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Abstract

The Pribilof Islands region is recognized to be a major nursery for age-0 walleye pollock (Theragra chalcogramma) in the
eastern Bering Sea. However, the Pribilof Islands’ importance for the recruitment of pollock in the Bering Sea has not been
quantified. In this paper, we define the geographic extent of the Pribilof Islands region based on ocean circulation, location of
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f acoustically determined age-0 pollock are compared between the Pribilof Islands and the Inner Front of the easter
ea, for the summers of 1997–1999. Net samples collected during surveys in 1995–2002 are used to compare the abu
ge-0 pollock in the Pribilof Islands region to locations eastward along the Bering Sea shelf.
We found densities of age-0 pollock near the Pribilof Islands to be generally higher than on the surrounding shelf, and

r non-significantly different from the Inner Front. Through synthesis of our data and inferences of pollock growth and mo
e estimate the Pribilof Islands region to have comprised 12.5% (1997), 53.7% (1998), and 24.7% (1999) of the total
ge-0 pollock in the eastern Bering Sea. Since the Pribilof Islands region comprises only 14% of the total eastern Be
rea, evidence is given that a disproportionally large fraction of the age-0 pollock population inhabits the Pribilof Islands n
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1. Introduction

Bering Sea walleye pollock (Theragra chalco-
gramma) sustains one of the largest commerci
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fisheries in the world, averaging between 0.9 and
2.2 million metric tonnes annually since 1977 (Ianelli
et al., 2003). Management of the fishery is based
on annual stock assessments utilizing bottom-trawl
and acoustic surveys, observer data, and virtual pop-
ulation analysis (VPA) models (Ianelli et al., 2003).
Concurrently, increased recognition that year-class
strength of a pollock stock is determined primarily
through conditions affecting the pre-recruit, juvenile
stages (Bailey et al., 1996a; Bailey, 2000; Hunt et al.,
2002; Hunt and Stabeno, 2002), has led to the goal
of developing indices for pre-recruit pollock abun-
dance (Macklin et al., 2002; Swartzman et al., 2002).
The Pribilof Islands region of the eastern Bering Sea
has been identified as a major nursery area for age-
0 pollock (Brodeur and Wilson, 1999; Brodeur et al.,
2002), and particular interest is given to the question
of whether age-0 abundance around the Pribilof Islands
could be used as an advanced indicator for large adult
year-classes of pollock (Swartzman et al., 2002).

Evidence pointing to the Pribilof Islands as a major
nursery for Bering Sea pollock can be summarized by
the following five factors:

(1) High primary and secondary production around
the Pribilof Islands associated with the Bering Sea
green belt (Springer et al., 1996).

(2) A prevailing current moving northwest along the
Bering Sea shelf break toward the Pribilof Islands
(drifter studies:Stabeno et al., 2002), which can
deliver pollock larvae from major spawning areas
near Bogoslof Island and Unimak Pass to the Pri-
bilof region by summer.

(3) The existence of a clockwise circulation pattern
around the Pribilof Islands, which can retain young
fish near the Pribilof Islands (Kowalik and Stabeno,
1999; Stabeno et al., 1999).

(4) The great abundance of piscivorous seabirds
(Decker and Hunt, 1996) and marine mammals
(Baretta and Hunt, 1994; Robson, 2002) that breed
and feed in the Pribilof Islands region, and have di-
ets dominated by pollock (Dragoo et al., 2000).

(5) The presence of pollock spawning areas near the
Pribilof Islands (e.g., Pribilof Canyon) that can de-
liver pollock larvae to the Pribilof region earlier
than those arriving by drift along the shelf break
(Napp et al., 2000).
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Traynor and Smith (1996)and Nishimura et al.
(1996) found higher than average abundance of
juvenile pollock around the Pribilof Islands during
summer. However, given the large expanse of the
eastern Bering Sea on a shallow continental shelf, and
the year-to-year variability of its environment, other
nursery areas may be equivalently productive, and it
is not a certain premise that the Pribilof Islands region
plays a dominant role. This paper examines the impor-
tance of the Pribilof Islands region as a pollock nursery,
by comparing the acoustically determined abundance
and distribution of age-0 pollock between the Pribilof
Islands and the Bering Sea Inner Front. The Pribilof
Islands and Inner Front are characterized by similar
oceanographic structure (Brodeur et al., 2002; Kachel
et al., 2002), but considerably different spatial extent
(e.g.,Fig. 1). Comparing these two areas will address
the question of whether the relatively small Pribilof
Islands region is potentially suitable as an indicator for
the much larger Bering Sea ecosystem. Furthermore,
we used net survey data to compare age-0 pollock
abundance near the Pribilof Islands with abundance in
areas eastward along the Bering Sea shelf.

