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Abstract

Control of walleye pollock (Theragra chalcogramma) recruitment in the Eastern Bering Sea involves complex interac-
tions between bottom-up and top-down processes, although the mechanisms are poorly understood. We used statistical
models to test the leading hypotheses linking recruitment variability to biotic and abiotic factors. Consistent with a
“cold-pool hypothesis™, recruitment of pollock was significantly stronger if winters preceding the larval (age-0) and juve-
nile stages (age-1) were mild. However, our results did not support the proposed top-down mechanism (cannibalism)
underlying this hypothesis. Several empirical relationships support an “oscillating control hypothesis”. As predicted by
it, the effect of ice conditions on survival during the larval and early juvenile stages was modified by the abundance of adult
pollock, implying stronger bottom-up control when adult abundance (hence cannibalism) was low. The proposed bottom-
up mechanism predicts that the survival of pelagic-feeding walleye pollock (benthic-feeding yellowfin sole), should be
higher during years with an early (late) ice retreat, which was confirmed by our analysis. Our results also provide additional
evidence for a “larval transport hypothesis”, which states that cannibalism of larval and juvenile pollock is reduced in
years when strong northward advection separates juveniles from cannibalistic adults.

In addition to testing existing hypotheses, we identified new relationships between spawner-to-recruit survival rates of
walleye pollock and several indicators of mixed layer dynamics during the spring and summer. Survival rates and recruit-
ment were significantly reduced when larval or early juvenile stages experienced a delay in the (non-ice-associated) spring
bloom as a result of stormy spring conditions, suggesting that the timing of the spring bloom is critical to both first-feeding
larvae and age-1 juveniles. Furthermore, a dome-shaped relationship between pollock survival and summer wind mixing at
the early juvenile stage is consistent with modeling and laboratory studies showing an increase in survival at low to mod-
erate levels of wind mixing, but a decrease in feeding success at high levels of wind mixing.

Top-down controls also regulate recruitment of walleye pollock. At least one-third of the variability in spawner-to-
recruit survival could be accounted for by predation mortality at the early juvenile stage (age-1). Predation of juvenile pol-
lock can be attributed largely to cannibalism, which varies with the abundance of adult pollock and with the availability of
juveniles to adult predators. A simple index reflecting the spatial overlap between juvenile and adult pollock explained 30—
50% of the overall variability in recruitment, similar to the variability explained by the best environmental predictors.
Although environmental effects are difficult to separate from the effects of predation, we conclude that bottom-up and
top-down processes are equally important in controlling the survival of pollock from spawning to recruitment at age 2.
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However, the magnitude of top-down control is itself modified by environmental factors that control the availability of
juvenile pollock to adults (through impacts on spatial distribution) and the abundance of adult predators (through effects
on productivity and carrying capacity).
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1. Introduction

There is general agreement that changes in the climate and oceanography of the Northeast Pacific influence
the recruitment of walleye pollock (Theragra chalcogramma) and other groundfishes in the Bering Sea (Hol-
lowed et al., 2001). Although a number of potential relationships among large-scale climate change, the ocean-
ography of the Bering Sea, and walleye pollock recruitment success have been reported (Ohtani and Azumaya,
1995; Quinn and Niebauer, 1995; Wespestad et al., 2000), reliable predictive relationships have not been estab-
lished to date. Similarly, the importance of predation, primarily in the form of cannibalism, to the population
dynamics of walleye pollock has long been recognized (Wespestad and Quinn, 1996). However, the relative
importance of top-down and bottom-up controls of walleye pollock in the eastern Bering Sea remains poorly
understood. Therefore, we undertook a comprehensive analysis of environmental influences and predation on
pollock survival and recruitment in the eastern Bering Sea to improve our understanding of the processes that
determine recruitment and to develop better predictive models. To identify models that can serve as useful
predictors of pollock recruitment, we examined, in a unified and rigorous statistical framework, the major
hypotheses that have been put forward to explain variations in pollock recruitment.

