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Acoustic and ichthyoplankton data collected from Shelikof Strait in 1981, 1984 and 1985
were examined to determine spawning ground and period of walleye pollock, Theragra
chalcogramma. Walleye poliock in the Gulf of Alaska migrated into Shelikof Strait for spaw-
ning during late winter and early spring. They entered Shelikof Strait via the warm and
saline deep layer (continental slope water mass) in the southwestern channel, and major
fish schools concentrated for spawning along the deep trough (250~300 m) in the western
part of the central strait. Peak spawning activity occurred there from late March to early
April. Peak spawning time and area in Shelikof Strait varied little between years, despite
difference in hydrography. Geographical advantages together with some oceanographic
phenomena (reduced water transport and reduced mixed layer depth in spring) made that
area an optimal spawning ground in the Gulf of Alaska during early April. After early Ap-
ril, spawning intensity decreased rapidly and the spawning area tended to expand to the
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northeast and southwest.

Introduction

The distribution and migration of marine fishes
are controlled by their behavior as well as changes
in environmental factors affecting them. In tempe-
rate and high latitudes, many marine fishes have
well defined spawning grounds and spawning sea-
sons (Cushing, 1975), which likely have been sele-
cted through adaptative evolutionary processes.
The fish eggs and larvae produced, in general, are
planktonic, and are transported from the spawning
ground to nursery areas by existing current sys-
tems (Harden-Jones, 1968). However, fish eggs
spawned at a fixed time and location may experi-

ence different biological and physical conditions
each year, so that the distribution and survival of
the early stages varies from year to year. These
young stages of fish have narrow optimum ranges
of temperature and salinity and are vulnerable to
environmental changes (Alderdice and Forrester,
1971; Hempel, 1979). Minor changes in survival
during this period may result in large differences
in adult population abundance (Wooster et al., 19
83; Sissenwine, 1984). Therefore, the examination
of environmental conditions and fish distribution on
spawning grounds will give us insight as to why

- fish aggregate at particular spawning grounds, and

what factors influence the selection of spawning
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area and time. Further information about egg and
larval ecology will provide a better understanding
of recruitment variability.

Walley pollock, Theragra chalcogramma, in the
Gulf of Alaska spawn in Shelikof Strait during Ma-
rch through May. Annual ichthyoplankton and
acoustic/midwater trawl surveys have been conduc-
ted (except 1982) in the strait to determine the
distribution and abundance of walleye pollock du-
ring the spawning season since the spawning
ground was discovered in 1980 (Fig. 1). Acoustic/
midwater trawl surveys through the most intensive
spawning area several times from March to April
revealed that other species amouuted to only 1~2
% of total biomass in trawl samples (Nelson and
Nunnallee, 1987).

Maturing walleye pollock enter Shelikof Strait via
the southwestern valley between Semidi and Chiri-
kof Islands from late winter and concentrate over
the deep trough (250~300 m) in the western cen-
tral strait before peak spawning time (Nelson and
Nunnallee, 1987). Ichthyoplankton survey results
support the acoustic surveys as to when and where
the peak spawning aggregations occur. Bates (19
87) and Dunn and Matarese (1987) found that
spawning peaked in the deepest trough area near
Cape Kekurnoi from late March to early April, and
then declined rapidly. In this paper we analyze the
distributions of spawners and eggs to examine the
relationship between spatio-temporal spawning acti-
vity and the geography and oceanography of Sheli-
kof Strait.

Materials and Methods

Geographic setting

Shelikof Strait is a long (about 340 km) strait
between the Alaska Peninsula and several islands
such as Barren, Kodiak, and Chirikof Islands, which
major axis is directed from the northeast to the
southwest (Fig. 1). Strait was partitioned into six
subareas to study the geographical and spatial dist-
ributions of walleye pollock spawning activity: Two
boundaries orthogonal to the major axis of the st-
rait were established to define a northeastern area
(north of Cape Atusagvic), a southwestern area

(south of Dry Bay), and a central area in between.
The major axis of the strait was used as an east-
west boundary (Fig. 1). The northeastern part of
the strait faces lower Cook Inlet and Stevenson
Entrance, and includes two deep {(about 200 m)
and narrow troughs running NE to SW, parallel to
the axis of the strait. In the central strait, bottom
depth is greater than that in the northeastern st-
rait, but the width is the same {about 50 km). Only
one deep trough (about 300 ), the deepest area
in Shelikof Strait, is present on the western side
along the peninsula. The southwestern strait is re-
latively broad (about 100 km), and is bounded by
relatively broad shallow areas to the west and
south. A trough (250~300 m) located in the mid-
dle of this part of the strait connects with the con-
tinental slope area to the southwest.