We synthesized these comparisons to estimate over
3 years (1997–1999), the percentage of the total eastern
Bering Sea age-0 pollock population originating from
the Pribilof Islands region. Our objectives are to quan-
tify the contribution of the Pribilof Islands as a pollock
nursery and to examine similarities and differences in
the distribution of age-0 pollock among the frontal re-
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surveys, with concomitant physical and biological sam-
pling, were taken along-transects representative of dif-
ferent habitats around the Pribilof Islands (Swartzman
et al., 2002). Acoustic and biological surveys of the
Inner Front were conducted between late July and early
September of 1997–1999, through sponsorship of the
National Science Foundation (Coyle and Pinchuk,
2002). Net samples for age-0 pollock were taken
during late July of 1995–2002 at stations throughout
the southeast Bering Sea by the Hokkaido Univer-
sity T/S Oshoro Maru (Wilson and Brodeur, 1998;
Napp et al., 2002).

2.2. Pribilof Islands versus Inner Front acoustic
survey comparisons

The acoustic surveys were conducted along study
transects running perpendicular to the bathymetry,
thus sampling three sequential oceanographic habitats:
nearshore (tidally mixed water column); offshore (fully
stratified); and frontal (partially stratified transition
zone between near- and offshore), defined according
to Stabeno et al. (1999). Boundaries between habitats
depend on the degree of vertical mixing, and are
described inCiannelli et al. (2002), Kachel et al.
(2002) and Swartzman et al. (2002). The transects
are shown inFig. 1: north of the Pribilof Islands, and
at four locations along the Inner Front, Port Moller
along the Alaskan peninsula, Slime Bank near Unimak
Pass, Cape Newenham and Nunivak Island off the
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. Data and methods

.1. Sources

The Pribilof Islands ecosystem has been a m
ocus for study as part of the Southeast Bering Sea
ying Capacity Program (SEBSCC) and the Bering
isheries-Oceanography Coordinated Investiga
FOCI) projects (Macklin, 1999; Macklin et al., 2002),
upported by the NOAA coastal ocean program. Du
ate summer of each year from 1994 to 1999, aco
ukon-Kuskokwin river delta.
Acoustic data on the Pribilof Islands surveys w

ollected using a hull-mounted SIMRAD EK-5
plit-beam echo-sounder system operating at
nd 120 kHz, and integrated to horizontal-vert
esolutions of∼9 m× 0.5 m in 1997 and 1999, a
9 m× 1 m in 1998. Fish samples were collec
long the transects with anchovy and Methot tra
nd used to determine fish size and species com

ion. Zooplanktons were collected using a 1-m mult
pening/closing net and environmental sampling

em (MOCNESS) with 500-�m mesh (Schabetsberg
t al., 2000). Conductivity–temperature–depth (CT
rofiles were taken at stations along each tran
urrent information was collected using an acou
oppler current profiler (ADCP) and surface te
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e restricted our analysis to transect line A, no
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of St. Paul Island (Fig. 1), which has been the most
comprehensively studied for juvenile pollock in the
Pribilof Islands region (e.g.,Schabetsberger et al.,
2000; Brodeur et al., 2002; Ciannelli et al., 2002), and
best represents the hydrographic structure typical of
the eastern Bering shelf (Stabeno et al., 1999).

The Inner Front surveys collected acoustic data
with an HTI model 244 split-beam system operating
at 43 and 120 kHz. The transducers were towed beside
the vessel 4 m from the hull and 2 m below the surface.
Echo data were integrated to horizontal-vertical res-
olutions of∼180 m× 2 m in 1997, and∼45 m× 1 m
in 1998 and 1999. CTD and chlorophyll data were
collected at selected locations along the transects.
Biological sampling included 1-m MOCNESS tows
with a 500-�m mesh fished at night for zooplankton
and juvenile fish.

The acoustic data were processed to identify and
quantify shoals of fish. To maximize comparability
of the biomass estimates between the Pribilof Islands
and Inner Front, the same algorithm (Swartzman et
al., 1999, 2002) was applied to both sets of surveys.
All acoustically determined fish shoals were assumed
to be age-0 pollock (Swartzman et al., 2002). This
assumption is justified by the evidence of trawl catches
accompanying both the Pribilof Islands and Inner
Front surveys (Schabetsberger et al., 2000; Coyle and
Pinchuk, 2002; Ciannelli et al., 2002; Swartzman et
al., 2002), with over 95% of midwater trawl biomass
being age-0 pollock.
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m2 m−2) per pixel times pixel area (m2), over all pixels
in the shoal. Acoustic biomass thus represents an index
linear-proportional to the actual biomass of the target
organisms (Swartzman et al., 1999). Acoustic biomass
totals were compared between survey locations, years,
and habitats within each region.

