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Abstract

The waters around the Pribilof Islands, in the southeast Bering Sea, are a main nursery area for age-0 pollock. Each
summer, the islands are surrounded by a well-mixed inshore region, separated from a stratified offshore region by a
frontal zone. To study the spatial distribution of age-0 pollock around this frontal structure in relation to physical and
biological factors that are likely to influence it, such as advection, age-0 pollock feeding, and predation, samples were
collected during September of four consecutive years, 1994-97, along two transects. Samples collected included water
column hydrography and currents, acoustic backscatter, and groundfish predator density.

Our analysis suggested that different mechanisms may be involved in controlling age-0 pollock distribution north and
south of the islands. On the shelf area north of the islands, high age-0 pollock density was significantly associated with
areas of high potential for growth only in years or portions of the frontal transect in which predator numbers were
relatively low, indicating the importance of predation in controlling fish distribution in this area. In contrast, south of
the islands, age-0 pollock distribution was associated more with prey availability, which appeared to be determined by
vertical spatial overlap between predators and prey. Moreover, south of the islands, the stronger geostrophic currents,
typical of the slope region, were more likely to affect the overall standing biomass of juvenile pollock, by constantly
advecting fish away from the area.
© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

The age-0 stage of walleye pollock (Theragra
chalcogramma) is a nodal element at both the
population and community levels of the Bering
Sea and Gulf of Alaska (Brodeur and Wilson,
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1996, 1999). In the Gulf of Alaska, the genera-
tional mortality of a typical pollock cohort is
highly correlated with age-0 mortality (Bailey et al.,
1996). In the Bering Sea, cycles of high adult
pollock abundance follow exceptionally high
juvenile stage densities, in particular age-1 densi-
ties, indicating that survival of fish younger than
age-1 has a critical impact on adult recruitment
(Wespestad et al.,, 2000). At the community
level, juvenile pollock are intense consumers of
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zooplankton due to their abundance and feeding
rate (Ciannelli et al., 1998; Brodeur et al., 2000).
Juvenile pollock are also the main prey items of
many fish, marine mammal, and seabird species
(Livingston, 1993; Sinclair et al., 1994; Hunt et al.,
1996).

The waters around the Pribilof Islands provide
habitat for a rich and diverse community in
the southeast Bering Sea. In previous surveys the
Pribilof Islands have been identified as one of the
centers of juvenile pollock abundance (Traynor
and Smith, 1996). Predators upon juvenile pollock,
such as groundfish, seabirds, and marine mam-
mals, as well as pollock prey, such as euphausiids
and copepods, are present at high densities in
regions around the islands (Hunt et al., 1996;
Brodeur et al., 1997; Lang et al., 2000; Flint et al.,
2002). The physical features of the water around
the Pribilof Islands may play an important role in
creating and concentrating such a rich community.
The Islands are the only landmass on the eastern
Bering Sea shelf near the Bering Sea slope. During
summer, tides and winds create a frontal system
around each island (Stabeno et al., 1999). The
frontal system is composed by an inner front that
divides a well-mixed inshore domain from a typical
two-layered thermally stratified offshore domain
(Flint et al., 2002). The inner front may be from
1 km to more than 10 km wide, depending mainly
on the strength of water stratification, wind
forcing and bottom morphology (Stabeno et al.,
1999).

Fronts are an important mechanism through
which habitat heterogeneity is generated in open
seas (Sournia, 1994). Habitat heterogeneity can
have a considerable impact on growth, survival
and distribution of juvenile and adult pelagic fishes
(Brandt, 1993; Munk, 1993; Munk et al., 1999).
Fronts are also important because they aggregate
particles and replenish nutrients in the water
column and thus generate higher than average
biological production (LeFévre, 1986; Franks,
1992; Sournia, 1994).