Most of the variability in pollock recruitment is believed to occur during the first years of life, in particular
during the early ocean life of larvae and age-0 fish. For example, recruitment of walleye pollock in Shelikof
Strait is largely determined by the end of the larval period (Kendall et al., 1996), although predation at the
juvenile stage may have played a larger role in more recent years due to the high abundance of predators (Bai-
ley, 2000). In Shelikof Strait, survival is enhanced by strong freshwater runoff in the spring prior to spawning,
which enhances productivity, and by weak mixing in the summer, which enhances retention on the shelf
(Megrey et al., 1995; Megrey et al., 1996). Processes determining recruitment of pollock in the eastern Bering
Sea are not well understood, but ice extent (Ohtani and Azumaya, 1995; Quinn and Niebauer, 1995), the tim-
ing of ice retreat, advection on the shelf (Wespestad et al., 2000), water temperature (Bulatov, 1989; Ohtani
and Azumaya, 1995), and summer stratification (Hunt et al., 2002) all are believed to influence recruitment
success.

Marine populations respond to environmental variability in complex, non-linear ways that may not be ade-
quately described by linear correlations (Cury et al., 1995). It has been suggested that the timing of ice retreat
and the abundance of predators interact in complex ways to regulate the survival of juvenile pollock (Hunt
et al., 2002). Such complex relationships are unlikely to be captured by linear regression models. Non-linear-
ities, strong interactions, and threshold relationships may drive much of the dynamics in the Bering Sea, as
evidenced by the highly unusual conditions in 1997 when sea surface temperatures (SST) were anomalously
warm, nitrate and silicate were depleted, and the first documented sustained coccolithophore bloom occurred
over the Bering Sea shelf (Napp and Hunt, 2001; Overland et al., 2001; Stockwell et al., 2001). The statistical
approach we take here takes into account potential non-linearities, interactions, and thresholds in environ-
ment-recruitment relationships for Bering Sea pollock.

The primary goals of our study were to improve our understanding of the processes controlling recruitment
of walleye pollock in the eastern Bering Sea (Fig. 1) and to develop statistical models linking recruitment to
climatic and oceanographic conditions at regional and larger spatial scales. We developed a series of models
that reflect our current understanding of potential mechanisms underlying environment—recruitment relation-
ships for walleye pollock. These models were used to assess the strength of evidence for and against several
general hypotheses that have been proposed to explain variability in pollock survival and recruitment. Specif-
ically, we modelled the proposed relationships between recruitment, stock size and relevant environmental
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Fig. 1. Map of the eastern Bering Sea showing the NOAA Fisheries standard bottom trawl survey area (heavy line), FOCI mooring 2
location (M2, 56.9°N, 164.1°W), mooring 4 location (57.9°N, 168.9°W), along-Peninsula wind stress location (AP, 53°N, 173°W), along-
shelf wind stress location (AS, 56°N, 169°W), and three hydrographic domains (inner, middle and outer shelves) separated by the 50 m and
100 m isobaths.

variables at lags corresponding to the larval (age-0), early juvenile (age-1), and late juvenile (age-2) stages. A
secondary goal was to identify environmental indicators that best reflect the potential mechanisms driving pol-
lock recruitment. We updated existing indicators to reflect the most recent conditions and developed new indi-
cators to reflect our best understanding of walleye pollock recruitment dynamics. Finally, we attempted to
quantify the relative importance of bottom-up and top-down controls in determining the recruitment of wall-
eye pollock.

2. Hypotheses linking pollock recruitment to environmental variables

Based on previously established or proposed relationships, we examined four general hypotheses related to
the major sources of environmental variability that may affect recruitment of walleye pollock in the Bering
Sea. We briefly summarize the hypothesized mechanisms linking variability in the physical environment to
pollock recruitment and discuss relevant environmental variables that will be used as potential predictors
of recruitment.

2.1. Winter ice conditions and the cold pool (cold-pool hypothesis)

The extent of ice cover on the eastern Bering Sea shelf has previously been shown to be related to pollock
recruitment (Fair, 1994; Quinn and Niebauer, 1995), and the cold-pool hypothesis of Wyllie-Echeverria and
Wooster (1998) suggests one potential mechanism. Following cold winters with extensive ice cover, a cold pool
of water remains on the middle shelf and concentrates juvenile pollock (age-1) on the outer shelf, where they
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are exposed to increased mortality from cannibalism (Ohtani and Azumaya, 1995; Wyllie-Echeverria and
Ohtani, 1999).