To compare acoustic biomass distributions statisti-
cally, the data were averaged into 250 m along-transect
(full water column) bins. The 250 m standard was
used bySwartzman et al. (1999), who determined that
statistical analyses were not sensitive to bin widths in
the range of 100–1000 m. Mean, median and quartile
values of the 250 m bins are summarized inFig. 2. We
used generalized additive models (GAM;Hastie and
Tibshirani, 1990) to examine the variation in acoustic
biomass as a function of distance along-transect. In
order to standardize between transects having different
lengths (Fig. 1) and to highlight the effect of fronts,
distances were scaled such that the front habitat of
each transect goes from 0 (nearshore boundary) to
1 (offshore boundary) (Fig. 3). We used ANOVA
(analysis of variance) to test the biomass variability
by survey location (random effect), year (random
effect) and habitat (fixed effect), with the acoustic
index values of the 250 m bins as replicate sampling
units. Inner Front acoustic transects were only run
during daytime, and therefore only daytime data were
included for comparison. In the Inner Front surveys,
2–3 parallel transect tracks were occupied in some
locations (Fig. 1), and the Pribilof Islands transect
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Fig. 2. Acoustically derived densities (no. m−3; standardized to 1 September) of age-0 pollock in the Pribilof Islands and Inner Front surveys,
averaged by 250-m horizontal bins across the nearshore tidally mixed (N), transitional front (F), and offshore stratified (O) habitats. The box
plots show the 25–75% quartiles (shaded areas), median (middle bars), and mean values (side bars).

biomass as a function of distance along-transect by
linear regression, then tested for autocorrelation on the
residuals of the regression. Residuals were randomly
permuted 1000 times, and the sum of absolute differ-
ences between consecutive values was calculated for
every permutation. Autocorrelation was considered
significant if fewer than 50 of the 1000 permutations
(i.e., α = 0.05) had sums of absolute differences less
than the sum of absolute differences for the original

vector of residuals. The permutation test was calculated
for lags of 1–4 bins (the resolution of distance in the
model is the 250 m bin length). Of 78 transect-habitats
tested, 59 had significant linear trends, but only 13
showed significant autocorrelation in de-trended
residuals at lag 1, and 6 at lag 4 (∼1 km). We con-
cluded that serial autocorrelation is not an important
factor for these data and proceeded with the ANOVAs
directly.
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Fig. 3. GAM smooths± 1 standard error of the effect of relative distance on age-0 pollock acoustic densities by year and survey location. Vertical
lines on the plots mark the inner (0) and outer (1) boundaries of the hydrographic fronts.

All locations of the Inner Front were not surveyed in
all years. To avoid the problem of empty “cells” (miss-
ing years at some Inner Front sites), separate analyses
were done for blocks of complete data. Pribilof line
A, Nunivak Island, and Slime Bank were surveyed in
1997, 1998 and 1999 for a 3× 3× 3 ANOVA. Cape
Newenham was added in 1998 and 1999; resulting in
a 4× 3× 2 design. Port Moller was further added to
the survey in 1999, giving a 5× 3 ANOVA. Note that
this procedure results in the ANOVAs databases over-
lapping from one test to another (i.e., the tests are not
independent).

2.3. Juvenile pollock trawl survey comparisons

Juvenile pollock were collected in net surveys
across the southeast Bering Sea shelf during late July
1995–2002, aboard T/SOshoro Maru. The survey
grid was fixed (approximately 30 nmi or 54.7 km
between the stations), although not all stations were
sampled every year (e.g.,Fig. 4). The survey used
double oblique tows of a rectangular midwater-framed
trawl (5-m2 mouth opening) with 3 mm× 2 mm oval
mesh in the body of the net and 1 mm mesh in the
cod end. A flow meter mounted in the mouth of the



G. Swartzman et al. / Fisheries Research 74 (2005) 273–287 279

Fig. 4. Distribution of age-0 pollock in July 1995–2002 from trawls taken onboard the T/SOshoro Maru.

net-recorded distance travelled. A count of age-0
pollock was taken immediately after each tow using
either a sub-sample or the entire catch. The catch was
then preserved and sent for further processing to the
Polish Plankton Sorting and Identification Center,
Szczecin. The counts were standardized to 10 m2 area
surveyed (Wilson and Brodeur, 1998).

