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Abstract

Pacific herring, Clupea pallasi, is an important forage fish species, which interfaces with 

various trophic levels including human beings. There have been many herring studies 

about reproductive biology and migration dynamics, but not many studies about the 

underlying mechanisms. For fisheries management, reliable spawning prediction models 

are necessary. I sought to understand the mechanisms behind the variability in northern 

Bristol Bay herring spawning variability and migration dynamics in the eastern Bering 

Sea (EBS). Through a combination of spatio-temporal approaches and statistical methods, 

I found significant statistical relationships between herring spawning and spring 

environmental variables. All the best models include air-sea-ice interactions through 

their effects on gonad maturation and migration. EBS herring undergo a pseudo- 

clockwise seasonal migration with adjustments in response to changes in oceanographic 

conditions along the ice edge. Ocean temperature changes near the ice edge, which are 

controlled by atmospheric gradients over the North Pacific Ocean, explain most of the 

interannual variability of herring spawning in northern Bristol Bay.
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General Introduction

The Pacific herring (Clupea pallasii) is a member of the family Clupeidae, a 

planktivorous group containing about 350 species worldwide (Mecklenburg et al. 2002). 

The species ranges over most of the North Pacific Ocean from the California coast north 

to the Aleutian Islands and Bering Sea and west across the Pacific Ocean to the Yellow 

Sea (Hay 1985). In most populations, Pacific herring attain maximum sizes of about 

30 cm total length (TL), but it is rare to exceed 25 cm total length (TL) in North Pacific 

populations (Hay et al. 2001). In Alaskan waters, such as Gulf of Alaska stocks, fish in 

some populations may reach about 34 cm TL (Hay et al. 2001). Pacific herring in the 

eastern Bering Sea (EBS) attain the largest body size in Alaska; some can reach a length 

of 40 cm TL and a weight of 0.5 kg. In 2004, a female heavier than 700 g was collected 

in the northern Bristol Bay.

As elsewhere, herring are an important component of marine ecosystems off 

Alaska, because they channel energy from lower to higher trophic levels, thereby 

contributing to bottom-up forcing that forms the foundation for biodiversity of marine 

ecosystems. Complex foraging behaviors of megafauna, such as cooperative feeding by 

humpback whales (Megaptera novaeangliae, Sharpe and Dill 1997, Sharpe 2002) and 

Steller sea lions (.Eumetopias jubatus, Gende et al. 2001, Sigler et al. 2004; in Southeast 

Alaska, have developed to provide for efficient predation on schooling herring. In Prince 

William Sound, when sufficient food is unavailable, herring can temporarily switch



feeding modes from plankton to juvenile salmon, thus exerting a top-down effect on the 

ecosystem (Cooney et al. 2001, Willette et al. 2 0 0 1 ).

Herring have been an important resource to humans for millennia. The Tlingit 

people have occupied Southeast Alaska for at least 10,000 years using herring for food 

and commerce among villages (Emmons 1991). Collection of spawned herring eggs by 

submerging branches of coniferous trees, such as Sitka spruce (Picea sitchensis) or 

mountain hemlock (Tsuga mertensiana), remains a springtime tradition today. Herring 

also provide for important commercial fisheries. After Japanese herring were 

overexploited in 1950s, demand for Alaskan herring increased and foreign herring 

fisheries occurred along the Alaskan coast. In Japan, herring roe is served as a delicacy 

on New Year’s Day as a cultural tradition. The price of roe has declined in recent years 

due to higher dollar-to-yen exchange rates in the late 1980s (Frenette et al. 1997), 

changes in the strength of the Japanese economy, and shifts in dietary preferences.

The northern Bristol Bay herring is one of largest spawning stocks in Alaska. In 

recent years the sac-roe fishery for this stock was the largest in Alaska with average 

annual landing of 20,295 short tons since 1980. The Alaska Department Fish and Game 

(ADF&G) manages the herring fisheries in the Togiak Management District, covering 

approximately 200 km of the coastline in northern Bristol Bay. The spawning season 

generally continues from late April or early May through June in this region. For 

efficient, economical fishing operations, ADF&G has strived to predict the first date of 

spawning, which may vary by weeks interannually.



Since the 1990s, ADF&G has used a statistical relationship between herring 

spawning timing and April air temperature at Cape Newenham based on 9 years of 

observations to predict approximate spawning timing (Wespestad 1991, Wespestad and 

Gunderson 1991). This simple linear model, which proved practical for ADF&G 

management and industry fishery planning for more than a decade, connects herring 

reproduction to environmental variability of the Bering Sea.

The Bering Sea is a semi-enclosed sea in the subarctic Pacific Ocean; flow from 

the south is relatively limited to several passes in the Aleutian Island chain. Flow 

through the Aleutians is most restricted through the eastern passes, which are shallower 

than those in the western Aleutians. Variability of EBS oceanography is largely due to 

atmospheric forcing (Stabeno et al. 1999). Therefore, using air temperature variables as 

cues for herring spawning seems reasonable, although the processes and mechanisms that 

directly affect herring are not clear. Moreover, even the locations of herring in April are 

somewhat uncertain, so the exact linkage between Cape Newenham air temperature and 

reproductive biology of herring remains unknown.

Effects of ocean temperature and other environmental factors on spawning timing 

have been investigated for many fish species. The reproductive cycles of various fishes, 

such as Atlantic mackerel (Scomber scombrus, Ware 1977), English sole (Parophrys 

vetulus, Kruse and Tyler 1983), and California sardine (Sardinops caerulea, Tibby 1937), 

are associated with temperature. Two spawning seasons of Tobinumeri dragonet 

(.Repomucenus benitegri) are determined by upper and lower limits of optimum spawning 

water temperatures (Jobling 1995). Spawning timing of Atlantic herring (Clupea



harengus) in the Gulf of St. Lawrence is influenced by a cold water mass that inhibits 

pre-spawning migration in the gulf (Messieh 1987).

In 2003 the prediction error of the air temperature model for Togiak herring was 

approximately 1 week, which was considered unacceptable by fisheries managers. Based 

on a preliminary analysis that I conducted while working on this thesis, ADF&G applied 

multiple regression models that included sea surface temperature at Unimak Pass to 

predict spawning timing. Although the precision of the prediction was improved, the 

mechanism remained elusive because of the generally sluggish northward current along 

the shelf slope of the EBS (Stabeno et al. 2002) that could not reasonably explain the 

causality for the model improvement using ocean temperature at this location. In 2005, 

new models incorporating sea ice, air temperature, and wind were developed once again, 

this time because the Unimak Pass temperature data were not available. The prediction 

error was ± 1 d, and ADF&G fishery managers made management decisions based on 

these models. Still, the ecological mechanisms for these models were remained unclear. 

For example, an association between date of ice break up and herring arrival has been 

described (Barton and Wespestad 1980), but no scientific studies have investigated the 

biological reasoning for such an association. The correlation of spawning timing with sea 

temperature at Unimak Pass was originally found by trial and error, so there is a concern 

about model reliability in the future.

Relationships exist between ocean temperature and Pacific herring gonad 

maturation in other areas (Hay 1985, Ware and Tanasichuk 1989, Zebdi and Collie 1995). 

For example, in British Columbia (Canada), warmer sea surface temperatures associated

4



with mild winter conditions increase fecundity and egg size (Tanasichuk and Ware 1987). 

Herring spawning timing can be tuned by altering temperature in sea pens (Doug Hay, 

Department of Fisheries and Oceans Canada, Nanaimo, BC, personal communication 

2003). Gonad development gradually occurs on the wintering ground and then the 

gonadosomatic index (GSI) increases exponentially two weeks before spawning 

(Tanasichuk and Ware 1987, Ware and Tanasichuk 1989).

This study attempts to develop a reliable predictive model to describe the 

interannual variability of herring spawning timing in northern Bristol Bay by determining 

the relevant physical processes and the biological response to them. As a first step, the 

seasonal migration of herring was determined in chapter 1 by an analysis of the 

geographic distributions of herring bycatch in groundfish fisheries monitored by NMFS 

onboard observers. Once the seasonal movements of herring were determined, potential 

environmental cues could be matched with the distributions of herring in time and space. 