In spite of the high densities of age-0 pollock
around the Pribilof Islands, the major factors
affecting their distribution and survival are still
unknown. Given the co-occurring high density of
prey and predators, it is possible that growth-

related factors, as well as predation, are competing
to control the distribution and survival of age-0
pollock (Ciannelli, in press). Also, because of the
spatial heterogeneity associated with the frontal
structure, it is possible that local events, on the
scale of 1-10km, play an important role in age-0
pollock population ecology (Brandt, 1993; Cian-
nelli, in press). Our objective was to examine the
distribution of age-0 pollock around the islands in
relation to physical and biological features that are
likely to have an impact on fish distributions and
that were available to us. Specific features inves-
tigated included ambient fish growth potential
estimated from bioenergetics modeling, advection
potential inferred from tidal and geostrophic
currents, and groundfish predator density and
distribution inferred from bottom trawls.

2. Methods
2.1. Study site

We examined 4 years of sampling, 1994-1997,
along transect Lines A and D (Fig. 1). These lines
lie within different bathymetric domains. Line A is
north of St. Paul Island, in the middle domain of
the Bering Sea shelf. Depth along Line A ranges
from 30 m at the south end to 65-70 m at the north
end. Line D extends south from St. George Island
to the Bering Sea slope and intersects Pribilof
Canyon, which intrudes northward onto the shelf
(Fig. 1). Depth along Line D starts at 40 m near
the island and quickly descends offshore to more
than 300m near the Pribilof Canyon. Surveys
along these lines took place during the first half of
September. Data collected included water column
properties, acoustic backscatter, zooplankton and
age-0 pollock densities, and in some years and
locations, groundfish predator densities.

2.2. Hydrography, currents and advection of fish
and zooplankton

Water-column properties were measured with
conductivity temperature depth (CTD) casts made
prior to conducting acoustic and biological sam-
pling (Stabeno et al., 1999). We calculated the
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Fig. 1. Study area and sampled transect lines around the Pribilof Islands.

geostrophic currents perpendicular to each trans-
ect from the variation in dynamic height obtained
from the salinity and temperature data from each
cast. Geostrophic currents from 1994 both Lines A
and D and from 1996 Line D only were not
included in the analysis because CTD casts for
these year and transect subsets were questionable
due to the presence of salinity spikes. Tides can
adversely affect geostrophic calculations, espe-
cially if the variation in tidal height is much
greater at one end of the transect than the other.
To minimize the effect of tides on the geostrophic
calculations we used pairs of neighboring casts
that were occupied an hour or less apart.

In addition to geostrophic flow, we used records
of current meters deployed near the Pribilof
Islands to predict tidal currents in the area. For
the region north of St. Paul Island, we used a

current meter deployed at 25m of water, in place
from September 1995 to August 1996. Tides south
of St. George Island were calculated from a
current meter deployed at 100 m of water in place
from April to September 1999. Current records for
both lines were long enough to obtain sufficient
tidal coefficients to predict the tides during other
years.

Estimated geostrophic current velocities were
used to assess fish and zooplankton advection
during the course of a day. This analysis was made
only for 1995, when we had a favorable combina-
tions of CTD and acoustic passes along both lines.
We first estimated the depth of the organisms
during each hour of their diel migratory cycle
using the acoustic records. Next, we estimated fish
and zooplankton net 24-hour geostrophic displa-
cement (hereafter, geostrophic advection) from the
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estimates of geostrophic current velocities. Tides
were not included in the geostrophic advection
analysis because tidal flow was relatively constant
with depth, so that fish and zooplankton at their
respective depths experienced roughly the same
tidal velocity.

2.3. Age-0 pollock and zooplankton distribution

Age-0 pollock and zooplankton distributions
were detected acoustically using a SIMRAD EK-
500 echosounder system at three frequencies (38,
120 and 200kHz) in 1994 and 1995 and two
frequencies (38 and 120kHz) in 1996 and 1997.
Two passes along Line A and one along Line D
were conducted in 1994, five passes along Line A
and two along Line D were conducted in 1995,
four passes along Line A and two along Line D
were conducted in both 1996 and 1997. Line A
required about 3h and Line D <2h to complete
each pass. Multiple hydroacoustic passes along the
same line were alternated between day and night
and were usually completed within 3 days, except
for the 1995 pass along Line A, in which two sets
of day—night runs were separated by 5 days.