To compare the abundance of age-0 pollock around
the Pribilof Islands with surrounding areas of the
Bering Sea required specifying the actual areal extent
of the Pribilof Islands region, on ecologically relevant
terms. We chose an area of the shelf having water
depths less than 200 m (i.e., excluding the Bering Sea
basin) and within a 100-nmi radius from the geometric
center of the Pribilof Islands. This 100-nmi boundary
was based on: (1) the size of the slow clockwise gyre
circulating around the Pribilof Islands during summer,

which is thought to retain fish larvae advected from
spawning areas (Stabeno et al., 1999); (2) the range of
shelf break and shelf partition fronts around the Pribilof
Islands (Flint et al., 2002); and (3) the area having the
highest ecological efficiency for age-0 pollock. We de-
fined ecological efficiency as the fraction of the energy
cycled through the age-0 pollock, which was estimated
to come from the region of interest. This was calculated
using the ECOPATH compartment model parameter-
ized to the Bering Sea (Ciannelli et al., 2004). The
model was run with different area parameters (different
radii around the Pribilof Islands). The 100-nmi radius
gave the highest ecological efficiency for the ecosys-
tem, compared to greater or lesser geographic areas.

To examine the hypothesis that abundance of
juvenile pollock is elevated near the Pribilof Islands,
catches within the 100-nmi radius, described above,
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Table 1
Area (km2) for each region in the Eastern Bering Sea (excluding the
basin area)

Region Area (km2)

Nunivak 41329
Inner Front 78703
Pribilof 66000
EBS South 88613
EBS Edge-South 23249
EBS North 88437
EBS Edge-North 79477

were contrasted with catches taken in the rest of the
eastern Bering shelf survey area (Fig. 4). A fourth root
transformation (Downing, 1979) was applied to the
age-0 pollock catch counts to eliminate heteroscedas-
ticity. We then used ANOVAs to test for differences
among years, between the two strata (i.e., within
or without the Pribilof region), and for interactions
between strata and years.

2.4. Proportional contribution of the Pribilof
Islands region

We estimated the proportion of total pollock recruit-
ment in the eastern Bering Sea that can be attributed to
the Pribilof Islands nursery, for the years 1997–1999.
Average density of age-0 pollock in each year was cal-
culated separately for seven regions, subdividing the
eastern Bering Sea, one of which is the Pribilof re-
gion (Fig. 1; other than the Pribilof region, boundaries
were devised by the Alaska Fisheries Science Center
Resource Assessment and Conservation Engineering
(RACE) division, to represent the natural strata based
on bottom depth). The regions’ average densities were
then multiplied by their areas and summed with the
Pribilof Islands’ proportion calculated as the following
ratio:

age-0 pollock prop.[Pribilof]

= avg. density[Pribilof] × area[Pribilof]
∑

T
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Port Moller and Cape Newenham acoustic transects.
EBS South, EBS North, EBS Edge-South and EBS
Edge-North used the ratio of age-0 pollock abundance
within the Pribilof region versus outside the Pribilof
region, from the T/SOshoro Marusurveys. Because
surveys were conducted at various times of year, rang-
ing from late July–mid-September, the acoustic densi-
ties used to compute the Pribilof, Nunivak and Inner
Front fractions were standardized to a single reference
date: 1 September. Thus, the age-0 pollock density of
any given transect was factored by the average daily
growth and mortality rates, multiplied by the number
of days difference (+ or−) between the date of that
transect and 1 September.

We estimated an average growth rate of
0.5 mm day−1, by inspection of the difference in
length modes between August and September age-0
pollock samples from 1996 and 1997 (A. Winter et al.,
unpublished data). Our estimate compares favorably
to Walline (1983), who found an average growth of
0.55 mm day−1 (range 0.34–0.69 mm day−1) for age-0
pollock in the Bering Sea.

We estimated mortality from the average differ-
ences in acoustically determined densities (age-0
pollock m−3) between August and September surveys
around the Pribilof Islands in 1996 and 1997. Given the
retention characteristics of the Pribilof Islands system,
described above, it is assumed that August and Septem-
ber surveys in either year sampled the same popula-
tions, although not verifiably the same fish. Numbers
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c ering
c ction
( ng
t bed
a gle
t rvey
w ted
d
e ne,
U n).
T d
n
h ct is
o