For the second step, I developed statistical relationships in chapter 2 between herring 

spawning timing and environmental cues at those specific locations and times. A 

Geographic Information System (GIS) was used in an intensive analysis of marine 

environmental variables that are both spatially and temporally dynamic.
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Chapter 1. MIGRATION DYNAMICS OF PRE-SPAWNING PACIFIC HERRING 

(CLUPEA PALLASII) IN THE SOUTHEASTERN BERING SEA1

Abstract

Pacific herring (Clupea pallasii) undergo large-scale migrations in the 

southeastern Bering Sea. Previous studies revealed that herring overwinter near the 

Pribilof Islands, migrate east to the coast for spawning in spring, and then migrate 

southwest along the Alaska Peninsula to the outer shelf where they move northwest, 

following bathymetry back to the Pribilof Islands in fall. Despite this general 

understanding, variability in herring seasonal migrations has not been investigated in the 

Bering Sea. We conducted a retrospective analysis of herring bycatch data collected by 

NMFS observers aboard groundfish vessels since the 1990s to examine spatio-temporal 

dynamics of annual migrations. Observed changes were compared with variability in 

climate and oceanographic conditions in ArcGIS. A pseudo-clockwise migration pattern 

from pre-spawning to post spawning was confirmed. However, interannual shifts in 

migration pathways and a possible northward shift of over-wintering grounds in the 

1980s and 1990s were identified. Also, pre-spawning herring concentrated in distinctly 

different areas, depending on whether spawning was early or late that year. The thermal 

structure around the ice edge appears to affect herring migration timing and route, as well 

as spawning timing. Given recent large shifts in sea-ice extent and duration, the herring

1 Tojo N., G. H. Kruse, and F. C. Funk. Migration dynamics of pre-spawning Pacific herring (Clupea 
pallasi) in the Southeastern Bering Sea. Prepared for submission to Progress in Oceanography.
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bycatch savings area based on 1980s data should be revised to reflect prevailing 

conditions.

Introduction

Pacific herring (Clupea pallasii) are widely distributed in temperate North Pacific 

waters from the California coast to the Aleutian Islands and from the Bering Sea across 

the Pacific Ocean to the Yellow Sea (Hay 1985). They generally have a close association 

with the continental shelf and coastal environment, although they migrate through a 

variety of habitats depending on population and life stage (Hay and McCarter 1997).

Fish spawning activity evolved in association with the spring plankton bloom (Cushing 

1990); Pacific herring spawn earliest at southern latitudes and later at higher latitudes 

probably owing to the northward progression of the spring bloom. Herring spawn in 

shallow subtidal or intertidal areas along coastlines each spring and then move offshore 

for feeding (Mecklenburg et al. 2002). In fall, they begin to move to deeper, 

overwintering grounds and vertical migration patterns associated with feeding become 

less distinct (Hay 1985). Kobayashi (1993) classified four types of Pacific herring based 

on spawning grounds and migration behaviors; (1) lagoon, small migration type or 

resident type with preferences for lower salinity at the spawning site, (2 ) oceanic, large 

migration type, (3) oceanic, small migration type, and (4) intermediate migration type 

with an intermediate salinity preference at the spawning site. Several herring spawning 

populations occur in the eastern Bering Sea (EBS), including the lagoon, small migration



type in Norton Sound (Wespestad and Gunderson 1991) and the oceanic, large migration 

type in Bristol Bay (Fig. 1.1). Northern Bristol Bay herring, the largest herring spawning 

population in the EBS, undergoes a migration within 55-60 N and 153-180 W (Barton 

and Wespestad 1980), encompassing an area of *830,000 km2 with an estimated total 

migration pathway of roughly 2 ,2 0 0  km.

The first studies of migration of EBS herring used data collected during foreign 

fisheries off the Alaskan coast. After Japanese herring were overexploited in the 1950s, 

demand for Alaskan herring increased and foreign fisheries occurred along the Alaskan 

coast. Intensive trawl and gillnet fisheries, mainly conducted by Japanese and Russians, 

followed the seasonal migration of EBS herring until foreign fisheries were phased out of 

the U.S. Exclusive Economic Zone (EEZ) following passage of the Magnuson Fisheries 

Conservation and Management Act of 1976.

A clockwise migration pattern of Bristol Bay spawning herring (Fig. 1.1) was 

indicated by studies of foreign herring fishery data available prior to 1976 (Dudnik and 

Usol’tsev 1964, Prokhorov 1970, Rumyantsev and Darda 1970, Wespestad 1978, Barton 

and Wespestad 1980, Funk 1990, Wespestad and Gunderson 1991). Herring overwinter 

mainly northwest of St. Paul Island and begin to spread out over the shelf in early spring. 

From April to May, they reach the coast for spawning. After spawning, herring remain in 

the spawning area or migrate southward along the Alaska Peninsula. Then, a majority of 

herring accumulates near Unimak Pass where they concentrate for feeding before 

extending north across broad feeding areas along the continental shelf and slope in
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summer (Rumyantsev and Darda 1970). Gradually, herring concentrations move further 

northwest of the Pribilof Islands for overwintering.

It is unknown whether EBS herring experienced changes in migration patterns 

subsequent to the change from foreign to domestic fisheries or in association with a 

climate regime shift in the late 1970s. Shifts seem plausible given that a close congener, 

Atlantic herring (Clupea harengus), shifted their wintering and feeding grounds off 

Norway three times since 1950, probably associated with population structure and 

episodic environmental triggers (Corten 2002). Potential shifts in EBS herring migration 

dynamics could be related to regional climate and oceanographic dynamics, such as a 

regime shift in 1989 that resulted in rapid warming and a decline in sea ice in spring 

associated with the Arctic Oscillation, a fluctuation in the pattern of high and low 

atmospheric pressure systems between the polar region and mid-latitudes in the northern 

hemisphere (Overland et al, 2004). Conceivably, the spring ice edge zone could serve as 

a thermal barrier or guide to herring migration, because it approximately overlaps the 

postulated migration pathway of pre-spawning herring. Alternatively, an Oscillating 

Control Hypothesis posits that the timing of ice retreat affects the timing of the spring 

bloom and the development of the zooplankton grazing community, which could affect 

feeding success of forage fishes, such as herring (Hunt et al. 2002, Hunt and Stabeno 

2002, Kachel et al. 2002) en route to their spawning grounds.

Our goal was to determine whether the timing and pathway of Pacific herring 

migration varied in relation to interannual variability in ocean and climate variables in the 

EBS. Specific objectives were to: (1) reevaluate the proposed migration route from
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previous analyses of foreign herring fishery data by analyzing recent herring bycatch data 

collected by observers on domestic groundfish fishing vessels, (2 ) examine the general 

pre-spawning migration relative to mean oceanographic conditions in spring, and 

(3) explore variability of herring migration patterns relative to variability in EBS 

oceanography.

Methods

Data Collection and Processing 

Herring, Data

Information on herring distributions was obtained from historical bycatch records 

in the National Marine Fisheries Service (NMFS) observer database over 1977-2003, 

provided by the Alaska Fisheries Science Center. Data included observed catch (metric 

tons) and effort (tow duration in minutes, tow number, and number of records). Data 

prior to 1990 include both joint venture and domestic fisheries information with codes 

identifying the type of fishing operation, such as mothership, small trawler, large trawler, and 

pot or longline vessel. Data from 1990 to 2003 include domestic fisheries information with 

codes that indicate gear, such as type of trawl: non-pelagic, pelagic, mixed, pair, and 

shrimp. Gear retrieval positions were recorded to the nearest minute of latitude and 

longitude.



We used ArcGIS 9.0 (ESRI) to plot the data and convert the coordinate system 

(Albers with central meridian of 168W, the 1st standard parallel of 55 N, the 2nd standard 

parallel of 65 N, and the latitude of origin of 58 N) to summarize the data points in a grid 

of equal-distance, 50-km * 50-km cells, in which each cell contains a number of tows. 

Data within a cell were discarded if the total number of tows were less than three to 

preserve confidentiality. We calculated catch per unit of effort (CPUE) from herring 

catch (in mt) divided by total tow duration (in hours) from each fishing operation and 

gear type. When tow durations were missing, they were estimated by regression, as 

explained below. An option was to drop missing-duration observations from the analysis, 

but this would have created a loss of 65% of herring catch information within the dataset, 

as well as spatial bias in the interpretation of herring distributions; many herring 

observations had no associated tow duration and many of the missing observations 

occurred in inshore areas.

To address the missing tow duration issue, we conducted a linear regression 

analysis between total duration of tows and number of tows for each fishing operation to 

find a possible relationship between total duration of tows and frequency of tows. If the 

numbers of tows were not available, we instead used the number of fishing records. Data 

were discarded if neither surrogate was available. During preliminary analysis we 

discovered that total duration in the 1990s had a very large variance (s2 = 284,804) owing 

to small numbers of tows and limited numbers of missing duration data (84 of 15,514 

observations). So, observations with missing duration from the 1990s were discarded



from the analysis. Also, longline vessels had extremely few (less than 10) catch records, 

so we removed this category from the analyses.