Acoustic and oceanographic data collection

Acoustic surveys in Shelikof Strait were conduc-
ted during the walleye pollock spawning season of
1981, 1984, and 1985 from the National Oceanic
and Atmospheric Administration (NOAA) R/V Mil-
ler Freeman using a 38 kHz echo sounder and a di-
gital echo integrator. Details of acoustic survey me-
thod were given in Nelson and Nunnallee (1986).
Sequential estimates of volumetric fish density
were obtained for each of a series of preselected
depth intervals from about 20 7 to the sea bottom.
Data were recorded at five-minute intervals along
each of a series of systematically spaced transects
throughout Shelikof Strait. Analysis of these data
yielded estimates of total walleye pollock biomass,
the biomass within specific depth intervals and the
areal distribution of the fish stock.

It was assumed that acoustic survey passes con-
ducted between 20~30 March (Table 1) represent
the stabilized location for spawning since peak spa-
wning consistently occurred during or shortly after
that pariod in 1981, 1984, and 1985 (Dunn and
Matarese, 1987). Surveys consisted of from 20 to
40 equally spaced zig-zag tracklines, each transect
consisting of from 30 to 50 segments (Fig. 1). Each
segment represents fish density distribution in the
water column within preselected (10~20 m) depth
intervals. Fish densities were expanded over vo-
lume to determine biomass at depth to show the
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Fig. 1. Geographic setting showing (a) northern Gulf of Alaska and (b) typical ichthyopfankton sampling locations
('+; early April, 1981) and acoustic tracklines (—; late March, 1985) in Shelikof Strait with six subareas
used in this paper. CTD casts were conducted at each ichthyoplankton sampling station in 1981, and on
T13, T15, T17, T19, and T21 in 1985,
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Table 1. Selected research cruises in Shelikof Strait during spawning time (late March-early April) of walleye pol-

lock in 1981, 1984 and 1985.

Date

Research vessel

Main purpose

March 24~27, 1981
March 30~April 8, 1981
April 26~May 2, 1981
May 20~24, 1981
March 22~25, 1984
March 12~28, 1985
March 21~28, 1985
April 2~11, 1985

Miller Freeman
Miller Freeman
Miller Freeman
Miller Freeman
Miller Freeman
Discoverer

Miller Freeman

Miller Freeman

Acoustic survey

Egg survey

Egg and larval survey
Egg and larval survey
Acoustic survey
Hydrography survey
Acoustic survey

Egg survey

general pattern of the vertical distribution of spaw-
ners. Fish trawlings also were conducted to exa-
mine some biological characteristics at the several
locations of fish school (Nelson and Nunnallee, 19
86). Note that age 1 fish biomass (< 0024 % of
the total walleye pollock biomass in Shelikof Strait
in 1981~1984; Nelson and Nunnallee, 1986) was
included in 1981 and 1984 data. Age 2 and older
fish biomass was used for 1985.

In 1985, 19 conductivity-temperature versus de-
pth (CTD) casts were made on five cross-strait
tracklines in the central and the northeastern strait
to investigate the relationship between fish aggre-
gation and their abiotic environment (Fig. 1). The
CTD recorded temperature and salinity information
at 1 m intervals from the surface to the near bot-
tom. To examine the environmental factors affec-
ting to the distribution of walleye pollock, contours
of fish density with depth were superimposed over
the temperature distribution in the strait, and volu-
metric fish density at each sampling depth interval
(10 m) was allocated according to temperature and
salinity categories. In addition to 1985 CTD data,
several data sets from the 1981 survey were selec-
ted for comparison in cases when fish density data
collections from acoustic surveys and CTD casts
during the ichthyoplankton surveys occurred at
nearly the same location within a two day span, as-
suming no significant changes in water properties
within two days. A CTD data set collected on the
NOAA vessel Discoverer during March 1985 was
used for determining the characteristics of water
masses in Shelikof Strait for that year.