7
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opographic areas of the regions are given inTable 1.
verage densities of the Pribilof region and the Nu
ak region were calculated from the Pribilof Islands
univak Island acoustic transects, respectively. Th
er Front region used the average of the Slime B
f age-0 pollock per m3 on each survey transect we
alculated from the ratio of average area backscatt
oefficient/average target backscattering cross-se
sa/σbs), of age-0 pollock pixels identified accordi
o the threshold and morphology algorithm descri
bove.σbs (m2) represents the backscatter of a sin

arget. Average lengths of age-0 pollock in each su
ere obtained from Methot trawl samples collec
uring the cruises, and converted toσbs using an
xtrapolated Kirchhoff ray-mode model (J. Hor
niversity of Washington, personal communicatio
hus, sa/σbs (m2 m−2 m−2) gives the estimate
umber of age-0 pollock per m2 of that pixel’s
orizontal area, and the overall density on a transe
btained as:

age-0 pollock

m3 per transect
=

∑
((sa/σbs)pixel length)

depth× transect length
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Table 2
Instantaneous mortality rates (z) calculated from the difference between August and September acoustically determined densities of age-0 pollock

Year Transect Pollock/m3 (August) August–September days (�) Pollock/m3 (September) z (day−1)

1996 A 0.400 40.18 0.122 0.030
B 0.336 38.14 0.083 0.037
C 0.223 39.03 0.116 0.017
D 0.139 35.71 0.038 0.036

1997 A 0.173 44.39 0.005 0.081
B 0.074 42.16 0.005 0.065
C 0.142 41.27 0.002 0.106
D 0.045 39.41 0.0006 0.110

where the summation is over all pixels in the transect
identified as age-0 pollock. We used this measure of
density as the index of abundance.

Instantaneous mortality rates (day−1) were then cal-
culated as:

z =

ln(age-0 pollock m−3
[August]/

age-0 pollock m−3
[September])

� day[September−August]

This calculation was performed separately for each
Pribilof Islands transect A, B, C and D (Table 2).
As our primary interest was transect A (see above)
we retained the mortality values of 0.03 day−1 (1996)
and 0.08 day−1 (1997). The three other transects
serve as a measure of variability: 0.02–0.04 day−1

in 1996 and 0.06–0.11 day−1 in 1997. By compar-
ison, Livingston (1993) estimated age-0 mortality
in the eastern Bering Sea at 2.84 year−1 (e2.84/365
days = 0.047 day−1). Yoklavich and Bailey (1990)and
Hollowed et al. (1996), respectively estimated≤0.02
and 0.014 day−1 for the Gulf of Alaska. The differ-
ence between the Bering Sea and the Gulf of Alaska
may be a function of cannibalism. While pollock can-
nibalism is low in the Gulf of Alaska (Brodeur and
Wilson, 1996), it can account for upwards of 50%
of the age-1+ diet in the Bering Sea (Dwyer et al.,
1987). The strong 1996 year-class (e.g.,Ianelli et al.,
2003), when they were 1-year-old, could have ex-
erted higher than average predation pressure on the
1 tes
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t g the
0 ti-
m
B

Wilson (1996), 0.90 mm day−1; Wilson (2000). The
higher growth rates in the Gulf of Alaska may enable
juveniles to grow faster and reduce their period of high
risk of cannibalism and other predation.

3. Results

3.1. Comparison of Pribilof with Inner Front
acoustic transects

Direct comparisons of pollock acoustic abundance
between regions, habitats and years were made for
1997, 1998 and 1999 between survey data collected
near the Pribilof Islands along-transect A, and across
the Inner Front at four locations: at Slime Bank near
Unimak Pass and Port Moller along the Aleutian inner
front and Nunivak Island and Cape Newenham tran-
sects off the Yukon-Kuskokwin river delta (Fig. 1). Net
sample data collected byCoyle and Pinchuk (2002)
suggest that the abundance of both age-0 pollock and
zooplankton in the Inner Front were about the same
order of magnitude as in the Pribilof region. This was
supported by the current acoustic data comparison. We
found that the nearshore habitats in all transects and
years generally had the lowest abundance of age-0 pol-
lock, while the stratified offshore habitats generally had
the highest abundance (Fig. 2). Also, there was general
agreement in year-to-year changes in age-0 pollock
abundance between all Inner Front and Pribilof tran-
s rally
h

ong
s f
t sity
a ns
997 age-0 pollock. Additionally, age-0 growth ra
n the Gulf of Alaska are consistently higher th
hose reported for the Eastern Bering Sea, includin
.50–0.55 mm day−1, found by our estimation and es
ates reported byWalline (1983), 0.60–1.2 mm day−1;
ailey et al. (1996b), 0.91 mm day−1; Brodeur and
ects, with 1997 having the lowest and 1999 gene
aving the highest abundance.