Signal processing analyses were used to distin-
guish between zooplankton and fish, based mainly
on differences in backscatter properties between
the two classes of organisms at the different
frequencies (Swartzman et al., 1999a,b). Fish
acoustic density was calculated by integrating all
acoustic backscatter attributable to age-0 pollock
along a 42-m vertical bin, divided by the depth at
location. In this paper, the term ‘“‘acoustic density”
refers to the density index derived from acoustic
data, as described above. Also, age-0 pollock have
been shown to dominate the numerical catch of
midwater trawls in all areas and years, comprising
more than 90% of total fish number caught
(Brodeur et al., 1997, 2002). Therefore in the
following sections the terms “fish” and “juvenile
pollock™ are used interchangeably, and refer to
age-0 walleye pollock.

2.4. Bioenergetic potential for growth

The bioenergetics model used to estimate age-0
pollock spatially explicit growth along the trans-

ects is described in Ciannelli (in press). Here we
briefly reiterate the most important aspect of the
model. The general bioenergetics model is based
on the Winberg (1956) balanced energetics equa-
tion, in which, for a non-reproductive fish, all
energy ingested (/) is allocated between metabo-
lism (M), egestion (F), excretion (U), and growth
(G):

G=I-M—-F-U.

The above equation is composed by two sub-
models, a foraging model to calculate fish con-
sumption (/) and a bioenergetics model to allocate
consumption between metabolism (M), egestion
(F), and excretion (U). We used the Gerristen and
Strickler (1976) forage model adapted to juvenile
pollock (Ciannelli, in press) to calculate fish
consumption. We used the Ciannelli et al. (1998)
age-0 pollock bioenergetics model to partition
consumption into growth and other metabolic
output. The model is made spatially explicit by
applying it to many different portions of the
environment (Brandt et al., 1992). Such portions
of the environment, termed cells, differ from each
other by specific physical and biological variables,
including temperature, prey density, fish length,
and diet composition. In this study, the model is
used to predict age-0 pollock growth only within
their observed distribution, thus the output should
be regarded more as an estimate of fish realized
growth rather than and estimate of habitat
potential growth.

In each year examined, fish growth potential
was calculated over an average zooplankton
distribution by transect. For each line, the yearly
averaged zooplankton distribution was derived
over depth and among multiple passes of the
investigated year and transect. By doing so, the
average zooplankton transect lost its diel and
vertical variability, and preserved the horizontal
variability. However, fish growth potential did
preserve vertical variability, due to temperature
differences throughout the water column. The
assumption applied in deriving the average
zooplankton distribution transect was that
even if zooplankters were vertically distinct
from a particular fish school for part of the
day, they would eventually overlap with the
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school, due to the diel vertical migration of
zooplankton (Swartzman et al., 1999b; Schabets-
berger et al., 2000).

Age-0 pollock growth potential was not esti-
mated along Line D during 1994 and 1997; in 1994
temperature data were incomplete and in 1997
there were too few fish in the water column to
extrapolate an estimate of ambient growth in the
areas occupied by fish schools.

Empirical data on fish biomass and esti-
mated potential for growth, both averaged by
distance bins, were correlated against each other
to study the degree of spatial dependence
between fish distribution and their potential for
growth. Bin length in the correlation analysis
was 2500m on Line A and 1500m on Line D.
The statistical model used for this analysis was
linear:

Fish biomass =k + k, GP + error,

where k| and k; are the model intercept and slope,
respectively.

2.5. Groundfish distribution

The main groundfish predators of age-0 pollock
were arrowtooth flounder (Atheresthes stomias)
and adult pollock based upon an analysis con-
ducted during the same sampling season and for
the same area considered in this study (Lang et al.,
2000). In our study, groundfish predators were
collected in a nylon Nor’eastern bottom trawls
with 1.5 x 2.1-m steel doors without roller gear.
The mean effective path width of the bottom trawl
was estimated to be 13.4m with a mean vertical
opening of 9.2m. Mesh size of the net varied
between 13 cm in the forward part to 8.9 cm in the
codend (Lang et al., 2000). Catches were reported
as a standardized biomass by volume sampled.
Along Line A in 1994, there was only one bottom
trawl station done at the inshore region, while in
1995 and 1996, each habitat had from 1 to 8
bottom trawls. Along Line D, bottom trawls were
performed only in the offshore region in 1995, in
the inshore and offshore region in 1994 and in the
frontal region in 1996.