Ichthyoplankton sampling

Four ichthyoplankton surveys were conducted
from mid March to late May on the Miller Freeman
in 1981 (Table 1). Sampling was done with 60 cm
bongo nets (mesh: 0.505 mm), making double obli-
que hauls from 200 m to the surface. No data were
available for 1982~1984 because no ichthyoplank-
ton surveys were conducted during the main spaw-
ning season in 1982 and 1983, and the shallow
sampling strategy used in 1984 was inadequate for
the density estimate of walleye pollock eggs in
Shelikof Strait. In 1985, sampling was conducted to
within about 10 m of the bottom. Egg catch sam-
ples were subsampled to determine egg develop-
mental stage (A. C. Matarese, Alaska Fisheries
Science Center, 7600, Sand Point Way, NE, Seattle,
WA 98115, pers. comm.). If catches exceeded 200,
only 100 eggs were identified for developmental
stage, but all eggs were staged for catches less
than 100 eggs. Only the abundances of eggs in the
cell stage (ie., less than one day old) were chosen
to determine the exact location and intensity of
spawning, because the daily egg advection was an
order of 2~3 km in Shelikof Strait (Kendall and
Kim, 1989). Egg concentration at each station was
standardized to number of eggs sampled per m’
surface area (Smith and Richardson, 1977) to exa-
mine the differences in spawning activity. A 3-di-
mensional construction model was used for the es-
timation of egg abundance within specific subareas
(Kim and Gunderson, 1989).

Results

In general, adult walleye pollock occupied the
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same areas before peak spawning time each year,
although spawner densities in Shelikof Strait have
decreased continuously since 1981 (Fig. 2). The
spatial distribution of spawning aggregations for-
med on elliptical shape. Their presence at the sou-
thwest and northeast entrances of Shelikof Strait
was minimal. Each year the highest fish densities
were located in the deep portion (> 200 m of the
narrow trough in the central strait near Cape Ke-
kurnoi. The second highest densities were found in

1981

the middle of the southwestern part of the strait
during each of the subject years. Mean density of
spawners in each subarea is presented in Table 2.
Fish densities varied between the years, but distri-
bution patterns were similar. The highest densities
were found in the western part of the central st-
rait, and the lowest was in the eastern part of the
northeastern strait. Results of an ANOVA test (Ru-
bin, 1982) for the homogeneity of fish density re-

vealed that there were significant differences in

1984
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Fig. 2. Spatial distribution of walleye pollock in Shelikof Strait during the late March 1981, 1984, and 1985.
Note that small amounts of age 1 fish were included in 1981 and 1984 distribution, but not for 1985.
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fish density along-strait (P€0.01 in 1981 and 1985,
and P<0.02 in 1984) and across-strait (P€0.01 in
1981, 1984, and 1985). Negligible amounts of fish
(mostly immature) were in the upper 100 m of the
water column, and fish biomass and density tended
to increase with depth (Fig. 3). About 60~80 %
of the total biomass was found below 200 m, and
the highest densities were found at 220~260 m. In
the deepest depth intervals (below 260 m), bio-
mass amounted to only a small portion of the total
due to the small volume of water represented, and
densities were low except in 1981. Low densities
in 1984 and 1985 were due to the lower fish den-
sity at this depth in the southwestern part of the
strait (Fig. 2).

Based on cross-strait acoustic tracklines in late
March 1985 most walleye pollock resided within
about 50 m of the bottom (Fig. 4). The species
showed a relatively continuous distribution across
the strait in the south (T13, see Fig. 1), while they
concentrated in the deep trough of the western st-
rait in the central region (T17, Fig. 1). Toward the
northeast portion of the strait, where bathymetry is
generally shallower, the fish were less dense, and
were found mainly in the troughs on the Alaska
Peninsula side and the Kodiak Island side (T2I,
Fig. 1). East-west differences in mean density with
depth for 1985 were tabulated in Table 3. As expe-
cted, the greatest concentrations were located be-
low 220 m in the western strait. Only fish densities

Table 2. Abundances (kg/m?) of spawning walleye pollock in six subareas of Shelikof Strait during late March
1981, 1984, and 1985. Numbers indicate mean * standard deviation, with sample size (acoustic tran-

sect segments) in parentheses.

