
survey covered the areas of abundance, as discussed above.
Thus the low correlation coefficient was possibly caused
by some change around 1987. For example, the fisheries
environment has changed in Russian areas around the
South Kuril Islands since 1987; hence VPA may have been
problematic in recent years. In this case, VPA would have
underestimated the number of age-0 walleye pollock.

In summary, our results will be useful in assessing
future recruitment not only of shishamo smelt but also
walleye pollock. Further knowledge will be gained by
extending the survey area to east of Kushiro and to 100
m depth.
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ABSTRACT

A midwater trawl survey was conducted during September 1990 to examine the distri-
bution patterns and to estimate the relative abundance of age-0 walleye pollock in the
western Gulf of Alaska. We first examined the effect that fishing strategy and gear type had
on age-0 pollock catches. Oblique tows appeared to be more efficient than stepped tows in
catching age-0 pollock; however, these methods did not differ with regard to the length of
fish caught (54-102 mm fork length). Gear type (anchovy trawl or shrimp trawl) did not
affect the catch per unit of effort or size composition of age-0 pollock caught.

A subset of 67 hauls was used to examine the distribution and abundance of age-0
pollock. Numerically, age-0 pollock dominated the catch, but older age groups of pollock and
gelatinous zooplankton were substantially more important by weight. The highest mean densi-
ties of age-0 pollock occurred inshore of approximately the middle of the continental shelf and
were associated with temperatures 27°C at 50 m. There was an alongshore trend of decreasing
density toward the southwest. The average catch per unit of effort in September—50,998 fish per
km? (133 kg/km?)—suggests that the 1990 year class was weak compared with previous years.

Overall, the fork length (FL) distribution of age-0 pollock was unimodal, with an
average of 70.5 mm (range 44-102 mm). No significant differences in FL were found
among the six survey strata. The length-weight relationship for individuals 50-100 mm FL is

described.

Introduction

The juvenile stage of commercially important marine
fishes has become increasingly significant to those study-
ing recruitment. The longer duration of the juvenile
stage relative to the egg and larval stages (Hjort, 1914;
Houde, 1987) has led some researchers to predict that
mortality during the juvenile stage can significantly
affect year-class strength (e.g., Sissenwine, 1984; Peter-
man et al., 1988; Bradford, 1992). Bailey and Spring
(1992) used periodic estimates of abundance to suggest
that walleye pollock, Theragra chalcogramma, mortality
during the postlarval first year of life (age-0) may sig-
nificantly reduce year-class strength.

Estimating the abundance of age-0 pollcck in the
Gulf of Alaska is difficult because their distribution is
widespread and complex. Ocean advection and diffu-
sion expands what was once a fairly localized egg and

larval distribution and spreads it over much of the shelf
region in the western gulf (Kendall and Picquelle, 1990;
Hinckley et al., 1991). As nekton, age-0 pollock have
been found at various depths from near-bottom to near-
surface. They exhibit diel vertical migration and aggrega-
tion behavior that may affect catchability (Traynor and
Williamson, 1983; Bailey, 1989), and have been found at
varying distances from shore in several surveys (Smith et
al., 1984; Walters et al., 1985; Hinckley et al., 1991; Brodeur
et al.,, 1995). This diversity of distribution and behavior
patterns makes it much more difficult to estimate the
abundance of age-0 pollock than the abundance of larvae.
An effective survey of these fish requires that basic distri-
bution patterns be determined (Koehler et al., 1986) and
appropriate sampling strategies be developed.

As part of the Fisheries-Oceanography Coordinated
Investigations (FOCI) program (see Schumacher and
Kendall, 1991), we are studying the recruitment dy-
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namics of walleye pollock, including the juvenile stage
up to the end of the first year of life. Since estimating
the abundance of age-0 pollock is important to under-
standing recruitment mechanisms, an acoustic/trawl
survey was conducted during September 1990 to deter-
mine suitable sampling strategies and to examine the
large-scale abundance and distribution patterns of these
fish in the western Gulf of Alaska. We present an analy-
sis of the trawl catches from this survey.

Study Area

Sampling was conducted on the continental shelf along
the Alaska Peninsula in water from 30 to 200 m deep
(Fig. 1). Most walleye pollock in the Gulf of Alaska
spawn in Shelikof Strait, and the prevailing currents,
principally the Alaska Coastal Current (ACC), carry the
larvae either along the Alaska Peninsula or into the
offshore waters of the Gulf of Alaska (Kim and
Nunnallee, 1990; Hinckley et al., 1991). Historically,
high densities of age-0 juvenile pollock have been ob-
served along the continental shelf and in nearshore

areas and bays along the Alaska Peninsula and around
Kodiak Island (Smith et al., 1984; Walters et al., 1985).
Surveys conducted in late summer from 1984 to 1988
(Spring and Bailey') were used to establish the offshore
boundary of our study area.

Currents in the survey area are complex because they
flow over diverse topography punctuated by numerous
islands, reefs, and gullies. The most prominent topo-
graphic features are the Shumagin Islands, located in
the center of the study area, and, just to the northeast,
the Shumagin Gully, which appears as an indentation
of the 100-m isobath (Fig. 1). The ACC flows through
the study area with mean speeds of 10-20 cm/s, but
flow and salinity vary seasonally with changes in fresh-
water input and winds driving the current (Reed and
Schumacher, 1986). The oceanic Alaska Stream also flows
to the southwest offshore of the shelf break at speeds as
high as 100 cm/s (Reed and Schumacher, 1986).

! Spring, S., and K. Bailey. 1991. Distribution and abundance of
juvenile pollock from historical shrimp trawl surveys in the western
Gulf of Alaska. AFSC Proc. Rep. 91-18, 66 p. Alaska Fish. Sci. Cent.,
Natl. Mar. Fish. Serv., NOAA, 7600 Sand Point Way N.E., Seattle,
WA 98115-0070.
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Figure 1
Bathymetry and location of stations during the September 1990 survey in the Gulf of Alaska. Symbols indicate the
survey stations and where the paired-tow experiments were conducted. The strata boundaries are also shown.
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Methods

Survey Design and Methodology

A sampling grid of 67 stations was designed along the
southern coast of the Alaska Peninsula on longitude
lines approximately 36 km apart (Fig. 1). Stations were
located 22 km apart along these lines from nearshore
out to the 200-m depth contour. The NOAA vessel
Miller Freeman trawled during all hours of the day be-
tween 6 and 23 September 1990. A total of 136 hauls
were made during this survey.

The standard sampling gear was an 18.6-m (footrope
and headrope lengths), high-opening shrimp trawl that
was fished with 1.5 x 2.1-m doors. This trawl is designed to
fish on bottom but was used in midwater as in the 1984-88
surveys (Bailey and Spring, 1992). When the trawl was
fished this way, the height regulator and tickler chain were
removed. The stretched-net mesh in the body of this trawl was
3.2 cm, and the 3.8-cm-mesh codend was equipped with a 3 -
mm knotless mesh liner. For the first half of our survey, the
shrimp trawl was deployed in a stepped manner, with an
average ship speed of 6 km/h. The total number of steps
per tow was determined by water depth, with 10-min. steps
made at each 50-m depth interval.

We initially used the stepped method because we
thought that the net might not perform well when
towed obliquely and that concentrating on predeter-
mined depth layers would not impair the quality of the
data. However, distinct layered patterns of sign at vari-
ous depths were observed in acoustic transects between
stations (Brodeur and Wilson?), indicating that a stepped
net path at fixed depth layers was probably not sam-
pling the water column adequately. Therefore, to
achieve a representative sample, the trawl was fished
along an oblique path for the rest of the survey.

A paired-tow experiment was conducted to examine
the relative efficiency of the oblique method of fishing
versus the stepped net path. This experiment consisted
of sampling with each method at six stations where age-
0 pollock were caught. The sequence of methods used
at each station was random. Both hauls of a pair were
done either during day, night, or twilight.?

We also compared the catch efficiency from the
shrimp trawl with a midwater anchovy trawl to evaluate
how well the shrimp trawl performed when fished
midwater. Unlike the shrimp trawl, the anchovy trawl was

designed to catch small pelagic fishes (Wyllie-Echeverria-

etal,, 1990). The anchovy trawl is a modified Cobb trawl

2 R. D. Brodeur and M. T. Wilson. Mesoscale acoustic patterns of
age-0 walleye pollock (Theragra chalcogramma) in the western Gulf
of Alaska. Can. J. Fish. Aquat. Sci., in press, 1996.

3 Twilight was defined as the period 1 hour before to 1 hour after

sunrise or sunset at Sand Point, Shumagin Islands, Alaska, between
6 and 23 September 1990.

with an overall length of about 47 m and a square mouth
(26.2 m on a side). The mesh size (stretched) decreased
from 15.2 cm in the body to 3.8 cm in the codend. The
codend was also equipped with a 3-mm knotless liner.

To examine the relative efficiencies of the shrimp
and anchovy trawls, we used both gear types in alter-
nate order at each of the last 11 stations of the survey.
Both hauls at each station were oblique and were done
either during day, night, or twilight.

At each trawl station, the catch was sorted, and the
taxonomic composition (by numbers and weight) was
determined. Walleye pollock were separated into
nonoverlapping length intervals to reflect age: age 0,
age 1, age 2, and 3 years and older (age 3+). Length
ranges in each age category are based on historical data
(Smith et al., 1984) and were easily discernable in the
length distributions during this survey. A random length
sample (fork length [FL] to the nearest millimeter) was
taken of at least 100 age-0 juvenile pollock. All older
pollock were measured, as were other selected species.
Individual wet weights (to the nearest gram) were taken
on whole age-0 juvenile pollock at sea to examine varia-
tion in condition. Expendable bathythermograph
(XBT) casts were done at all trawl stations. A complete
listing of biological and physical sampling localities and
sequence is given in DeWitt and Clark (1992).

Data Analysis

Catch and length data were standardized to number or
weight per square kilometer of sea surface, or per
100,000 cubic meters filtered, with methods similar to
the area-swept method (Alverson and Pereyra, 1969).
For each tow, we estimated the volume filtered by mul-
tiplying mean net mouth area by distance fished (dis-
tance fished is the maximum wire out plus distance
travelled by the ship over the seafloor). We estimated
net mouth area by using a Scanmar net mensuration
system during several tows to measure height (distance
between headrope and footrope centers) or width (dis-
tance between wing tips) while the net was retrieved at
a constant rate (9 m/min). Least-squares linear and
nonlinear regressions were fit to the data so that the net
mouth area at a given length of wire out could be
estimated for all other tows (Fig. 2). An average mouth
area was then calculated for each tow. When fished in
steps, the mouth area was assumed to change instanta-
neously between steps. Catch per square kilometer of
sea surface was calculated as catch per volume multi-
plied by maximum net depth. Catch per unit area was
used to estimate abundance indices and to compare
geographic subareas, whereas density, or catch per unit
volume, was used to evaluate variations in survey strat-
egy (e.g., paired-tow experiments). When catch is ex-
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Figure 2
Net mensuration data showing trawl geometry (height or spread of net)
with wire out for the shrimp trawl and the anchovy trawl (oblique tows ‘
only). The best-fit equation describing the relation between the variables is
also given.

pressed per unit volume filtered, effort does not vary
with maximum depth fished; thus any confounding
effects of depth are not obscured.

Age-0 pollock density estimates from the paired trawl
hauls were examined for differences between shrimp
and anchovy trawls or fishing methods (stepped vs.
oblique tows). Standardized catches of age-0 pollock
were compared by means of two-tailed paired-sample ¢-
tests. We also applied the nonparametric Wilcoxon
paired-sample test because the sample sizes were small

and we were uncertain whether the distribution of
pairwise differences was normal (Zar, 1984).

We compared length distributions from the paired
comparison hauls of age-0 pollock between gears or
methods by using a multivariate analysis of variance
(MANOVA) similar to that used by Bailey and Spring
(1992) and Shima and Bailey (1994). The dependent
variable was standardized catches within each 10-mm
length interval, and the sampling pair was used as a
blocking factor. Pillai’s trace and its F-distribution ap-
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proximation were used as the test statistics because they
have been shown to have the best characteristics in
terms of power and robustness of the available MANOVA
statistics (Olson, 1974).

A single shrimp trawl haul at each of 67 stations was
used to estimate the abundance and distribution of
age-0 walleye pollock and other taxa of interest (Table
1). Where multiple hauls were made at a station, the
haul selected conformed to the northeast-to-southwest
sequence of occupation and, where possible, was fished
on an oblique net path. A limited number of hauls
targeting echo sign during this survey were not included
because standardized catches from these hauls were sig-
nificantly greater than hauls fished at predetermined lo-
cations (P< 0.01, Kruskal-Wallis nonparametric ANOVA).

For complete spatial coverage of the survey area, we
included data collected during day and night; however,
among the 67 tows, the hypothesis of independence
between age-0 pollock presence or absence and diel
period was rejected (x?=8.53, P=0.01). Applying a pres-
ence/absence correction to catch data is problematic,
and therefore we looked for a diel effect on catch or
length. A Kruskal-Wallis mean rank test using all 67
hauls (X2=4.10, P=0.10), and an ANOVA using the natu-
ral logs of the 35 hauls where age-0 pollock were caught
(F2,32=1.72, P=0.20) indicated that the diel effect on
catch was not significant. Nor was the diel effect signifi-
cantly related to mean FL, based upon an ANOVA
where haul (n=35) was nested within the diel effect

15
(Fy 35=0.009, P=0.99). Therefore, we did not apply a cor-
rection for diel variability in our catch or length data.

We examined alongshore and cross-shelf trends in
abundance (fish per km?) of age-0 pollock by using
stratified means and geographic mapping. The survey
area was divided into six strata (three inshore and three
offshore) based on the expectation that alongshore and
cross-shelf trends in abundance exist (Fig. 1, Table 1) and
on our desire to equate sample sizes between each stra-
tum. We also report stratified frequencies of occurrence
and means of log-transformed catches because these pa-
rameters describe distribution characteristics.

We obtained length—frequency composition for each
stratum by using a stratified estimator for age-0 pollock
at 1-mm intervals and for older pollock at 1-cm inter-
vals. When catch was subsampled, the observed length
frequencies were expanded to total catch. All frequen-
cies were standardized by effort before we combined
data from multiple hauls.

Wet weight was measured individually on 401 age-0
pollock and Fulton’s condition factor (K) (K= [W/
1?*10%], where W= wet weight in grams and L = FL in
millimeters) was calculated. These data were collected
from 28 tows in the survey area during 1990, but not all
were from the 67 gridded survey hauls. We compared
differences of age-0 pollock mean length or mean con-
dition among strata by analyzing the observed frequen-
cies (not standardized) using a nested ANOVA design
where haul was nested within stratum.

Table 1
Characteristics of sampling effort, by stratum, expended during the 1990 juvenile walleye pollock survey aboard the R/V
Miller Freeman.
September Hauls! Mean
sampling
date Stepped Oblique Km  Hour Wire Depth  Surface
Area?® per per out temp.
Stratum (km?2) First Last Total Sum D N T Sum D N T haul haul (m) Net Bot. (°C)
Onshore
NE (1) 12,526 9 12 10 10 7 1 2 0 0 0 0 22 040 204 120 144 117
Mid (2) 10,835 12 14 13 4 1 1 2 9 2 3 4 18 032 162 91 103 11.5
SW (3) 12,550 14 22 11 0 0 0 0 11 6 3 2 14 022 132 70 79 10.6
Combined 35,911 22 34 14 8 2 4 20 8 6 6 1.8 031 165 93 107 11.2
Offshore
NE (4) 12,210 10 11 10 10 1 6 3 0 0 0 0 17 032 156 89 124 118
Mid (5) 11,548 12 14 11 8 4 3 1 3 2 0 1 1.7 0.29 143 80 102 115
SW (6) 11,864 15 22 12 0 0o 0 0 12 5 5 2 18 030 168 96 155 10.9
Combined 35,623 10 22 33 18 5 9 4 15 7 5 3 17 030 156 89 128 11.4
All Areas
combined 71,531 9 22 67 32 13 11 8 35 15 11 9 1.7 031 160 91 117 11.3
! The terms stepped and oblique refer to net path through the water column. D = day, N = night, T = twilight.
2 Figures for combined areas may differ from column sums due to rounding error.
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Results

Paired-Tow Experiments

Comparison of Net Paths—Catch data from the 1990
survey were not adjusted to account for differences in
net path (stepped versus oblique). Six pairs of tows
indicated that the oblique-path method, which adds
netretrieval rates to towing speed, was more efficient
than stepped tows (Table 2). But because of the vari-
ability in catch, six pairs were too few to enable a
suitably powerful statistical comparison or to allow for
the calculation of a reasonably precise correction algo-
rithm (Munro and Hoff?%).

Distributions of age-0 pollock length frequency did
not differ significantly (MANOVA; Fl,6:1'56’ P=0.55)
between the oblique (x=71.5 mm FL) and stepped
(¥x=73.4 mm FL) methods (Fig. 3), thus a correction
for size selection due to net path was not necessary.

Comparison of Gear—In terms of estimating age-0 pol-
lock density, the data collected by the shrimp trawl
were similar to the data from the anchovy trawl. The
mean CPUE from the 11 tows made with the shrimp
trawl was 72.43 x 10° fish per m? (SE=40.25), and the
mean from the anchovy trawl was 82.46 x 10° fish per
m? (SE=54.98). Differences in age-0 pollock CPUE be-
tween the two trawls were not significant when exam-
ined parametrically (¢=0.50, P=0.628) or nonpara-
metrically (Wilcoxon Z=-0.25, P=0.799). Incidentally,
the anchovy net collected many taxa more frequently

4 Munro, P. T., and R. Z. Hoff. 1994. Two demersal trawl surveys in
the Gulf of Alaska: implications of survey design and methods.
Alaska Fish. Sci. Cent., Natl. Mar. Fish. Serv., NOAA, 7600 Sand
Point Way N.E., Seattle, WA 98115-0070. Unpubl. manuscr.

Table 2
Catch per unit of effort (CPUE; no. per 100,000 m? of age-
0 pollock) for each haul from each of 6 pairs where the
shrimp trawl was fished obliquely and at stepped depths.
The difference in CPUE (stepped — oblique) is given.

CPUE
Pair Stepped Oblique Difference
1 3.49 18.48 -14.99
2 7.55 224.44 -216.89
3 14.05 83.39 -69.34
4 68.13 147.70 -79.57
5 105.98 226.82 -120.83
6 197.20 184.02 13.18
x 66.07 147.48 -81.41
SE 31.00 33.81 33.38

than did the shrimp trawl; this probably reflects the an-
chovy net’s larger mouth area.

Distributions of age-0 pollock length frequency did
not significantly differ between the anchovy trawl
(x=81.37 mm) and the shrimp trawl (x=79.23 mm)
(MANOVA; F ,9=29.43, P=0.14; Fig. 3). Thus the shrimp
trawl seemed comparable to the anchovy trawl in terms
of age-0 pollock catch efficiency and size composition.

Abundance and Distribution

Numerically, walleye pollock was the dominant finfish
species collected over all six strata (Table 3). Age-0
individuals were taken at 35 of the 67 trawl stations and
had a mean CPUE of 50,998/km?2. They ranked fourth
among finfish in terms of biomass because of their low
mean weight per individual (0.003 kg; Table 3). It is
noteworthy that the jellyfish biomass was greater than
that of all finfish combined.

The geographic distribution of age-0 pollock abun-
dance varied throughout the survey area (Fig. 4). De-
spite considerable small-scale patchiness, age-0 pollock
appeared to be more closely associated with the coast
than with the shelf-slope break (200 m). Both the
frequency of occurrence and the number of fish caught
tended to be lower offshore (Table 4). These data also
suggest that age-0 pollock were more prevalent upstream,
rather than downstream, of the Shumagin Islands.

Temperature contours at 50 m, which roughly paral-
lel the coastline, coincided with the overall geographic
pattern of age-0 pollock abundance (Fig. 4). We used
temperature at 50 m as an index of midwater tempera-
ture and found that most large catches of age-0 pollock
were in areas inshore of the 7°C isotherm. Incidentally,
ocean temperature at the surface and at the bottom did
not visually correspond as well with age-0 catches; sur-
face temperatures showed an alongshore gradient
(Table 1), whereas bottom temperatures largely re-
flected water depth. Thus, relatively warm water at mid-
depths may be one feature that makes the nearshore a
good nursery area for age-0 pollock.