3. Results

3.1. Hydrography, currents and geostrophic
advection of fish and zooplankton

Along Line D, the inshore water column was
often stratified because the closest-to-shore station
was often deeper than the depth (50m) at which
tidal currents and winds were able to mix the water
column (Fig.2). In contrast, Line A always
crossed the inner front, which separated a strati-
fied offshore region from a well-mixed inshore
region. Among all years included in this study,
1995 stands out as anomalously cold. In 1995,
bottom temperatures on both Lines A and D were
at least 2°C colder than in other years, and depth
of the thermocline was about 10 m shallower than
in any other year (Fig.2). Moreover, in 1995
bottom and top layer temperatures in the offshore
stratified region of A differed by about 8°C, while
in other years they differed by about 6°C.

Currents at a depth of 25m north of St. Paul
Island were almost exclusively tidal; 54% of the
current variance was at semidiurnal frequencies
and 37% was at diurnal frequencies. Tides were
the largest component of currents throughout Line
A (Fig. 3), but their magnitude decreased with
distance from the shore (Kowalik and Stabeno,
1999). These authors show that although there was
little change in the phase of two major tidal
constituents (M2 and K1) along Line A, the
maximum velocity associated with each compo-
nent decreased to roughly 60-62% of its nearshore
value by the north end of the transect. Current
records on Line D were less strongly tidal than the
site north of St. Paul Island, with about 20% of
the current variance at diurnal and 15% at
semidiurnal tidal frequencies (Fig. 3). The decrease
in the relative tidal importance of Line D
compared to Line A, is due in part to the
proximity of the site to the shelf break and the
Bering Slope Current; Kowalik and Stabeno
(1999) show that the M2 and K1 tidal velocities
more than doubled closer to St. George Island.

Unlike tidal currents, geostrophic currents along
Line D were stronger than along Line A (Figs. 4a
and b). Along Line D flow occurred in bands
roughly 10 km wide and went mainly to the west at



6114

L. Ciannelli et al. | Deep-Sea Research II 49 (2002) 6109—6126

Temperature (°C)

0 2 4 6 8 10 12
0] il
-
o
:|)
20 1 H
4
_ if
40 3)
!
60 T
E
= 80 Line A, Inshore
Q.
[}
(a]
0 2 4 6 8 10 12
0 1
40 1
80 1
120 1
160 -

Line D, Inshore

8 10 12

20 1

120 1

160 -

Line D, Offshore

Fig. 2. Temperature profiles in late summer 1994-97 along Line A (top figures) and Line D (bottom figures) at an inshore (left figures)

and offshore (right figures) site.

magnitudes greater than 15cms~'. There were

narrow bands of weak eastward flow toward the
nearshore area. Geostrophic flow along Line A
was about 5cms ™! in both eastward and westward
components (Fig. 4a).

Two patterns emerged from the geostrophic
advection analysis of fish and zooplankton. First,
total 24-hour geostrophic advection of fish and
zooplankton along Line D was greater than along
Line A; on Line A it ranged between 0.4 and

52kmd~", while on Line D it ranged between 0
and 15.5kmd " (Fig. 5). Second, fish geostrophic
advection was always greater than zooplankton
geostrophic advection, especially along Line D.
North of St. Paul Island, the maximum difference
between fish and zooplankton advection was
about 1.7kmd~' while south of St. George
Island, in the core of the westward flow, the
maximum difference between the two net advec-
tions was 5.2kmd .
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with respect to Alaska daytime.

3.2. Age-0 pollock and zooplankton distribution along the transects showed high year-to-year
variability, especially along Line A (Fig. 6). In

Zooplankton acoustic density along both trans- 1994 on Line A, peak acoustic densities of age-0
ects was consistently higher toward the offshore pollock were associated with the central portion of

region. In contrast, distribution of fish density the transect (15-35km from start), where on
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average densities values were two to three times inshore portion of the transect (less than 20 km
higher than on either side. In 1995 fish acoustic from start) than in the offshore part. In both 1996
density was 1-2 orders of magnitude higher in the and 1997 fish acoustic density remained constant
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During all years, fish density was from two to
three times lower along Line D than along Line A.