To test the cold-pool hypothesis, we updated an index of the spatial extent of the cold-pool, estimated aver-
age summer bottom temperatures on the shelf, and compiled several climate indices that reflect winter atmo-
spheric conditions and drive variability in temperature and ice conditions. In addition, we constructed
measures of “‘cannibalism potential” to examine relationships between the size of the cold pool and the esti-
mated intensity of cannibalism on juveniles. These indices are described in detail below. Specific questions to
be examined with respect to winter ice conditions and the cold pool include: Are recruitment and/or survival
rates of pollock related to the severity of ice conditions or the size of the cold pool? Is cannibalism more likely
to occur if the cold pool is large? What life stage or stages (age-0, age-1, or age-2), if any, are most strongly
affected by ice conditions and the cold pool?

2.2. Advection (larval transport hypothesis)

Advective processes in the basin and advection onto the shelf exert a strong influence on both the supply of
nutrients and the distribution of pollock eggs and larvae (Napp et al., 2000). While little is known about inter-
annual variability in sub-surface flows onto the shelf, model results suggest considerable interannual variabil-
ity in surface layer flows (Ingraham et al., 1991; Wespestad et al., 2000). This variability leads to interannual
variations in the food supply of larval pollock, particularly on the outer shelf (Napp et al., 2000), and therefore
affects the growth and survival of larval walleye pollock. In addition, certain patterns of surface flow on the
shelf may separate larval pollock from adults, thus reducing cannibalism (Wespestad et al., 2000). Strong year-
classes of walleye pollock are produced in years with strong onshore transport (to the north and east), while
weak year-classes are produced in years of minimal onshore transport during the larval stage (Wespestad
et al., 2000). We refer to the latter hypothesis as the larval transport hypothesis. We obtained indices of surface
currents and atmospheric conditions to examine relationships between advection and year-class success. In
addition, we modified and updated an index of separation between juveniles and adults (Wespestad et al.,
2000) and constructed an alternative index of cannibalism potential to examine whether advection influences
survival by altering the amount of cannibalism. Specific questions to be examined include: Are surface cur-
rents (distance and direction of flow) in the spring and early summer related to the survival and recruitment
of walleye pollock? Is the relative distribution of juveniles and adults, and hence the potential for cannibalism,
related to surface transport? Are indices of advective processes over the shelf and shelf-slope exchanges related
to recruitment success?

2.3. Timing of ice retreat and predator abundance (oscillating control hypothesis)

In addition to the spatial extent of sea ice, the timing of ice retreat has important implications for primary
and secondary productivity on the shelf. The timing of retreat is related to the timing of the spring bloom and
may regulate growth of forage fish and their pelagic predators through mechanisms that were recently sum-
marized in the oscillating control hypothesis (OCH, Hunt et al., 2002). The OCH builds on recent observa-
tions that late ice-retreat (i.e., after light levels have increased sufficiently to allow significant
phytoplankton production) typically results in an early, ice-associated bloom in a cold, low-salinity layer
along the receding ice edge (Niebauer et al., 1995; Stabeno et al., 2001). Cold temperatures during these
ice-associated blooms limit zooplankton production (Coyle and Pinchuk, 2002), such that most of the phyto-
plankton production is not consumed in the water column and instead sinks to the bottom (Walsh and
McRoy, 1986). Therefore, prey limitation is likely to limit the survival of pelagic larvae and juveniles of wall-
eye pollock (bottom-up regulation). When these conditions coincide with high abundances of predators, sur-
vival of juveniles will be further reduced due to heavy predation, implying both bottom-up and top-down
limitations on survival. In contrast, if ice retreats in early spring, light limitation prohibits an ice-associated
spring bloom. Instead, the main spring bloom occurs later in the season when summer stratification com-
mences (Stabeno et al., 2001). As a result, the bloom occurs in relatively warm water, zooplankton production
is not limited by temperature, and abundant prey are available for larval and juvenile pollock on the shelf
(Hunt et al., 2002). According to the hypothesis, growth and survival of pollock are enhanced by bottom-up
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Ea}ffzcl:islof ice retreat and predator abundance on recruitment of walleye pollock as predicted by the oscillating control hypothesis (see text)
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The expected response ranges from a strong negative effect (——) over neutral or ambiguous effects (+/—) to strong positive effects (++).

regulation during the onset of a warm regime because the abundance of piscivores tends to be low following a
cold, less productive regime. In contrast, survival and recruitment are controlled through top-down processes
once the biomass of piscivorous predators, including adult pollock, has increased to high levels. In addition to
a shift from bottom-up to top-down control, the OCH may imply a shift from control of larval mortality to
control of juvenile mortality. Such a shift has been observed in the Gulf of Alaska (Bailey, 2000), where
recruitment of walleye pollock was largely determined by environmentally-driven larval mortality prior to
the mid-1980s, and by predation-driven juvenile mortality after the mid-1980s, which resulted from large
increases in predatory flatfishes (primarily arrowtooth flounder, Atherestes stomias, and Pacific cod, Gadus
morhua).