Length and Condition Characteristics

The standardized length distributions of all pollock
from the 67 survey hauls showed several distinct modes
that could be attributed to different age groups (Fig.
5). The smallest length group, associated with age-0
pollock, was distinct from all other groupings and ranged
from 44 to 102 mm FL. Age-1 (~185 mm FL) and age-2
(~280 mm FL) modes were readily apparent, but length
modes above 350 mm FL were not easily discernable.
We examined the length distributions by stratum
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gear comparison (shrimp vs. anchovy trawl).
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Figure 3
Fork-length distributions of age-0 walleye pollock from the net-path comparison (stepped vs. oblique net path) and the

(Fig. 6) and found no significant differences in length
among all strata (overall ¥ =70.5) (ANOVA; F; 55=0.39;
P=0.85). Tests on larger subsets of the data (i.e., in-
shore vs. offshore (F1'33=0.030, P=0.864) and upstream
vs. middle vs. downstream (1"2_32=0.607, P=0.551) were
also not significant.

Age-0 pollock fork lengths accounted for 91% of the
variation in weight (Fig. 7). The nonlinear equation fit
to untransformed data gave an exponent of 3.101. Al-
though this is close to 3.0, variation in weight for a

given length makes it difficult to conclude whether the
increase in body size is isometric or allometric.

Although condition factor (K) was not significantly
related to stratum, some age-0 pollock had low values.
All individuals with low condition factors were collected
from the northeastern stations in strata 1 and 4. Never-
theless, no significant differences in K were observed
among strata (nested ANOVA; F5,22=0.46, P=0.80). Thus,
Kdid not increase with fish size, nor was the variation of
K associated with stratum (overall x=0.68).
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Table 3
Mean catch per unit of effort (CPUE) of fish and invertebrates from 67 stations sampled in the Gulf of Alaska along the
Alaska Peninsula during September 1990 by the RV Miller Freeman.

Number of CPUE per km?
hauls with Mean of
Number Weight (kg) individual

Catch Length weight

Species data data x §2 x §2 (kg)
Fish 52 76,470 3.105E+08 8,138 3.920E+07 0.106
Age-0 Theragra chalcogramma 35 35 50,998 2.475E+08 133 1.748E+03 0.003
Age-1+ Theragra chalcogramma 13 12 10,906 8.420E+07 7,337 3.927E+07 0.673
Mesopelagic fishes 1 0 4,131 1.707E+07 23 5.277E+02 0.006
Mallotus villosus 17 4 2,956 8.359E+05 13 1.828E+01 0.004
Lumpenus maculatus 15 0 1,634 2.740E+05 4 2.744E+00 0.002
Atheresthes stomias 14 0 1,121 1.107E+05 278 1.161E+04 0.248
Thaleichthys pacificus 7 0 1,017 2.071E+05 19 7.280E+01 0.019
Cottidae 4 0 953 7.439E+05 2 2.182E+00 0.002
Hippoglossoides elassodon v/ 0 499 4.963E+04 1 3.117E-01 0.003
Salmonidae 8 0 306 1.306E+04 31 2.061E+02 0.103
Zaprora silenus 7 0 263 1.196E+04 7 1.735E+01 0.028
Scorpaenidae 5 0 125 3.014E+03 1 6.198E-02 0.005
Cyclopteridae 3 0 112 4.202E+03 1 8.600E-02 0.005
Gadus macrocephalus 1 0 41 1.669E+03 287 8.251E+04 7.032
Agonidae 1 0 25 6.460E+02 <1 1.344E-02 0.005
Invertebrates 67 66,842 7.675E+07 8,815 8.323E+05 0.132
Gelatinous zooplankton 67 54,407! 2.662E+07 8,777 8.243E+05 0.161
Decapoda (shrimps) 15 11,679 3.265E+07 26 1.851E+02 0.002
Cephalopoda (squids) 4 653 1.220E+05 3 3.324E+00 0.004
Other invertebrates? 3 104 3.643E+03 9 6.781E+01 0.082

! Estimated as biomass X mean weight.
2 Includes a very small catch of benthic organisms.

Table 4
Abundance index (mean catch per unit of effort [CPUE]; no. per km?) of age-0 walleye pollock for the six geographic
strata surveyed during September 1990. Frequency of occurrence and the average natural logarithm of positive CPUE
values are also given.

Occurrence
Number (per km?) Frequency
Mean

Stratum n x SE n (%) In (CPUE) SE
Nearshore

1. Northeast 10 146,808 87,680 7 (70) 10.7 0.875

2. Middle 13 47,283 24,033 8 (62) 10.1 0.703

3. Southwest 11 54,439 35,545 6 (55) 10.8 0.610
Offshore

4. Northeast 10 37,682 29,659 7 (70) 10.0 0.503

5. Middle 11 2,177 657 3 (27) 9.0 0.168

6. Southwest 12 10,826 15,342 4 (33) 9.1 0.936
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Geographic distribution of 0-age pollock abundance (no./km?) superimposed on stratum boundaries (dotted lines) and
on isotherms measured at 50 m with an expendable bathythermograph (XBT).
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Length distribution, standardized to 1 km?, of O-age and older age classes of pollock from the
stratified survey sampling. For age-0 pollock, the numbers of fish measured and their observed mean
length (nonstandardized) are given.
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Paired-tow Experiments

effort equally among all depths. Walleye pollock are
most abundant in the upper layers (<50 m) during the
larval stage (Kendall et al., 1987) and move deeper as
their size increases (Nakatani and Maeda, 1987). Post-

Available information indicates that variation in the larval age-0 fish have been found in large numbers near
vertical distribution of age-0 pollock is best handled by bottom over a broad range of water depths (40-120 m;
choosing a survey strategy that distributes sampling Smith etal., 1984), and in midwater (Bailey and Spring,
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Figure 7
Length-weight relationship for age-0 walleye pollock.

1992; Brodeur and Wilson?). In the Bering Sea, age-0
fish were most abundant in the upper 40 m over the
continental shelf (Lynde, 1984). Acoustic data indicate
that age-0 pollock may be found at a substantial depth
range from near surface to within a few meters of the
bottom (Brodeur and Wilson?). Thus the depths for
age-0 pollock are subject to substantial ontogenetic and
spatial variability.

Variation in environmental conditions has been asso-
ciated with differences in the depth distribution of age-
0 pollock. Laboratory studies (Olla and Davis, 1990;
Sogard and Olla, 1993) indicate that the vertical distri-
bution of age-0 pollock in midwater results from an
interplay of many factors (e.g., temperature, light, food,
and predators). Unravelling the importance of these
factors in the field is difficult. Evidence suggests that
diel period and thermoclines in the Bering Sea may
affect the depth distribution of age-0 pollock (Traynor,
1986; Bailey, 1989). Undoubtedly, age-0 pollock occur
at a broad range of depths, and vertical positioning at
any specific time and place may depend on a suite of
environmental variables. Thus, targeting specific depths
to survey the abundance of age-0 pollock would not be
an advisable sampling strategy, based on what we know
of the dynamics of their vertical distribution.

Performance of the sampling gear is another impor-
tant consideration when choosing sampling strategies.
For instance, we initially assumed that the shrimp trawl
would perform best if fished stepwise, but we switched
to an oblique path for biological reasons, after finding

out that the performance of the trawl (as measured by
age-0 pollock CPUE) was not compromised (Table 2).
In fact, this change in net path appeared to improve
trawl performance, perhaps because adding the wire
retrieval rate to the towing speed increased the speed
of the net through the water by 9 m/min (0.5 km/h).

If we had applied a correction factor to equate
stepped-tow and oblique-tow catches, the age-0 abun-
dance estimates, but not the distributional patterns,
would have changed substantially. The overall abun-
dance estimates of age-0 pollock would have substan-
tially increased, since oblique tows generally caught
more fish (Table 2). Also, in areas of high abundance
all stations (strata 1 and 4), or some stations (stratum 2)
were fished with the stepped method. When integrating
the numbers and species composition of oceanic micro-
nekton over discrete depth layers, Pearcy et al. (1977)
used oblique rather than stepped net paths on the basis
that the former provide a more representative sample
because all depths within each stratum are fished. The
shrimp trawl performed well when fished obliquely,
and this should be the preferred method for estimating
age-0 pollock abundance unless biological information
about the vertical distribution of these fish, perhaps
from echo sounders, suggests otherwise.

Although the shrimp trawl is designed to fish on
the bottom, it was as effective as the anchovy trawl
at sampling the age-0 pollock that we collected in
midwater. But the anchovy trawl was designed to catch
small pelagic fish, and samples collected with it are
probably more representative of the overall midwater
nekton community. The anchovy trawl’s high vertical
opening and large forward mesh allows more water to
be filtered per distance towed, thereby boosting sam-
pling effort and catches of rarer or more evasive spe-
cies. Nevertheless, for estimating the distribution and
size composition of age-0 pollock of the size range that
we observed (53-110 mm), the two trawls appear to be
equivalent.

Abundance and Distribution

Although some walleye pollock seem to spawn in the
Shumagin Islands area and other areas of the western
Gulf of Alaska (Kendall and Picquelle, 1990), we as-
sume that most of the age-0 pollock caught were spawned
in Shelikof Strait, where large numbers of pollock his-
torically spawn during early April and are transported
by southwesterly flow (Reed and Schumacher, 1986;
Kendall and Picquelle, 1990; Kim and Nunnallee, 1990).
The distribution center of young pollock in 1987 moved
from the Shelikof spawning area in early April to down-
stream of the Shumagin Islands by September (Hinckley
et al,, 1991). In 1990, satellite-tracked buoys deployed
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into concentrations of larval pollock in Shelikof Strait
all passed the Shumagin Islands by mid-September
(Schumacher et al., 1993; Stabeno®). As pollock mature
they become more active in determining their distribu-
tion, which probably relates to the distribution of prey or
to areas of suitable temperature and other environmental
variables. It is likely that most of the age-0 pollock col-
lected had drifted from Shelikof Strait, and that their
broad distribution reflects both physical transport and
behavioral responses to their environment.

Given that most pollock in the western Gulf of Alaska
spawn in Shelikof Strait and that their offspring pass
each year through our survey area as age-0 fish, our
abundance estimates should reflect large-scale regional
abundance. Bailey and Spring (1992) estimated the
abundance of age-0 pollock in this area for most years
from 1975 to 1988 (1975-84: random bottom trawls
during the day; 1985-88: midwater and bottom trawls
targeted on echo sign during the day). Because the
geographic extent of the data varied among years, we
converted the overall abundance index for each year to
number of fish per square kilometer of sea surface and
found that our abundance index for 1990 (50,998 fish/
km?) ranked ninth out of 12 years. Bailey and Spring
(1992) included results from around Kodiak Island,
which we did not survey extensively. Excluding the
results from this region did not change the conclusion
that 1990 is a fairly weak cohort (ranked 10 out of 12).
Assuming that these numbers are comparable and that
they indicate regionwide trends, the 1990 year class of
pollock in the western Gulf of Alaska appears to be
weak (similar to 1987), but not the weakest on record.
However, it is important to underscore that the sam-
pling conducted in 1990 differed from earlier years
(effort not allocated based on acoustic sign), and this
may significantly affect age-0 abundance estimates.

When combined with previous survey work, our find-
ings indicate that a variety of areas are used by age-0
pollock as nursery habitat and that some interannual
variability may occur. Our survey indicated that most of
these fish were found throughout the middle and inner
continental shelf, and few fish were found near the
200-m isobath. However, Hinckley et al. (1991) show
that during August and September of 1987, high abun-
dances of age-0 pollock (>1,000/10 min) were found
offshore near the 200-m isobath. In fact, the distribu-
tion patterns that we observed in September 1990 are
more similar to those observed by Hinckley et al. (1991)
during June and July for late larval and early juvenile
pollock, than to those for late juveniles. Thus it appears
that movement of age-0 pollock through the shelf wa-
ters off the Alaska Peninsula varies from year to year

5 p. Stabeno. Pac. Mar. Environ. Lab., NOAA, 7600 Sand Point Way
N.E., Seattle, WA 98115-0070. Unpubl. data.

and may be an important factor affecting survival. Per-
haps this variation relates to conditions in the nursery
area, such as water temperature and prey availability,
which might influence age-0 pollock distribution. Be-
cause these fish have recently become nektonic, varia-
tions in oceanic conditions during their planktonic
larval stage, such as patterns of advection (Kendall and
Picquelle, 1990), may also have important effects on
their distribution as juveniles.

Neither our study nor that of Hinckley et al. (1991)
effectively sampled the full range of potential age-0
habitat, because little sampling was done in enclosed
bays. Smith et al. (1984) reported that mean catches of
age-0 pollock in each of several bays located in our
survey area ranged as high as 555 x 10* fish per m?
(55,500 fish per km?). This upper range of mean abun-
dance is similar to mean abundances found in our
stratum 3 (54,439 fish/km?; Table 4). The highest mean
abundance of age-0 pollock found by Smith et al. (1984)
was 4,083 x 10* fish per m? (408,300 fish per km?) for
Alitak Bay at the south end of Kodiak Island, which was
almost three times the highest mean abundance of any
stratum in our study. Sampling during September in
bays around Kodiak Island (M. Wilson, unpubl. data)
also indicated that age-0 pollock occur, at all times of
the day, throughout the water column both inside and
outside of bays. Thus, while it is evident that substantial
numbers of age-0 pollock inhabit much of the conti-
nental shelf along the Alaska Peninsula and Kodiak
Island, the importance of semienclosed areas as habi-
tats still needs to be determined.

The association between high age-0 pollock density
and warm water at intermediate depths over the inner
and middle shelf suggests that these habitats may be
more suitable for juveniles than colder offshore waters.
Brown and Bailey (1992) report an association between
growth rate, inferred from otolith microstructure, and
water temperature for age-0 pollock collected from the
western Gulf of Alaska during August and September of
1987. Smith et al. (1986) show in laboratory experi-
ments that water temperature differences similar to
those observed in this study (6°-9°C) affected pollock
growth rates. The increased growth rates could translate
into increased survival if size-selective mortality occurs.

Bottom topography may be another physical charac-
teristic important to age-0 pollock, because the along-
shore distribution of these fish may relate to topo-
graphical differences along the continental shelf. In
particular, the high abundances of age-0 pollock over
the Shumagin Gully may be associated with warm
nearshore water in close proximity to the greater depths
of the gully. This may facilitate an ontogenetic move-
ment into deeper water, perhaps to satisfy changing
dietary requirements (Kamba, 1977; Nakatani and
Maeda, 1987). High densities of age-0 pollock have
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been found in other gullies in the Gulf of Alaska, which
extend from the continental slope (200 m) into bays
(Wilson, unpubl. data).

Although our sampling was conducted at all hours of
the day, future sampling of age-0 pollock should con-
sider diel differences in distribution as a means to re-
duce the variation associated with abundance estimates.
Diel variation in aggregation patterns has been ob-
served among juvenile pollock (Traynor and Williamson,
1983; Traynor, 1986) and may explain our observation
that the presence or absence of these fish in the catch is
not independent of photoperiod. It is likely that these
fish disperse at night to feed (Merati and Brodeur,
1996) and are aggregated in schools during the day,
which could account for the day-night differences that
we observed. Age-0 pollock were less frequently caught
during the day than at night, but when the fish were
caught, daytime catches were larger than nighttime
catches. We might have expected daytime catches to be
low and to contain mostly small individuals, since Bailey
(1989) found that large individuals sometimes move
close to the bottom during this time. This factor would
be particularly problematic in shallow water, where the
fish could move close to the bottom, below the depth
sampled by our midwater trawl. Thus, diel sampling
may have introduced variation into our mean age-0
pollock CPUE estimates; its effect on large-scale distri-
bution patterns, however, is probably negligible, be-
cause photoperiod was randomized with regard to abun-
dance and area.

We did not attempt to correct our length data for
growth despite a collection interval of 17 d. Using
otoliths, Bailey et al.® estimated a mean growth rate of
1.01 mm SL/d for these fish. Therefore, we were not
surprised to find large mean sizes for fish collected in
the downstream strata, which were sampled last. Never-
theless, the lack of statistical differences among strata
suggests that, over the duration of our survey, increases
in fish size were small relative to other sources of vari-
ability. We tried to compare the results of our length
analysis to those of Walters et al. (1985), but differences
in mesh size weaken the biological significance of this
comparison.

Some uncertainties encountered during this study
stemmed from a lack of understanding of the vertical
distribution of age-0 pollock, catchability throughout
the photoperiod, schooling dynamics, and the time
that they spend in the nursery area. Resolving these
questions is fundamental to understanding age-0 pol-
lock ecology at a level sufficient for population-scale

8 Bailey, K. M., A. L. Brown, M. M. Yoklavich, and K. L. Mier. 1996.
Interannual variability in growth of larval and juvenile pollock
Theragra chalcogramma in the western Gulf of Alaska, 1983-91. Fish.
Oceanogr. 5 (suppl. 1):137-147.

assessments of their abundance and distribution, and,
ultimately, the source and magnitude of their mortality
during their first summer.
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Juvenile Walleye Pollock, Theragra chalcogramma,
Distribution and Abundance in Shelikof Strait—
What Can We Learn from Acoustic Survey Results?
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ABSTRACT

Since 1980, winter and spring echo-integration trawl surveys have been conducted by
the Alaska Fisheries Science Center annually (except in 1982) in the Gulf of Alaska to assess
the distribution and abundance of walleye pollock, Theragra chalcogramma. Survey data are
used to describe vertical and geographical distribution of age-1 walleye pollock in Shelikof
Strait, as well as relationships between age-1 abundance and distribution. Age-1 pollock
were consistently found in the southern region of Shelikof Strait, and relatively strong year
classes formed a distinct scattering layer extending from the central part of Shelikof Strait
south to near the Semidi Islands. A significant correlation was found between the abun-
dance of age-1 pollock in Shelikof Strait and estimates for the same year class 2 and 3 years
later in the Gulf of Alaska. This finding supports the use of acoustic estimates to forecast
year-class strength of walleye pollock for management purposes.

Introduction

Fishery managers and biologists focus considerable ef-
fort on understanding the population dynamics of Gulf
of Alaska walleye pollock, Theragra chalcogramma
(Megrey, 1991; Schumacher and Kendall, 1991). Re-
search on recruitment variability is motivated by its
effect on pollock stock biomass (Alton et al. 1987;
Megrey, 1989; Hollowed and Megrey') and in estimat-
ing resource productivity for fisheries management pur-
poses (Sissenwine, 1984). Further motivation is pro-
vided by the desire to predict properties of the upcoming
year classes (Rothschild, 1986; Wooster and Bailey, 1989).

Since 1980, the Alaska Fisheries Science Center
(AFSC) has annually (except 1982) conducted an echo-
integration trawl survey in the Shelikof Strait region of
the Gulf of Alaska to assess the distribution and abun-
dance of walleye pollock. These surveys were conducted
between late February and early April, when the abun-
dance of spawners was believed to be at its peak (Nelson
and Nunnallee, 1985a). Although the primary goals
and design of the surveys focused on the adult spawn-
ing population, the surveys also provide data on juve-
nile (age-1) pollock. The goals of this paper are to

describe the juvenile pollock data that are available
from these historical acoustic surveys (1981, 1983-93)
and to evaluate the time series of abundance estimates
for age-1 pollock as an index of year-class strength.

Materials and Methods

Vessel, Acoustic Equipment, and Trawl Gear

All survey data were collected aboard the National Oce-
anic and Atmospheric Administration (NOAA) research
vessel Miller Freeman, a 66-m stern trawler. In 1983, the
NOAA research vessel Chapman, a 39-m stern trawler,
also participated in the survey.

In all surveys, acoustic data were collected with a 38-
kHz echo-sounder system interfaced to computer sys-
tems designed to implement echo-integration data analy-
ses. The acoustic systems were improved over the study

! Hollowed, A. B., and B. A. Megrey. 1990. Gulf of Alaska walleye
pollock: population assessment and status of the resource in 1991.
Alaska Fish. Sci. Cent., Natl. Mar. Fish. Serv., NOAA, 7600 Sand
Point Way N.E., Seattle, WA 98115. Sect. 1, 68 p. Unpubl. manuscr.
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period; acoustic data were collected with a Biosonics®
dual beam system during 1981-85 (Nelson and
Nunnallee, 1985a, b), a Biosonics split beam /dual beam
system during 1986-90 (Traynor and Ehrenberg, 1990),
and a split beam Simrad EK500 system during 1991-93
(Bodholt et al. 1989). From 1981 to 1990, the trans-
ducer was housed in a towed body deployed behind the
vessel approximately 17 m deep. From 1991 to 1993 the
transducer was mounted on the bottom of the vessel’s
centerboard, about 9 m below the water surface (Ona
and Traynor, 1990).

The acoustic equipment was calibrated to estimate
the transmitting and receiving characteristics of the
system. From 1981 to 1987 a standard hydrophone was
used to measure the acoustic parameters (Blue, 1984)
before and after each survey. Since 1988, the more
accurate standard sphere calibration procedure (Foote
et al. 1987) was used, allowing calibrations to be made
anytime during or after a survey.