6). Furthermore, on Line D, year-to-year variation in
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fish acoustic density along the transect was not as
pronounced as on Line A (Fig. 6). Generally on
Line D, fish acoustic density was consistently two
to three times higher in the first 10-15km of the
transect than further offshore. One exception
occurred in 1995, when there was a peak density

in the offshore region during the night hydro-
acoustic pass (Swartzman et al., 1999b). The
distribution of fish biomass described in this study
for both lines was independently corroborated
with midwater net samples reported in Brodeur
et al. (2003).
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Fig. 6. Hydroacoustic biomass distribution of age-0 pollock (solid line) and zooplankton (dashed-dot line) along Line A (left panel)

and Line D (right panel) during 1994-97.

3.3. Bioenergetics potential for growth

Age-0 pollock residing in the offshore portions
of both lines had growth potential that were two to
three times higher than fish residing in any other
parts of the surveyed transects (Fig.7). We
estimated the highest fish growth potential on
Line A during 1994, and the lowest, again on Line
A, during 1996. In 1994 in most locations of Line
A, age-0 pollock growth potential was more than
twice the average value of all years and transects
(gross average, hereafter). Fish growth potential
was most strongly affected by habitat type on Line
A in 1995, when it was consistently low for all fish
schools residing in first 5-10km of waters and
progressively reached a 4-fold increase toward the
offshore portion of the transect (Fig. 7).

Along Line D, the lowest estimated fish growth
potential also occurred in 1996, but only within the
shoreward section of the transect (15-20km)
(Fig. 7). Beyond 20km from the transect start,
corresponding to the Bering Sea shelf edge, fish
growth potential showed a 4-fold increase, and
reached values equal and occasionally twice as
high as the gross average growth potential. In
1995, estimated fish growth potential was about
half that of gross average and remained so along
the whole transect. Although we do not have
estimates of fish growth potential along Line D in
1997, we would expect potential for fish growth to
be higher in the offshore region due to the high
density of zooplankton found there (Fig. 6).

Results of correlation analysis between
binned fish acoustic biomass and growth potential
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growth (see text).

Table 1

Correlation indices (R) and probability values (P) of regressions
between predicted age-0 pollock ambient growth and acoustic
biomass along sampling transects A and D in 1994-97

Year Line A Line D

R P R P
1994 0.57 0.008 —
1995 —0.43 0.057 0.23 0.352
1996 —0.21 0.444 —0.67 0.001
1997 0.63 0.016 — —

Data points included in the regression analysis are average
values obtained from 2500 m vertical bins along Line A and
1500 m vertical bins along Line D.

varied according to year and transects (Table 1).
Correlation was not significant in 1996 along
Line A and in 1995 along Line D. The cor-
relation was significantly negative on Line D
in 1996 and only marginally significantly negative
on Line A in 1995, while it was significantly
positive on Line A in both 1994 and 1996
(Table 1).

3.4. Groundfish distribution

Estimates of groundfish predator biomass
changed according to habitat type, year and
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Table 2
Combined arrowtooth flounder and adult pollock standardized catch (kg ha™>) from bottom trawls along Line A and D during 1994—
97 surveys
Year Line A Line D
Inshore Front Offshore Inshore Front Offshore

1994 CPUE 0.0 NA NA 0.00 NA 7525.9

N 1 — — 1 — 4

SE — — — — — 4328.2
1995 CPUE 4.6 545.8 1931.6 NA NA 1812.1

N 2 2 2 — — 5

SE 1.2 217.7 154.7 — — 319.0
1996 CPUE 0.0 97.9 698.8 NA 47.2 NA

N 1 8 2 — 1 —

SE — 76.7 8.4 — — —
1997 CPUE NA NA NA NA NA 971.7

N — — — — — 1

SE — — — — — —

Sample size (V) and standard error of the catch (SE) are also included.