The acoustic pollock density comparisons am
urvey locations are shown inFig. 2and GAM plots o
he along-transect variation in age-0 pollock den
re shown inFig. 3. Three of the five study locatio
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Table 3
Three-way factorial ANOVA of acoustic pollock density in Pribilof line A, Nunivak Island and Slime Bank; years 1997, 1998 and 1999

Source d.f. SSq MSq F[ν1, ν2] p-value

Location 2 1.42e− 10 7.11e− 11 2.28[2,4] NS
Habitat 2 1.01e− 11 5.07e− 12 2.30[2,∼2.6(a)] NS
Year 2 1.03e− 10 5.14e− 11 1.65[2,4] NS
Location:habitat 4 2.31e− 12 5.77e− 13 0.68[4,7] NS
Location:year 4 1.25e− 10 3.12e− 11 312.77[4,5058] <0.001
Habitat:year 4 9.90e− 12 2.47e− 12 2.92[4,7] NS
L:H:Y 7 5.94e− 12 8.48e− 13 8.51[7,5058] <0.001
Error 5058 5.04e− 10 9.97e− 14

(a) Approximate denominator due to the mixed-model design (Zar, 1984).

were surveyed in all the 3 years. Pribilof line A had
its lowest average pollock biomass in 1997, and the
acoustic pollock biomass tended to be clustered near
the inner boundary of the front. In 1998 and 1999
the pollock biomass density was higher, and more
evenly distributed among habitats, with maximum
concentration near the outer boundary of the front. By
Nunivak Island, average pollock biomass was lowest in
1997 over the nearshore and front habitats, and lowest
offshore in 1998. One acoustic transect was recorded
in 1997, and showed pollock sign to be maximal
near the outer boundary of the front. In 1998, density
increased from nearshore outwards, leveled through
the front and increased again offshore. In 1999, very
little pollock sign was detected nearshore; the acoustic
density increased through the front, leveled off around
the outer boundary of the front, then increased again
offshore. Slime Bank also had its overall lowest pollock
densities in 1997 (although the near-shore was not sur-
veyed that year). Pollock density decreased beyond the
outer boundary of the front. In 1998, average pollock

densities increased from shore to the front, leveled off
across the front then increased again offshore. In 1999,
densities increased through the outer boundary of the
front, then decreased. Cape Newenham was surveyed
in 1998 and 1999. In 1998, pollock density increased
from the outer part of the front towards offshore. In
1999, pollock density increased near-monotonically
from nearshore to offshore, with a slight plateau at the
outer boundary of the front. No pollock sign at all was
detected in the nearshore region. Port Moller was sur-
veyed only in 1999, from the front to offshore. Average
pollock density increased in the offshore direction until
just beyond the outer boundary of the front and then
leveled off.

The results of ANOVA comparing acoustic pollock
biomass among locations, habitats, and years showed
that variability in pollock biomass appeared to be
most strongly influenced by the interaction of survey
location and year (Tables 3 and 4). Between 1997
and 1998, average biomass increased significantly on
Pribilof line A, and showed no significant change for

Table 4
Three-way factorial ANOVA of acoustic pollock density in Pribilof line A, Nunivak Island, Slime Bank and Cape Newenham, years 1998 and
1999

Source d.f. SSq MSq F[ν1, ν2] p-value

Location 3 1.79e− 10 5.96e− 11 1.84[3,3] NS
Habitat 2 1.04e− 10 5.20e− 11 3.18[2,∼3.3(a)] NS
Year 1 7.28e− 11 7.28e− 11 2.25[1,3] NS
L
L
H
L
E

( 1984).
ocation:habitat 6 3.60e− 11
ocation:year 3 9.70e− 11
abitat:year 2 2.45e− 11
:H:Y 6 1.12e− 11
rror 5793 6.61e− 10

a) Approximate denominator due to the mixed-model design (Zar,
5.99e− 12 3.21[6,6] NS
3.23e− 11 283.21[3,5793] <0.001
1.23e− 11 6.55[2,6] <0.05
1.87e− 12 16.38[6,5793] <0.001
1.14e− 13
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Table 5
Two-way factorial ANOVA of acoustic pollock density in all Pribilof and Inner Fronts areas, 1999

Source d.f. SSq MSq F [ν1, ν2] p

Location 4 3.21e-10 8.02e-11 200.65[4,3618] <0.001
Habitat 2 1.99e-10 9.93e-11 7.21[2,7] <0.05
Location:habitat 7 9.64e-11 1.38e-11 34.47[7,3618] <0.001
Error 3618 1.45e-9 4.00e-13

Nunivak Island and Slime Bank. Between 1998 and
1999, biomass increased slightly on Pribilof line A,
Nunivak Island, and Cape Newenham, and increased
strongly on Slime Bank (Fig. 2).