Three different midwater trawls and three different
bottom trawls were used between 1981 and 1993 (Table
1). Midwater echo sign was primarily sampled with a
Diamond 1000 midwater trawl in 1981 and 1983-87,
and with modified Northern Gold 1200 midwater rope
trawls in 1988-93. Demersal echo sign was sampled
with an Eastern 83/112 bottom trawl except in 1990,
when a Poly-Nor’eastern bottom trawl was used, and in
1992, when a Nor’eastern bottom trawl was used. A
codend liner with 3.2-cm (1.25-in.) mesh was used for
all trawls. Vertical net dimensions were determined for

2 Reference to trade names or commercial firms does not imply
endorsement by the National Marine Fisheries Service, NOAA.

all surveys with a netsounder mounted on the headrope;
horizontal net measurements were made on some sur-
veys with a SCANMAR net mensuration system.

Survey Methods

Survey operations were conducted 24 hours per day
and consisted of two or more passes through Shelikof
Strait along zigzag (1981-87) or parallel (1988-93)
tracklines. Generally these tracklines traversed the strait
between the 91-m isobaths and extended from near the
Semidi Islands, around 56°00'N latitude, northward to
about 58°30'N, depending on the extent of echo sign
(Fig. 1). Tracklines were uniformly spaced at intervals
of 3.5-10 n.mi., depending on the survey pass and year.
Often additional passes were made to sample the dens-
est pollock aggregations observed on previous passes.
Vessel speed varied between 5 and 12 knots, depending
on weather conditions.

Trawl hauls were made in an opportunistic manner
during each survey to identify echo sign and to gather
data on its biological composition. The duration of
each haul varied, depending on the estimated time
needed to provide an adequate sample size as indicated
by the netsounder echo trace. Average trawling speed
was about 3 knots. Standard AFSC catch-sorting and
biological sampling procedures (Hughes, 1976) were
used to determine weight and number by species for
each haul. Pollock were further sampled to determine
the fork length (FL), weight, sex, age, and maturity
composition of the haul. Catch data were not used to
generate abundance estimates.

Table 1
Trawl gear used during the winter and spring echo-integration trawl surveys in Shelikof Strait, 1981 and 1983-1993.

Approximate

Head-rope Footrope  Mesh size! Spread Height  opening
Trawl type Years used (m) (m) (cm) (m) (m) (m?)
Midwater
Diamond 1000 1981, 1983-87, 1993 54 54 40.6, 81.2,8.9 No data 16
Northern Gold 1200
rope with bridle 1988 91 85 163, 8.9 45 27.5 1237.5
with no bridle 1989—93 95 50 163, 8.9 No data 19
3/4 scale Norse 1984 63 58 81.2,8.9 No data 7.5
Bottom
Eastern 83/112 1981, 1983, 1986, 1991, 1993 26 34 10.2, 8.9 18 2 36
Poly-Nor’eastern 1990 27 37 12.7,8.9 14 7.6 108
Nor’eastern 1992 27 32 12.7,8.9 18 6 106

! First number is mesh size at wings. Last number is mesh size at codend. Where three numbers are given, second is size of a section of
mesh between wings and codend. Codend liner was of same mesh size in all cases (see text).
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Figure 1
Survey trackline for the winter/spring 1992 pollock
echo-integration trawl survey of Shelikof Strait, show-
ing one pass through the strait area and a second pass
of more closely spaced transects through the region of
high spawner densities.

Echo-integration data were used to obtain estimates of
fish abundance along each transect. Transects were parti-
tioned into strata by depth and time/distance intervals.
Strata where echo sign was determined to represent pol-
lock were then selected, and the echo integration values
within each stratum were summed over all chosen depth
strata to provide estimates of biomass per unit area. Sur-
face echo-integration values were scaled to estimates of
absolute density (kg/m?) by means of weighted pollock
size compositions, a length-weight relationship derived
from the trawl catches, and a previously-derived relation-
ship between target strength and fish length (TS = 20
log (FL) — 66; Foote and Traynor, 1988). Biomass was cal-
culated as the product of the average surface density and
the area surveyed. Length- and age-specific biomass and
population estimates were calculated with the biomass
estimate, length-composition data, a length-weight rela-
tionship, and an age-length key. Because of equipment
difficulties, pollock abundance was not estimated in 1987.

Analytical Approach

Age-1 pollock were selected from length-frequency
records as the size range 9-16 cm FL in all years except
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1986, when they were selected as 9-15 cm. Fish from
this size range formed a clearly discernible size mode
and were believed to have hatched 11-12 months be-
fore the survey. The proportion of age-1 pollock in
each catch was determined from the length-frequency
sample and extrapolated to the total catch.

Trawl hauls where age-1 pollock dominated the catch
by number were identified. The corresponding extent
and depth of the scattering layers for those fish were
determined. Geographic and vertical distribution plots
of age-1 pollock were created for each survey. Hauls
with unsatisfactory gear performance were not included.
Catch rates (no/h) were used to describe age-1 pollock
relative abundance (e.g., high, medium, low) through-
out the strait but were not used to determine actual
abundance estimates. The difference in gear types prob-
ably affected catch rates (e.g., mouth area of the largest
midwater net is 11-34 times larger than the mouth area
of the bottom trawl; Table 1). Although no corrections
were made to account for these differences, catch rates
from the midwater trawls should be roughly compa-
rable to those from other midwater trawls, and rates
from the bottom trawls should be comparable to those
from other bottom trawls.

Results

Juvenile Pollock Indices

Estimates of age-1 pollock abundance are presented in
Table 2. Age-1 juvenile pollock were most abundant
during the survey years 1985, 1986, and 1989, corre-
sponding to the relatively strong 1984, 1985, and 1988
year classes.

The Shelikof Strait age-1 acoustic estimates were com-
pared to the Gulf of Alaska age-3 and age-4 model
estimates to see if Shelikof Strait age-1 abundance can
be used to indicate year-class strength of Gulf of Alaska
pollock. The Gulf of Alaska estimates were derived from
an age-structured stock synthesis model described by
Hollowed et al,® which incorporated fisheries, survey,
and egg production data to generate a pollock abun-
dance estimate that represents the entire Gulf of Alaska.
Age-1 acoustic data were not included in this model.
There was a significant relation (R?=0.61; Fisher’s z
transformation, p=0.01) between acoustic estimates of
age-1 abundance and model estimates of recruited age-
3 pollock (Fig. 2), particularly for the stronger year

% Hollowed, A. B., C. Wilson, E. Brown, and B. A. Megrey. 1994.
Walleye pollock. In Stock assessment and fishery evaluation report
for the groundfish resources of the Gulf of Alaska as projected for
1995. N. Pac. Fish. Manage. Council, P.O. Box 103136, Anchorage,
AK 99510. Sect. 1, 66 p.
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Figure 2
Scatterplot of Gulf of Alaska stock synthesis mode! age-3 pollock estimates
and Shelikof Strait winter acoustic age-1 pollock estimates for year classes
1980-90. The fitted linear regression line indicates a positive relationship
and is not intended for predictive purposes.

classes (Fig. 3). The same relation was found between
acoustic age-1 and the model age-4 pollock. It would
seem that the 1984 year-class data point drives this
correlation, but when it was removed, the relationship
remained strong (R?=0.74; p<0.01).

Age-1 abundance estimates were also compared to
acoustic estimates of ages 2—4 from the same year class.
All comparisons showed a significant relationship. How-
ever, the strongest relationship was between the age-1
and age-3 acoustic estimates (R?=0.89; p<0.01).

The Shelikof Strait age-2 acoustic abundance esti-
mates were then compared to the Gulf of Alaska age-3
model estimates to see if the age-2 acoustic estimates
could be used to indicate year-class strength. This rela-
tionship was also significant (R?=0.77; p<0.01).

Juvenile Pollock Distribution

Age-1 pollock were present in the southern strait re-
gion (south of 57°00'N) in all survey years; in several
years they were also found in the northern strait (Fig.
4). In “low” abundance years (Table 2), age-1 pollock
were found dispersed throughout the strait and mixed
together in scattering layers of predominately larger
pollock, usually over a depth range of 225-250 m, within
50 m of bottom. However, patches of predominately
age-1 pollock echo sign were observed in 1984 at the
southern end of the strait and in 1990 at the northeast-
ern end. In contrast, during the “medium” and “high”
abundance years, age-1 pollock formed a discrete scat-

tering layer in the southern region of Shelikof Strait; in
1985 and 1989, the layers extended up to the central
part of the strait.

Age-1 pollock scattering layers were observed at vari-
ous depths (Table 2). In 1985, 1987, and 1989, layers
were generally at 140-215 m, above a deeper scattering
layer of older pollock. In 1985 and 1989 there were also
occurrences of a “sandwich” effect, where the age-1
scattering layer was observed between two layers of
older pollock. On two occasions the 1985 scattering
layer was observed by itself within 15 m of bottom. In
contrast, the 1986 age-1 pollock layer was found at 195—
245 m, within 15 m of bottom, without the deeper or
shallower layers of older pollock (Fig. 5). Although
abundance and distribution information for age-1 pol-
lock in 1992 is not mentioned in Table 2, Figure 4
indicates relatively high bottom trawl catches of age-1
pollock. Further investigation of how vertical distribu-
tion has changed over the years is warranted.

Discussion

Echo integration has become a well-established technique
for measuring fish abundance and can provide quick
information about pelagic fish distribution (MacLennan
and Simmonds, 1992). The annual Shelikof Strait acous-
tic surveys provide information that describes the winter
distribution and relative abundance of age-1 pollock.

For walleye pollock and many other marine fish spe-
cies, the magnitude of recruitment may be established
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Table 2

Echo-integration trawl survey abundance estimates (millions) and echo sign distribution of age-1 pollock from Shelikof
Strait, Alaska, for the years 1981, 1983-86, and 1988-91.

Survey Abundance Relative abundance Depth of juvenile
Year (millions) category! Age-1 pollock echo sign layer (m)
1981 779 Low None

1982 No survey

1983 1.2 Low None

1984 61.7 Low Light patch in south 180-200
1985 2,091.7 High Moderate, south to central 140-215
1986 575.4 Medium Moderate in south 195-245
1987 No estimate Light in south 175-205
1988 17.4 Low No echograms available

1989 399.5 Medium Moderate, south to central 175-215
1990 49.1 Low Light patch in north 223-228
1991 22.0 Low None

1 Abundance <250 million was considered “low.” Abundance >250 and <1250 million was considered “medium.” Abundance >1,250
million was considered “high.”
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Figure 5
Echograms of age-1 pollock layers found during the 1985 and 1986 winter acoustic surveys. In 1985, the upper layer was
predominately age-1 pollock and the lower layer was primarily older pollock.




in the early life stages, suggesting that prerecruit sur-
veys may be a valuable tool for previewing the upcom-
ing year class (Wooster, 1983; Bailey and Spring, 1992;
Hinckley et al., 1993). Although the primary objective
of the Shelikof Strait acoustic surveys was to assess the
distribution and abundance of the adult spawning popu-
lation, results suggest that Shelikof Strait age-1 acoustic
estimates can be used to indicate relative year-class
strength for the Gulf of Alaska, particularly as an indica-
tor of high recruitment. Results also showed a strong
relationship between age-2 acoustic and model esti-
mates. Since, however, the goal was to find an indicator
of year-class strength as early in the life history of pol-
lock as possible, age-1 acoustic estimates are empha-
sized. To use the abundance estimates as a relative
index of recruitment, one must be willing to assume
that the same percentage of the Gulf of Alaska age-1
pollock inhabit Shelikof Strait each year.

Sources of Bias

Accuracy of an index depends on the errors incurred.
Various sources of error are discussed by Traynor et al.
(1990) and MacLennan and Simmonds (1992) regard-
ing abundance estimates derived from echo-integra-
tion surveys.

Target strength is a particularly difficult parameter
to estimate but is necessary for converting echo-integra-
tion values to fish density. The TS-length function (TS
= 20 log(FL) — 66) was used to estimate mean target
strengths. However, this function was derived primarily
from larger pollock.

Another important source of error affecting acoustic
estimates of age-1 pollock abundance is thresholding.
The noise threshold setting on the echo integrator
must be low enough to accept signals from valid fish
targets but high enough that the integration of noise
(unwanted signals) does not contribute significantly to
echo integration. The scientist may also introduce er-
ror during post-processing of the echo-integrator data
by incorrectly excluding data from analysis. If age-1
pollock are lightly dispersed, it is possible that they will
be excluded from the echo-integration values by either
the mechanical or judgement-based thresholding pro-
cess. If, on the other hand, age-1 pollock are in a dense
aggregation, as in a layer, their likelihood of contribut-
ing to echo integration will be much higher and they
will have a greater chance of being sampled. Thus the
index will be more accurate in “high” abundance years.

Other possible sources of bias include differences in
vulnerability to the trawls and net selectivity (MacLennan
and Simmonds, 1992; Gunderson, 1993). These sources
of bias would hamper obtaining a biological sample
representative of the corresponding echo trace. This
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would affect the size-composition (and therefore age-
composition) estimates as well as the target strength
estimates for those years when target strength was esti-
mated by means of size composition and a TS-length
relationship.

The index described in this paper could be improved
by more intensive sampling in the southern strait (known
area for age-1 abundance) to better define the south-
ern extent of juvenile echo sign and to sample in low-
density situations. Also, the survey design did not nec-
essarily include areas where juvenile pollock were found
in the past (e.g., inside bays) (Hinckley et al. 1991; Bailey
and Spring, 1992). A survey designed to cover these areas
could be used to develop a more accurate index.

Future Work

Future work should address the “selection” and mainte-
nance of a particular depth stratum by age-1 pollock as
well as how vertical distribution has changed over the
years. Several possible hypotheses explaining habitat
choice are related to predator avoidance, prey availabil-
ity, density-dependent habitat selection (MacCall, 1990),
and environmental cues.
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ABSTRACT

An echo-integration and midwater trawl survey of the Bering Sea for walleye pollock,
Theragra chalcogramma, was conducted from June to August 1993. Large concentrations of
age-0 walleye pollock were observed in the Aleutian Basin. Age-0 juveniles were mainly
distributed in the northeastern part of the basin, extending from northwest to southeast,
with the highest concentrations between the eastern continental slope and the interna-
tional waters of the central Bering Sea. For the most part, age-0 juveniles inhabited waters
80-120 m deep, but a distinct diurnal vertical migration was observed. During July, age-0
pollock in the northeastern part of the Aleutian Basin ranged from 29 to 47 mm fork length
(FL), while juveniles in the Bogoslof Island area ranged from 11 to 17 mm FL. This
difference may indicate two separate spawning stocks. The temperature of the water inhab-
ited by juveniles was 3°-5°C; the salinity was about 33%o. A relationship exists between
concentrations of age-0 pollock and the continental slope environment.

Introduction

Walleye pollock, Theragra chalcogramma, is one of the
most biologically and economically important species
in the Bering Sea. Many recent studies have investi-
gated the biology and the juvenile stages of this species
to gain a better understanding of Bering Sea pollock
population dynamics (Traynor, 1986; Bulatov, 1989; Mul-
ligan et al., 1989; Traynor and Smith, 1996; NRIFSF!- 2 3;
Yoshimura?). This paper presents new information on
geographic distribution, vertical migration, growth, and
relative density of age-O walleye pollock, and on how
these juveniles relate to the environment and juveniles
of other species in the Aleutian Basin. This information
was gathered by an echo-integration and midwater trawl
survey conducted by the Yellow Sea Fisheries Research
Institute during the summer of 1993.

Materials and Methods

Survey Design

An acoustic/midwater trawl survey of the abundance of
walleye pollock in the Aleutian Basin during the period

of 28 June-2 August 1993 was conducted by the Chi-
nese R/V Bei Dou, a 56.2-m ship with fisheries and
oceanographic capabilities. The transects and stations
occupied for pelagic trawling and environmental ob-
servations are shown in Figure 1. The distance between
transects was 22 n.mi. near Bogoslof Island, and 44
n.mi. in other areas.

I National Research Institute of Far Seas Fisheries (NRIFSF).
1994. Preliminary report of biological information obtained from
1990 summer pollock stock research in the Bering Sea by Daian
Maru No. 128. Document for Bering Sea pollock survey working
group. January 1994, Tokyo, Japan.

2 National Institute of Far Seas Fisheries (NRIFSF). 1994. Prelimi-
nary report of biological information obtained from 1991 summer
pollock research in the Bering Sea by Shoyo Maru. Document for
Bering Sea pollock survey working group. January 1994, Tokyo,
Japan.

3 National Institute of Far Seas Fisheries (NRIFSF). 1994. Prelimi-
nary results of larval pollock survey conducted by the Kaiyo Maru in
1993. Document for Bering Sea pollock survey working group.
January 1994, Tokyo, Japan.

* Yoshimura, T. 1990. Biological information on pelagic pollock in
the Aleutian Basin during the summer of 1988. Compilation of
papers presented at the International Symposium on Bering Sea
Fisheries, April 2-5, 1990, Khabarovsk, USSR, p. 261-275.
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The acoustic data were collected with a scientific 38 KHz echo sounder with a hull-mounted SIMRAD
echo sounding-integrating system (SIMRAD® EK400/ ES38 transducer and a SIMRAD QD digital echo inte-
grator). All data were logged onto a personal com-

5 Mention of trade names or commercial firms does not imply en- puter. The SIMRAD EK400 (120 kHz) echo sounder
dorsement by the National Marine Fisheries Service, NOAA. was also used to help identify different echo signs in the
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Trackline and positions of midwater trawl (dot) and hydrographical (circle) operations in the acoustic/midwater trawl survey for walleye

pollock in the Aleutian Basin, June 28-July 24, 1993.
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upper 100-m layer. The integration value (S, area back-
scattering strength) was given for each 5-n.mi. section
of the transect for a set of successive depth intervals and
was regarded as a relative abundance index for the
detected fish. The overall acoustic system was calibrated
with a standard target (60-mm-diameter copper sphere
with known target strength of -33.6 dB) at a frequency of
38 kHz (Foote et al., 1987; Zhu and Iversen, 1990) at the
beginning and end of the cruise while anchored outside
Qingdao Harbor. No significant differences in the system
performance were observed between the calibrations. The
main instrumental parameters are shown in Table 1.

Biological Sampling and Environmental
Observations

The acoustic survey covered about 710 x 10® km? of the
Aleutian Basin of the eastern Bering Sea (Fig. 1). A
pelagic trawl with 400-cm wing mesh and 4-cm-mesh
codend was used to collect juvenile specimens. The

trawl was towed from the stern of the vessel and had a
vertical opening of 38-40 m; the distance between two
otter boards was 121-123 m. Thirty-minute trawls pro-
vided adequate catches of age-0 juveniles. Other spe-
cies caught in the trawls helped us identify the various
acoustic targets. Some juvenile specimens were also
collected with an 80-cm surface plankton net.

Water temperatures, salinity, and dissolved oxygen
(DO) at the surface and at 25, 50, 100, 150, 200, 300,
and 500 m were measured at predetermined stations.
In addition, water temperature at 5-m depth was con-
tinuously monitored with a CHINO EA2P00 tempera-
ture recorder.

Results

Geographic Distribution

Large numbers of age-0 pollock were discovered in the
northern and eastern parts of the Aleutian Basin (Fig. 2),

& T < 61°
<IN
- 0 -159°¢
i 1570
Donut hole
R
10
............. .. @
| N\ 100 o
{_s 453
[ W 100“0'0 L/
-~ 50 & @?701,
~ Aleutian Basin 10 c‘“/ﬂ -
S 7
N () /ﬁ\ L/\/\ /_./ ] _30
. ;\ ""'"\. K. - J = o}
N e iy -~ ey T
N, T é_/' e i )
S N
\\ (t’/
— _ SlON
I i 1 ] 1 J
170°E 175° 180° 175° 170° 165° W
Figure 2

Distribution and relative density (integration value) of juvenile walleye pollock in the Aleutian Basin (June 28-July 24,
1993). Circled numbers indicate sampling stations for juvenile pollock.



38 NOAA Technical Report NMFS 126

Table 1
Technical specifications and main settings of acoustic equipment during R/V Bei Dou survey from June 28 to July 24, 1993.