There was a statistically significant relationship between total duration of tow and 

number of tows for all available fishing operations for both joint-venture and domestic 

fisheries before 1989 (P< 0.001, 0.65 < r2 < 0.83). Likewise, the duration and number of 

records were related (P < 0.001, 0.42 < r2 < 0.99). Using these regressions, we estimated 

total duration of tows for the 0 -duration records.

The efficiency of fishing operations was also considered for pooling CPUE from 

different fishing operations and gears. Because CPUE is extremely skewed toward small 

values including no-catch data, first we removed these no-catch values. Second, this 

trimmed dataset was natural-log transformed to attain normality for standardization for 

each category. We considered CPUE (U) as an index of abundance (Z), such that:

U = ZyJ,'

where y  denotes a set of years in which total herring biomass was of similar magnitude, /  

is the type of fishing gear or fishing operation, and t is fishing season.

Therefore, standardization was made for each fishing gear and operation type for 

different sets of years based on the magnitude of biomass. The effect of fishing season, t, 

was waived by conducting monthly analyses. We used annual spawning biomass 

estimates from the Alaska Department of Fish and Game (ADF&G) Togiak herring 

management area as an approximation of the biomass of entire southeastern Bering Sea. 

Three biomass categories were created using 33rd and 67th percentiles over 1977 to 2003 

corresponding to large, medium, and small biomass years.



17

Furthermore, each cell and fishing category has a different level of sampling 

effort (i.e., number or duration). Thus, we calculated weighted averages by summing the 

catches and durations across categories in the individual cells of the equal-distance grid. 

Although data on fishing effort that yielded no herring catch were excluded from this 

CPUE-scaling process, we included these zero catch data in plots to display the presence 

and absence of fishing effort in specific areas.

To visualize herring distributions, we generated kernel density contours in 

ArcGIS Spatial Analyst. The kernel (fw ) is estimated by:

where h is the smoothing parameter or bandwidth, X, is the z'-th observation, x is the exact 

location within each cell in our analysis, n is sample size, and K  is the kernel function 

giving the weights to the values for estimation (Silverman 1986). In Spatial Analyst, K  

determines the basic shape of the smoothed lines and h determines the degree of 

horizontal generalization and is set as the “searching radius” (Silverman, 1986). We set 

the kernel function to the default and the searching radius was defined as 142,000 m 

(square root of the width of two 502 km2 cells), which allowed us to generalize the CPUE 

values at least more than two neighborhood points even in the isolated comers of our grid.

To visualize both general movement and variability of herring distribution and 

migration, we processed two types of plots from the kernel density surface. In the first 

type, we fitted a kernel density surface to the processed, scaled CPUE dataset in each 

month combined over years. This type of plot (summed biomass concentration plot)



provides a single concise output surface per month to visualize the general seasonal 

movement regardless of the interannual variability of herring population parameters. The 

second type of plot showed annual monthly distributions of CPUE.

For the monthly plots in individual years, grid data for months with less than 30 

non-overlapping points were discarded to avoid misinterpretation before building the 

kernel density contours. Then, a kernel density surface was fitted for each monthly 

dataset from individual years. From these processed density contours, we obtained upper 

25th-percentiles to display areas of herring peaks in abundance, then calculated the 

centroids of these monthly statistical distribution peaks for every year (peak plots).

The percentiles of the kernel density surfaces were classified with ArcMap based 

upon the estimated density index (f(x)), and a Visual Basic for Application (VBA) 

function in ArcGIS was used to calculate centroids. Whereas averaged monthly peaks of 

herring distributions are free from interannual fluctuations, an analysis of the spatial 

dispersion and temporal randomness of these centroids in each month by year revealed 

interannual variability of the geographic location of herring and clarified the months of 

greatest variability in herring location.

Enviromnental Data

Two environmental variables were considered to potentially affect herring pre

spawning (April -  May) migration dynamics: sea surface temperature (SST) and sea ice. 

The SST data were obtained from the Comprehensive Ocean-Atmosphere Dataset



(COADS) from the National Climate Data Center (NCDC). For the sea ice dataset, we 

used total ice concentration from the Environmental Working Group Joint U.S.-Russian 

Sea Ice Atlas (Arctic Climatology Project) from the National Snow and Ice Data Center 

(NSIDC) and archived sea ice charts by National Ice Center (NIC).

The COADS SST data and data on herring distributions were not well matched 

spatially. To address this, we extrapolated the COADS data by a kriging (Issaks and 

Srivastava 1989) model. We used a Gaussian semivariogram model with four 

neighborhood sectors (10-15 neighborhoods per sector) for kriging extrapolations. 

Directional effects on spatial autocorrelation (anisotrophy) were also taken into account 

and calculated in the ArcGIS Geostatistical Analyst extension. Each kriging estimation 

was cross-validated with q-q plots between estimates and observations. To select an 

extrapolated estimation surface, we chose one having less than 0.05 mean error and slope 

close to unity.

The sea ice dataset was in raster format until 1994. Individual cells were 12.5 km 

squares. After 1994 the dataset was in a vector format, consisting of smooth lines and 

partitioned polygons from the lines. So, we converted a vector format after 1994 into the 

raster format for consistency. Missing or corrupted GIS ice charts in the NIC data 

archive were repaired or replaced by digitizing original NIC ice charts. Because 

conversion of vector formats yields wiggly lines connecting the center of the individual 

cell, we used inverse distance weighting (IDW) of the extrapolated surface for vector 

conversion of the ice data. The IDW method simply weights the values as an inverse



linear function of the distances. We used the same numbers of neighborhood sectors and 

neighborhoods as used for SST extrapolation.

Analyses

General Migration Pattern

To visualize the general migration pattern of EBS herring, the centers of statistical 

quartiles of herring distributions from CPUE density surfaces were plotted by month for 

years with sufficient data for analysis. For this purpose, the same equal-area projection 

was applied as used for data processing. Because fishing effort was unevenly distributed 

across the EBS depending on month and year, we examined the spatial distribution of 

fishing effort to help interpret the resultant herring distributions for each month, year, and 

group of years. To facilitate comparisons of our results with earlier findings we re

examined Japanese fisheries catches during 1964 to 1976 (Appendix l.A-1).

Variability o f Migration Patterns

We examined the temporal randomness of the within-month peaks of herring 

distributions, calculated as the average nearest neighborhood distance among centroids of 

peaks. The month with the greatest dispersion was identified. Monthly average distances



among centroids were measured annually to quantify the interannual variability of the 

seasonal location of herring.

For spring months, we compared distributions of herring CPUE peaks to the 

extrapolated surfaces of total concentration of sea ice and SST. We extrapolated the 

monthly surfaces by binning years based on early or late herring arrival at the northern 

shore of Bristol Bay from historical aerial survey data by ADF&G. We used the upper 

and lower 25th percentiles of arrival dates over 1978 to 2003 to bin years as “early” or 

“late” arrival. Using this approach, herring spawning dates were binned as early (1982, 

1985, 1986, 1988, 1990, 1992, 1994) or late (1981, 1983, 1987, 1993, 1998, 2000, 2001, 

2003).

EBS herring are composed of several spawning populations and, therefore, 

biological events for each population may not be synchronized. Moreover, within a 

population, different behaviors could be displayed by different segments of the 

population, for instance by mature and immature fish. To address this, we defined two 

different behaviors: migrating and non-migrating. Then, we constructed a polygon 

containing the locations of migrating herring. Based upon where the centroids of these 

polygons located, we defined migrating and non-migrating herring quartile polygons.

To determine whether herring actually migrated through areas of lower or higher 

ice concentrations or SSTs relative to other areas in the EBS, we compared average 

values of environmental variables within the herring quartile polygons to values in the 

presumed available area for migration, as inferred from the historical herring distribution.
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We modified Ivlev’s index of electivity (Ivlev 1961) to develop a herring 

migration tendency index, /, defined as:

VS + VA

where vs is the adjusted oceanographic variable in the area occupied by pre-spawning 

herring and vA is the adjusted oceanographic variable in the area that herring historically 

used as a migration corridor. Both and vA are adjusted values based on each observed 

value x and its minimum xmin:

V =  X +  I X • I .i min I

The index ranges from -1 to 1 depending on the degree of the tendency. Positive 

(negative) values of /  indicate that herring used areas with higher (lower) ice 

concentration or SST.