Northeast Central Southwest

1981

East 003 = 006 (43) 027 + 021 (103) 0.14 £ 0.12 (185)

West 025 = 028 (40) 115 £ 160 (98) 043 = 059 (180)
1984

East 001 = 001 (19 005 £ 005 (69) 0.06 + 006 (203)

West 056 + 109 (19) 044 + 054 (69) 0.09 £ 0.18 (202)
1985

East 003 £ 003 (67) 005 £ 004 (99 008 + 006 (239)

West 0.08 + 030 (64) 0.26 + 040 (95) 0.08 = 0.07 (238

Table 3. The relative volumetric densities of walleye pollock by depth from an acoustic survey in late March

1985. Five tracklines which are perpendicular to the along-strait axis in the central strait were chosen,
and divided into the eastern and the western strait regions. Data are mean * standard deviation, with
sample size (acoustic transect segments) in partentheses.

Depth intervalGx)

Cross strait

West East

120~140 438 £+ 668 (146) 489 + 683 (140)
140~160 615 * 637 (145) 703 £ 898 (136)
160~180 1,354 £ 1,605 (140 942 + 1,159 (128)
180~200 2,082 = 10,897 (134) 3010 = 3,707 (114)
200~220 4,355 + 10,897 (122) 3,892 + 3,617 (64)
220~ 240 10,979 £ 35955 (104) 5147 *+ 3,714 (25)
240~260 21,704 + 51,199 (81)

260~280 22478 + 29,374 (50)

280~300 20,137 £ 30,831 22)
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found between 120 and 200 m were examined for  relative fish density with depth were similar in the
adult density differences in mid-water with respect  eastern and the western parts of the strait
to water column depth and east-west location, be-  (ANOVA test, P>0.95). This result implies that the
cause much of the walleye pollock found at shallo-  increase in fish biomass with depth in mid-water
wer depths were juvenile. Fish densities in mid- is similar in both eastern and western regions.
water (i.e., 120~200 m) tended to increase with  Only the deepest trough area in the western region
depth (ANOVA test, P<0.01), and increments of  of the central strait had very heavy concentrations

Fish density ( kg/1000m° [ SY) Fish density ( kg/1000m’ Y )
0o 1 2 3 4 5 6 0 1 2 3 4 5 6
L 1 L i 1 i 1 L L A | L 1 i
1981 Relative fish biomass (% ) 1284 Relative fish biomass (% [l
0 5 10 15 20 25 30 0 5 10 15 20 25 30
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% 200-220 BRASSDS £ 200220
] 220240 BRI SSSSSSSS 8 220-240 B
240-260 AN NN 240-260
260-280 BRALL SRS 260-280 b
280-300 DO SSETTHTITITTTSSS 280-300

Fish density ( kg/1000m° Y )
0 1 2 3 4 5 6
L 1 1 1 1 1 1
1985 Relative fish biomass (% JJJji§)
0 5 10 15 20 25 3
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Depth (m)
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Fig. 3. Mean density and relative biomass of walleye pollock in each depth stratum of Shelikof Strait during late
March 1981, 1984, and 1985. Note that age 1 fish were included in 1981 and 1984, but not for 1985,
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Fig. 4. Continuous contourings of relative fish density
in selected cross-strait trackfine shown in Fig.
1, late March 1985. The difference between
each density concentration contour is a factor
of ten. Four and five degree isotherms are su-
perimposed, and the east-west separation is
indicated by the vertical bar in each profile.

of spawning walleye pollock.

Plots of water temperature superimposed on de-
pth distributions of fish density indicated that 1985
spawners stayed in the warm bottom waters (>5
©) and avoided cold regions (<4 ¥) (Fig. 4). The
surveyed area had a temperature range of 1~6 €
and salinity range of 31~347% in March 1985
(Kim, 1987). Relative volumetric fish density supe-
rimposed on a temperature-salinity diagram showed
clearly that the highest densities of mature fish