Echo sounders
Frequency
Recorder gain
TVG and gain
Pulse duration
Bandwidth
Transmitting power (dummy 60 ohm)
Basic range
Receiver gain

Transducer
Beamwidth (-3 dB) LP/TP
Equivalent beam angle (10 log)

Source level + voltage response

Calculated instrument constant C, (ref. =20 dB)

Integrator
Integrator threshold
Integrator gain
Integration intervals

SIMRAD EK 400 SIMRAD EK 400
38 kHz 120 kHz

9 5

20 log R-20 20 log R

1.0 ms 1.0 ms

3.3 kHz 3.3 kHz

3500 W 500 W

0-300 m 0-300 m

84.5 dB 84.0 dB
SIMRAD ES38 SIMRAD 68BA
7.9° x 8.4° 10° x 10°

-20.1 dB -17.6 dB

139.8 dB 113.2 dB

1.77 m?2/nm2-mm

SIMRAD QD/38 kHz

13.8 mV

-22.49 dB
5-100/100-150/150-175/175-200/
200-225/225-250/250-300/300-581 m

1.20 m2/nm?2-mm

extending from the edge of the eastern Bering Sea
shelf to the basin. The zero-distribution isoline was
approximately parallel to the 200-m isobath, and about
100 n.mi. from the 200-m-depth contour line. Areas
with densest concentrations were located at the north-
eastern part of the surveyed area (north of 56°30'N and
east of 180°E); the highest integration value was 498.
An area of approximately 30 x 10® km? had an integra-
tion value of more than 100. Low concentrations were
observed in the southeastern corner of the basin (east
of 168°W, around Bogoslof Island), where integration
values were mostly below 100. No juvenile pollock were
found within a broad area of the western Aleutian Basin
(Fig. 2), where mainly adults (4-20 years old) were
distributed (Fig. 3). Adult distributions were centered
in the central to northern parts of the international
waters and the southeastern basin. Thus there was some
overlap between the distributional areas of juveniles and
adults, but no overlap between the areas with the densest
juvenile and adult concentrations. No immature (1-3
years old) pollock were found in the Aleutian Basin.

Vertical Migration

Although juvenile pollock were centered around the
100-m water layer in summer, a distinct diurnal vertical
migration was observed (Fig. 4, 5). During daytime
hours (0800-1400), juvenile pollock were mainly dis-

tributed from 80 to 120 m deep. From 1600 to 2000,
they gradually migrated to 20-60 m. Around midnight
(2200-0200), juvenile pollock were concentrated in the
upper 10 m, where they could be caught by surface
plankton nets. At dawn (0300-0400), juveniles de-
scended rapidly to the 60-90-m depth layer and gradu-
ally stabilized at about 100 m. Throughout all depths,
age-0 pollock exhibited a strong schooling behavior,
remaining in a layer 10-20-m thick (Fig. 5).

Biological Status

Age-0 walleye pollock caught in the northeastern part
of the international water zone had a fork length that
ranged from 29 to 47 mm, with a mean of 40.2 mm, and
amean body weight of 0.43 g. The dominant length was
in the range of 36-44 mm (Fig. 6A). Slight differences
in individual sizes were observed in fishes collected
from three different locations (Table 2, Fig. 2). Juve-
nile pollock caught near Bogoslof Island were notice-
ably smaller; fork lengths ranged from 11 to 17 mm,
with a mean of 13.8 mm, and the mean body weight was
0.03 g (Fig. 6B). The relation between fish length and
age in days was used to back-calculate the age of juve-
nile pollock (Nishimura et al., 1996). Spawning was
estimated to have occurred in late March in the north-
ern part of the basin, and in late May in the southern
part (around Bogoslof Island).
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Figure 3
Distribution and relative density (integration value) of adult walleye pollock in the Aleutian Basin (June 28-July 24, 1993).

Relations with Other Juvenile Species

Additional juvenile fishes were collected in both the
deepwater and surface samples. These specimens ranged
from 2 to 6 cm in length and included Greenland
halibut, Reinhardtius hippoglossoides; ronquil, Bathymaster
spp.; sablefish, Anoplopoma fimbria, and squids (Table
3). Greenland halibut were relatively abundant over a
large area, especially at the first sampling station (Fig.
2), where they contributed 11.3% of total juvenile catch
by number. Their body lengths ranged from 26 to 42
mm, with a mean of 33 mm, and their mean body
weight was 0.28 g. In addition, age-0 ronquil, possibly
two species, were also abundant there. At the first sam-
pling station, ronquil accounted for 6.1% of the total
juvenile catch by number. They ranged from 40 to 51
mm FL (x=45 mm), and had a mean body weight of
0.77 g. At the fourth sampling station (near Bogoslof
Island), 72.1% of the juveniles by number were ronquil.
Their body size was smaller, 6—13 mm FL (x =11 mm),

1001 !

Depth (m)

200

L L .
12 14 16 18 20 22 24 02 04 06 08 10
Noon Midnight

Local time

Figure 4
Day and night variation in distribution of juvenile wall-
eye pollock in the northern part of the Aleutian Basin
(July 7, 1993). Solid lines represent high concentra-
tions; broken lines represent low concentrations.

and their mean body weight was 0.017 g. Overall, the
distributional area and density of juveniles of other
species were less than those of juvenile pollock.
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Figure 5
Echograms of vertical distribution of juvenile walleye pollock in the northern part of the Aleutian Basin.
Local time: A, 1510-1535; B, 1650-1720; C, 2105-2125; D, 0140-0205; E, 0615-0640; F, 1050-1115.

Relations with Environmental Factors

At the surface, age-0 walleye pollock were generally dis-
tributed at temperatures of 7°-9°C, salinities of 32.5%o—
33.0%o0, and a DO level of 10 mg/l. At 50 m they were
concentrated at temperatures of 3°-6°, salinities of 32.6%o—
33.0%o, and DO levels of 8-10 mg/l. Finally, at 100 m,
highest numbers were seen at a temperature range of 2°—
5°, salinities of 32.9%0-33.2%0, and DO levels of 7-10
mg/1. Overall, the highest concentrations of juveniles
were observed at about 100-m depth, at temperatures of
3°-5°, salinities of 32.9%0-33.1%o, and DO of 8-9 mg/1.
Distributions indicate that juvenile pollock mainly
inhabit the waters between the sharpest thermocline
(25-50 m) and a cold-water pocket at 100-200 m (Fig.
7). However, the vertical migration did not appear to

Table 2
Mean length (FL) and weight (W) of juvenile pollock
collected from the survey in July 1993. Stations are the
same as in Figure 2.

Date Station FL (mm) W (g)
4 1 36 0.28
7 2a 40 0.38
8 2b 41 0.49

11 3 43 0.54

23 4 13.8

0.03 ‘

be affected by the temperature gradient. For example,
dense concentrations could rapidly pass through the
thermocline during the diel migration to the surface
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layer, where temperatures were 7°-9°C. Water tempera-
tures decreased from east to west in the Aleutian Basin
(Fig. 8). The highest juvenile distributions were located
in the northeastern basin, and no juveniles were ob-
served to the west along the same 3°C isotherm. When
age-0 pollock distribution is compared with the hori-
zontal distribution of salinity, the juvenile pollock were
concentrated in areas of low salinity with relatively dense
isohalines (Fig. 9).

Discussion

The Source of Age-0 Pollock

If the most current relationship between target strength
and length of pollock (Foote and Traynor, 1988;

Traynor®) and relevant data (integration values) are -

used to expand our acoustic data to estimate the total
population of age-0 pollock in the northeastern part of
the Aleutian Basin, we arrive at a biomass of about
20,000 t, corresponding to 58.2 billion fish. Although
this estimate is crude and possibly low because the
acoustic assessment did not include fish located shal-
lower than the transducer, it implies a large concentra-
tion of age-0 pollock in the northeastern part of the
Aleutian Basin in an area of 150 x 10® km2. Thus the
northeastern part of the Aleutian Basin appears to be
an important nursery area for age-0 pollock. In light of

5 Traynor, J. J. 1994. Target strength measurements of walleye

pollock and Pacific whiting. Paper for Bering Sea Pollock Coop-

erative Survey Working Group Meeting. January 1994, Tokyo, Japan.

the present understanding of the population structure
and spawning of Bering Sea pollock (Hinckley, 1987;
Bulatov, 1989; Mulligan et al., 1989), these juveniles
might have originated from the areas around Bogoslof
Island, the Pribilof Islands, or the Aleutian Basin.

The area near Bogoslof Island is one of the most
important spawning grounds for pollock. But the indi-
vidual sizes around Bogoslof Island are small, and the
distribution of this population shows a discontinuity at
55°N, 170°W (Fig. 2, Table 2), which implies that it is
unlikely that they moved directly northwest but instead
might have arrived by way of the northeastern shelf.

The main spawning period of pollock on the shelf of
the eastern Bering Sea, around the Pribilof Islands, is
from April to June; only part of the shelf pollock popu-
lation spawns in early spring (Hinckley, 1987). The
survey data of the Japanese R/V Kaiyo Maru in 1993
showed that the dominant length group was 10 mm in
June, indicating a spawning time of May.? Thus, on the
basis of the larger individual size of juveniles in the
northeastern part of the basin, it is likely that only a
small number of age-0 pollock on the shelf come into
the basin.

Because the major spawning period of pollock in the
southeastern part of the Aleutian Basin is earlier than
that of other spawning stocks (Hinckley, 1987; Sasaki,
1989), and because individual juvenile size decreased
from sampling stations 3 to 1 (Fig. 2, Table 2), we
conclude that most of the age-0 pollock collected in
our study came from the southeastern part of the Aleu-
tian Basin. If this is true, our data suggest that there is
not only a nursery area but also a spawning ground for
pollock within the Aleutian Basin.
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Figure 7

Species composition (%) of juvenile fish in the Aleutian Basin during the survey June 28-July 24, 1993. The locations are
the same as in Figure 2. Stations 1-3 were sampled by pelagic trawl and were located in the northeastern part of the
Aleutian Basin; station 4 was sampled by surface plankton net and was located north of Bogoslof Island. N = number, W = weight.

Table 3

Sampling station

2a 2b 3 4

N (%)

Species

W (%)

N (%)

W (%) N (%) W (%) N (%) W (%) N (%) W (%)

Walleye pollock
Theragra chalcogramma
Greenland halibut
Reinhardtius hippoglossoides  11.3
Ronquils
Bathymaster sp. A 6.1
Bathymaster sp. B
Sablefish
Anoplopoma fimbria
Squid
Teuthoidea 3.8

78.8

69.4

9.9

14.8

5.9

97.6

2.4

98.3 98.7 99.0 100 100 27.2 61.6

1.7 1.3 1.0

72.1 28.6

0.7 9.8

Survey Methodology

Many surveys on age-0 Bering Sea pollock have been
conducted by the United States, Japan, and Russia. The
general conclusion is that age-0 pollock are mainly

distributed on the eastern Bering Sea shelf, and that
only a small part of the population is found on the
eastern Bering Sea slope and in the Aleutian Basin
(Haryu, 1980; Lynde, 1984; Haryu et al., 1985; Traynor,
1986; Bulatov, 1989; Mulligan et al., 1989; Bakkala et al.;’
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Figure 8
Relation between the distribution area of juvenile walleye pollock and temperature (°C) at 100 m depth. Single
hatching represents the overall juvenile distribution; crosshatching represents the highest-density distribution.

NRIFS;!" 2 3 Yoshimura*). This may be due to an incom-
plete understanding of the distribution of age-0 pol-
lock and a survey effort largely limited to the shelf. This
conclusion may also be related to the survey methodol-
ogy. Mulligan et al. (1989) pointed out that valid sam-
pling for any fish species at any stage of development
depends upon the proper use of appropriate gear; abun-
dance of juvenile pollock in the Aleutian Basin may be
higher than previously reported because of the use of
inappropriate gear. The sampling gears they used have
a relatively small mouth opening (e.g., Methot trawl
with a mouth of 5 m?) for vertical or oblique sampling,
and net avoidance may have biased the results.

When dense scattering was observed during the acous-
tic survey in the Aleutian Basin, what was believed to be
dense aggregations of some fish at about 100-m depth

7 Bakkala, R., K. Wakabayashi, J. . Traynor, H. Yamaguchi, K. Okada,
M. Nelson, T. Sample and M. Alton. 1983. Results of cooperative
U.S.-Japan groundfish investigations in the Bering Sea during
May-August 1979. Northwest and Alaska Fish. Cent., Natl. Mar.
Fish. Serv., NOAA, 7600 Sand Point Way N. E., Seattle, WA. Unpubl.
manuscr.

was determined by sampling with the pelagic trawl to be
mainly age-0 pollock with a few other species. When the
survey was extended over a large area, a relatively com-
plete picture of the distribution and abundance of age-
0 pollock in the Aleutian Basin was obtained from only
one week of sampling. This indicated that a combina-
tion acoustic and trawl survey may be necessary to sur-
vey age-0 pollock. This method may be especially suit-
able for surveying juvenile fish over a large area of
relatively deep water. If the target strength of juvenile
pollock can be more accurately measured, and the
codend mesh size of our net adjusted for sampling
smaller juveniles, more accurate abundance estimates
of age-0 fish may be obtained.
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The Relationship between the Distribution of
One-Year-Old Walleye Pollock, Theragra chalcogramma,
and Sea-Ice Characteristics
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ABSTRACT

Distributions of one-year-old walleye pollock, Theragra chalcogramma, were obtained
from bottom trawl surveys conducted on the southeastern Bering Sea shelf between 1972
and 1992. Coincidentally, seasonal sea-ice characteristics during this period were available
from satellite imagery. These two data sets provided a time series for exploring the relation-
ship between sea ice and fish. Years characterized by heavy ice conditions occurred in 1972—
78, coincident with the highest abundance of walleye pollock in the outer domain. Years of
light ice conditions occurred in 1979-87, when walleye pollock were most numerous over
the middle domain. Intermediate ice conditions occurred in 1988-92, when walleye pollock
were most numerous over the middle and inner domains. The link between walleye pollock
distribution and ice cover lies in the relationship of ice and bottom-water temperatures.
One-year-old walleye pollock do not concentrate in waters colder than 2°C. Thus the
condition of seasonal sea ice on the eastern Bering shelf during winter forecasts the
distribution of one-year-old walleye pollock on the shelf the following summer. This shift
can be predicted from the duration of ice cover over the middle domain, AT,,. When ice
remains over the middle domain (south of 59°N) less than 20 weeks, most of the one-year-
old walleye pollock will be found in the middle domain. When AT}, is longer than 24 weeks,

a higher proportion of fish will be located in the outer domain.

Introduction

One-year-old walleye pollock, Theragra chalcogramma,
occur throughout the eastern Bering Sea shelf, north-
ward to Kotzebue Sound, and into the southeastern
Chukchi Sea (Wolotira et al.?). Sampling of one-year-
old walleye pollock from the northeastern Chukchi Sea
in 1990 (Wyllie-Echeverria, 1995), a year of reduced ice
cover (ice extended to 75°N, the farthest north in 30
years), suggests that sea ice might influence walleye
pollock distribution. It has been observed that survival
of tanner crab, Chionoecetes opilio, seems related to the
maximum extent of sea ice in April (Somerton, 1982).
In addition, during years of heavy ice cover and more
cold bottom water in the middle domain of the south-
eastern Bering shelf, distribution of young walleye pol-
lock changed in relation to the 2°C isotherm (Bakkala
and Alton, 1986). Changes in the distribution of wall-

eye pollock are probably a function of systemwide
changes linked to seasonal sea-ice cover.

A dominant characteristic of the Bering Sea shelf in
winter is seasonal ice cover, the extent of which varies
interannually (Overland and Pease, 1982). The amount
of ice cover extending over the shelf affects the biologi-
cal and physical environment in a number of ways. Ice
affects shelf hydrography through melting and freezing
that locally redistributes salt and heat in the water col-
umn, changes vertical stratification, and directly influ-
ences shelfwide heat and salt budgets (Schumacher et

I Present address: JISAO, PMEL, NOAA, 7600 Sand Point Way N.E.,
Seattle, WA 98115-0070.

2 Wolotira, R.]J., Jr., T. M. Sample, and M. Morin Jr. 1977. Demer-
sal fish and shellfish resources of Norton Sound, the southeastern
Chukchi Sea, and adjacent waters in the baseline year 1976. North-
west Alaska Fish. Cent. Proc. Rep., U.S. Dept. Commer., NOAA,
Natl. Mar. Fish. Serv., Seattle, WA. 292 p.
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Figure 1
Study area on the Bering Sea shelf. Station locations from the bottom trawl surveys are indicated by dots. Inner,
middle, and outer domains are bounded by the 50-, 100-, and 200-m isobaths. The core area used in the analysis
is the southeastern area, with comparisons to the central area. Seasonal sea-ice characteristics are represented by
ice position along longitude 169°W (dashed line with arrow).

al., 1979). The extent of cold bottom water in the
middle domain may be directly affected by the amount
of ice cover the previous winter (Takenouti and Ohtani,
1974). Additionally, ice melt generates a relatively strong
current in the marginal ice zone (Muench and
Schumacher, 1985). The timing of the ice-edge phy-
toplankton bloom, as well as the subsequent spring
bloom, is affected by the ice cover and by the date of its
retreat (Niebauer et al., 1995).

The walleye pollock—sea ice interaction is examined
within three hydrographic domains on the southeast-
ern Bering Sea shelf (Kinder and Schumacher, 1982;
Fig. 1). The inner domain, with depths 50 m or less (Z<
50 m), is vertically mixed by tidal action throughout the
year. The middle domain (50 <Z< 100 m) is mixed by
heat loss in winter, except at the ice edge, where con-

tinuous melting produces a surface layer of low-salinity
water. In summer the buoyancy flux from ice melt and
heating stratifies the water column so that a less-saline
surface layer extends down 20-50 meters, depending
on wind conditions. The more saline bottom layer is
colder and results from the previous winter’s ice cover
and mixing by tidal currents (Barnes and Thompson,
1938; Takenouti and Ohtani, 1974; Coachman and
Charnell, 1979). The outer domain (>100 m) is a strati-
fied system in summer and winter, influenced by water
intruding onto the shelf from the Bering slope in the
bottom layer, and mixed by winds in the surface layer.

In this paper, I examine interannual variation in the
distribution of one-year-old walleye pollock for the pe-
riod 1972-92. Discernible distribution patterns emerge
over interannual and longer time periods. The amount
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and characteristics of seasonal sea ice also vary over
such time periods and may affect the distribution of
walleye pollock. I discuss the relation between summer
variability in one-year-old walleye pollock distribution
on the shelf and seasonal sea-ice during the preceding
winter, with the intent of developing a method to pre-
dict distribution of pollock from sea-ice characteristics.

Methods

One-Year-Old Walleye Pollock

I generated distribution maps for one-year-old walleye
pollock from the data base compiled by the National
Marine Fisheries Service, Resource Assessment and Con-
servation Engineering Division, Sand Point Way N.E., Se-
attle, Washington. This data base (RACEBASE) contains
biological data gathered from bottom trawl surveys on the
Bering Sea shelf conducted by Japan, Russia, Canada, and
the United States during summer months between 1972
and 1992 (Mintel and Smith, 1981). Two areas were investi-
gated, the southeastern and the central shelves (Fig. 1). In
order to maximize the time frame of the data set, I chose a
core area of southeastern shelf stations that were sampled
each year, beginning in 1972, for my initial data analysis. I
compared a reduced data set from the central shelf area
with the southeastern area to investigate intra-annual pat
terns in areal distribution. One-year-olds were considered
to be fish with a fork length <20 cm.

Three domains, based on the boundaries of the in-
ner, middle, and outer fronts, were analyzed in each
area. The number of stations varied in the early years
and between domains (Tables 1 and 2). Although abun-
dance data exist for this data set, limitations arise be-
cause of the variety of ships and gear employed. As a
consequence, a difference in CPUE can be a function
of gear rather than a real change in abundance (Walters
and McPhail, 1982; Hoff, 1989) and was not used in this
study. In order to standardize the effort between areas
and domains, I divided the number of stations with
one-year-old walleye pollock by the total number of
stations sampled each year. The resulting calculation is
the percentage of stations with one-year-old walleye pol-
lock by area and domain (Table 1, 2). The domain with
the highest percentage of stations with walleye pollock was
designated the domain of principal distribution for that
year. If the difference between domains was <10%, both
or all were considered the principal domain (Fig. 2).

Sea Ice

Data for the position of the ice edge were extracted
from products of the Navy/NOAA Joint Ice Center

(JIC), Suiteland, Maryland. The JIC produces a digi-
tized data set (SIGRID) that presents the weekly con-
centration (areal coverage) and position of sea-ice cover.
These data begin 1 January 1972. I extracted data for
the position of ice with concentration of at least 30%
along meridian 169°W from the SIGRID database for
the period 1972-92, and verified them with the weekly
ice charts for the western Arctic (Naval Polar Oceanog-
raphy Center, 1986). I chose meridian 169°W to repre-
sent shelfwide ice conditions because it provides a
mechanism for updating the analysis with a single data
point (latitude of 30% ice cover); it lies over open water
for the entire extent of the Bering and Chukchi shelves;
itintersects the shelf break at the southernmost reaches
of the shelf; and it borders the area sampled by the
bottom trawl surveys analyzed in this study (Walters and
McPhail, 1982; Walters, 1983; Fig. 1).