transect. Unfortunately, our sample size and
coverage were neither sufficient nor balanced
enough to sustain any statistical test on the
groundfish catch data, thus results cannot be
statistically validated. Moreover, the spatial reso-
lution at which groundfish data were collected
(hydrographic habitat) is lower than the resolution
of acoustic zooplankton and fish data (patch
and school) and therefore we can only infer
regional-scale interactions between age-0 pollock
and their predators. Nonetheless, several impor-
tant trends emerged from the data on groundfish
catches. First, within-line groundfish biomass
tended to increase toward the offshore region.
On Line A in 1995, for example, offshore
groundfish biomass was 4 times higher than
frontal biomass, which in turn was 10 times higher
than inshore biomass (Table 2). There was also an
indication of a similar inshore—offshore trend
along Line D, but on trawls conducted during
different years along different portions of the
transect (Table 2). Second, groundfish biomass
drastically changed from year-to-year; in 1995 on
Line A, groundfish average biomass was up to 5
times higher than that observed in 1996 along the
same line, and in 1994 in the offshore region of
Line D, groundfish biomass was 4 times higher
than in 1995.

4. Discussion
4.1. Hydrography

Hydrography of the water around the Pribilof
Islands was substantially different in only one of
the 4 years of this study, i.e. 1995 (Fig. 2). During
the winter of 1995, sea ice was present near St.
Paul Island for 10 weeks, and retreated only in late
April. This caused an extensive cooling of the
bottom layer—cooling that persisted through the
summer and resulted in a relatively sharp pycno-
cline. The sharp density gradient observed in 1995
also resulted in a greater differentiation of the
inshore mixed region from the offshore-stratified
region and in a shallow thermocline. In all other
years, the water column overall was warmer and
differentiation between bottom and top layers was
weaker (Stabeno et al., 1999).

4.2. Processes on Line A

Correlation analysis between fish density dis-
tribution and fish growth potential seems to
explain only part of the interannual variability in
age-0 pollock distribution along A. We found two
instances of positive correlation—in 1994 and
1997—which suggests that in these 2 years, age-0
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pollock distribution was affected by their potential
for growth. However, no significant correlation
was found in 1996 while an indication of negative
correlation was found in 1995. We suggest that the
absence of correlation along Line A in 1996 was a
consequence of the exceptionally low zooplankton
abundance encountered during this year; most of
the fish schools were exposed to areas with no food
and thus were experiencing equally low potential
for growth. In such a scenario where many patches
have similar low values of growth potential, it is
unlikely that a correlation analysis would be
significant.

Particular attention should be devoted to year
1995, when there was an indication of negative
correlation between age-0 pollock density and
their potential growth along Line A. During 1995,
most of the zooplankton was in the offshore region
of Line A, while most of the age-0 pollock were in
the inshore region (Fig. 6). The question is what
prevented age-0 pollock from moving to the
offshore region, where there appears to be plenti-
ful food and high potential for growth?

We believe that age-0 pollock in 1995 might
have been excluded from the offshore region due
to high predation risk or mortality, and forced to
remain at higher density in the inshore region in
spite of sub-optimal growth conditions. We favor
the predation hypothesis based on the following
three lines of evidence. First, adult pollock and
arrowtooth flounder biomass was extremely high
in offshore region of Line A in 1995; offshore
biomass in 1995 was 3 times higher than in 1996
(Table 2). Adult pollock are a cold-adapted species
and during summer are usually confined to water
of less than 5°C, which explains their higher
abundance in the outer shelf during 1995. Second,
adult pollock and arrowtooth flounder are vor-
acious predators upon age-0 pollock. From a field
study (Lang et al., 2000) done during 1995 and
1996 on Line A, age-0 pollock comprised 40-80%
of adult pollock diet and 60-80% of arrowtooth
flounder diet by weight. Third, in 1995 the
divergence between age-0 pollock distribution
and their potential for growth occurred only in
areas where groundfish predator density was high.
For example, on Line A within the inshore region
where groundfish predation risk was considerably

lower than elsewhere, age-0 pollock occupied areas
of highest possible potential for growth. This is
evidenced by a high positive correlation between
fish biomass and fish growth potential in the first
18 km of the transect (R = 0.9, P = 0.002). Age-0
pollock biomass and fish growth potential started
to diverge beyond 18km (compare Figs. 6 and
7)—the location at which cooler offshore waters
infiltrated inshore waters (Stabeno et al., 1999) and
groundfish catches started to increase (Table 2).