The OCH implies that there is a threshold relationship between the timing of ice retreat and survival of
pollock that is modified by the abundance of potential predators such as cannibalistic adults, which are
responsible for the majority of predation on juvenile pollock. Expected responses of recruitment to the timing
of retreat and different levels of predator biomass are summarized in Table 1. To examine the effects of ice
retreat and to test the OCH, we constructed several indices that reflect spring ice conditions and the timing
of ice retreat, as well as indices of predator biomass and predation mortality. Specific questions to be examined
include: Is survival of pollock enhanced if ice retreats early? Is recruitment reduced at high levels of predator
biomass? Does the effect of predator abundance (top-down control) depend on the timing of the bloom and
conversely, does the effect of ice conditions (bottom-up control) depend on predator abundance?

2.4. Mixed layer dynamics and summer production

While the advance and retreat of sea ice are major seasonal events over the Bering Sea shelf, conditions on
the shelf during summer are strongly influenced by solar radiation, wind mixing, and tidal mixing (Overland
et al., 1999; Stabeno et al., 2001). The stability of the mixed layer, as determined by temperature and salinity
conditions and by the frequency and intensity of storms, controls the supply of nutrients to the surface layer,
which modifies the productivity and species composition of the plankton community (Napp et al., 2000). Var-
iability in these processes results in variations in primary productivity on the order of 30-50%, as well as large
differences in the species composition of the phytoplankton community (Sambrotto and Goering, 1983),
thereby affecting feeding conditions for walleye pollock. The influence of summer conditions on pollock sur-
vival and recruitment have not been examined previously, but we hypothesize that recruitment success of wall-
eye pollock will reflect these conditions. Our initial expectation was that survival would increase with the
amount of summer primary and secondary production, as determined by the strength and duration of summer
stratification and the amount of nutrients mixed into the surface layer during the summer (entrainment). How-
ever, intense wind mixing may limit primary production and/or feeding success of larval pollock, which could
result in a dome-shaped relationship between pollock recruitment and wind mixing as has been observed in
some upwelling systems (Cury et al., 1995), in the laboratory (MacKenzie et al., 1994), and in modelling stud-
ies (Megrey and Hinckley, 2001).

To examine relationships between wind mixing, summer stratification, and pollock survival, we obtained
wind data from St. Paul, model-based wind indices for the shelf region, and estimates of stratification and
entrainment of nutrients into the surface mixed layer based on a simple one-dimensional mixed-layer model.
Specific questions to be examined with regard to summer mixed-layer dynamics include: Does recruitment suc-
cess increase with the amount of new production in the summer, as estimated by entrainment? Is recruitment
related to other mixed-layer characteristics such as depth or temperature of the mixed layer or the timing of
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the onset of stratification? Is recruitment linearly or non-linearly related to wind mixing? What life stages are
primarily affected?

3. Methods

To analyze the above hypotheses statistically we developed a comprehensive set of biological and environ-
mental indicators that relate directly or indirectly to one or more of the hypotheses. These indicators varied in
quality and ranged from direct measures of physical environmental variables, such as sea surface temperature,
to derived biological indices such as a crude index of cannibalism potential. Physical indices were averaged
over the most relevant, biologically meaningful time and space scales, based on convention or on our best
judgement. Brief descriptions of each index used in the analysis and of the underlying data sources are
included in Appendix 1.

3.1. Walleye pollock data and biological indices
3.1.1. Stock assessment data

Estimates of age-2 recruitment, female spawning stock biomass (SSB), and total adult (age 3+) biomass (B)
of walleye pollock in the eastern Bering Sea from 1964-2003 (Fig. 2a) were obtained from the most recent
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Fig. 2. Time series of (a) age-2 recruitment (bars), age-3+ biomass (solid line), and female spawning stock biomass (dashed line) of eastern
Bering Sea walleye pollock, 1964-2001 year classes, (b) stock-recruitment relationship with Ricker model fit, and (c) time series of
residuals from Ricker fit.