were found in warmer (>5.05 ) and saltier (>32.
45Y%) waters and that densities decreased with lo-
wer temperature or salinity, and the ranges of te-
mperature and salinity that fish occupied in 1981
were narrower compared to those in 1985 (Fig. 5).
Water properties in Shelikof Strait varied among
years due to the global changes in environmental
conditions. For example, mean temperature at
162~216 m in the main spawning area of the strait
was 5.7 €, 52 €, 56 Cand 42 T in 1977, 1981,
1985, and 1986, respectively (Kim, 1987). However,
regardless of interannual changes in water proper-
ties, we can define three water masses in Shelikof
Strait (Mysak et al, 1981; Reed et al, 1987): A
small amount of cold and low saline surface water
along the Alaska Peninsula originates from land ru-
noff through lower Cook Inlet, and flows southwes-
twardly. Below this southwestern drift, the Alaskan
Coastal Current (ACC), which enters Shelikof St-
rait via Kennedy Entrance, occupies the middle la-
yer of the water column along the peninsula and
the surface layer of the eastern side of the strait
and flows southwestwardly. Those two water mas-
ses, bounded on the northwest by the Alaska peni-
nsula coast, form wave-like structures in the sur-
face as they travel downstrait. On the other hand,
a warm and saline water mass occupies the rest of
strait at depths greater than 150~200 m. This bot-
tom water mass comes from the conntinental slope
area via the southwestern valley of the strait bet-
ween the Semidi Islands and Chirikof Island, and
flows slowly toward the northeast (Fig. 6).
Changes in the location and intensity of spaw-
ning in Shelikof Strait during April~May were in-
dicated by changes in mean density of young eggs
in each subarea during 1981 (Table 4). Spawning
activity generally peaked in the western side of the
central strait during early April. In late April, ho-
wever, the spawning intensity was less and no sig-
nificant difference in egg densities among subareas
was found. In late May, spawning éctivity was very
weak throughout the entire strait and the relative
abundances (%) of eggs released in each subarea
showed an expansion of spawning activity toward
the northeast and southwest (Fig. 7). An east-west
difference in spawning intensity also was evident in
early April (ie, 96 % of total spawning was in the
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Fig. 5. The distributions of fish density observed at selected ranges of temperature and salinity in April 1981 and
1985. Numbers indicate the volumetric fish density in relative scale each year.

west), but the difference became small or negligi-
ble later.

Our ANOVA test rejected the null hypothesis of
spatially homogeneous spawning activity during late
March (for acoustic data) and early April (for ich-
thyoplankton data). However, the Newman-Keuls
multiple range test (Zar, 1974) revealed another
feature of spawning activity. The spawning intensity
in the western part of the central strait was always

Table 4. The spatio-temporal changes in young egg
density (eggs/m?) of walleye pollock eggs in
the six subareas of Shelikof Strait during the
1981 spawning season.

Northeast Central Southwest

Early April

East 54 7.7 14.8
West 7.1 1,127.2 494

Late April
Fig. 6. Schematic features of three water masses in East 59 63 81
Shelikof Strait. Large dark arrows: northeast- West 6.5 41 9.4

ward bottom water mass; white arrows: south- Late May
westward Alaskan Coastal Curren't; small dark East 0.0 0.4 05

arrows: southwestward coastal drift from lower

West 1.2 0.5 04

Cook Inlet.
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Fig. 7. The relative frequency (%) distribution of spa-

wning products from each subares during th-
ree surveys in 1981: (a) early April, (b) late
April, and (¢) late May.

significantly higher than other areas (Fig, 8). Spa-
wning intensity throughout the other areas of the
strait was statistically similar except for some mi-
nor exceptions in the 1981 and 1984 acoustic data.

Discussion

The assumption of major spawning locations ba-
sed on areas of high fish density in late March may
not be valid during some years, because spawners
apparently moved between areas inside Shelikof
Strait between the timing of the acoustic and ichth-
yoplankton surveys (A. W, Kendall Jr, Alaska Fi-

sheries Science Center, 7600, Sand Point Way, NE,
Seattle, WA 98115, pers. comm.). Even though
there is a difficulty for comparing two data sets (i.
e, acoustic and ichthyoplankton data) due to the
different collecting and organizing methods, the te-
ndency of aggregation could be inferred; the range
of highest to lowest walleye pollock abundance in
late March 1981 was a factor of about 30~-40 (Ta-
ble 2). One week later, however, the ratio of the
highest to lowest egg concentrations in the same
regions was over 200 (Table 4), implying that fish
formed heavier aggregations in the main spawning
area as they approached the peak in spawning acti-
vity.