Results

General Migration Pattern during 1977-2003

Generally, effort coverage appears to be sufficiently broad to allow use of fishery 

CPUE data to examine seasonal distributions of herring in the EBS during 1977-2003 

(Fig. 1.2). Fishing effort was most heavily concentrated in the middle (50-100 m) and 

outer domain (> 100m) of the southeastern Bering Sea. Fishing in deep areas, such as the 

Pribilof Canyon, was likely associated with walleye pollock (Theragra chalcogramma).



Monthly herring concentrations often show peaks in two regions, one west of St. 

Matthew Island (59°N, 177-178°W) and the other between St. George Island (the 

southernmost Pribilof Island) and Unimak Pass (54.5-55.5°N, 166-168°W), throughout 

most of the year (Fig. 1.3). This bimodal distribution of monthly peaks is least apparent 

in May to July, when some herring are probably undergoing post-spawning migration. 

The centroids of monthly peaks also show similar general distribution patterns although 

their spatial dispersion changed monthly.

In January, two major concentrations occur in the northwestern (58.5°N, 176°W) 

and southeastern EBS (55°N, 164.5°W) along the continental slope. There is also one 

minor concentration northeast of St. Paul Island (57.5°N, 169°W) over the 65-m isobath. 

In February, the northernmost herring concentration remains, but the southernmost 

concentration weakens.

Biomass concentrations suggest a southeast movement along the slope in March. 

The distribution of the centroids is tight along the slope (Fig. 1.3). No evidence of a 

shoreward dispersion was found in any one year (not shown), but limited effort coverage 

in March prevents definitive conclusions.

Among the pre-spawning months, a broad dispersion of the centroids of monthly 

peaks begins in April (Fig. 1.3), when annual peaks of the distribution spread over the 

southeastern shelf. In some years herring concentrated further north, almost to Asia (Fig 

1.3). In general, the largest biomass concentration of herring occurs approximately 250 

km east of the Pribilof Islands. This concentration extends shoreward and in some years 

reaches the vicinity of major coastal spawning areas. The centroids in the southeastern



shelf edge area observed during January-March likely shift northeast and fuse into this 

major shoreward aggregation in April.

In May herring concentrate along the shoreline in northern Bristol Bay (58.5°N, 

160.5°W, Fig. 1.3). However, a major concentration remains between the Pribilof 

Islands and western Yukon-Kuskokwim area (59°N, 163°W), probably herring during 

pre-spawning migration. In June, the major concentration of herring stretched along the 

coast of the Alaska Peninsula to Unimak Pass (Fig. 1.3). The western “tail” of the 

herring concentration shifted to east by about 125 km. The concentration was broadly 

spread over the Bristol Bay, monthly peaks were scattered.

In July, a herring concentration shows a broad O-shape pattern in the southeastern 

Bering Sea shelf (Fig. 1.3). The centroids of monthly peaks become more prominent at 

Unimak, but a minor concentration appeared south and offshore of St. Matthew Island 

along the slope. This a bimodal feature intensified through fall and early winter. The 

northern biomass concentration was located east of St. Matthew Island (59°N, 177°W), 

and the southern concentration extended northwest of Unimak Pass.

In November and December, herring become more limited in distribution to the 

northern EBS (59.5°N, 179°W, Fig. 1.3). However, the centroids still existed to the 

southeast in some years. Distributions along the 65-m isobath were sparse, but monthly 

coverages of fishing effort were insufficient to lend credence to these detailed features. 

The over-wintering concentration west of St. Mathew Island in November and December 

(59.5°N 179°W) was located more to the northwest in post-1976 years than in earlier 

years.
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Interannual Variability in Herring Migration: comparisons to Variability in Ocean 

Conditions

The temporal randomness of monthly peaks are obvious from examination of the 

maximum average nearest neighborhood distance of the centroids (Fig. 1.4). As shown 

previously, the greatest spatial dispersion in these centroids of herring distributions 

occurrs in April. Thus, April is a key month when herring begin either to migrate (early 

spawning year) or to hold up (late spawning year), perhaps due to ocean conditions 

affecting gonadal maturation. In contrast to April, fall months (i.e., September and 

October) show smaller average nearest neighborhood distances. These results suggest 

that the centroids of peaks have been clustered in historically similar locations (i.e., 

feeding grounds) in both September and October.

In April, the ice edge is ~150 km further north in early versus late arrival years, 

especially in coastal areas of northern Bristol Bay (Fig. 1.5a). The distributions of 

centroids of monthly herring peaks in April associated with the ice edge (Fig. 1,5a). One 

of them is observable in the vicinity of Cape Newenham in some early years. Centroids 

in the late years were more clustered in the southeastern Bering shelf than the centroids in 

early years. Coastal waters, extending northward from the northeast comer of Bristol 

Bay, were completely covered by >55% isoclines of total sea ice concentration in late 

arrival years. The SST generally reveals a larger mass of cold water in the late arrival 

years than early arrival years on the southeastern continental shelf. On the other hand,



there were no obvious differences in ice or SST among early and late arrival years along 

the continental shelf edge, Aleutian Basin area, or northern portion of the EBS.

Differences in sea ice distribution among early and late herring arrival years 

persisted in May (Fig. 1.5b). In early years, sea ice seemingly receded to the north in 

May and the coastal area was mostly ice free in the spawning areas other than Norton 

Sound. In May in late years, the coastal zone remained covered with sparse sea ice, and 

the distributions of herring monthly peaks were associated with a tongue-like extension 

of >10 % total concentration isoclines (and cold SST) between Cape Newenham and 

Pribilof Islands. On the other hand, a lower ice concentration along the coast and 

dispersed distribution of herring in open water typified early arrival years.

Herring show a negative association with sea ice concentration in 10 of 13 years 

in April (Fig. 1.6 ). In May, the years of negative association dropped to half of the 

observed years, but the index values in seven of these ten negative years were still 

strongly negative. There were no distinct migration tendencies for herring in relation to 

SST in either month. In some years, herring showed a strong negative and moderate 

positive association to SST in May, such as 1984 and 1993.
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Discussion

EBS Herring Migration General Pattern

We confirmed the main features of migration of Bristol Bay herring from the 

spawning season until fall indicated by previously published studies (Dudnik and 

Usol’tsev 1964, Prokhorov 1970, Rumyantsev and Darda 1970, Funk 1990, Wespestad 

1978, Wespestad and Barton 1979, Wespestad 1991, Fig. l.A).

“Conservatism” of general migration patterns, perhaps learned through older age 

classes in herring schools, was proposed for Atlantic herring (Corten 2002). Consistent 

gradients of bathymetry and associated oceanographic conditions in the southeastern 

continental shelf of EBS may provide stable migration pathways for post-spawning 

migration. However, the migration pattern, which has been characterized as “clockwise”, 

is not so clear for the rest of the year. In fall through late winter, we identified a southern 

concentration south of Pribilof Islands and a northwestward shift of the northern 

concentration in recent years. The southern over-wintering concentration was not clearly 

identified in pre-1976 years, although the existence was postulated (Wespestad, 1978, 

Appendix 1 .A). This apparent bifurcation of herring distributions in winter, which was 

not clear from previous studies, deserves future detailed investigation.

Though striking for herring, other examples of long distance (> 1,000 km) 

migrations include Pacific salmon (Oncorhynchus sp., Budsberg and Braddock 2003, 

Kiessling et al. 2004), bluefin tuna (Thunnus orientalis) and Patagonian toothfish



(Dissostichtus eleginoides). The migration phase of bluefin tuna may span more than 

7,000 km and last many months (Itoh, et al., 2003). The Patagonian toothfish, distributed 

in cold waters of the southern hemisphere, has been caught in the North Atlantic Ocean 

and trans-equatorial migration of some large size fishes has been indicated (Moeller et al. 

2003). However, none of these studies considered the variability of general migration 

patterns. Thus, we feel that the EBS herring is an example of a fish species with 

plasticity in their migration in dynamic marine ecosystem.

A conceptual model of fish migration was developed by Harden-Jones (1968, 

1980) and improved by Cushing (1982) and various researchers to incorporate 

ontogenetic component of migration (Fig. 1,7a, Secor 2002). If we incorporate seasonal 

changes in habitat of adult stock, this schematic migration model have large feeding 

ground and small wintering ground, which may or may not overlap each other (Fig 1,7b).

Based on our analysis, this triangular migration model does not apply well to the 

EBS herring. Although some herring probably return to the major over-wintering 

grounds for feeding after spawning, a major herring concentration exists in the southern 

Bering Sea, north of Unimak Pass, in summer. Presumably, these post-spawning herring 

are actively feeding. Thus, the major feeding and over-wintering grounds do not always 

coincide. Likewise, although there is a clear northward movement of herring biomass in 

the fall, some herring remain in the southern habitat around the southeastern EBS shelf 

area in the winter.