During a given year the seasonal pattern of ice growth
and retreat can be characterized by several features.
For the Bering shelf, these include (a) the number of
weeks ice extended over the middle domain (AT, and
(b) the outer domain (AT,); (c) the southern latitude
of ice extent (Py); (d) how long ice was at this southern
latitude (ATy); and (e) the date of ice retreat (7Ty)
(Fig. 3).

Table 1
Distribution of demersal one-year-old pollock on the
central Bering Sea shelf. Percentage of stations in the
inner, middle, and outer domains with pollock in 1972—
1992. Numbers of stations sampled in parentheses.
Domains of the central Bering Sea shelf

Year Inner % (N) Middle % (N) Outer % (N)
1972 Not sampled Not sampled 66 (3)
1973 Not sampled 64 (11) 71 (7)
1974 0 (9) 33 (18) 70 (10)
1975 46 (54) 14 (71) 18 (61)
1976 14 (21) 41 (34) 68 (28)
1977 Not sampled 73 (26) 95 (20)
1978 Not sampled 64 (53) 98 (51)
1979 37 (54) 94 (80) 98 (61)
1980 55 (53) 79 (71) 79 (48)
1981 45 (20) 77 (66) 69 (55)
1982 60 (55) 78 (80) 75 (61)
1983 69 (55) 84 (80) 76 (58)
1984 64 (55) 84 (80) 64 (61)
1985 64 (55) 38 (80) 15 (61)
1986 42 (55) 36 (80) 8 (61)
1987 11 (55) 21 (80) 10 (61)
1988 67 (55) 78 (80) 51 (61)
1989 35 (55) 88 (80) 48 (61)
1990 85 (54) 94 (80) 61 (61)
1991 82 (55) 83 (80) 72 (61)
1992 36 (39) 52 (75) 23 (60)
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Figure 2
Principal domain (s) of distribution of one-year-old wall-
eye pollock in the southeastern Bering shelf annually,
between 1972 and 1990. When percentages of stations
with pollock were within 10% in two (or all three)
domains, both (or all) domains were considered to be
principal domains.

The relation between ice extent and the cold bottom
water in the middle domain was explored using data
collected with XBT (expendable bathythermograph)
probes during the groundfish surveys (Goddard and

Table 2
Seasonal sea-ice characteristics along longitude 169°W, and the distribution of walleye pollock on the southeastern Bering
Sea shelf: the number of weeks seasonal ice extended into the middle domain, the date and week when seasonal ice began
to retreat northward, the southernmost extent of the winter ice, and the percentage of stations with one year-old-walleye
pollock in each domain.
Seasonal sea-ice characteristics One-year-old walleye pollock distribution
Middle domain Date of Week of Southern Inner domain Middle domain  Outer domain
Year (weeks) retreat retreat latitude % (n) % (n) % (n)
1972 22 May 1 17 56°15' 43 (21) 82 (56) 75 (16)
1973 27 May 8 18 57°15! 4 (24) 14 (49) 70 (23)
1974 28 Apr 16 15 56°00' 21 (28) 31 (70) 41 (27)
1975 28 May 6 18 56°30' 25 (28) 44 (70) 52 (27)
1976 21 May 26 21 56°00' 21 (28) 41 (70) 44 (27)
1977 27 Apr 19 15 57°15! 0 (28) 25 (61) 0 (27)
1978 19 Mar 28 12 58°00' 11 (28) 41 (70) 19 (27)
1979 3 Mar 20 11 58°45' 82 (28) 73 (70) 85 (27)
1980 21 Mar 18 11 56°45' 61 (28) 49 (70) 13 (23)
1981 17 Mar 17 11 57°45' 29 (28) 63 (70) 15 (27)
1982 23 Mar 23 12 56°15' 43 (28) 66 (70) 56 (27)
1983 20 Mar 15 11 57°30' 36 (28) 69 (70) 22 (27)
1984 21 Apr 3 13 56°30' 46 (28) 61 (70) 19 (27)
1985 19 Apr 30 17 57°15' 75 (28) 59 (70) 10(27)
1986 20 Apr 8 14 56°45' 43 (28) 46 (70) 19 (27)
1987 20 Apr 21 16 58°30' 29 (28) 30 (70) 0 (27)
1988 4 Apr 19 16 57°00" 43 (28) 54 (70) 19 (27)
1989 17 Apr 4 13 58°00 18 (28) 56 (70) 742D
1990 14 Apr 24 16 57°15' 75 (28) 77 (70) 41 (27)
1991 14 Apr 23 16 57°00' 86 (28) 69 (70) 26 (27)
1992 16 May 13 19 56°45' 29 (28) 53 (70) 0 (27)
Zimmermann?). The southernmost position of the sea-
Inner I I I sonal ice extent along 169°W was compared to the
Domain average bottom temperature (77) on the shelf during

summer. The availability of ice data before the summer
sampling season could be used to evaluate future hydro-
graphic conditions.

Results

Sea Ice

The use of sea-ice characteristics along 169°W as an index
is based on the assumption that they are representative
of ice conditions over the Bering shelf. Comparison
with areal ice coverage between 160°W and 180°W
(Chapman and Walsh, 1993) revealed that the south-
ernmost latitude reached by ice along 169°W is signifi-
cantly correlated with ice-covered shelf area (r= 0.91;

3 Goddard, P., and M. Zimmermann. 1993. Distribution, abun-
dance, and biological characteristics of groundfish in the eastern
Bering Sea based on results of the U.S. bottom trawl survey during
June-September 1991. U.S. Dep. Commer., NOAA, Natl. Mar.
Fish. Serv., Alaska Fish. Sci. Cent. Proc. Rep. 93-15, 324 p.
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WeeKkly ice-edge positions (diamonds) along meridian 169°W in 1976. Characteristics of position and
time used to describe interannual variability in seasonal sea ice in the Bering Sea are noted. AT, =
duration of ice extent over the middle shelf domain; AT, = duration over the outer domain; Ps: the
position of ice edge at the southern extent; AT¢= duration at the southern extent; T, = time of ice
retreat. The boundary of the middle domain is latitude 58°50'; the boundary of the outer domain is
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57°00'.

p=0.01). A measurement of the advance and retreat of
the ice edge along one degree of longitude has the
added advantage of permitting the timely updating and
evaluation of sea-ice conditions from the weekly sea-ice
maps. Areal calculations, in contrast, must await the
release of the SIGRID data base, which is usually de-
layed by 2-3 years.

Juvenile Walleye Pollock

The distribution of one-year-old walleye pollock changes
interannually and over longer time periods (Tables 1
and 2; Fig. 2). I investigated intra-annual relationships
in the distribution of pollock to explore the possibility
that the populations may shift between the southeast-
ern and central areas. The percent distributions of one-
year-old pollock, between areas and domains, for the
years 1979-92 were positively correlated. I did not use
the complete data set for this analysis because some
areas were not sampled early in the period. Significant
correlation between the southeastern and central areas
and the inner, middle, and outer domains indicates
that pollock are not switching domains or areas within

years but rather that a shelfwide shift happens between
years.

The distribution of one-year-old walleye pollock did
not exhibit extreme shifts each year, but rather dis-
played sequences of years in which one domain had
higher values (Fig. 2). Higher percentages of stations
with walleye pollock occurred in the outer domain
between 1972 and 1976 than in the middle or inner
domains. Percentages increased in the middle domain
between 1977 and 1984, and in the inner domain be-
tween 1985 and 1991. The middle shelf of the south-
eastern Bering shelf had the highest concentrations of
one-year-olds in 81% of the years sampled.

Sea Ice and Cold Bottom Water

Sea-ice growth over the shelf is an easily observed, re-
motely sensed feature that offers insights into some of
the physical conditions in the water column. In each
year, seasonal ice extended beyond 58°30'N and cov-
ered the inner domain. In addition, ice occurred over
the middle domain for as long as 28 weeks, and over the
outer domain for up to 13 weeks. The beginning of its
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retreat varied from mid-March to the end of May (Table
2). The southern extent of sea ice ranged over two
degrees of latitude, between 58°40', in 1979, to the
shelf break at 56°00', in 1976.

Several trends exist in seasonal sea-ice characteris-
tics. A marked shift in the number of weeks that ice
extended over the middle domain occurred in 1979
and 1988. Ice extended over the middle shelf domain
for an average of 24 weeks between 1972 and 1978, 20
weeks between 1980 and 1987, and 15 weeks between
1989 and 1992 (Table 2). Thus, periods of increasingly
reduced ice cover occurred over this period, punctu-
ated by two years of extremely light ice cover. A late ice
retreat (in May) dominated the early period, followed
by an early retreat (in March), and ending with an
intermediate time of retreat (in April). The transitions
occurred in 1978 and 1984.

The southernmost extent of ice, PS, was significantly
correlated with average bottom temperatures (r=0.74;
$=0.05). The duration of ice over the middle domain
and the timing of its retreat were also significantly
correlated with bottom temperatures (r=—0.52 and
—0.42, respectively).

The linear model

°C (bottom water) = P¢ (0.76) — (40.2),

where °C is the average bottom temperature for the
southeastern Bering shelf in summer, and P; is the
southernmost latitude reached by seasonal sea ice along
longitude 169°W during the previous winter, can be
used to predict average bottom-water temperatures on

the southeastern Bering shelf for the following sum-
mer. The farther south the seasonal ice advances, the
longer it will remain over the middle domain; thus a
later retreat will result in lower bottom temperatures
on the southeastern Bering shelf.

Sea Ice/ Bottom Temperature/ Pollock
Interactions

The distribution of one-year-old walleye pollock on the
Bering shelf varies in concert with sea-ice conditions
(Fig. 4).

The linear model

% (pollock) = 1.7 (AT,, —84.2,

where AT, is in weeks, and % represents the percent-
age of stations in the middle domain where one-year-
old walleye pollock were caught by bottom trawl sur-
veys, can be used to predict the percent distribution of
one-year-old walleye pollock (r=-0.65; p=0.01; Table
3). The less time ice remains over the middle domain
(south of 59°) the more one-year-old pollock will be
concentrated in the middle domain (Fig. 5). When
AT,,is greater than 24 weeks, pollock are more concen-
trated in the outer domain (Table 2). The year 1979 is
an exception to the model; fish were distributed
throughout the shelf and reflected the record year class
of 1978 rather than the extremely mild ice conditions.

The average bottom temperature (7}) in the south-
eastern Bering Sea is significantly correlated with the
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Figure 4
Number of weeks ice extended over the middle domain (AT, (bars) and the percentage of
stations with one-year-old walleye pollock in the middle domain (squares). Three periods of
fairly consistent ice cover (1972-78, 1980-87, and 1989-92), were punctuated by years of
extremely limited ice cover.
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percentage of stations with pollock in the middle do-
main of the central shelf area (r=0.43), but not in the
southeastern area (r=0.14). About 40% of the variabil-
ity of pollock distributions can be related to the varia-
tion in average bottom temperatures on the central
shelf. Warmer overall bottom temperatures result in
increased densities in the middle domain of the central
shelf.

Seasonal sea-ice characteristics are useful indicators
of conditions in the water column and of the distribu-
tion of walleye pollock the following summer. In par-
ticular, the duration of ice cover over the middle do-
main (between latitudes 56°45' and 59°N) is signifi-
cantly correlated with bottom temperatures and with
the concentration of one-year-old walleye pollock in
the middle domain of the Bering shelf.

Discussion

Ebbesmeyer et al. (1991), using 40 environmental and
biological variables, detected a general shift in the Pa-
cific climate, beginning in 1977. This shift occurs in ice
cover, air temperature, and sea-surface temperature in
the Bering Sea (Niebauer, 1988). Another significant
climatic feature occurred in 1983—one of the strongest
El Nino events of this century (Hollowed and Wooster,
1992; Trenberth and Hurrell, 1994). A large shift in
ground fish recruitment (including walleye pollock)
has been observed in the North Pacific from the mid to
late 1970s (Hollowed and Wooster, 1992), coincident
with the shift in physical features that seems related to
the position and intensity of the Aleutian low-pressure
system (Beamish, 1993; Niebauer and Hollowed, 1993).
Large-scale shifts in the North Pacific apparently ex-

tend into the Bering Sea, and the periodic variation in
sea-ice characteristics and one-year-old walleye pollock
distribution operates on the same time scale.

Bakkala and Alton (1986), using the same survey
data as this paper for 1975 and 1979-82, observed a
higher proportion of one-year-old walleye pollock in
the outer shelf area in cold years (1975, 1982) and a
higher proportion in the middle-inner shelf area in
warm years (1979-81), indicating an interannual varia-
tion coincident with the bottom-temperature contour
of 2°C. The results from the study reported here were
similar for the same time period. Highest percentages
of stations with walleye pollock occurred in the outer
domain in 1975 (67%) and 1982 (67%), the middle
domain in 1979 (96%) and 1981 (65%), and the inner
domain in 1980 (68%; Table 1). Interannual variation,
however, appears secondary to periods when walleye
pollock are concentrated in the outer (1972-77), middle
(1978-90), or inner (1983-88) domains if a longer
time frame is investigated (Fig. 6).

Comparisons of year-class strength estimated from
annual trawl surveys (1979-91; Wespestad and Dawson,
1993) and the distribution of walleye pollock show a
significant correlation between year-class abundance
and the distributional pattern of the corresponding
year class in the outer (r=0.68) domain, but not the
middle (»=0.16) or inner (r=0.16) domains. The outer
domain is occupied when population levels are high,
but the distributions on the middle and inner shelves
apparently have no relation to density.

The fish examined in this paper are limited to the
catches from the eastern Bering Sea bottom trawl sur-
veys. One-year-old walleye pollock are not limited to
the benthic habitat over the shelf (Bakkala and Alton,
1986), as evidenced by portions of the population lo-

Percent Pollock inthe Middle Domain
'S
]

0 5 10 15 20 25 30

Weeks Ice over Middle Domain

Figure 5
Linear regression between number of weeks ice extended
over the middle domain and the percentage of stations
with one-year-old walleye pollock in the middle domain.
Correlation was significant with r=—-0.65; p = 0.01.

Table 3
Prediction of population distribution based on the num-
ber of weeks ice remained over the middle domain,
and the predicted percentage of walleye pollock in the
middle domain of the Bering shelf. When AT}, is greater
than 22 weeks the population increases in the outer
domain.

AT, Pollock in middle domain
(weeks) %
1 83
5 76
10 67
15 59
20 50
25 42
30 33
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Distribution maps for one-year-old walleye pollock on the Bering shelf. Representative maps from the
cold period (1972-78), the warm period (1979-87), and a warmer period (1988-92) are presented.
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cated in midwater by acoustical surveys (Walters et al.,
1988). The proportion of fish in the water column has
been assessed for 1979, 1982, 1985, and 1988, and
shows no consistent portion of the population in the
pelagic versus the demersal habitats (Traynor et al.
1990).

In conclusion, longer periods of environmental con-
ditions rather than interannual variability appear to
affect the demersal distribution of one-year-old walleye
pollock. Comparative analysis over a twenty-year period
reveals a concurrent shift between areas of distribution
and environmental conditions, related to warm and
cool episodes. The time period examined spanned cool
to warm to warmer conditions, so repeating conditions
did not occur. If cool conditions reappear, as they often
have in the past, one-year-old walleye pollock should
shift their population to the outer domain. This shift
can be predicted from the duration of ice cover over
the middle domain. The outer domain appears to be a
secondary habitat for one-year-olds, occupied when the
middle domain is cold or crowded.
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Summer surveys of age-0 walleye pollock, Theragra chalco-
gramma, in the eastern Bering Sea were conducted in
1982, 1984, and 1985. Because of the limited spatial
coverage and the paucity of trawl hauls, the survey in
1982 was viewed as a pilot survey, and few conclusions
resulted. Conversely, the surveys in 1984 and 1985 cov-
ered the entire eastern Bering Sea shelf area and in-
cluded enough hauls to describe the spatial distribu-
tion by size of age-0 pollock in the shelf region. The two
primary objectives for the surveys were 1) to determine
the feasibility of conducting acoustic abundance esti-
mation surveys for age-0 pollock with a low-frequency
echo-sounding system (38 kHz) and 2) to determine
the biological characteristics and distribution of age-0
pollock on the eastern Bering Sea shelf.

In 1982, echo-integration data were collected with a
Biosonics! Model 101 echo sounder operating at 38
kHz and a Model 120 digital echo integrator. The
system’s transducer was mounted in a 2-ft V fin towed
behind the vessel. In 1984 and 1985, no quantitative
echo-sounding system was used, but a Simrad EQ-38
echo sounder, interfaced with a JRC16 color echo-
sounder recorder, was used to obtain relative abun-
dance estimates during the surveys. Age-0 walleye pol-
lock were sampled with a Marinovich trawl for all survey
years. The codend was equipped with a 9.6-mm knotless
web liner in 1982 and part of 1984, and with a 3.2-mm
codend liner in 1985 and part of 1984. The vertical
mouth opening of the trawl ranged from 4 to 6 m.

There was not a strong relation between numerical
catch per unit of effort (CPUE) of age-0 walleye pollock
and acoustic density determined by echo integration.
Also, there was not a strong relation between the total
weight of the catch and acoustic density. Both results are
probably due to the small size of these organisms relative
to the acoustic wavelength at 38 kHz (about 40 mm).

The CPUE indicated a center of abundance of age-0
pollock in the vicinity of the Pribilof Islands in each of
the three surveys. In 1984 and especially in 1985, a

second peak of abundance was observed in the inner
Bristol Bay area (Fig. 1). Intermediate to high densities
were observed in the Bristol Bay area at approximately
164°W. In general, CPUE’s were higher in 1985 than in
1984; the highest was near the Pribilof Islands.

Distribution by size was similar between 1984 and
1985: age-0 pollock (>50 mm fork length, adjusted to
size at August 1, assuming a growth of 0.5 mm/d) were
found only in the vicinity of the Pribilof Islands, while
smaller fish were found throughout the survey area. A
closer examination of the size composition in 1985
reveals that the distribution of age-0 pollock by size is
fairly complicated (Fig. 2). Up to three size modes were
observed at trawl locations, and two modes were very
common. The inner Bristol Bay area had modal fish
lengths in the 20-30-mm or 30-40-mm size range. On
the outer shelf area southeast of the Pribilof Islands,
size modes were observed in two categories: 30-40 mm
and 50-60 mm. In the vicinity of the Pribilof Islands,
size modes ranged from 20 to 60 mm. In the extreme
northern portion of the area, most fish were in the 20—
40-mm modal size range.

Although it is not possible to determine the spawn-
ing date accurately, it is possible to approximate the
spawning time with a number of assumptions. Assum-
ing 1) approximately 20 days from egg release to hatch-
ing, 2) that the fish reach 20 mm after about 60 days,
and 3) that the growth rate is approximately 0.5 mm/d
after 60 d, the spawning period associated with each
mode discussed above can be estimated as May 1 for 25-
mm fish, April 10 for 35-mm fish, March 20 for 45-mm
fish, and March 1 for 55-mm fish. The calculations
assume that the growth rate of the age-0 pollock is
constant and unaffected by environmental conditions
(temperature) or food availability, which is almost cer-
tainly not true. However, the calculations provide an

! Reference to trade names or commercial firms does not imply
endorsement by the National Marine Fisheries Service, NOAA.
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Figure 1
Catch-rate distributions for age-0 walleye pollock in the eastern Bering Sea during 1984 (upper) and 1985 (lower).
Catch rates are in number per hour. The plus signs indicate Marinovich haul locations.
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Modes of length frequency for age-0 walleye pollock in 1985. All length
frequencies were adjusted to August 1, assuming a growth rate of
0.55 mm/d. The plus signs indicate Marinovich haul locations.

indication of the range of spawning periods probably
represented by age-0 pollock on the eastern Bering Sea
shelf.