Within this context of water masses, we might
describe what influences the distribution of walleye
pollock during peak spawning time. Figures 2 th-
rough 5 indicate that most walleye pollock stay in
the bottom layer of Shelikof Strait, no matter how
water proprties change from year to year. Because
the structure and location of water masses in She-
likof Strait during spring is a quasi-permanent fea-
ture, the main influencing factor of spawner distri-
bution seems to be seabed topography (ie., the
deepest trough in the western side of the central
strait) instead of the specific ranges of water pro-
perties. The geographical spawning area of walleye
pollock in Shelikof Strait appears to be relatively
cousistent.

Even though we concluded that conservative wa-
ter properties such as temperature and salinity do
not have major roles in influencing the spawning
aveas of walleye pollock, the non-conservative dis-
solved oxygen (DO) concentration might influence
small scale movement and schooling behavior in-
side Shelikof Strait. McFarland and Moss (1967)
argued that temperature is toc homogenous in ma-
rine environments to be responsible for the conti-
nuous changes observed in behavior of fish, but
found positive correlation between oxygen gradi-
ents within schools and modifications in school
structure. In Shelikof Strait, the extremely high co-
ncentration of fish and low rate of water transport
in the bottom layer may accelerate depletion of DO.
Evidence for oxygen depletion was found in the la-
rge variance in DO concentration at 200 m in Ma-
rch 1981 (Kim, 1987). If walleye pollock tend to
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avoid low oxygen as shown by other fish (e.g.,
Whitmore et al, 1960), the oxygen gradients could
possible result in small scale movements in Sheli-
kof Strait.

The geographic, meteorologic, and oceanographic
characteristics of Shelikof Strait interact to make
the area an optimal spawning ground for walleye
pollock during early April. The environment is fa-
vorable for spawners as well as eggs and larvae.
Adult walleye pollock can access the area easily (i.
e., no geographical or environmental barriers), and
the chance of survival of offspring is good. Mature
walleye pollock enter lower Shelikof Strait from the
continental slope through a deep interconnecting
trough. In general, they follow the intrusion of
slope water to near the deep, central part of the
strait where inflow current is minimal. The bulk of
spawning activity occurs in this area. Spawned eggs

157°W 156° 155° 154°

153° 157° W 156° 155°

experience little water transport until they app-
roach hatching. At that time they rise through the
water column into the surface layer where they
encounter a southwesterly flow that transports the
early larval stages into bays/shallows to the west
of the strait, and many young walleye pollock re-
side in these nursery areas along the peninsula for
much of their first year of life (Walters et al, 19
85). In addition, the spawning time of walleye pol-
lock is the transition period for the abiotic environ-
ment. Reduced precipitation and river runoff as
well as weak wind strength during the spring (Ma-
rch~May) in the northern Gulf of Alkaska result
in reduced baroclinic water transport and current
speed in the upper layer in Shelikof Strait (Schu-
macher and Reed, 1980). Also, beginning in April,
as the days lengthen, the photic zone deepens, the
mixed layer depth becomes shallower and the sur-

b 58°30N

57°30

56° 30

55° 30

- 58°30N

57°30

+ 56° 30

_______________________ + 55° 30
154° 153°157°W156° 155° 154° 153°

Fig. 8. The spawning area separation that shows statistically significant difference in spawning intensity based
on (a) acoustic survey data and () ichthyoplankton survey data. The order of strength of spawning activity
is indicated by black (strongest), gridding, and stippling (most weak).
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face layer warms up. These are basic conditions for
the spring phytoplankton bloom, that is, when the
critical depth is equal to the mixed layer depth or
mixed layer depth becomes shallower than critical
depth, the spring bloom commences (Sverdrup, 19
53), which in turn, provides the basis for zooplank-
ton production. Haldorson et al. (1989) recently
observed the coincidence of spawning time of wal-
leye pollock and the spring bloom in Auke Bay,
Alaska. They argued that the spawning of walleye
pollock might use light reduction as a spawning
cue, and rapid light reduction due to phytoplankton
bloom is the strongest environmental signal for de-
mersal fish. If everything goes normally, such phy-
sical and biological changes in the environment are
beneficial to the early life stages of walleye pollock
spawned at this time, since they can avoid being
flushed out of the strait, and can find food easily.
Therefore, from an ecological point of view, the
spawning time and location of walleye pollock is
well adapted to average oceanic transport processes
and larval feeding conditions in Shelikof Strait.
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