So, the Bristol Bay herring migration pattern cannot be simply characterized as 

“clockwise” as previously proposed. Instead, we suggest a modified conceptual model of



migration with both northern and southern over-wintering grounds and feeding grounds 

for EBS herring (Fig. 1,8 a). Then, the variability of the pre-spawning migration is 

explained by the variability between wintering and spawning grounds (Fig. 1.8b).

Because of their long-distance migrations, Pacific herring play an important 

ecological role in energy transfer throughout the Bering Sea ecosystem in multiple ways. 

First, their migration pattern facilitates cross-shelf transport of energy among offshore 

and inshore environments. Second, as forage fishes they are important conveyors of 

energy from lower trophic levels consisting of a variety of planktonic organisms to 

various upper trophic levels including large megafauna. For example various bird 

species, such as harlequin ducks (Histrionicus histrionicus, Rodway et al. 2003), black

legged kittiwakes (Rissa tridactyla, Suryan et al. 2002), and various gulls (Larus sp., 

Bishop and Green 2001), feed heavily upon concentrations of spawning Pacific herring 

and herring eggs in shallow waters. Similarly, marine mammals possessing cooperative 

foraging strategies, such as the humpback whale (Megaptera novaeangliae, Sharpe and 

Dill 1997, Sharpe 2002) and Steller sea lion (Eumetopias jubatus, Gende et al. 2001, 

Thomas and Thome 2001), prey largely upon schooling herring. Not only do herring 

contribute to marine mammal feeding success and survival, but the necessity for 

cooperative foraging behavior for herring predation fosters the overall social behaviors of 

many marine mammals that contribute to their interactions with other trophic levels.

Environmental conditions associated with the northern and southern 

feeding/wintering grounds likely have implications on bioenergetics about which we can 

only speculate. The historical migration route, which included a feeding aggregation



along the southern EBS continental shelf, may have been may have been established 

based on prey abundance. If so, the northward shift of the overwintering aggregation 

may be more costly due to longer swimming distances. However, there could be other 

potential benefits, such as avoidance of predation by groundfish, better local feeding 

conditions, or lower basal metabolic rates associated with colder temperatures to the 

north. Norwegian Atlantic herring show size- (age-) dependent differences in migration 

distances due to costs and benefits during the feeding migration (Kvamme et al. 2003). 

Perhaps EBS herring schools make a choice of migration route based on similar tradeoffs.

Details on the locations of herring concentrations from our analysis require 

cautious interpretation. The Russian herring spawning population from the Gulf of 

Anadyr historically overlapped with the traditional over-wintering area to northwest of 

the Pribilof Islands (Wespestad and Gunderson 1991), so not all herring caught as 

bycatch in groundfish fisheries in the U.S. EEZ are necessarily of U.S. origin. Also, the 

limited coverage of fishing effort in winter (November to February) needs to be 

considered when interpreting our results.

We used herring bycatch data as an index of relative abundance. By doing so, we 

implicitly assumed that the fishing gears (mainly trawls) sampled herring in proportion to 

their local densities and that they were adequately sampled by onboard observers. 

Although we have no way to explicitly test these assumptions, which were generally 

similar to these from the historical foreign fisheries that targeted herring, suggest to us 

that inferences about herring biomass distributions from these observations are 

reasonable. Because we smoothed multiple observations over time and space, our results



are not too sensitive to deviations from those assumptions for individual catches. 

Moreover, our findings are directly relevant to herring bycatch management, which 

utilizes the same database used in our analysis.

In 1991 the North Pacific Fishery Management Council created a herring savings 

area to protect over-wintering herring from incidental bycatch in other fisheries, 

particularly the winter pollock fishery. The herring savings area closes if observed 

herring bycatch reaches the Prohibited Species Catch (PSC) limit, which is set annually at 

1% of the estimated EBS herring biomass. However, closure of this herring savings area 

has rarely been triggered. With apparent shifts in the over-wintering grounds of herring, 

it may be necessary to realign the winter herring savings area for protection of herring in 

the future. Also, relationships of other over-wintering herring populations in this region 

may need additional considerations, particularly for determinations of the “unit stock” 

and accounting of total fishing mortality experienced during the life history

Interannual Migration Dynamics and EBS Ice Edge Environmental Variability

Interannual variability of pre-spawning herring migrations in spring, particularly 

in April, indicates some plasticity of herring migration behavior in relation to ocean 

dynamics. Our results suggest possible association of herring to the sea ice edge thermal 

dynamics between wintering grounds and spawning sites (Fig. 1.8b). In Atlantic herring, 

the size of the spring sub-zero water mass determines whether shoreward movements of 

herring are inhibited during their spawning migration in the southern Gulf of St.



Lawrence (Messieh 1987). Likewise, it seems plausible that the water column thermal 

dynamics at the ice edge zone modifies springtime herring migration patterns in the EBS. 

Cold ice melt extending from ice edge (Alexander and Niebauer 1981) and a stable 

thermocline on the southeastern Bering Sea (Muench and Schumacher 1985) may guide 

herring schools along the isotherms before the movement to the spawning grounds.

Responses of herring to sea ice are probably non-linear due to schooling behavior 

and varying availability of habitats. Temperature gradients likely affect the distribution 

of Atlantic herring (Misund et al. 1998, Nottestad et al. 1999), and Barton and Wespestad 

(1980) also suggested that temperature was important to the herring distribution in EBS. 

Although spawning tends to be associated with warming water in spring, there are 

records of pre-spawning herring in sub-zero temperature in the EBS (Rumyantsev and 

Darda 1970). Also, there are some observations of herring spawning activities under the 

ice in cold years in northern Bristol Bay (Jim Browning 2003, ADF&G, Anchorage, 

personal communication). Similar instances were also observed in other coastal regions 

of the southeastern Bering Sea (Christie Hendrich 2003, ADF&G, Juneau, personal 

communication). Barton and Wespestad (1980) pointed out some small wintering 

aggregations under the ice in Norton Sound based on information from local residents. 

These contradictory observations might be explained from herring schooling behavior 

(Femo et al. 1998, Huse et al. 2002). A simulation study of Atlantic herring revealed 

changes in direction of an entire school when more than 7% of herring moved in a certain 

direction (Huse et al. 2002). Thus, EBS herring movement is probably somewhat 

unpredictable depending upon different physiological status and ecological experiences



by segments of the school. We suggest that pre-spawning herring tend to avoid cold 

temperatures with high ice concentrations, unless a certain proportion of a school reaches 

the physiological requirements for spawning. Once the proportion of spawning-ready 

herring in the school reaches a maturation threshold, the whole school may be moving 

across the cold water mass that would otherwise retard movement.

We conclude that EBS herring have conserved their basic migration pattern, but 

that significant interannual variability exists in the pre-spawning migration pathways, 

largely in response to sea ice variability. The exact response of herring to ice is probably 

relative to the conditions in other surrounding waters within the migration route between 

northern and southern wintering areas and spawning sites. The recent and continuing 

decline of sea ice in the EBS will undoubtedly affect herring in the future. The potential 

impacts of a warmer EBS with no sea ice in the future are not predictable from historical 

observations. Yet, continuing change provides opportunities to conduct new research on 

the interactions among sea ice and herring and their environment. Given the ecological 

importance of herring to upper trophic levels, as well as the economic and social 

importance of herring fisheries to coastal residents of this region, such studies will be 

important both to understanding the effects of global warming on the Bering Sea 

ecosystem, as well fishery management. Possible changes in northern over-wintering 

grounds, and details of the southern over-wintering concentrations, pose scientific and 

management challenges and opportunities. The understanding of herring migration 

dynamics that we have tried to advance with our research should be validated and



expanded by in situ field studies, as well as laboratory investigations of reproductive 

physiology and behavior.

Acknowledgments

We wish to express our thanks to Professors Terry Quinn II and Dave Musgrave 

of the University of Alaska Fairbanks for very helpful comments on a draft of this 

manuscript. We are particularly grateful to Professor Quinn for his advice on methods 

for standardizing catch-per-unit-effort data. This publication is the result of research 

sponsored in part by the North Pacific Research Board and by Alaska Sea Grant with 

funds from the National Oceanic and Atmospheric Administration Office of Sea Grant, 

Department of Commerce, under grant no. NA 16RG2321 (project no.R/02-02), and from 

the University of Alaska with funds appropriated by the state.