The spawning time of pollock is known fairly accu-
rately only for the Bogoslof population, where essen-
tially all spawning occurs in very late February or early
March. There are three areas of spawning in the east-
ern Bering Sea: near Bogoslof Island, near Unimak
Island, and in the vicinity of the Pribilof Islands. Spawn-
ing appears to occur in April near Unimak Island and

in April or somewhat later near the Pribilof Islands.
The above scenario indicates that the larger size modes
would come from the Bogoslof spawning group, whereas
the smaller size groups would result from spawning on the
shelf. The presence of the larger size modes near the
shelf and in the vicinity of the Pribilof Islands is consis-
tent with the known current pattern, based on drift-
buoy trajectories, which would distribute pollock from
near Bogoslof Island onto the eastern Bering Sea shelf
in the vicinity and to the south of the Pribilof Islands.
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A midwater trawl survey was conducted in July 1991 to
examine the large-scale distribution pattern of late lar-
val and juvenile walleye pollock, Theragra chalcogramma,
and associated fish taxa in the western Gulf of Alaska.
Gear comparisons between the anchovy and Methot
trawls were done to evaluate which sampling trawl was
most efficient at capturing the size range of walleye
pollock available during this time of the year. Both
gears caught similar length distributions in the domi-
nant size class of pollock caught, but the Methot trawl
caught significantly more walleye pollock in the small-
est (mostly larval) size classes and had higher standard-
ized catches overall. Based on these results, a grid of 60
stations was sampled with the Methot trawl only.
Although 64 taxa of fishes were collected overall,
most (84%) of the larval catch consisted of just five taxa
(flathead sole, Hippoglossoides elassodon; walleye pollock;
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arrowtooth flounder, Atheresthes stomias, Pacific cod,
Gadus macrocephalus; and sculpins, Icelinus spp.). Wall-
eye pollock and Pacific cod were the dominant (>99%)
juveniles collected in the survey. The highest catches of
juvenile walleye pollock (26-52 mm standard length)
were from midshelf waters along the Alaska Peninsula
and near the Shumagin Islands. Recurrent group analy-
sis and two-way indicator species analysis both showed
that juvenile pollock were frequently associated with a
large, heterogeneous grouping of larval and juvenile
fishes, including Pacific cod, flathead sole, arrowtooth
flounder, and other winter—spring spawning species.
The abundance rankings of the dominant fishes from the
Methot trawl survey were more similar to the abundance
rankings of adults from trawl surveys the previous summer
than were those of an ichthyoplankton survey that used
bongo nets several months before the Methot survey.
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Analysis of a subset of the juvenile walleye pollock,
Theragra chalcogramma, length and abundance data col-
lected by the Resource Assessment and Conservation
Engineering (RACE) division of the National Marine
Fisheries Service (NMFS) suggests that a size-related
depth distribution exists within age groups. The bot-
tom (72=97) and midwater (n=336) trawl hauls we ex-
amined were collected during daylight from August to
early October from 1984 to 1990 in the western Gulf of
Alaska. Our data indicate that hauls where the average
size of age-0 pollock was about 60 mm fork length (FL)
were made from 20 to 160 m. However, hauls with an

average age-0 pollock size of 100 mm FL were made at
deeper depths (80 to 240 m). High abundances of age-
0 pollock were found at depths of 120 m or less both on
bottom and in midwater, but individuals were found
down to 250 m. No differences in size were found
between age-0 pollock collected on bottom and those
collected in midwater. Regardless of whether they are
on bottom or in midwater, age-0 pollock tend to un-
dergo an ontogenetic migration into deeper water. The
influences of region and temperature on the size distri-
bution of juvenile pollock were also explored.
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The main purpose of our study was to identify areas of
juvenile (ages 0 and 1) walleye pollock, Theragra chalco-
gramma, habitat and key species associated with juvenile
pollock in the Gulf of Alaska as a preliminary step in
modeling how environmental and fishing variability
affects juvenile pollock distribution and, in consequence,
foraging by Steller sea lions, Eumetopias jubatus.

We explored the vertical distribution of juvenile pol-
lock collected on select NMFS cruises. Three years (1973,
1982, and 1986) of the NMFS groundfish and shrimp
trawl surveys were selected because they spanned the
late 1970’s, when the North Pacific experienced a well-
documented regime shift from cool to warm waters.
Juvenile pollock were divided into two size classes that
roughly represent age groups. Juveniles <150 mm (age
0) were caught at slightly greater bottom depths than
pollock from 150 to 230 mm (age 1) in 1973, but this
trend was reversed in 1982 and 1986. This finding could
have been confounded by the fact that two different
gear types were used between 1973 and the 1980’s. In
general, pollock were caught at greater depths in the
Shumagin Islands than around Kodiak Island. When
additional data from only one gear type (high-opening
shrimp trawl) from 1984 to 1990 were examined, both
age groups of pollock were distributed throughout the
water column. Their widespread distribution could be
related to the warm water temperatures measured at
the surface (>9°C) and at bottom (>7°C).
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Comparison of the NMFS bottom trawl surveys of the
Chirikof region in 1975, 1984, 1987, and 1990 revealed
that, although the dominant groundfish species re-
mained the same, the relative abundance of each spe-
cies changed from 1975 to 1990. In 1975, walleye pol-
lock represented 69%, and arrowtooth flounder,
Atheresthes stomias, represented only 10%, of the ground-
fish trawl biomass in the Chirikof region. By 1990,
arrowtooth flounder represented 53% and walleye pol-
lock represented only 10% of the groundfish trawl bio-
mass in this region.

Interspecies associations were examined through a
clustering technique (Bray-Curtis method) used on the
shrimp-trawl data. Pollock <150 mm were often found
in association with other nearshore species such as
Pacific herring, Clupea pallasi, and capelin, Mallotus
villosus, until the early 1980’s. This smaller size class of
juveniles was not found together with adult pollock
until the mid-1980’s. Pollock between 150 and 230 mm
were found with adults from 1980 and were mostly
associated with more benthic-oriented species. This tran-
sition in species associations could result from juvenile
pollock moving to adult pollock habitat or from adults
moving into the nearshore areas commonly inhabited
by juveniles. The latter hypothesis is consistent with
trends in the distribution of age-1 fish before and after
the climate shift.
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Research to date provides a somewhat fragmented pic-
ture of juvenile walleye pollock distribution, largely
because most existing information is based on inciden-
tal catches made during bottom trawl or acoustic/
midwater trawl surveys for other species or age groups.
The surveys described in this symposium by Wilson et al.
and Traynor and Smith were the only ones designed with
the principal objective of examining the distribution and
abundance of juvenile pollock (age-0 in this case).

Nevertheless, the information presented during this
symposium serves to demonstrate that juvenile pollock
are found in significant concentrations in both the
midwater pelagic zone (Tang et al., Wilson et al.,
McKelvey) and on the seabed (Wyllie-Echeverria, Miyake
et al., Wilson et al.). The use of these habitats may vary
within years, because of ontogenetic changes in pre-
ferred habitat (Miyake et al., Wilson and Shima), and
between years, because of environmental variability
(Wilson et al., Wyllie-Echeverria).

Miyake et al. reported that walleye pollock larvae and
juveniles (4-38 mm long) were distributed mainly in
the surface layer along the coast of southeastern
Hokkaido. Juveniles migrate offshore as they grow, and
move to the bottom layer. Off southeastern Hokkaido,
juveniles 50-150 mm long are found in significant num-
bers in waters 40-100 m deep, where they can be cap-
tured with a demersal trawl.

Wyllie-Echeverria demonstrated that the spatial dis-
tribution of 1-year-old pollock in the eastern Bering Sea
shifted significantly during 1972-90, partly because of
interannual changes in ice coverage and its influence
on environmental conditions (surface temperature,

bottom temperature, salinity structure, timing of the
phytoplankton bloom, etc.).

During their survey of the western Gulf of Alaska,
Wilson et al. found that most age-0 fish (averaging 70
mm long) occurred in midwater over the middle and
inner continental shelf, whereas previous investigators
encountered high abundances offshore near the 200-m
isobath, or near the seabed in embayments.

The papers presented at this symposium also indi-
cated that juvenile surveys may eventually provide reli-
able forecasts of year-class strength. McKelvey found a
significant correlation (7?=0.58) between the abundance
of age-1 pollock in Shelikof Strait and Gulf of Alaska
stock assessment estimates from the same year class 2
years later. Miyake et al. were less successful (r?=0.21)
in predicting year-class strength from the abundance of
age-0 juveniles in trawl surveys off southeastern
Hokkaido, probably because the survey area (designed
for smelt assessment) did not cover the entire range of
this age group in some years.

The vertical and spatial distribution of juvenile pol-
lock appears to be quite plastic, resulting from an inter-
play of many factors (e.g., temperature, light, food, and
predation). Combined midwater trawl/acoustic and
demersal trawl surveys are required to provide a holistic
picture of the distribution of juvenile pollock, and—at
least during the initial years of survey development—
they must extend over a broad geographic area. Im-
proved surveys of juvenile pollock are essential if we are
to gain a significant understanding of their basic ecol-
ogy (distribution, feeding, mortality processes, etc.) and
the factors that determine year-class strength.
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ABSTRACT

The stomach contents of age-0 walleye pollock, Theragra chalcogramma, collected in the
western Gulf of Alaska during September of 1990 were examined to determine diel feeding
patterns and variations in feeding habits with respect to time of day, fish size, and geo-
graphic area. Most (90%) of the 549 fish examined (length range 49-113 mm standard
length) had food in their stomachs, with an overall median fullness of 1.6% body weight
(BW). Juvenile pollock fed mainly at night, with stomach fullness and prey condition
declining throughout the daylight hours. Daily ration was estimated to range from 7.4% to
8.5% BW/d based on the diel trajectory of stomach content weight.

The dominant prey by number were larvaceans and copepods (copepodites and adults),
whereas euphausiids were the dominant prey by weight, constituting >80% of the total
biomass consumed. Despite some apparent trends in the diet with size of predator (i.e.,
copepods gradually decreased and larvaceans and euphausiids increased in importance
with increasing size of pollock), there did not appear to be an abrupt ontogenetic shift in
the diet of these juveniles. However, there were major changes in the diet depending on
geographic area. Stomach samples collected near Kodiak Island contained mainly eu-
phausiids, whereas those collected in the western part of the study area contained large
numbers of larvaceans. There was no discernable pattern in the type of prey consumed at

different times of day.

Introduction

In 1980 a large spawning population of walleye pollock,
Theragra chalcogramma, was discovered in Shelikof Strait,
Gulf of Alaska, and soon became the object of an in-
tense multinational fishery (Megrey, 1991). Most Gulf
of Alaska pollock migrate into the strait in late winter
and spawn in deep water (Kendall and Picquelle, 1990;
Kim and Nunnallee, 1990). The eggs hatch in mid-
April, and larval patches are transported southwest to
nursery grounds along the Alaska Peninsula (Hinckley
et al., 1991; Wilson et al., 1996). To better understand
the processes critical to the survival of pollock, investi-
gators continue to study both the biotic and abiotic
factors that may influence year-class success (Schu-
macher and Kendall, 1991).

If survival during the first summer and fall is crucial
to recruitment of age-2 fish to the fishery, as shown for
some years by Bailey and Spring (1992), then it is im-
portant to learn more about their early life history

beyond the larval stage. Fish that survive to the juvenile
stage have passed through critical larval stages where
starvation is thought to be a major cause of mortality.
Though juvenile fish do not appear to be as susceptible
to starvation as larvae are, the amount and quality of
food available may affect their growth rate and distribu-
tion, and ultimately their survival (Walline, 1983).
Owing to walleye pollock’s considerable commercial
and trophodynamic importance in the North Pacific
Ocean (Springer, 1992), many studies have examined
the predator—prey relationships of their early life stages.
Although the feeding habits of young walleye pollock
have been described in detail (Kamba, 1977; Walline,
1983; Clarke, 1984; Krieger, 1985; Lee, 1985; Kendall et
al., 1987; Nakatani and Maeda, 1987; Grover, 1990,
1991; Takatsu et al., 1992), most of these studies have
dealt with populations outside the Gulf of Alaska or

! Present address: JISAO, Pacific Marine Environmental Laboratory,
NOAA, 7600 Sand Point Way N.E., Seattle, WA 98115-0070.
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have examined only early juvenile pollock (<30 mm
standard length) collected over a small geographical
area. At present, the only available studies on food
habits of late juvenile age-0 pollock in the Gulf of
Alaska ecosystem are those of Walline (1983), Krieger
(1985), and Livingston2 but these studies had a limited
sampling size and in each case, the fish were taken over
a relatively restricted area of the gulf. If feeding in the
juvenile stage is linked to vertical and horizontal distri-
bution patterns and ultimately to survival, then the
knowledge gained from this study may prove useful in
answering questions about juvenile pollock’s migratory
behavior and recruitment success.

The objectives of this study are fourfold: 1) to de-
scribe the diel feeding chronology of age-0 juvenile
walleye pollock in the western Gulf of Alaska; 2) to
estimate daily ration based on diel changes in stomach

2 Livingston, P. A. 1985. Summer food habits of young-of-the-year
walleye pollock, Theragra chalcogramma, in the Kodiak area of the
Gulf of Alaska during 1985. Alaska Fish. Sci. Cent., Natl. Mar. Fish.
Serv., 7600 Sand Point Way N.E., Seattle, WA 98115-0070. Unpubl.
manuscript.

fullness; 3) to describe the prey of juvenile walleye
pollock; and 4) to examine changes in prey with re-
spect to time of day, fish size, and geographical area.
These results are discussed in light of what is presently
known about the trophodynamics of juvenile pollock in
the Gulf of Alaska and elsewhere in the North Pacific
Ocean.

Materials and Methods

Sample Collection and Processing

Age-0 pollock were collected during 6-23 September
1990 aboard the NOAA vessel Miller Freeman in the
western Gulf of Alaska (Table 1; Fig. 1). Several differ-
ent gear types and fishing strategies were employed to
investigate the distribution and catchability of age-0
pollock (Wilson et al., 1996). Most hauls were made in
midwater along a grid of stations set up along the
Alaska Peninsula, but opportunistic midwater and near-
bottom tows were also made in order to identify acous-
tic sign and to sample inlets around Kodiak Island and

Table 1
Summary of haul collections used for age-0 walleye pollock feeding study. Lengths are means and standard deviations (in
parentheses) of fish whose stomachs were examined.
Haul Geographic No. of Standard Time
number region stomachs length (mm) Collection date (ADT)
6 I 26 80.58 (1.19) 8 September 1119
7/ I 20 81.21 (1.72) 8 September 2142
8 I 20 90.86 (2.46) 8 September 2340
15 1T 20 59.60 (1.28) 9 September 1710
25 I 20 74.90 (1.23) 10 September 1840
26 I 20 70.70 (1.97) 10 September 2025
31 II 20 73.81 (2.02) 11 September 0642
34 11 20 72.74 (1.58) 11 September 1143
35 II 20 70.40 (1.95) 11 September 1307
49 11 20 72.59 (1.12) 13 September 1917
50 I 20 70.24 (1.56) 13 September 2045
71 111 20 73.62 (1.66) 14 September 0959
73 111 20 72.68 (1.80) 14 September 1124
95 11 21 80.20 (1.74) 16 September 1129
98 III 20 75.24 (2.30) 16 September 1803
100 111 20 69.98 (1.51) 17 September 0152
111 II 20 76.63 (2.38) 18 September 0245
112 II 20 81.02 (2.15) 18 September 0432
113 I1 20 79.26 (1.94) 18 September 1031
114 1I 20 78.22 (1.79) 18 September 1137
117 II 21 76.88 (1.65) 18 September 1750
120 11 21 87.96 (2.96) 19 September 2046
121 I 20 78.93 (1.72) 19 September 2132
122 11 20 81.33 (1.65) 20 September 0013
123 11 20 94.86 (1.41) 20 September 0200
124 11 20 73.68 (1.44) 20 September 2318
136 111 20 76.21 (1.67) 22 September 0533




other areas (see DeWitt and Clark? for station locations
and sampling chronology). The primary midwater gears
used were an 18.6-m high-opening shrimp trawl and a
24.4-m anchovy trawl, which both contained 3-mm mesh
liners (Wilson et al., 1996). Tows were made through-
out the water column in either an oblique or stepped-
oblique fashion at an average ship speed of 5.9 km/h.
Near-bottom juveniles were sampled with a 37-m
Nor’eastern bottom trawl fitted with a 5-mm mesh liner.
Collections at any particular station were not predeter-
mined as to time of sampling, except for five repeat

3 DeWitt, C., and J. Clark. 1992. Fisheries-Oceanography Coordi-
nated Investigations Shelikof Strait: 1990 field operations. NOAA
Data Rep. ERL PMEL-39, 98 p.
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tows made at the same station over a span of 15 h
(termed the semidiel study).

After retrieval of the nets, juvenile pollock were
quickly sorted from the catch, counted, and measured.
Age-0 fish were easily differentiated from older age
classes by length distributions; a subsample (a mini-
mum of 20) of these fish was placed in buffered 10%
formalin or 90% ethanol. These fish were approxi-
mately 110-140 d old (Brown*).

Because we were interested in characterizing the feed-
ing habits of the main component of the age-0 popula-
tion and wished to maintain a minimum sample size

4 Brown, A. Alaska Fish. Sci. Cent., Natl. Mar. Fish. Serv., NOAA,
7600 Sand Point Way N.E., Seattle, WA 98115-0070. Unpubl. data.
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Locations where stomach collections were made in the western Gulf of Alaska during September 1990. The regular
collections are shown as circles and the diel collections are shown as triangles. Also shown are the three areas examined for

geographic variability in food habits.
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per station (n220), we chose fish only from stations
where large numbers of juveniles were caught. Age-0
pollock were examined from samples collected over a
broad geographic area to examine regional differences
in diet (Fig. 1). In the laboratory, 20 age-0 pollock were
haphazardly chosen from the preserved samples. Fish
were measured to the nearest millimeter (standard
length; SL) and weighed to the nearest 0.001 g, and the
stomach (from the esophagus to pylorus) was excised.
Relative fullness of the stomach was visually ranked on a
scale of 0 to 5 as follows: 0 = empty; 1 = trace amount of
food; 2 = 25% full; 3 = 50% full; 4 = 75% full; and 5 =
100% full. The entire stomach contents were then blot-
ted on blotting paper to remove excess moisture and
weighed to the nearest 0.001 g.

The stomach contents were separated under a dis-
secting scope. The relative condition of the contents
was determined on a scale of 0 to 4, ranging from totally
digested to fresh prey. Gut contents were identified only
to major taxonomic category (order). Each taxon was
enumerated and weighed individually for every stomach.

Data Analysis

To examine variations in feeding intensity, we calcu-
lated the percent body weight (%BW) of the total stom-
ach content weight (wet weight in grams) for each fish:

BBW = (stomach content weight x100)

(total body weight — stomach content weight).

For indices to characterize the time of day when age-
0 pollock feed, we used 1) %BW, 2) fullness code, 3)
digestion code, and 4) percentage of stomachs contain-
ing at least some food. Collection times were grouped
into 4-h intervals to examine diel variation at smaller
increments of time. Because of the highly skewed na-
ture of the %BW values and the number of empty
stomachs, we chose to use the median values and to test
for differences using nonparametric statistics. Diel dif-
ferences in feeding intensity among time intervals were
tested with a Kruskal-Wallis one-way nonparametric
analysis of variance (ANOVA). When significant differ-
ences were observed, we performed an a posterori
pairwise test of adjacent intervals using a Mann-Whitney
Utest to determine the time period in which the changes
occurred (Zar, 1984). To minimize the effects of geo-
graphic variability, we used the same analyses to sepa-
rately examine stomachs collected during the five hauls
(Stations 111-117 in Table 1) at different times but at
the same location (semidiel series).

Daily ration (R, was estimated from the diel trajec-
tory of stomach content weights following the approach

of Sainsbury (1986). We fitted two models to the me-
dian values of %BW for each collection period using a
nonlinear least-squares iteration as implemented by the
MAXIMS program ( Jarre-Tiechmann, 1992). The first
(Model I) assumes that the ingestion rate is constant,
whereas the second (Model II) assumes that it is lin-
early related to stomach contents (see Sainsbury, 1986
and Jarre et al., 1991 for derivation of the two models).
Assuming a single feeding period per day, Model I is
defined as

=F,
R, = j]dt:](ﬁ; _F,),
K,

where F, is the time at which feeding begins, F is the
time feeding stops, and Jis the ingestion rate (%BW/h).
Model II contains an additional parameter (S,)) to specify
an asymptotic consumption level:

t=F,

By = ﬂsw #(E— J2)— J2+S,]dt,

t=F,

where E is the instantaneous rate of evacuation (per
hour), /2 is the instantaneous rate of ingestion (per
hour), and S, is the stomach contents at time ¢ (Jarre et
al.,, 1991). Both models assume an exponential evacua-
tion rate, which has been observed for older juvenile
and adult walleye pollock in laboratory experiments
(Dwyer et al., 1987; Smith et al., 1989). These models
have been shown to provide similar estimates to those
from the frequently applied Elliott and Persson (1978)
model, but they do not require independent estimates
of evacuation rate.