158 F.J. Mueter et al. | Progress in Oceanography 68 (2006) 152-183

stock assessment (Ianelli et al., 2003). While stock assessment estimates of biomass and recruitment are highly
uncertain, especially for recent years, they represent the best available information on stock size and year-class
strength. The recruitment series has been characterized as weak to average year-classes interspersed by spo-
radic strong recruitment, such as in 1978, 1982, 1989, and 1992 (Fig. 2a). To estimate variability in spaw-
ner-to-recruit survival, we fit a Ricker stock-recruitment model that allowed for first-order autocorrelated
errors (Quinn and Deriso, 1999) to the relationship between estimated recruitment and female spawning bio-
mass (Fig. 2b). The resulting stock—recruit residuals were used as an index of spawner-to-recruit survival rates
(SR index, Fig. 2¢). The index reflects variability in survival after adjusting for density-dependent effects of
spawner abundance. Much of the observed density-dependence in the spawner-recruit relationship may be
attributable to cannibalism of adult pollock on juveniles (Wespestad and Quinn, 1996).

3.1.2. Indices of predation/cannibalism

Three of the four main hypotheses are related either directly or indirectly to predation. To help evaluate
these hypotheses, we obtained estimates of total predation mortality for age-0 and age-1 pollock from 1979
to 2002 based on a multi-species virtual population analysis (MSVPA) model for the eastern Bering Sea (Liv-
ingston and Jurado-Molina, 2000, Pat Livingston, AFSC, NOAA, personal communication). In addition, two
indices of cannibalism potential were constructed. First, we updated an index of spatial separation originally
proposed by Wespestad et al. (2000) to include years through 2003. Our index differed from that of Wespestad
et al. (2000) in that we only included a fixed set of 306 stations that were sampled consistently between 1982
and 2003 to avoid biases due to differences in sampling locations among years. We found that this index of
separation had several shortcomings. In particular, zeroes had too large an influence on the magnitude of
the index. Therefore, we constructed an alternative index that measured the degree of association (/4) between
juveniles (<20 cm, predominantly age-1) and adults (>40 cm, predominantly age-5+). The index was com-
puted across the same fixed set of 306 stations within a given year (1982-2003) as follows:

B 1)1

where J; and 4; are the CPUE (by weight) of juveniles and adults at station i, respectively, and # is the number
of stations. The CPUE values at a given station were standardized by the average abundance across all sta-
tions and can be loosely interpreted as the relative likelihood of encountering either juveniles (J;/[>_J;i/n))
or adults (4,/[>_A;/n)) at a given station. The product of these terms, summed across all stations, measures
the degree of spatial association between demersal juveniles and demersal adults at the time of the survey
and therefore reflects the potential for cannibalism to occur during this period. However, the index does
not reflect the potential vertical separation or overlap between pelagic juveniles and adults in the water column
and therefore is only a crude measure of cannibalism potential.

3.2. Atmospheric indices
Regional air temperature and wind directly influence ocean conditions on the Southeast Bering Sea shelf.

3.2.1. Air temperature

Monthly averages of measured air temperatures at St. Paul airport as well as at stations in Nome, Bethel,
and King Salmon were obtained from the Western Regional Climate Center (Appendix 1) and cover the per-
iod from at least 1955-present. Air temperatures tended to follow a regular seasonal pattern with higher var-
iability in the winter months. Two missing values in the St. Paul time series were estimated by fitting a
seasonal, auto-regressive time series model to the monthly air temperature series and substituting predicted
values. Annual anomalies were computed as weighted annual averages of the January through December
means of each year, with more weight on the winter months. The weights used to compute averages were
the loadings from a principal components analysis of the annual series of January, February, March, etc.,
means. The index showed a series of exceptionally low temperatures in the early- to mid-1970s at St. Paul
Island, followed by a series of warm years from 1976 to 1982 (Fig. 3a). Annual air temperature anomalies
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Fig. 3. Time series of (a) standardized annual air temperature anomalies at St. Paul Island, 1960-2003 and (b) standardized summer
(May-September) wind mixing averages for St. Paul Island (bars) and at Mooring 2 location (solid line, from NCEP reanalysis) with
LOESS fit (dashed line).

at St. Paul Island on the Bering Sea shelf were less strongly correlated with the mainland stations (r = 0.59—
0.68, p <0.05 in all cases) than the mainland stations were with each other (r = 0.8§9-0.93, p <0.01). St. Paul
was most representative of temperatures on the shelf, as evidenced by strong correlations with sea ice condi-
tions (Correlation with combined ice severity index described below: r = —0.91) and water temperatures (SST:
r=0.43, BT: r =0.75). Hence, we used only the St. Paul air temperature series for further analyses, which
should adequately represent annual average air temperature conditions over the eastern Bering Sea shelf.