One might argue that if age-0 pollock remained
in the top layer, as they did in 1995 but only in
small numbers, they would avoid groundfish
predation. In fact, since the top layer in 1995
was extremely shallow and easily saturated, the
predation avoidance hypothesis may explain the
observed lack of fish diel vertical migration during
this year and location (Table 3). However, such a
strategy should meet with only limited success
since restriction of occurrence to only the shallow
surface waters would result in high predation risk
from seabirds, which are abundant in the area and
generally forage in the upper water column (Hunt
et al., 1996; Swartzman and Hunt, 2000).

It is difficult to determine whether low age-0
pollock densities observed on offshore Line A in
1995 were a consequence of direct habitat avoid-
ance or increased predation mortality. However, it
is not uncommon that fish reside in high numbers
in areas of sub-optimal growth conditions. Preda-
tion is one of the principal factors involved in
explaining avoidance of energetically favorable
habitats (see Sogard, 1994, for a review). Specifi-
cally for walleye pollock, juveniles do not verti-
cally migrate to bottom cold waters in the presence
of high adult pollock density (Bailey, 1989), thus
reducing their potential to grow faster via beha-
vioral thermoregulation (Sogard and Olla, 1996;
Ciannelli et al., 1998).

4.3. Processes on Line D

In all years, we found higher age-0 pollock
biomass on Line A than on Line D, in spite of
similar and occasionally higher (1996) zooplank-
ton acoustic biomass (Fig. 6) and estimated fish
growth potential of Line D (Fig. 7). It is possible
that age-0 pollock were constantly advected from
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Table 3
Age-0 pollock (fish) and zooplankton (zoop) mean depths during 1994-1999, for each transect and habitat for both day (D) and night
(N)
Year Time of day Line A Line D
Inshore Front Offshore Shelf Slope
Fish Zoop Fish Zoop Fish Zoop Fish Zoop Fish Zoop
1994 N 21 29 21 29 25 40 NA NA NA NA
D 24 31 31 41 45 54 NA NA NA NA
1995 N 20 28 24 23 23 26 35 38 24 34
D 33 34 33 47 23 62 41 87 39 35
1996 N 23 26 33 48 36 59 28 40 37 98
D 30 43 36 35 35 41 54 73 61 142
1997 N 22 18 30 47 28 55 NA NA NA NA
D 35 42 45 44 44 42 NA NA NA NA

Mean depths were derived from hydroacoustic data. NA signifies that there were not sufficient data to derive a diel fish or zooplankton

mean depth.

Line D as a result of strong unidirectional
geostrophic flow across most of this transect
(Fig. 5). While at any given time measured
standing biomass was low, actual biomass of fish
passing through the system could have been
substantially higher. Zooplankton may have been
able to minimize advection by vertically migrating
to depths where flow was slower. In all years
considered, as well as in 1998 and 1999, daytime
zooplankton patches were considerably deeper
than fish schools (Table 3), often reaching depths
greater than 120 m where potential geostrophic
advection is drastically reduced (Fig. 5).

We did not find a positive correlation between
fish acoustic biomass and growth potential along
Line D. To increase their potential for growth on
this transect, fish should have resided in the
offshore region where higher zooplankton density
was usually found and where we estimated the
highest potential for fish growth (Fig. 7). However,
in estimating potential growth, we assumed that
zooplankton were equally available to fish
throughout the whole depth of the transect. While
this assumption was met on Line A where fish and
zooplankton often overlapped due to the shallow
bathymetry, it was not satisfied on Line D, where
the bottom was deeper and where zooplankton

could remain below fish. For example, both fish
and zooplankton were actively migrating along the
offshore portion of D in 1996, but at their closest
proximity, peak zooplankton abundance was still
deeper than fish peak abundance by at least 60 m
(Table 3). Thus, in 1996, the high zooplankton
biomass of the offshore region was probably
unavailable to age-0 pollock, making growth
potential for the area lower than was estimated.
This hypothesis is supported by the low body
condition of the offshore fish and by the low
percentage of euphausiids represented in their diet
(16.75%) compared to fish found inshore
(85.33%) or at the front (43.97%) (Brodeur et al.,
2002). However, euphausiids were scarcely repre-
sented in midwater samples collected in the same
year and transect (Brodeur et al., 2003), which
could also explain the relatively low percentage of
euphausiids found in age-0 pollock diet.