The main effect of survey location was significant
in each year examined separately (for 1999, shown in
Table 5): Slime Bank had higher biomass than either
Pribilof line A or Nunivak Island in 1997; all locations
were significantly different in 1998; and all locations
except Pribilof line A and Slime Bank were signifi-
cantly different in 1999 (Tukey’s method for pairwise
a posteriori comparisons,α = 0.05, see alsoFig. 2).

The main effect of oceanographic habitat was not
significant in the multi-factorial ANOVAs of 1997 and
1998 (Tables 3 and 4). Nevertheless, the GAM anal-
yses indicate significant along-transect variations in
biomass distribution (Fig. 3). In every survey location,
the peak of biomass was furthest inshore in 1997, and
the gradient of biomass density increased through the
front (from distance index 0 to 1 onFig. 3plots) more
strongly in 1999 than in 1998. These data suggest a
trend whereby the bulk of the age-0 pollock distribu-
tion resided increasingly offshore of the front over the
course of the 3 years.

3.2. Net comparisons with other shelf and basin
areas

Analysis of the T/SOshoro Marudata from 1995
to 2002 gave significant differences among years
(
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Table 6
Ratio of age-0 pollock abundance per 10 m2, within the Pribilof Is-
lands region vs. the surrounding shelf area, based on the T/SOshoro
Maru survey data

Survey year Abundance ratio

1995 0.808
1996 5.168
1997 1.035
1998 7.975
1999 3.782
2000 1.487
2001 1.281
2002 2.035

Mean 2.946

Combining these ratios with the survey densities,
area measures, and sample date adjustments for growth
and mortality, resulted in estimates of 0.125, 0.537
and 0.247 for the fraction of eastern Bering Sea age-0
pollock found within the Pribilof Islands region, in
the years 1997, 1998 and 1999, respectively. These
estimates are based on assumptions that: (1) growth
and mortality rates calculated for the Pribilof Islands
apply to the other areas; (2) the densities recorded on
survey transects extrapolate to the surrounding areas;
and (3) the (often considerable) density variability
along-transects is unbiased. Nonetheless, the magni-
tude of these estimated fractions demonstrates that
the Pribilof Islands region is an important nursery for
age-0 pollock: in two of three years, this region repre-
sents a considerably larger fraction of the total age-0
pollock abundance than expected based on its area.

4. Discussion

The Pribilof Islands region has been identified as
a region of unusually high production in the eastern
Bering Sea, and is an important part of the ‘green belt’
p= 0.011) and between the two strata (p� 0.001),
ut no significant interaction between year and s
um (p= 0.101). The mean abundance of age-0 pol
round the Pribilof Islands was significantly hig

han abundance in the ‘outside’ stratum (Fig. 4). The
atio of abundance within/without the Pribilof regi
an be used as a rough annual index of juvenile po
bundance around the Pribilof Islands, relative to
urrounding eastern Bering Sea shelf (Table 6).
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(Springer et al., 1996). This designation is supported by
evidence fromSambroto et al. (1986)andFlint et al.
(2002), which showed higher primary and secondary
production in the Pribilof Islands frontal zones.Flint
et al. (2002)argued that current and mixing processes
around fronts bring higher nutrient concentrations to
the euphotic zone, enhancing production.

Comparison of the acoustic densities of age-0 pol-
lock around the Pribilof Islands, with the Inner Front
areas, suggests that their abundance in the Pribilof
region is no higher than in other eastern Bering Sea
frontal regions (Fig. 2, Tables 3 and 4). However, the
T/SOshoro Marudata (Fig. 4) indicate age-0 pollock
abundance around the Pribilof Islands to be almost
always higher than on adjacent shelf and offshore
stations. Other studies, based on data collected by the
Alaska Fisheries Science Center Midwater Assessment
and Conservation Engineering (MACE) program (un-
published), suggest that abundance of age-0 pollock
around the Pribilof Islands changes significantly from
year-to-year, relative to nearby shelf and basin areas.
This is also supported by the T/SOshoro Marudata
(Fig. 4). Traynor and Smith (1996)found that on sur-
veys in 1982, 1984 and 1985, the center of abundance
for age-0 pollock occurred in the vicinity of the Pribilof
Islands, but other areas had high abundance as well.
By contrast, limited sampling in 1999 obtained highest
abundances of age-0 gadids (presumed to be primarily
pollock) in areas generally outside of the Pribilof Is-
lands (Honkalehto et al., 2002). Although this appears
i ck
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of age-0 juveniles to the Pribilof region. A comparison
between the distributions of age-0 pollock sampled in
early July 1999 (Honkalehto et al., 2002), and sam-
pled again in late July 1999 (T/SOshoroMaru; Fig. 4),
shows more pollock close to the Pribilof Islands by
late July and suggests significant within-season change
of the distribution over that summer. The pattern may
have been different, however, in 1984 and 1985, when
age-0 pollock abundance was highest near the Pribilof
Islands in early July (Traynor and Smith, 1996) and in
1987, as shown by data from the Russian/U.S. survey
(seeBrodeur et al. (1999)for sampling details) aboard
the R/VDarwin (Fig. 5), when abundance was high
near the Pribilof Islands, but higher still near Unimak
Pass. Changes in spatial patterns of age-0 pollock in
early summer could result from changes in the spawn-
ing distribution of different cohorts, as well as from
interannual differences in larval advection and canni-
balism (Wespestad et al., 2000).