The total collection of fish, including those from the
diel series, was grouped into several subsets to examine
variability in diet composition. The percent numerical
and percent gravimetric composition were used to char-
acterize the diet composition by three factors: area,
predator size, and time of day. Trends in dietary vari-
ability by geographic area were examined by dividing
the collection into three areas (Fig. 1) designated as
Area I (Kodiak Island), Area II (east of Shumagin Is-
lands), and Area III (west of Shumagin Islands). Tc
examine dietary variability by predator size, we divided
the entire range of available age-0 pollock lengths into
six size categories (<60 mm, 60-69 mm, 70-79 mm, 80—
89 mm, 90-99 mm, and >100 mm). Finally, to examine
diel changes in major prey taxa consumed, we grouped
the collection into three time periods: day (0930-
1930 ADT), twilight (1930-2220 and 0700-0930), and
night (2220-0700). Differences in the presence or ab-
sence of major prey taxa among these subsets were
compared individually for each factor (area, size, and



time of day) using the variance test of binomially dis-
tributed data. For tests that exceeded the tabulated
0.05 X2 value, we rejected the null hypothesis of similar
diets (Snedecor and Cochran, 1967). Because of the
large number of empty cells, we were not able to test for
interaction effects among these factors. Finally, to quan-
tify absolute changes in the biomass of the major prey
groups among the different times of day, areas, and size
classes, we also examined the mean weight of prey
consumed at each level within each of the factors.

Results

Because the highest catches of age-0 fish occurred in
Area II (Wilson et al., 1996), most of our age-0 fish
stomachs were collected in this area (Fig. 1). Age-0
pollock examined for the feeding habits study showed a
similar length-frequency distribution to those from the
overall September 1990 survey (Wilson et al., 1996). No
significant differences in size composition existed be-
tween the three areas (Kolmogorov-Smirnov test cor-
rected for multiple tests).
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Feeding Intensity

The relation between size of fish and %BW consumed
was examined because size-related variability may be an
important factor in the analyses that follow. We tested
the null hypothesis that %BW was not a function of fish
size. We regressed fish size (standard length in millime-
ters) on %BW, and found that the slope of the relation-
ship was not significant (P>0.50); therefore, the meal
size appears to increase isometrically with fish size.

A wide distribution of %BW values was observed (Fig.
2), with a median stomach fullness of 1.64%BW. The
distributions of values for each area were highly
heteroscedastic, including relatively few extreme val-
ues, especially in Area III (Fig. 2), but the distributions
were not significantly different among areas (Kolmo-
gorov-Smirnov test).

Box plots of the values of the feeding-intensity pa-
rameters for different 4-h periods of the day for the
entire data set revealed that prey condition (digestion
code) was the freshest at night, with a median value of 2.5
at 0200 (Fig. 3a). The overall trend suggested that prey
condition decreased as the day progressed, with the lowest

Proportion of total
o
w

0.1

0

? =

©

q,

/\

00 \O (b' ‘bl u' 6' 6'«'%
Percent body weight

Figure 2
Distributions of relative stomach content weight (as percent body weight, %BW) of juvenile walleye
pollock in each area analyzed. Also given is the number of stomachs included in each area (N).
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Figure 3

Box plots of (A) digestion code, (B) gut full-
ness, and (C) percent body weight versus time
of day. Diel sampling was binned into 4-h peri-
ods and is represented by the midpoint of the
period. The solid lines indicate 25th, 50th, and
75th percentiles. Error bars mark 10th and 90th
percentiles. Dotted lines indicate mean values.
Circles represent 5th and 95th percentiles. Sun-
rise (SR) was at 0815 and sunset (SS) at 2015.

median value of 1.5 in the period just before dusk (1600-
2000). Overall differences in prey condition by time were
significant (Kruskal-Wallis test, H=56.46; P<0.001). Sig-
nificant pairwise differences in ranked sums occurred
between time periods 2 and 3 (0400-0800 and 0800-
1200) and 3 and 4 (0800-1200 and 1200-1600; Table 2).

Gaut fullness was highest at night, with a median full-
ness of 5 (Fig. 3b). The gut fullness decreased as the
day progressed, with lowest values at 1000 and after
dusk (2000). We rejected the hypothesis that gut fullness
was equal at different times (H=34.50; P<0.001). Signifi-
cant differences in gut fullness detected by a posteriori
comparisons were found between 0400-0800 and 0800—
1200 and between 0800—1200 and 1200-1600 h (Table 2).

The %BW of stomach contents demonstrated a trend
similar to that of gut fullness. The highest values were
recorded just before dawn (0400-0800) and decreased
as the day progressed (Fig. 3c). The hypothesis that
%BW was equal at the time periods examined was re-

jected (H=31.46; P<0.001). Subsequent pairwise Mann-

Whitney tests indicated that periods 1 and 2 (0000-
0400 and 0400-0800), 2 and 3 (0400-0800 and 0800-
1200), and 3 and 4 (0800-1200 and 1200-1600) had
significantly different %BW values (Table 2).

The semidiel study showed trends similar to those
seen in the overall survey (Fig. 4). Median prey diges-
tion was highest at night (0200) and decreased over
time. Gut fullness and %BW values were highest at
night and decreased steadily until the last sampling at
1745 (Fig. 4). Ranked values for all three feeding-inten-
sity parameters were unequal for all times tested
(Kruskal-Wallis test; P<0.001 in all cases; Table 3).
Pairwise differences in gut fullness were found between
time periods 1 and 2 (0245 and 0445) and between
periods 4 and 5 (1215 and 1745). Prey-digestion codes
showed significant decreases in every pairwise test except
for time periods 3 and 4 (1000 and 1200). In contrast,
only one significant difference in %BW occurred; it fell
between time periods 4 and 5 (1215 and 1745; Table 4).

Median values of %BW were quite variable, especially
for the times following peak feeding (Fig. 5). Estimates
of daily ration for the two models were 8.45% and
7.37%BW per day for Model I and Model II, respec-
tively (Table 5), at an in situ temperature range of 6—
10°C (Wilson et al., 1996). Although both models gave
virtually identical fits to the data based on lower mean
squared residuals values (Table 5), Model II showed a
better fit at the beginning and end of the feeding
periods, as well as smaller residuals (Fig. 5).

Overall Diet Composition

Larvaceans (mostly Oikopleura spp.) were the most im-
portant prey numerically, constituting 67.7% of walleye



Merati & Brodeur: Feeding Habits and Daily Ration of Juvenile Walleye Pollock in the Western Gulf of Alaska 71

Table 2
Results of the Mann-Whitney U-test for differences in feeding intensity between adjacent time intervals throughout a 24-
hour period. The data are from the whole survey, including the semidiel study.

Time intervals Gut fullness

Digestion code Percent body weight

0000-0400 and U =2612
0400-0800 P =0.345
0400-0800 and U = 4752
0800-1200 P <0.001
0800-1200 and U =2397.5
1200-1600 P =0.007
1200-1600 and U =3330.5
1600-2000 P =0.285
1600-2000 and U =7604.5
2000-2400 P =0.415

U =2307 U =1820
P =0.685 P =0.015
U =4168.5 U =5354.5
P =0.001 P <0.001
U =3134 U =2227
P =0.873 P =0.001
U =3501 U = 3488
P =0.090 P =0.109
U =6437.5 U =7680.5
P =0.163 P =0.344

pollock stomach contents (Fig. 6). These were followed
by copepods (19.9% by number) and euphausiids
(10.7%). Other components of age-0 pollock diet in-
cluded fish larvae, decapods (mostly crab megalopae),
chaetognaths, hyperiid amphipods, and euthecosomatous
pteropods, but each contributed less than 2% by number
to the overall diet. Euphausiids contributed 80.8% to the
diet by weight, followed by larvaceans (8.1%) and cope-
pods (5.4%) (Fig. 6). Fish larvae constituted 0.1% of the
diet by number and 1.3% by weight. All other taxa made
up less than 2% of the diet by weight.

Prey Composition by Time of Day

Stomach samples collected during the day throughout
the survey area contained mainly larvaceans (84.4% by

Table 3
Results of the Kruskal-Wallis test for differences in feed-
ing intensity in adjacent time intervals. The results are
from the whole cruise and the semidiel study.

Gut Digestion Percent
Treatment fullness code body weight
Overall survey H=3450 H=5475 H=29.23
P <0.001 P <0.001 P <0.001
Semidiel study H=5455  H=3146 H =85.97
P <0.001 P <0.001 P <0.001

number) (Fig. 6). Euphausiids and copepods were the
next important prey items (4.7% and 9.3%, respec-
tively). During twilight hours, the diet composition of

semidiel study.

Table 4
Results of the Mann-Whitney UTest for differences in feeding intensity between adjacent time intervals during the

Time intervals Gut fullness

Digestion code Percent body weight

0245 and 0445 U =295
P =0.006
0445 and 1030 U =231
P =0.365
1030 and 1215 U=2415
P =0.236
1215 and 1745 U =298
P =0.006

U =296.5 U =200
P =0.005 P =10
U =2415 U =239
P =0.206 P =0.291
U =268.5 U=218
P =0.050 P =0.626
U =334 U =343
P < 0.001 P < 0.001
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Figure 4

Box plots of (A) digestion code, (B) gut full-
ness, and (C) percent body weight versus time
of day for the semidiel study (5 collections at
one station). The solid lines indicate the 25th,
50th, and 75th percentiles. Error bars mark
10th and 90th percentiles. The dotted lines
indicate mean values. Circles represent 5th and
95th percentiles. Sunrise (SR) was at 0815.

juvenile pollock shifted dramatically to mostly copep-
ods, reflected in the substantial increase of their nu-
merical percentages (82.4%), whereas the number of
larvaceans decreased markedly (3.4%). There were no
pronounced changes in the numerical percentage of
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Figure 5
(A) Food consumption estimated from the diel trajec-
tory of median percent body weights (circles). Model I
is fitted with the assumption that the ingestion rate is
constant. Model II is fitted with the assumption that
the ingestion rate is linearly related to amount of food
present in the stomach (see text for explanation of
models). (B) The residuals for each of the models.




euphausiids from day to twilight, but numbers increased
at night. At night, prey consumption shifted back to
larvaceans (68.3%). Variations in the gravimetric com-
position of the diet among time periods were less pro-
nounced, with euphausiids constituting the majority of
the diet by weight for all three time periods.

Prey Composition by Area

Diet of age-0 pollock in the Kodiak Island region (Area
I) consisted mostly of euphausiids (76.8%), with cope-
pods ranked as the second most important prey item
(10.3%) numerically (Fig. 7). Hyperiid amphipods,
mostly Themisto pacifica, made up 2.6% of the diet by
number. In Area II (east of the Shumagin Islands),
pollock diets differed somewhat from those around
Kodiak Island, containing mostly larvaceans (39.9%)
and copepods (39.8%), with a substantial decrease in
the incidence of euphausiids in the diet. Samples col-
lected in Area III (west of the Shumagin Islands) con-
tained mostly larvaceans (92.3%). Copepods numeri-
cally contributed 4.8% to the dietin this area. By weight,
euphausiids were the most important prey item in the
diet in all areas, especially Area I.

Prey Composition by Size

The smallest fish sampled (49.5-59.9 mm SL) con-
tained high numbers of copepods (41.6%), but
larvaceans and euphausiids were also important (32.8%
and 21.6%, respectively; Fig. 8). Euphausiids contrib-
uted the most by weight (72.8%) to the diet of this size-
group, followed by copepods (20.2%). There was a
gradual numerical shift from copepods to larvaceans
up to the largest size category examined (Fig. 8). Fish
longer than 100 mm SL, however, consumed almost

Table 5
Parameter estimates for two models of the diel feeding
cycle of juvenile walleye pollock in the Gulf of Alaska
using the median values for stomach fullness (percent
body weight, %BW) during each time period. See text
for explanation of the models.

Parameter Model I Model II
Feeding period begins (h) 1915 2130
Feeding period ends (h) 810 1000
Ingestion (%BW/h) 1.43 1.10
Evacuation (%BW/h) 0.25 0.28
Asymptotic consumption (%BW) 5.87
Daily ration (%BW/d) 8.45 7.37

Mean squared residuals 118 112
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entirely euphausiids (98.1% on a numerical basis), al-
though the sample size was limited for this size cat-
egory. Euphausiids dominated the diet of all size cat-
egories by weight, to the almost complete exclusion of
other prey items in the largest size category (Fig. 8).
An examination of the mean weights of stomach
contents by major prey category revealed some interest-
ing trends in consumption (Fig. 9). Larvaceans were
the dominant prey by weight in stomachs collected
during the day, whereas euphausiids were dominant
during the other two periods. Geographic differences
were very pronounced: euphausiids were the dominant
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Figure 6
Prey of walleye pollock by time of day in terms of
percentage of (A) total number and (B) total weight of

the major prey categories.
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Prey of walleye pollock by geographical area in terms
of percentage of (A) total number and (B) total weight
of the major prey categories. The three areas are shown
in Figure 1.

prey in Area I, and euphausiids and larvaceans combined
were dominant in Areas II and IIT (Fig. 9). Amphipods
showed a substantial increase in Area III relative to the
other areas. Euphausiids were the dominant prey for all
size categories, and larvaceans were important only in the
intermediate categories (70-79 mm and 80-89 mm SL).

Analysis of Dietary Variation

Significant differences in the frequency of the major prey
taxa in the diets of age-0 pollock by all three factors were
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Figure 8
Prey of walleye pollock by fish size in terms of percent-
age of (A) total number and (B) total weight of the
major prey categories.

found (Table 6). Thus we could reject the null hypothesis
that the diets were similar within each factor. Hyperiid
amphipods were the only taxon that did not show signifi-
cant variation (P=0.05) by time of day. Comparison by size
of fish demonstrated that copepods, euphausiids, and
decapods showed significant variation, whereas the occur-
rence of larvaceans and hyperiid amphipods did not show
significant variation with size of predator (£>0.05). Areal
analysis showed that the distribution of feeding on cope-
pods, hyperiids, and larvaceans was highly variable
(P<0.05), whereas the distribution of feeding” on deca-
pods and euphausiids did not show significant variations.
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egory for the dominant prey categories.

Discussion

Our finding that age-0 walleye pollock fed mainly at
night was surprising in light of previous observations
that the larvae feed mainly in daytime or in crepuscular
periods (Kamba, 1977; Kendall et al., 1987; Canino et
al., 1991; Canino and Bailey, 1995). Walline (1983),
working with more limited data on stomach fullness of
juvenile pollock from the Bering Sea, concluded that
there was no discernable feeding periodicity, but he
did observe that the percentage of empty stomachs
peaked in the evening hours and then declined at
night, which is consistent with our findings. The in-
creased amount of well-digested food and chyme present
in age-0 pollock stomachs collected during the day led
Krieger (1985) to suggest that the period of peak feed-
ing switches from day to night during the fall months.
Evidence for diel periodicity in feeding of adult walleye
pollock is equivocal in the results of Dwyer et al. (1987)
for the Bering Sea, but their data suggest that food
items found in the stomachs at night were less digested
than those recovered during the day (Livingston?®).

What benefits do juvenile pollock derive from feed-
ing at night rather than during the day, when visual
acuity and contrast are far greater? Bailey (1989) found
that juvenile pollock in the Bering Sea formed dense
aggregations in deep water during the day but migrated
and subsequently dispersed in the surface layer at night.
Similar diel differences in distribution were observed in
acoustic data collected during our sampling in the Gulf
of Alaska (Brodeur and Wilson, 1996). In laboratory
studies, juvenile pollock have been shown to avoid high
light intensities and to seek out relatively low light
levels (Olla and Davis, 1990). Apparently, light levels in
surface waters were sufficient to facilitate feeding even at
night, even though the moon was not full and there was
extensive cloud cover during most of our sampling. A
benefit to foraging in surface waters at night is that many
diel vertically migrating prey, such as copepods and eu-
phausiids, move to the surface at dusk (e.g., Marlowe and
Miller, 1975; Cooney, 1989). Juvenile pollock may also
decrease their risk of predation by spending time at the
surface when major surface-feeding predators such as
seabirds and marine mammals are not foraging (Hatch
and Sanger, 1992; Springer, 1992).

Our estimates of daily ration as a percentage of body
weight were comparable with the two models, but the
results from Model II, which assumed that ingestion
was proportional to the stomach contents, fit the data
slightly better at the time of initiation and cessation of
feeding. We also found the statistical fit (mean square
errors) of both models to be substantially better when

5 Livingston, P. A. Alaska Fish. Sci. Cent., Natl. Mar. Fish. Serv., 7600
Sand Point Way N.E., Seattle WA. 98115-0070. Pers. commun.
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Table 6
Results of the chi-square analysis of each factor independently for major prey taxa of juvenile pollock. The data are from
the whole cruise, including the diel study.
Prey Time Size Area
Copepods x%=20.8 x%=19.9 x%2=18.5
P <0.001 P =0.001 P <0.001
Euphausiids x2=107.5 x2=113 x2=0.7
P <0.001 P =0.046 P =0.70
Larvaceans x?=118 x2="17.0 x?=14.8
P =0.003 P =0.22 P<0.001
Decapods x2=16.0 x2=13.1 x2=3.3
P <0.001 P =0.02 P =0.19
Hyperiids x2=5.9 x2=38 x2=9.1
P =0.05 P =0.57 P =0.01

we used median rather than mean values because of the
influence of several very large values, and we recom-
mend using median values when fitting these models.
To be reliable, the models that we fit to the feeding
trajectory require a synchronized switch from feeding
to nonfeeding modes for the entire population
(Sainsbury, 1986). As in many other studies on diel
feeding behavior, our data are most variable during
these transition periods and would benefit from in-
creased sampling intensity during these times.

Previous field studies on the daily ration of age-0
pollock do not exist for comparison with our results.
Springer (1992) summarized a number of laboratory
and field studies of daily consumption rates of walleye
pollock and found them to be quite variable (<0.1% to
8.6%BW) depending on size, temperature, and season.
It is not surprising that our ration estimates are at the
high end of this range, since many of the other field
studies were done on slower-growing adults at the lower
temperatures of the Bering Sea (maximum tempera-
ture <4°C) rather than on relatively fast-growing juve-
niles at 6-10°C like those we collected. The laboratory
studies on small juveniles are consonant with our re-
sults (Springer, 1992).

All of the taxa that we identified from the stomachs
of juvenile pollock were pelagic zooplankton, which is
consistent with previous studies suggesting that age-0
pollock are planktivores feeding mainly on copepods
and euphausiids (Kamba, 1977; Walline, 1983; Grover
1990, 1991; Livingstong). The gradual ontogenetic shift
from copepods to euphausiids documented by Bailey
and Dunn (1979) for pollock from larger size groups
also appears in our data; evidently, the costs of foraging
on copepods exceed the nutritive benefits for larger

walleye pollock. However, we did not note any dramatic
shifts in diet between adjacent size groups that might
indicate an ontogenetic change in habitat (Mahon and
Neilson, 1987). Krieger (1985) found that the con-
sumption of epibenthic prey (e.g., cumaceans, shrimp,
and mysids) increased dramatically during winter, sug-
gesting that age-0 fish may be more associated with the
bottom substrate then. Similar foraging on epibenthic
prey was observed among age-1 pollock collected in
Shelikof Strait during March and April (Brodeur and
Wilson, 1996). Unlike some other researchers (Lee,
1985; Grover, 1991), we did not find copepod eggs in
the guts of juvenile pollock. This may have been be-
cause we examined larger fish and not because there
were no reproductive copepods at this time of year. The
low frequency of fish found in the stomachs indicates
that age-0 pollock in our study area are neither piscivo-
rous nor cannibalistic on smaller juvenile pollock
(Sogard and Olla, 1994), but the availability of small
fish prey appeared to be limited during our sampling
period (Brodeur, unpubl. data).

The extensive consumption of larvaceans by juvenile
pollock has not been adequately documented, although
larvaceans have been reported as prey of age-0 pollock
(Walline, 1983; Krieger, 1985; Lee, 1985; Livingston2).
Larvaceans can be very abundant and aggregated in
coastal waters, particularly in late summer, and thus
may serve as an important link in the food web between
the lower trophic levels and larval and juvenile fishes
(Alldredge and Madin, 1982; Gadomski and Boehlert,
1984; Knoechel and Steel-Flynn, 1989). Larvaceans are
more difficult to recognize and enumerate than crusta-
cean prey because they are digested faster in predator's
stomachs, so our estimates of consumption of these



prey may be conservative. Because of their patchy distri-
bution and relatively small size without their large mu-
cous houses, these prey may be inadequately sampled
by plankton-collecting gear. Intact larvaceans may have
a low nutritive value by themselves, but by consuming
and concentrating phytoplankton, they may serve as
concentrated energy sources for both predaceous zoo-
plankton and juvenile walleye pollock (Knoechel and
Steel-Flynn, 1989).