35

Figures

64"0*N

gj'tm-

62*©*-

ei*<w-

es’o-N-

srow-

58‘ffN-

C7*C"N-

sro’N-

S5*<W

54‘0N

STOHN-
n _ n _ r =  l_  i isrorw
9 62 5 12S S O  3 ?S  SOO

Figure 1.1. Locations and relative sizes (dark ellipses) of spawning stocks of Pacific 
herring in the eastern Bering Sea and historically postulated migration pattern with 
wintering ground (modified from Barton and Wespestad 1980). The gray boxed arrows 
show pre-spawning movements, and the white boxed arrows show post-spawning 
movements. The gray lines are isobaths in 10-m intervals. The triangles are suspected 
minor spawning stocks. The largest two ellipses represent the largest spawning stock, 
namely northern Bristol Bay. The grid circle at 58°N represents major wintering ground 
for those spawning stocks in southeastern Bering Sea (Dudnik and Usol’tsev 1964, 
Prokhorov 1970, Rumyantsev and Darda 1970, Funk 1990, Wespestad 1978, Wespestad 
and Barton 1979, Wespestad 1991). The blank circle with question mark is the 
speculated minor wintering ground (Barton and Wespestad 1980).
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Figure. 1.2. Historical distributions of fishing effort from 1977 to 2003. Total duration of 
all tows is used as an index of fishing effort for all years combined. Gray lines show 
isobaths in 10 -m intervals.
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Figure 1.3. General migration pattern of herring in the eastern Bering Sea from 1977 to 
2003. Herring seasonal migration pattern is revealed by upper 25-percentile monthly 
contours of catch-per-unit-effort (summed biomass concentration plot: gray shaded) 
averaged across all years and distributions of yearly centroids (annual peaks: black dots) 
by month for January through December. Cross marks represent the grid of the fishing 
efforts including 0  catches.
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Figure 1.3. Continued.
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Figure 1.3. Continued.
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MONTH

Figure 1.4. Monthly change of average nearest neighborhood distances (NND: black dots) 
and standardized NND (gray rectangles). The average NDD is computed between 
centroids for consecutive months. NND in the months without adequate observations (n 
< 30: January, November and December) were noted with open symbols. The distance 
plotted for April shows a distinct peak in the NND corresponding to movement between 
March and April. Herring were most consistently clustered in March and fall months.



41

a. A pril Early Late

Figure 1.5. Comparisons of monthly herring distributions for early and late spawning 
years in (a) April and (b) May. Herring distributions are shown for early (left panels:
1981, 1983, 1987, 1993, 1998, 2000, 2001, 2003) and late spawning years (right panels:
1982, 1985, 1986, 1988, 1992, 1994, 1999). For each comparison, the top panel is a 
comparison between the monthly peaks of herring (dots) and average total concentration 
of sea ice (%: darker -  higher) and the bottom panel is a comparison of catch-per-unit- 
effort with average SST (C: darker -  higher) of same years.
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Figure 1.5 Continued.
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Figure 1.6. Changes in herring migration tendency index (/: gray dots) from 1978 to 2003 
in available years (n). The x axis indicates years and the y axis indicates the calculated 
index /  for April and May with respect to (a) total sea ice concentration and (b) sea 
surface temperature.



Figure 1.6. Continued.
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Figure 1.7. A triangular pattern of migration of aquatic fauna from Harden-Jones (a, 1980) 
and derived triangular model of herring seasonal migration (b).
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Figure 1.8 . A modified triangular pattern of migration for herring in the Eastern Bering 
Sea (EBS, a) and derived model with the variability in April (b). As indicated for the 
northern Bristol Bay stock, EBS herring have a main feeding and spawning ground, but 
also a major (A, north of the Pribilof Islands) and minor wintering ground (B, around 
Unimak Pass).
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Appendix l.A. Additional Figure for Chapter 1.
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Figure l.A. Pre-1976 herring migration pattern of herring in the eastern Bering Sea. 
Herring seasonal migration pattern is revealed by upper 25-percentile monthly contours 
of catches (average biomass concentration plot: gray shaded) by month for January 
through December. The original data (one-by-half decimal degree grid) was obtained 
from Wespestad (1978). The same kernel estimation procedure (See page 13) was used 
for equal distance grid data over 1977 -  2003.
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Figure l.A. Continued.
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Figure l.A. Continued.



Chapter 2. ENVIRONMENTAL CUES FOR HERRING SPAWNING TIMING IN 

NORTHERN BRISTOL BAY2

Abstract

Spawning timing of Pacific herring (Clupea pallasii) varies by up to one month 

interannually in northern Bristol Bay. Herring fisheries in this region depend on 

availability of herring with mature roe, which are available during limited fishing 

opportunities at the start of the spawning season. Fishery managers, the fishing fleet, and 

processing operations mobilize for this remote fishery from other areas of the state. To 

reduce risks of foregone harvests associated with unexpectedly early spawning or 

additional operating costs associated with waiting for unexpectedly late spawning, we 

developed prediction models based on relationships between herring spawning and 

environmental variables. Spatio-temporal analyses with ArcGIS, principal components 

analysis, and multiple regression formed these models. Environmental conditions in 

spring (March and April) were significantly correlated with the arrival and spawning 

timing of herring in northern Bristol Bay in May. Regression analyses revealed 

statistically significant relationships (P < 0.001, r2 ~ 0.70) of both spawning timing and 

arrival of schools to environmental variables in the migration corridor and at the coastal 

spawning sites. Pre-spawning herring respond to the thermal structure over the

2 Tojo N., G.H. Kruse, and T.J. Quinn, II. Environmental cues for herring spawning timing in northern 
Bristol Bay. Prepared for submission to Fisheries Oceanography.



southeastern Bering Sea shelf, as affected by air-ice-sea coupling. These conditions are 

driven by the atmospheric pressure gradient over the North Pacific and Arctic regions.

Introduction

Pacific herring (Clupea pallasii) is a member of the Clupeidae family, a large 

group containing about 350 species worldwide (Mecklenburg et al. 2002). They range 

over most of the North Pacific Ocean, in the east from California north to the Aleutian 

Islands, through the Bering Sea, and in the west as far south as the Yellow Sea (Hay 

1985). Pacific herring are ecologically important to upper trophic levels. Marine 

mammals, such as Steller sea lions (Eumetopias jubatus) (Merrick et al. 1997), grey 

whales (Eschrichtius robustus) (Darling et al. 1998), humpback whales (Megaptera 

novaeangliae) (Sharpe and Dill 1997, Sharpe 2002), and killer whales (Orcirrus orca, 

Saulitis et al. 2000) prey on herring. Increases in counts of Steller sea lions and 

humpback whales during preseason aerial surveys by the Alaska Department of Fish and 

Game (ADF&G) are used as an indicator of imminent spawning by fishery managers 

along coastal Alaska (Jim Browning, ADF&G, Anchorage, personal communication, 

2003). Many seabirds, such as harlequin ducks (Histrionicus histrionicus, Rodway et al. 

2003), black-legged kittiwakes (Rissa tridactyla, Suryan et al. 2002), and various gulls 

(Larus sp., Bishop and Green 2001), also rely on herring for a large portion of their diets, 

particularly when herring concentrate at shallow spawning sites nearshore. The 

ecological role of herring and other forage fishes has been of increasing concern as



populations of some predators, such as Steller sea lions (NRC 2003) and black-legged 

kittiwakes (Dragoo et al. 2004), have undergone decadal declines in the eastern Bering 

Sea (EBS).

Harvests of Pacific herring have been socially and economically important 

throughout recorded history. The Tlingit people, having occupied Southeast Alaska for at 

least 10,000 years, use herring for food and trading (Emmons 1991). The collection of 

spawned herring eggs by submerging branches of coniferous trees, such as Sitka spruce 

(.Picea sitchensis) or mountain hemlock (Tsuga mertensiana), has been a springtime 

tradition for generations. In Japan, highly priced herring roe is served as a delicacy on 

New Year’s Day. After the herring in Japan were overexploited in the 1950s, demand for 

roe has been high in international markets. Because of those ecological and socio

economic importance of herring, spawning timing is a critical consideration in the 

foraging strategies of various natural predators and humans.

Spawning timing depends upon location and varies interannually. In general, 

herring spawning occurs later with increasing latitude; temperature has been suggested as 

the causative factor (Hay 1985). The physiological response of pre-spawning herring to 

ocean temperature a few months before spawning has been incorporated into prediction 

of spawning timing in some British Columbia herring stocks (Hay 1985, Ware and 

Tanasichuk 1989). Also, plasticity in gonad maturation rates in response to 

environmental conditions was suggested from an experimental study of herring in 

impoundments (Hay and Brett 1988). Also, photoperiod has been suggested to play a 

role (Bye 1984).