3.2.2. Wind forcing

Indices of wind mixing, along-shelf wind stress, and cross-shelf wind stress were obtained from modelled
wind fields and from daily measured winds at St. Paul airport. Bond and Adams (2002) derived several indices
from the National Centers for Environmental Prediction (NCEP) reanalysis output (Kalnay et al., 1996).
Updated versions of three of their indices through 2002 were obtained from Nick Bond (JISAO, University
of Washington, Seattle, personal communication). First, a winter (December—April) average of wind stress
at 53°N, 173°W (Fig. 1), rotated into the along-peninsula direction, provides an index of the direct wind forc-
ing of the Aleutian North Slope Current which is related to the flow onto the southern Bering Sea shelf (Bond
and Adams, 2002). Second, a summer (May—September) average of along-shelf wind stress near Pribilof Can-
yon from NCEP (56°N, 169°W, Fig. 1) is an index of water exchange between the slope region and the shelf.
Third, the May-September average wind mixing anomaly at the site of a biophysical mooring (Mooring 2,
Fig. 1) is an index of summer wind mixing on the middle shelf (Fig. 3b). While the quality of the NCEP output
is high in the Bering Sea, it is unclear to what extent these indices reflect biologically important mechanisms,
hence analyses using these atmospheric indices are considered exploratory.

Wind data at the St. Paul station were obtained from the National Climatic Data Center (courtesy of Dave
Kachel, PMEL, NOAA, Seattle, personal communication) covering the period January 1, 1951 to August 31,
2002. Wind speeds were recorded every three hours through July 1981 and hourly thereafter. Missing values
were prevalent throughout the data set, but were usually restricted to missing hours within a day. Despite
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these missing values, daily averages could be calculated continuously over the period of interest except for
three individual days, which were ignored in computing monthly or seasonal means. We constructed a summer
wind-mixing index by computing daily averages of the cube of measured wind speeds, and averaging daily val-
ues from May 1 to September 30 (Fig. 3b). Measured wind mixing at St. Paul was reasonably well correlated
with the model-based index of summer wind mixing anomalies at Mooring 2 (r = 0.58, p <0.001) but shows
more consistently negative anomalies in the last two decades. We consider the St. Paul wind mixing index to be
representative of wind mixing over much of the shelf and used it in the analyses. Results based on the model-
based index were similar and are not shown. Finally, we computed an index of spring and early summer winds
in the SW-NE direction (cross-shelf winds) by averaging wind speeds for the April-June period. These may
affect larval drift patterns, similarly to a wind index that has been used to predict year-class strength of tanner
crab in the Bering Sea (Rosenkranz et al., 2001).

3.3. Indices of ice and temperature conditions

3.3.1. Sea ice extent

While the southernmost extent and timing of sea ice retreat along 169°W has been used in the past to sum-
marize ice conditions on the shelf (Wyllie-Echeverria, 1996), as have observations of sea ice at Mooring 2 (e.g.,
Stabeno et al., 2001), a single transect or a single point cannot adequately describe sea ice over the
463,000 km? area of ocean contained within the NMFS survey area (Fig. 1). Therefore, we estimated the pro-
portion of the survey area covered by sea ice, averaged over the winter season, based on digital ice charts for
the southeastern Bering Sea region (1972-2003, Appendix 1). All digital ice charts had a resolution of at least
0.25 decimal degrees. Sea ice was defined as regions with >30% ice concentration, following Wyllie-Echeverria
(1996). The average weekly percentage of ice-covered ocean was calculated for January-May (approximately
corresponding to International Organization for Standardization, or ISO week numbers 1-22) using ArcGIS
geographic information system software (Ormsby et al., 2001). Based on weekly averages, we developed indi-
ces for the spatial extent of sea ice and for the timing of ice retreat similar to those of Palmer (2003). Spatial ice
extent over the NMFS trawl survey region was calculated as a simple average of all weekly ice concentrations
(Fig. 4a). This Spatial Sea Ice Index (SSI), agreed closely with an ice cover index (ICI) developed at the Pacific
Marine Environmental Laboratory (PMEL), NOAA (Appendix 1, correlation coefficient: r = 0.84). The ICI
combines a number of disparate indices, but has the advantage of covering a considerably longer time period
(19542003, Appendix 1).