It appears that from late July onward, densities
of age-0 pollock are generally elevated around the
Pribilof Islands and other frontal areas of the eastern
Bering Sea compared to shelf and basin areas. How-
ever, the Pribilof Islands’ densities are not significantly
higher than in other frontal areas. The elevated con-
centrations of seabirds and marine mammals attracted
to the Pribilof area (Dragoo et al., 2000) may be due
to the relative isolation of the Pribilof Archipelago,
and to the close proximity of its tidal fronts to shore,
rather than to increased prey abundance. Further,
w are
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nconsistent with our report of 1999 age-0 pollo
bundance around the Pribilof Islands (cf.Fig. 2),

he samples were taken at different times of the y
onsidering the likely transport of age-0 pollock fr
pawning areas near Bogoslof Island and Unimak
Stabeno et al., 2002), high densities along the shelf
uly 1999 (as found byHonkalehto et al., 2002) may
ave ended up by September near the Pribilof Isla

Continuous sampling of age-0 pollock in the gre
helf over the July to September period would hel
rovide a better indication of interannual spatial v
bility as well as within-season temporal variabil
he timing of sampling is important, since there
ears to be evidence for different spatial distributi
mong adult pollock year-classes (Buckley et al., 2001,

n Swartzman, 2004). That may change the dominan
mong various spawning habitats in different year

urn affecting the timing of arrival of different coho
e found that while age-0 pollock densities
igher in the frontal habitat than nearshore, they
enerally highest of all in the stratified waters offsh
Figs. 2 and 3). By contrast,Brodeur et al. (1997
bserved higher concentrations of age-0 pol

nshore of the Pribilof Islands front in 1994 and 19
lthough a bioenergetics model for 1995 sugge
rowth and feeding potential to be highest offsh
Ciannelli, 2002). The greater depths of the stratifi
ffshore zone may provide protection from preda

or zooplankton and age-0 pollock, both of wh
ndergo diel migration (Schabetsberger et al., 200
wartzman et al., 2002). Predation by seabirds a
ammals may also be reduced in the stratified z

hrough its greater distance from shore, and the w
rea through which the age-0 pollock can dispe
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Fig. 5. Age-0 pollock abundance (expressed as catch per hour) during summer of 1987, from fine-mesh midwater trawls taken onboard the R/V
Darwin.

from the front. The stratified habitat at the distal end
of Pribilof transect A (away from the islands) did
not show any reduction in age-0 pollock abundance
(Swartzman et al., 2002), while the T/SOshoro Maru
data showed reduced age-0 pollock abundance in
shelf regions more remote from the Pribilof Islands.
We hypothesize that the importance of the Pribilof
Islands as a nursery area is represented not so much by
elevated densities of age-0 pollock, compared to other
frontal regions, but by the large area of prime feeding
habitat they encompass. Though centered around
two small islands, the Pribilof region is only about
16% smaller than the Inner Front region, an extensive
area along the Aleutian Islands and the south edge of
mainland Alaska to Cape Newenham (Fig. 1, Table 1).

The dominance of particular pollock year-classes,
together with their differences in spatial distributions
and spawning locations, may explain why in some
years early July surveys showed high abundance of age-
0 pollock around the Pribilof Islands (e.g., 1984, 1985
and 1987), while in other years (e.g., 1999;Honkalehto
et al., 2002) abundance around the Pribilof Islands was
lower than in adjacent areas. From 1996 to 2002, the
abundance of age-0 pollock sampled in late July by the
T/SOshoroMaru, was consistently higher near the Pri-
bilof Islands than in surrounding areas. Perhaps as the
age-0 pollock grow and become more able to maintain

position by active swimming, they tend to congregate
near the Pribilof Islands. Earlier in the year, happen-
stance of hatch locality and advection may determine
how abundantly age-0 pollock occur near the Pribilof
Islands.
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