Variability in size-dependent gonadal development has been studied as the major 

cause of multiple spawning activities in a specific spawning area in British Columbia, 

known as spawning waves (Hay 1985, Ware and Tanasichuk 1989). The largest 

individuals mature and spawn earliest, followed by successive peaks in spawning of 

smaller size classes (Ware and Tanasichuk 1989). In addition to a relationship with the 

gonadosomatic index (GSI, Hay 1985), body size also affects migration speed 

(Hedenstroem 2003), migration distance and pathways (Kvamme et al. 2003). If pre

spawning migration dynamics are associated with environmental variability, then 

variability in spawning timing may be similarly affected.

The northern Bristol Bay spawning stock of herring is an excellent candidate for 

investigating mechanisms of spawning timing variability for many reasons. First, it is 

one of the most economically valuable herring fisheries in Alaska. Second, maximization 

of roe quality is a management priority for this stock, thus elevating the need for accurate 

predictions of spawning timing of the largest fish that spawn earliest. Third, a reliable 

database exists owing to a long history of spawning timing records collected by ADF&G. 

Fourth, a statistical relationship between air temperature and spawning timing 

(Wespestad and Gunderson 1991) provides a foundation for research, but notable 

prediction errors have occurred in recent years, prompting a need for new analysis. 

Finally, this stock of herring undergoes an extremely long seasonal migration through an 

oceanographic region that has experienced large interannual and decadal variability, in 

addition to large effects of global warming. Thus, environmental effects on the spawning



timing of this herring stock might be expected to be pronounced, with important 

ecological implications on upper trophic levels and fishery management.

The northern Bristol Bay herring fishery near Togiak (Fig. 2.1) is managed by 

ADF&G according to a fishery management plan approved by the Alaska Board of 

Fisheries. In recent years, increasing emphasis has been placed on maximizing roe 

quality owing to highly competitive global markets. Since the 1990s, prices have 

declined along with demand for herring roe products, in part due to a shift toward higher 

dollar-to-yen exchange rates after the end of 1980s (Frenette et al. 1997) and perhaps 

other reasons relating to the condition of the Japanese economy or shifts in dietary 

preferences. Due to the latitudinal trend in spawning timing, EBS herring fisheries occur 

after other herring fisheries have been prosecuted in the Pacific Northwest and Gulf of 

Alaska. Thus, most world demand for roe products has been satisfied before fishing 

commences in the EBS. This only increases the need for accurate predictions of 

spawning timing of the largest fish that spawn earliest in the northern Bristol Bay.

The northern Bristol Bay spawning population of Pacific herring spawns in spring, 

generally peaking during a two-week period in May to June. However, initiation of 

spawning generally varies by 10 days but occasionally up to 30 days depending upon the 

year (Fig. 2.2). A correlation between spring air temperature at Cape Newenham in April 

and first mass (>1,610 m) spawning date was thought to be due to the effect of spring 

thermal dynamics on gonadal maturation (Wespestad and Gunderson 1991). ADF&G 

used this statistical relationship (Wespestad and Gunderson 1991) to predict spawning 

timing of northern Bristol Bay herring since the 1990s. Although few observations



(;n = 9) in the 1980s formed the basis for this regression analysis, this simple linear model 

proved to be practical for fishery planning for more than a decade. But, application of the 

ADF&G model in recent years resulted in discrepancies between predicted and observed 

spawning. For example, the actual spawning in 2003 was approximately 1 week earlier 

than forecasted (Tim Sands, ADF&G, Dillingham, personal communication 2003). To 

address this issue, ADF&G applied a multiple regression model that included sea 

temperature at Unimak Pass as a second independent variable to predict spawning in 

2004, based on our preliminary analysis. Further refinements in our prototype models 

assisted ADF&G to predict spawning timing accurately for the 2005 season. However, 

mechanisms explaining the role of air temperature of Cape Newenham and sea 

temperature at Unimak Pass on Togiak herring have yet to be found.

Large-scale interannual fluctuations in Bering Sea oceanography during spring 

may be associated with variability in herring spawning timing. Fluctuations of annual sea 

ice extent span more than 1,000 km (Schumacher and Stabeno 1998). The southeastern 

edge of sea ice from the coast to the middle domain (50 m to 100 m depth) varies widely 

interannually (Fig. 2.3). In this region, sea ice distribution is affected by coastal winds 

related to Aleutian Low pressure dynamics (Schumacher and Stabeno 1998, Stabeno et al. 

1998). In spring, air temperature quickly warms and sea ice begins to melt from 

increased solar radiation. The less-saline, cold ice melt extends away from the ice-edge 

zone and creates an area of upwelling (Alexander and Niebauer 1981). The ice-edge 

zone is the probable herring migration passage between wintering concentrations and 

coastal spawning areas (Dudnik and Usol’tsev 1964, Prokhorov 1970, Rumyantsev and



Darda 1970, Wespestad 1978, Barton and Wespestad 1980, Funk 1990, Wespestad and 

Gunderson 1991). Thus, we speculate that springtime thermal conditions around the ice 

edge zone affect female gonadal development in the month before spawning.

With this in mind, the goal of this study was to develop improved predictive 

models of herring spawning timing in northern Bristol Bay. Detailed prediction models 

of herring spawning timing are required to meet management objectives for the 

contemporary fishery, most notably those objectives relating to product quality and 

resource economics. We took a mechanistic or process-oriented approach to model 

development to reduce the risk of spurious correlations. First, a spatio-temporal analysis 

was conducted to identify specific areas occupied by herring during the period spanning 

the overwintering phase to the pre-spawning phase (January-April). Second, analyses of 

air-ice-sea interactions were performed to better understand environmental variability in 

the regions occupied by migrating herring. Third, based upon an understanding of the 

life history of herring and their environment, a suite of environmental variables 

postulated to affect herring at particular temporal and spatial scales during their pre

spawning life history were built into alternative regression models to predict spawning 

timing. By conducting these regressions, we tested the null hypothesis that herring 

spawning variability is unrelated to the oceanographic conditions of their immediate 

vicinity. Finally, candidate models were compared with several model fitting criteria and 

the best model alternatives were examined to explore possible cause-and-effect 

relationships between herring spawning timing and their environment.
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Methods

Herring Data

Aerial survey data on pre-spawning herring schools and spawning activity in the 

Togiak management district were obtained from ADF&G for 1967-2004. Analyses were 

confined to 1978-2004, because pre-spawning surveys prior to 1978 were not conducted 

consistently. Datasets include summary tables and maps that recorded the observed 

herring school locations, sizes, approximate depth zones, survey date and time, spawning 

locations, and survey flight altitudes. Survey altitude was typically 457 m above sea 

level, but varied between 300 and 900 m. Surveys were typically flown twice per day at 

high tide, weather permitting.

Two indices of spawning timing were analyzed: arrival date of the first observed 

pre-spawning school and spawning date of the first observed mass spawning. Arrival 

date was determined by reviewing survey maps and records of test fisheries, which are 

small-scale samples of early arriving schools to assess roe recovery rates. Spawning date 

is the date when spawning occurred along more than 1,610 m (one mile) of shoreline, 

based on milt observed during aerial surveys. ADF&G used this convention in preseason 

forecasts of fishery opening dates during 1978-2002. Because of concern about 

observation errors in historical spawn length estimates, we digitized survey maps and 

calculated the length of observed spawning based on the actual shape and location of 

observed spawning along the shore using Visual Basic in Arclnfo (ESRI). Because aerial



surveys stopped before all spawning is completed for the season, observed and actual 

peak spawning dates may differ, so peak spawning dates were not considered for analysis.

Age (years), total length (mm), and weight (g) of herring sampled from both test 

and commercial fisheries from 1981 to 2003 were provided by ADF&G. Average female 

length was estimated for the first week after the first school arrived to represent the 

dominant spawning size in the first mass spawning.

Environmental Data

Data were obtained for five environmental variables perceived to be relevant to 

over-wintering and pre-spawning herring in the EBS: total concentration of sea ice (sea 

ice TC), sea surface temperature (SST), surface air temperature (SAT), meridional wind 

speed, and atmospheric pressure indices. Each dataset had various properties and 

varieties of data sources, so we had different ways to process data before analyses.