3.3.2. Timing of ice retreat

A temporal sea ice index (TSI, Fig. 4b) was computed as the standardized anomalies of the first week
during which the approximate fraction of the NMFS survey area covered by >30% ice was less than
20%. This correlated well with a similar but spatially restricted index of ice retreat from a 2° by 2° region
centered at 58°N, 164°W (ICT, Appendix 1, r = 0.73). Differences between these indices during some peri-
ods most likely reflect the restricted spatial extent of the ICT compared to the TSI. Ice retreat at Mooring 2
generally occurred earlier than ice retreat averaged over the entire NMFS survey area. For example, in
1980, 1987, and 1991, the ICT was 2-5 weeks earlier than the TSI, whereas it was later than the TSI in
1985, 1999, and 2002-2003.

3.3.3. Cold pool index

This index was based on the fraction of the NMFS survey area where bottom temperatures were <2 °C dur-
ing the summer. For each NMFS survey from 1973-2003 (except 1974 and 1977, when data were insufficient),
we first contoured bottom temperature using all measurements available between May 1 and August 31 of a
given year. The 2 °C isopleth was estimated using a universal kriging approach implemented in ArcGIS.
Because the temperature measurements did not always occur at the same time of year (mean sampling date
ranged from June 13 in 1976 to July 21 in 1985), we adjusted for the date of sampling by removing the seasonal
warming trend. This trend was estimated by fitting a linear regression of the fraction of the survey area with
temperatures <2 °C on the mean sampling date (R* = 0.68). Standardized residuals from the regression line
were used as an annual index of the cold pool anomaly (CPI, Fig. 4c).
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Fig. 4. Standardized time series of (a) spatial sea ice extent SSI, (b) timing of ice retreat TSI, (c) cold pool index CPI, (d) bottom
temperature anomaly BT, and (e) combined, reconstructed ice severity index on the eastern Bering Sea shelf (ISI, see text).

3.3.4. Summer bottom temperatures

Like the cold pool index (CPI), average bottom temperatures in the NMFS survey area were estimated
from temperature measurements taken during summer trawl surveys. Annual anomalies of bottom tempera-
ture across the survey area (Fig. 4d) were estimated by fitting a generalized additive model of measured bot-
tom temperatures on latitude, longitude, depth, and sampling date (day of year) as continuous covariates and
year as a categorical covariate. Because day of year was included as a covariate, the estimated annual means
are implicitly adjusted for differences in sampling dates across years. The model fit was satisfactory and the
index reflected annual means more accurately than a simple area-weighted average of temperatures across sur-
vey stations, which can be severely biased in years when sampling occurred much earlier (e.g., 1999) or later
(e.g., 1985) than average.

3.3.5. Combined ice severity index

All ice and bottom temperature indices, including the southernmost extent of sea ice, the SSI, TSI, CPI, and
average bottom temperature anomaly were highly correlated (Table 2). Therefore, we captured overall vari-
ability in winter sea ice conditions between 1972 and 2003 by deriving a single index for ice severity based
on a principal components analysis of these 5 variables. The first principal component (PC 1) accounted
for 74% of the overall variability in these variables, while the second PC accounted for an additional 16%.
A high value of PC 1 corresponded to cold bottom temperatures, large average ice concentrations that
extended far to the south, a late ice retreat, and a large spatial extent of the cold pool. The second PC was
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Table 2
Cross-correlations among various ice related indices (below diagonal) and corresponding P-values (above diagonal)

168W SSI TSI CP1 BT
168W <0.001 <0.001 <0.001 0.046
SSI —0.796 <0.001 <0.001 <0.001
TSI —0.549 0.790 <0.001 <0.001
CPI —0.505 0.734 0.820 <0.001
BT 0.464 —0.628 —0.754 —0.942

Indices include southernmost extent of sea ice along 168°W (168W), spatial sea ice index (SSI), temporal sea ice index (TSI), cold pool
index (CPI), and average bottom temperature (BT). See text and Appendix 1 for description of indices.

primarily correlated with the southernmost ice extent. The index was extended back in time (before 1972) by
fitting a multiple regression of the 1972-2003 index values on St. Paul air temperatures, the Siberian—-Alaskan
Index, and the Aleutian low pressure index (R> = 0.87, see Appendix 1 for description of indices) and using the
fitted model parameters to predict ice severity for the period 1964-1971. The resulting reconstructed index cov-
ered the period 1964-2003 and was standardized to obtain our final ice severity index (ISI) (Fig. 4e).