Similar processes might have also occurred
along Line D in 1995 in that prey were more
readily available to fish residing over the shelf area
than to offshore fish, although to a lesser degree
than in 1996. During 1995, peak zooplankton
and fish abundance were separated by 5-10m
(Table 3), thus increased their vertical spa-
tial overlap with respect to the 1996 scenario.
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Euphausiids in 1995 were well represented in the
diet of offshore fish (76.4%). The better accessi-
bility of prey items in the offshore region during
1995 also might explain the higher abundance of
age-0 pollock found in this region compared to
previous years (Fig. 2).

4.4. Summary

In this study, we found a lack of consistent age-0
pollock habitat association across years and
among transects, similar to that found by Brodeur
et al. (2002). This suggests that different factors
intervene in regulating age-0 pollock distribution
north and south of the islands and that the relative
importance of various factors may vary between
years.

We propose that on Line A, groundfish preda-
tion has a primary role in setting age-0 pollock
distribution, due to the shallow bathymetry that
co-locates predators and prey. Groundfish pre-
dator distribution may be mainly affected by water
column hydrography: in cold years, such as in
1995, the extent of viable groundfish habitat is
increased. Increased incursion of groundfish pre-
dators into shallower areas reduces the extent of
juvenile pollock habitat. In contrast, during warm
water years when groundfish predator density is
reduced north of the islands, age-0 pollock are able
to occupy areas of high growth potential, as they
also do within areas for which groundfish preda-
tion threat is minimal, such as the inshore and
frontal regions in 1995.

Our proposed mechanism for Line A was
independently corroborated by a similar study on
juvenile pollock distribution around the Pribilof
Islands conducted by Evans (1992) during mid-
August 1987-88. Evans found that habitat effect
on juvenile pollock distribution along a transect
line north of St. Paul (analogous to our Line A)
was significant only in 1988. Moreover, it was
found that the density of age-0 pollock in the
middle zone of the transect was 5 times higher in
1988,than in the deeper zone, while in 1987 there
was no significant difference in age-0 pollock
density between the deep and middle zones.
Hydrographic features measured along the same
line and years indicated that 1988 was indeed a

colder year, and bottom offshore waters were on
average 1.1°C colder than in 1987, corroborating
our finding that in colder years juvenile pollock are
forced closer to the island.

Along Line D, we propose that prey accessibility
has the primary role in determining the distribu-
tion of juvenile pollock. Prey accessibility is
affected by the extent of vertical spatial overlap
between juvenile pollock and their prey. Vertical
spatial overlap can be severely reduced in the
offshore region of Line D due to the greater depth
of the area, and to the fact that zooplankton are
capable of much deeper migrations than fish,
which are probably limited by predation or other
factors such as physiological constraints.

Other potential processes, affecting age-0 pol-
lock distribution, have not been considered in this
study. For example, we have not considered the
role of jellyfish in age-0 pollock distribution.
Jellyfish constitute the bulk of the pelagic biomass
around the Pribilof Islands (Schabetsberger et al.,
2000; Brodeur et al., 2002) and age-0 pollock are
often found in association with them (Brodeur,
1998). Medusae are known to feed on juvenile
pollock and consume many of the same prey
(Brodeur et al.,, 2002). Other potential age-0
pollock predators such as seabirds and marine
mammals (Sinclair et al., 1994; Hunt et al., 1996;
Swartzman and Hunt, 2000) have likewise not
been included. Competition from other forage
species might also play an important role in age-0
pollock distribution, especially in the slope area of
Line D where bathylagid and myctophid fish are
abundant (Sinclair and Stabeno, 2002). However
in most areas, juvenile pollock comprised up to
95% of the water-column fish densities collected in
trawls (Brodeur et al., 1997).

This study generates several new research
questions. What is the prevailing mechanism
(habitat avoidance versus predation mortality)
that causes age-0 pollock low densities in areas
at high groundfish predator abundance? How are
prey density and production potential related to
age-0 pollock foraging demand? Does this relation
change in years in which age-0 pollock are
hindered from reaching areas of high zooplankton
density? And finally, what are the consequences of
reduced prey accessibility on the capability of
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juvenile pollock to grow and store enough energy
to survive the upcoming winter season?
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