Juveniles collected at twilight contained the most
copepods. This could be attributed to the comigration
of copepods and juvenile pollock to and from the sur-
face during crepuscular periods. Since euphausiids mi-
grate to the surface at night (Alton and Blackburn,
1972; Bailey et al., 1992), pollock are able to prey on
them in the surface layers. Pollock showed significant
differences in consumption of larvaceans by time of
day: the highest percentages of stomachs containing
larvaceans were collected during daylight hours. Though
little is known about their behavior or vertical distribu-
tion in the northern Gulf of Alaska, larvaceans were
found in high concentrations outside their gelatinous
houses in windrows at the surface during late afternoon
off California (Alldredge, 1982). If age-0 pollock mi-
grate to the surface before dusk, then their chances
of encountering larvaceans increase. Variability was seen
in hyperiid and decapod consumption by time
of day: the highest consumption occurred in twilight
hours. It is unclear how pollock detect these crusta-
ceans, but they may be encountering them during their
crepuscular ascents or descents through the water
column.

Some dietary variability was apparent among differ-
ing sizes of pollock. Smaller fish (<60 mm) had the
highest percentage of copepods in their stomachs, and
the incidence declined as fish size increased. Larvaceans
were most common in the intermediate size groups but
were not consumed by the larger fishes, possibly be-
cause it was not energetically favorable for large fish to
feed on such small prey items. Euphausiids showed
significant variability with fish size, with the highest
mean weight found in larger fish. Though smaller fish
also preyed on euphausiids, the larger juveniles (>80
mm) have larger gape sizes and faster swimming speeds,
which are needed to capture and ingest the larger and
more evasive euphausiids. Decapod consumption in-
creased as fish size increased, which may also be due to
the increased capture efficiency of larger fish.

Though pollock diet varied by area, no differences
were seen in fish condition among the three areas (a
Kolmogorov-Smirnov test showed no significant differ-
ences among the three areas for fish we examined; see
also Wilson et al., 1996). If condition index is used as a
long-term indicator of fish growth and survival, then
fish collected in the different areas would be expected

Merati & Brodeur: Feeding Habits and Daily Ration of Juvenile Walleye Pollock in the Western Gulf of Alaska 77

to have similar chances of surviving. However, fish caught
in Area II demonstrated a wide range of condition
index values, with several specimens showing very low
values, indicating that some fish may not have received
an adequate daily ration. Although we found that stom-
ach fullness was as high in Area II as in the other areas,
it is difficult to draw clear conclusions without knowing
the migratory patterns of juvenile pollock. If these fish
were just passing through or had recently settled in the
area in which they were sampled, they may have been
exposed to different prey fields and to beneficial feed-
ing opportunities which affected their condition more
than their very recent feeding history would indicate.

We need to learn more about the Gulf of Alaska
juvenile pollock population size, distribution, and mi-
gration patterns, as well as the patterns of their major
prey, to ascertain whether age-0 pollock are food-lim-
ited in this environment. With a finer-scale sampling
scheme and data on prey availability and vertical over-
lap, along with incorporation of environmental data,
we may be able to infer more about juvenile pollock
feeding regimes. Bioenergetic modeling that combines
feeding data with information on pollock juvenile
growth rates may yield some clues about whether juve-
niles in this population are feeding at or near their
optimal levels.
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Hatch Date and Growth Estimation of Juvenile Walleye Pollock,
Theragra chalcogramma, Collected in the Bering Sea in 1989 and 1990
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ABSTRACT

Age-0 walleye pollock, Theragra chalcogramma, ranging from 6 to 108 mm fork length,
were collected in the Bering Sea in the summers of 1989 and 1990. Trawl surveys showed a
wide distribution of juvenile fish in the eastern continental shelf area, and limited distribu-
tion in the Aleutian Basin. The ages, in days after hatching, of juvenile fish selected from a
wide area were estimated by counting otolith daily growth increments. The mean number of
daily growth increments of juvenile pollock collected in 1989 was 98; in 1990 the mean
number was 104. Back-calculated hatch dates of both years ranged between mid-April and
early June, and peaks were observed between late April and mid-May. Allowing for the days
required from spawning to hatching, spawning was estimated to have peaked in middle to
late April. These spawning periods were in agreement with those on the southeastern
Bering Sea continental shelf. Although it is known that pollock spawn from February to
March in the Aleutian Basin area, only a few juvenile pollock that had been spawned during
this period were observed. Either the survival rates of basin-spawned fish were very low, or
the fish were transported out of the survey region. Early growth patterns in 1990 were

estimated by the back-calculation method, using daily growth increments.

Introduction

Natural fluctuations in population size are commonly
observed between age classes of walleye pollock, Theragra
chalcogramma, and variations of biomass are thought to
largely be dependent upon the strength of these year
classes. However, processes affecting year-class strength
are still largely uncertain. It is known that there are
separate spawning stocks of walleye pollock in the Bering
Sea (Hinckley, 1987). One is located in the Aleutian
Basin, and several others are located over the continen-
tal shelf. These adult stocks have different biological
characteristics, including spawning period. Pollock
spawn from February to March in the Aleutian Basin
surrounding Bogoslof Island, from April to June in the
southern part of the eastern shelf, and from June to
August in the northern part of the eastern shelf (Hinckley,
1987; Mulligan et al., 1989). The linkages between basin
and shelf components are not well understood.

The otoliths of many fish species contain growth
increments, concentric microstructures generally formed
on a daily basis. Growth increments yield information
about the early life history of the fish, such as hatch

date and growth rates. In previous studies (Nishimura
and Yamada, 1984; Bailey and Stehr, 1988), the incre-
ments of larval and juvenile walleye pollock otoliths
were shown to be laid down on a daily basis.

The major objective of this study is to examine the
relationship between surviving juveniles and spawning
stocks by estimating hatch dates in different geographi-
cal areas. This paper provides preliminary estimates of

hatch date and growth of juvenile pollock collected in
1989 and 1990.

Materials and Methods

Juvenile walleye pollock were sampled at 38 stations in
the Bering Sea between July and October in 1989 and
at 34 stations between July and September in 1990.
Samples were collected with midwater trawl nets de-
ployed from a land-based dragnet trawler (#28 Seiju
Maru in 1989 and #128 Daian Maru in 1990) chartered
as aresearch vessel for echo-integration midwater trawl
surveys. These surveys were a cooperative effort be-
tween the National Research Institute of Far Seas Fish-
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eries, the National Research Institute of Fisheries Engi-
neering, and the Alaska Fisheries Science Center. The
forward part of the net body was constructed from
lengthwise ropes, and the mesh size above the codend
was 45 mm in 1989 and 100 mm in 1990. A net liner of
4-mm mesh was attached inside the codend to collect
juvenile fish in both years. Sampling was carried out
within a few hours after sunset by trawling in the sub-
surface layer at depths of 20-40 m. Towing speeds on
average were 3.4 knots in 1989 and 5.0 knots in 1990.
Net depths and vertical and horizontal openings of the
nets were measured by a SCANMAR net monitoring
system. Average vertical and horizontal net openings
were 28.7 m and 18.9 m in 1989, and 12.0 m and 19.7 m
in 1990. The collected juvenile pollock were frozen and
stored. Fork lengths were measured and otoliths
(sagittae) were dissected out from 40 individuals ran-
domly selected from each station.

The survey area was divided into the Aleutian Basin
area and the southern and northern parts of the east-
ern continental shelf. The shelf area was divided into
north and south by the 58°N parallel.

Otoliths were measured along the longest axis and
embedded in epoxy resin on a glass slide. Embedded
otoliths were ground with carbon paper (#800—#1200)
perpendicular to the otolith flat plane along the long
axis (frontal section). Polished otolith specimens were
selected if they included the otolith nucleus on the
ground surface and were thin enough to transmit light
under a light microscope. These specimens were pol-
ished with lapping film, cleaned, and etched with 0.2 M
EDTA for 4 minutes. The early increments of narrow
width were counted under 600x magnification. As the
increments increased in width, the magnification was
changed to 300x. Hatch date was estimated by subtract-
ing the number of increments from the sampling date.

Otolith specimens from the 1990 samples were used
for early growth estimation. The specimens were pho-
tographed, and diameters of 10 increments from the
outer margin were measured on each photograph. Each
diameter was converted to total length by means of an
otolith length—total length relationshop (Nishimura and
Yamada, 1988).

Results

Juvenile Distribution and Size Composition in 1989

Juvenile pollock were distributed extensively on the
eastern continental shelf. In the Aleutian Basin, a small
concentration was observed in the southeastern area
(Fig. 1). Juveniles were collected from early to middle
August on the southern shelf and basin, and from middle
August to late September on the northern shelf. Juve-

niles from the southern shelf and basin area showed
similar size ranges between 40 and 80 mm, with modes
at about 60 mm (Fig. 2). Juveniles from the northern
shelf were larger, ranging from 40 to 110 mm, with a
mode around 80 mm, because this region was sampled
later.

Juvenile Distribution and Size Composition in 1990

Sampling was conducted between late July and early
August on the eastern continental shelf, and between
late August and late September in the Aleutian Basin.
Juvenile pollock were distributed mainly in the south-
ern part of the eastern continental shelf. A small con-
centration was observed in the northern shelf and basin
areas (Fig. 1). Although there was not an obvious differ-
ence in the modes of fish size between the northern
shelf and the southern shelf (about 50 mm), juveniles
collected from the southern shelf ranged widely in size.
Juveniles collected in the basin area had a larger mode
than those collected in the shelf area, and the size
range extended to 90 mm, again because of later sam-

pling (Fig. 3).

Hatch Date Estimation in 1989 and 1990

Otoliths were taken from 176 fish (size range: 33.2-94.5
mm) from 1989 samples. The fish were selected from 5
stations on the southern shelf, 2 stations on the north-
ern shelf, and 1 station in the southeastern basin. The
otoliths of 156 juvenile fish (size range: 32.8-88.2 mm)
from 1990 samples were examined. The fish were se-
lected from 2 stations on the northern shelf, 10 stations
on the southern shelf, and 3 stations in the basin.

A nucleus of about 20 pm diameter was observed in
the central part of each otolith, and daily growth incre-
ments were deposited concentrically around the nucleus
(Fig. 4). The first few increments around the nucleus
were narrow, but increments widened gradually with
increasing age. The increments were clearly observed
by light microscopy. Numbers of daily growth incre-
ments ranged from 60 to 139 in 1989 (Table 1). Despite
differences in sampling dates and area, all groups were
estimated to be hatched during almost the same period
from late April to early June in 1989 (Fig. 5). The peak
hatching period was estimated to be in mid-May. The
frequency distribution of hatching dates in 1989 was
unimodal (Fig. 5).

Otoliths from the 1990 samples showed increment
numbers ranging from 60 to 167 (Table 1). As in 1989,
and despite the differences in sampling dates and ar-
eas, it was estimated that most of the fish hatched from
mid-April to mid-May in 1990 (Fig. 5). Exceptions in-
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Figure 1
Catch (no/h) of juvenile walleye pollock at sampling stations during 1989 and 1990 summer
surveys. A zero catch is shown by +. The isobaths represent 200 m depth.

cluded the juveniles collected at two stations (24 and
25) on the southern shelf that hatched later (between
late May and early June), and two individuals collected
from the basin that hatched earlier (in late March).
Juvenile fish collected on the southern shelf in 1990

showed a bimodal hatching period. The major mode
was in late April, about 3 weeks earlier, than the major
mode in 1989. The hatching period estimated for the
juvenile fish collected in the basin area was broader
than that for the shelf fish.
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Figure 2
Size composition of juvenile walleye pollock collected
from the northern shelf (north of 58°N), southern shelf
‘ (south of 58°N), and basin, in the summer of 1989.

Early Growth Estimation in 1990

Figure 6 shows back-calculated body length at 10-day
intervals for 39 juveniles from the shelf and 22 from the
basin in 1990. Juveniles collected on the shelf show
comparably uniform and favorable growth, whereas
those collected in the basin show substantial variation.
Growth in the basin juveniles began to stagnate be-
tween 90 and 120 days after hatching. Growth stagna-
tion was not clear in the shelf samples, because of the
younger age ranges. Assuming a body length at hatch-
ing of 4.5 mm, the following logistic growth curves were
calculated for the shelf and basin samples by using
Ricklefs’s (1967) method:

BL = 1]5.5/(1‘1-6_0'030 (day — 101.7))

for shelf samples and

20

NORTHERN SHELF

il 1990

10
(R
5 i, .

20 30 40 50 60 70 80 90 100 110

)
2\— 12
>
O g SOUTHERN SHELF
= 1990
w
8 6
w 3
14
LL 0 it
20 30 40 50 60 70 80 90 100 110
20
BASIN
15 1990
10
5
0

20 30 40 50 60 70 80 90 100 110
FORK LENGTH (mm)

Figure 3
Size composition of juvenile walleye pollock collected
from the northern shelf (north of 58°N), southern
shelf (south of 58°N), and basin, in the summer of
1990.

BL = 840/(1 4 e—0.0S?(day—84.7))

for basin samples.

Discussion

Nishimura and Yamada (1984) reported that daily
growth increments in the otoliths of larval and juvenile
walleye pollock can be seen with scanning electron
microscopy. Bailey and Stehr (1988) incubated eggs
obtained from Puget Sound in the laboratory, and found
that daily growth increments are visible by light micros-
copy when larvae are fed sufficiently and their growth is
satisfactory. Under conditions of low growth, however,
early growth increments are narrower and impossible
to observe with the resolving power of a light micro-
scope. To get the most accurate counts, it is desirable to
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Figure 4
Light micrograph of otolith from juvenile walleye pol-
lock (58.5 mm FL), collected in the Bering Sea in the
summer of 1989.

use a scanning electron microscope, but preparation
and observation of SEM specimens are extremely time
consuming. On the other hand, counting with the light
microscope is easy and efficient when many specimens
are analyzed. We used 600x magnification to avoid
contamination with immersion oil, which is required
for observation at 1000x, allowing for future SEM ob-
servation. Because our otolith specimens were thin and
polished on both sides, the increments were relatively
easily identified. Although a few increments may have
been missed, and counting errors may have occurred,
the degree of error would not greatly affect the results.
Therefore, we consider that gathering substantially more
data by light microscope offered greater value than a
small number of SEM counts.

Hinckley (1987) proposed the existence of three sepa-
rate spawning stocks in the Bering Sea. Spawning oc-
curred between January and March in the basin, be-
tween March and June over the southeastern continen-
tal shelf and slope, and between June and August over
the northwestern shelf and slope. Our results from
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Figure 5
Frequency distribution of estimated hatch date of juve-
nile walleye pollock collected in the Bering Sea in 1989
and 1990.

both 1989 and 1990 showed that juvenile walleye pol-
lock were distributed mainly on the continental shelf
and slope area. On the other hand, only a few juvenile
fish were observed in the Aleutian Basin. This distribu-
tion pattern suggests that larvae and juvenile fish
spawned in the basin area may have moved to the shelf
region or that they did not survive in significant num-
bers in the basin.

The hatching periods estimated by back-calculation
from counts of otolith daily growth increments were
from mid-April to mid-June in both years, except for
two individuals hatched in March 1990. The time from
spawning to hatching is estimated to be about 25 days at
3° to 4°C (Okada, 1986), and about 14 days at 5° to 6°C
(Haynes and Ignell, 1983; Nakatani and Maeda, 1984;
Nishimura and Yamada, 1984). Water temperature in
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Table 1
Fork length, otolith daily growth increment number, and estimated hatch date of juvenile walleye pollock collected in
1989 and 1990 in the Bering Sea.
Fork length (mm) Increment number Estimated hatch date
Year class Number of
and area specimens Range Average Range Average Range Average
1989
Northern shelf 44 68.1-94.5 83.7 80-139 118.0 29 Apr-29 Jun 19 May
Southern shelf 96 33.2-77.2 60.9 60-114 89.0 24 Apr-13 Jun 18 May
Basin 36 42.1-78.1 60.4 77-117 99.0 13 Apr-5 Jun 7 May
1989 total 176 33.2-94.5 66.5 60-139 98.0 13 Apr-26 Jun 16 May
1990
Northern shelf 5 40.9-55.3 47.0 94-112 99.9 11 Apr-29 Apr 22 Apr
Southern shelf 104 32.8-71.7 54.1 60-120 96.2 9 Apr-10 Jun 2 May
Basin 47 49.9-88.2 61.0 93-167 121.9 30 Mar-5 Jun 4 May
1990 total 156 32.8-88.2 55.9 60-167 104.1 30 Mar-10 Jun 2 May
the larval environment is thought to be about 3°C
(Nishiyama et al., 1986; Okada, 1986). Allowing 25 days 80 r
from spawning to hatching, the spawning period of SHELF 1990
these fish was estimated to be from late March to late i
May in both 1989 and 1990. This spawning period _~ |
coincides with the spawning period on the southeast- £
ern continental shelf and slope. These results suggest g 40
the possibility that the juvenile fish collected in this T
study originated mainly from the southern shelf spawn- 5 50 |
ing stock. Z
Two fish collected in 1990 were estimated to be EIJ ~ BLet{55(isa PONDARI0LT)
spawned in early March, which matches the spawning > 0 - L — d
period of the basin stock. From a winter hydroacoustic (@] 0 30 60 90 120 150
survey in 1989, the spawning biomass in the Bogoslof 8
area was estimated to be about 2 million tons Q so .
(Wespestad!). In spite of considerable spawning bio- L BASIN1690 o
mass in the basin, we found only a few (0.7% of the |<_( o
total) juvenile fish that were estimated to have origi- = 60}
nated in the basin stock. At several stations in 1989 and i~
1990, larger fish ranging from 100 mm to 220 mm were ‘Lﬂ 40 }
collected by midwater trawling. We also succeeded in
collecting fish larger than 100 mm by bottom trawling
without a net liner at several stations on the shelf. 20
These larger fish were determined by otolith analysis to

be age-1 fish, and we could not find age-0 juveniles of
comparable size. These results suggest that the larvae
spawned in the basin area did not survive to the juvenile
stage in 1989 and 1990, and further suggest that some
shelf-spawned juveniles migrated or were transported
off the shelf area into the basin. This concept is sup-

! Wespestad, V. G. 1991.  Walleye pollock. In Stock assessment and
fishery evaluation report for the groundfish resources of the Bering
Sea/Aleutian Islands region as projected for 1992. North Pacific
Fishery Management Council, P.O. Box 103136, Anchorage, AK
99510.
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Figure 6
Back-calculated length at age of juvenile walleye pol-
lock collected in the Bering Sea in 1990. Open circles
represent back-calculated body length at 10-day inter-
vals for 39 individuals of the shelf samples and for 22
individuals of the basin samples. The growth equations
were calculated using Ricklefs’s (1967) method.




ported by satellite drifter trajectories that headed mainly
offshore (Reed and Stabeno, 1990).

The range of the estimated hatching period was al-
most the same in 1989 and 1990, but the mode in 1990
appeared in late April, about 3 weeks earlier than in
1989. Hatch date distribution in 1990 closely resembles
that observed in 1979 by Walline (1985). Hatch date
frequency distributions showed a unimodal pattern in
1989 and a bimodal pattern in 1990. One explanation
for the bimodal distribution might be a separate spawn-
ing period in 1990. At the same time, we cannot rule
out the possibility that selective mortality may influence
hatch date distributions of surviving larvae. Oceano-
graphic information will be necessary to distinguish
between these two possibilities.

In this study, estimated hatch date distribution was
not corrected for mortality. Size-specific mortality rates
of larval and juvenile walleye pollock in the Bering Sea
are unknown. In future analyses, mortality estimates
combined with the effect of advection will be required.

The growth curve estimated for the shelf juveniles in
this study closely resembles that estimated for the juve-
niles collected in the Gulf of Alaska (Yoklavich and
Bailey, 1990; Brown and Bailey, 1992). Nishimura and
Yamada (1988) observed geographical differences in
early growth of juvenile pollock in the adjacent waters
off Hokkaido. The growth curves obtained in this study
show moderate growth, between the fastest and slowest
growth observed in the waters off Hokkaido.

According to the estimated growth equations, the
asymptotes of growth in the first year are 115.5 mm for
the shelf samples and 84.0 mm for the basin samples.
The first annual rings of one-year-old fish collected in
the Bering Sea were estimated by back-calculation to be
formed between about 120 mm and 170 mm (Nishi-
mura, unpublished data). Considering the growth stag-
nation before annual ring formation, the estimated
asymptote of 115.5 mm for the shelf samples appears to
be a reasonable estimation. On the other hand, the
estimated asymptote of 84.0 mm for the basin samples
seems too low. The fate of juvenile pollock in the basin will
become the object of additional attention in the future.
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