3.3.6. Sea surface temperature

Indices of winter and summer sea surface temperature (SST) were based on ship-of-opportunity observa-
tions, satellite observations, and measured temperatures from summer bottom trawl surveys. As a monthly
measure of SST we used NOAA reconstructed (1900-1981) and NOAA Optimum Interpolation SST version
2 data (1982-2003, Reynolds et al., 2002, Appendix 1). A yearly winter SST index was based on average SSTs
from December to February over an area on the eastern Bering Sea shelf between 57-59°N and 163-171°W.
Similarly, we constructed a summer index based on May—September averages over the same area. We com-
pared NOAA reconstructed SST to a summer SST index based on direct temperature measurements obtained
during summer bottom trawl surveys (1975, 1979-2003). The index was computed using the same approach we
used to estimate annual means of bottom temperature described above. The survey-based index agreed well
with NOAA reconstructed SST averaged over the May—September period (correlation coefficient: r = 0.87).

3.4. Surface transport index

Indices of surface transport during the spring and early summer were based on simulated ocean surface cur-
rents. The ocean surface current simulation model (OSCURS, Ingraham and Miyahara, 1988) was used to
simulate a 90-day drift of a particle released at the surface at 55.2°N, 164.5°W, corresponding to the historic
center of pollock spawning on April 1 (median date of spawning), as described in Wespestad et al. (2000). We
used a refined version of the OSCURS model (URL: http://www.pfeg.noaa.gov/products/las/OSCURS.html)
to update drift trajectories for each year from 1967 to 2003, resulting in indices somewhat different from those
used by Wespestad et al. (2000). The northernmost latitude of the 90-day drift trajectory and the final latitude
and longitude of the trajectories on June 30 were used as indices of egg and larval drift during their first 3
months of life. These indices are relatively crude measures of larval transport because they do not account
for the vertical distribution of larvae and it is unclear how well the OSCURS model captures upper layer cir-
culation on the Bering Sea shelf.

3.5. Model-based indices of mixed layer dynamics in the summer

In summer, after the spring bloom has depleted the surface water of nutrients, vertical mixing over the shelf
entrains nutrients into the surface layer resulting in further production. To quantify variability in spring/sum-
mer stratification and mixing on the shelf we used the results of a one-dimensional mixed layer model (Ladd,
unpublished manuscript). The model calculates the density and wind-driven velocity profile in response to
imposed atmospheric forcing and was run from May 1 to September 30 for the years 1951-2002. Model runs
were validated by comparison with data from two moorings on the southeast Bering Sea shelf (Moorings 2
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and 4, Fig. 1). The model reproduced well the temperature, mixed layer depth, and timing of mixing events in
mooring data during the summers of 1995-2002.

Mixed layer dynamics have at least two important implications for biological production. First, the shoal-
ing of the mixed layer in spring due to reduced wind mixing and increased insolation determines the timing of
the spring bloom, which may affect feeding success of early larvae and determines the total length of the sum-
mer production season. Using the model output, we defined a spring bloom date as the first day when the
depth of maximum stratification shoaled to less than 25 m and the temperature difference across the thermo-
cline remained stronger than 0.2 °C m ™' for more than one day (Fig. 5a), based on Sambrotto et al. (1986). In
years when ice was present after March 15, an early, ice-associated bloom occurred (1995, 1997, and 1999),
depleting nutrients in the surface layer. Because the model did not simulate ice-associated processes, the bloom
date as calculated was an estimate of when conditions were right for a spring bloom assuming that the nutri-
ents had not been depleted by an earlier ice-associated bloom (or, if such a bloom had occurred, that nutrients
had been replenished by strong wind mixing). With the exception of 1998, the model-defined spring bloom
date was a good estimator of the actual timing of the spring bloom for the six years when fluorescence data
were available for comparison.

Mixed layer dynamics affect not only the timing of the spring bloom but also the magnitude of summer
production as nutrient-rich bottom waters are mixed into the surface layer during wind events. An estimate
of the cumulative amount of mixing (entrainment) over the summer was calculated as the amount of mixed
layer deepening measured daily and summed for all mixing events in July and August (Fig. 5b). To examine
the influence of 