Data on sea ice TC were obtained from the Environmental Working Group, Joint 

U.S.-Russian Sea Ice Atlas (Arctic Climatology Project) from the National Snow and Ice 

Data Center (NSIDC) from 1978 to 1994 and archived sea ice charts by National Ice 

Center (NIC) since 1995. Data since 1995 were in vector format, whereas pre-1995 data 

were in raster (grid) format. So, the more recent dataset was converted into raster format 

to create a consistent format over the full 1978-2004 period. Missing or corrupted GIS 

ice charts in the NIC archive were repaired or replaced by digitizing original NIC ice 

charts.



Most SST and SAT data were obtained from the Comprehensive Ocean- 

Atmosphere Dataset (COADS) as raster datasets. These SST data were available over 

1978 to 2002 and SAT data were available over 1978 to 1999. The COADS SST and 

SAT datasets possessed considerable spatial bias and were not representative of the areas 

of interest occupied by herring. Thus, data were extrapolated to the areas occupied by 

herring by kriging (Issaks and Srivastava 1989). A Gaussian semivariogram model with 

four neighborhood sectors (10-15 neighborhoods per sector) was used for consistency of 

model quality. All outliers 1.5 times larger than the inter-quartile range were removed 

before processing the surfaces. Directional effects upon spatial autocorrelation 

(anisotrophy) were also taken into account and calculated in the Geostatstical Analyst 

extension in ArcGIS. All kriging estimates were crossvalidated with q-q plots of 

estimators and observations. To select an extrapolated estimation surface, one was 

chosen having less than 0.05 mean error with slope close to unity. The arithmetic mean 

of the variables within each specified sampling window was estimated for analyses with 

herring.

Also, SAT data spanning 1953 to 2005 from Cape Newenham Air Force Station 

(COOP station identification number: 501314 from 1953 to 1984) were obtained from the 

National Climatic Data Center by Seth Danielson of the Institute of Marine Sciences at 

the University of Alaska Fairbanks (IMS, UAF). Cape Newenham is located at the 

western edge of the main spawning sites in northern Bristol Bay.

Additional SAT data were available as monthly averages from point sources at St. 

Paul Island (COOP station identification number: 508118-3) from 1978 to 2004 and



Dillingham (502457-6) from 1978 to 2001. These weather stations are part of the 

volunteer Cooperative Observer Program at the National Climate Data Center 

(NCDC/COOP).

Northward and eastward wind stress data over 1978 to 2004 were obtained from 

the National Center of Environmental Prediction/National Center for Atmospheric 

Research (NCEP/NCAR) reanalysis of monthly means (Kalnay et al.1996) through the 

NOAA Climate Diagnostic Center (CDC). This dataset was composed of a 2.5° latitude 

by 2.5° longitude global grid with 144 x 73 points. We used data within 60° N -  58° N 

and 163.1°- 169.8° W, the postulated herring pre-spawning migration in spring (Dudnik 

and Usol’tsev 1964, Prokhorov 1970, Rumyantsev and Darda 1970, Wespestad 1978, 

Barton and Wespestad 1980, Funk 1990, Wespestad and Gunderson 1991).

Two atmospheric pressure indices were considered to account for intensity of the 

overall pressure gradients over the EBS and the possible effects of decadal-scale regime 

shifts. The North Pacific Index (NP, Trenberth and Hurrell 1994) from the Climate 

Analysis Section, National Center for Atmospheric Research (NCAR) was used to index 

dynamics of the Aleutian Low Pressure System. This index is the area-weighted sea- 

level atmospheric pressure over 30° N -  65° N and 160° E-140° W. The NP is a 

particularly good index of the late 1970s regime shift. To account for variability of 

associated with the 1989 regime shift (Overland et al. 2004), the Arctic Oscillation Index 

(AO) was obtained from the Climate Prediction Center, National Oceanic and 

Atmospheric Administration (CPC/NOAA).



The intensity and location of the Aleutian Low with two dominating pressure 

gradient patterns are considered as important factors in determining the temperature 

regime over the EBS (Rodionov et al. 2005). The low center in winter differed in its 

location over the north Pacific Region between the Aleutian chain and Gulf of Alaska 

(GOA) among years. We used differences in sea level pressure data between two 

locations to represent the locations of the Aleutian Low centers: (1) the area from 50° N 

to 55° N and from -175.5° W to -165.5° W (2) the area from 55° N to 60° N and from - 

175.5° W to -165.5° W. Monthly mean sea level pressure data were obtained from the 

NCEP/NCAR reanalysis (Kalnay et al. 1996) through the NOAA CDC.

Life History Approach to Selection o f Environmental Data

Sampling windows were based on monthly distributions of EBS herring 

determined by analyses of onboard observer data on herring bycatch in groundfish 

fisheries during 1977-2003 provided by the National Marine Fisheries Service (NMFS) 

Observer Program. Catch data include summed durations of tows and number of tows

2 9
per a 50 km grid cell involving the same fishing operations and gear types.

Based on a procedure by Tojo et al. (2005, submitted, chapter 1), we processed 

the kernel estimated surface of herring major concentrations from the catch data. From 

the processed kernel surfaces for individual month and individual years, we developed 

three different sampling windows corresponding to northern and southern overwintering 

areas and a migration corridor by the following steps:



(1) The obtained kernel density was reclassified into statistical percentiles. The 

upper 25th percentile was used to project the “major” herring concentration 

polygons in each month in each year.

(2) Using a Visual Basic for Applications (VBA) algorithm, herring distribution 

peaks were defined from the centroids of these major herring concentrations 

(Fig. 2.4a)

(3) Results from previous studies (e.g., Dudnik and Usol’tsev 1964, Funk 1990, 

Wespestad and Gunderson 1991) were interpreted to distinguish overwintering 

and migration areas as follows:

a. Northern and southern overwintering areas were defined by the existence 

of distinct multi-modal peaks of herring concentrations during winter 

months (November - February), and

b. A migration corridor was defined by the sequential eastward dispersion of 

herring as evidenced by the locations of peaks in April relative to March.

(4) For all years combined, sampling windows were defined by the merger of 

individual major concentration polygons (Fig.2.4b). These sampling windows 

were used to crop the dispersed environmental data.

(5) Owing to interannual variability in the location of herring concentrations, the 

merged overwintering and migration regions overlapped (Fig. 2.4b). So, for 

statistical testing of differences in environmental observations between 

migration and overwintering areas, we subsampled the regions of non-overlap



to maintain statistical independence. The subsampling was conducted with 

subsumpling windows (100x100 km rectangular cells, Fig. 2.5).

Non-normality and Autocorrelation

Spatially dispersed data, such as COADS SST and SAT, did not deviate from 

normality, so untransformed data were used. The point-source SAT data from COOP 

stations had extremely low but very few (< -10) outlier values. Because these extreme 

values were very few (1 to 2 ) compared to the number of the observations (n = 24), we 

used 1st degree windsorizing to resolve this issue (Dixon and Massey 1983). The 

windsorized dataset was also assessed for normality. The Kolmogorov-Smimov 

goodness of fit test (Massey 1951) was used to test (a = 0.05) for normality of 

environmental data prior to correlation and regression analysis. Non-normality of sea ice 

TC was corrected by natural-log transformation.

Autocorrelation can inflate the significance of correlation analyses, but detrending 

datasets can remove important low frequency processes and potentially underestimate 

associations among data (Pyper and Peterman 1998, Pyper et al. 1999). To resolve this 

issue, the degrees of freedom were adjusted using methods of Pyper and Peterman (1998, 

Appendix 2.A.).
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Analyses

Exploratory Analyses o f Correlations and Ad-hoc Addition o f Variables

We calculatedproduct-moment correlations (r) to provide a general overview of 

the EBS environment and to speculate about possible interactions with herring from the 

available datasets. Correlations among spawning date, arrival date, air-sea-ice variables, 

and the other environmental variables were examined in this analysis.

We also conducted exploratory correlation analyses using environmental variables 

over a grid of equal area (100x100 km2, Fig. 2.5). For each of the 119 individual cells, 

we obtained average environmental values. Only statistically significant correlations 

between these air-sea-ice environmental variables (SAT, SST, sea ice TC) in each cell 

and spawning date in the northern Bristol Bay spawning site were explored for additional 

insights into spatio-temporal connections between pre-spawning herring and their 

environment. Also, we completed correlations between environmental variables at each 

cell and the atmospheric index (NP) to help interpret environmental drivers behind the 

underlying spatio-temporal mechanisms observed.

Mapped outputs from this process were also used to select some specific locations 

for further Principal Component Analyses (PCA) before developing conceptual model.

We focused on locations where variables yielded statistically significant (P<0.05) 

correlations. We were hopeful that PC A might yield some new insights about potential



relationships between pre-spawning herring and their environment beyond those we had 

hypothesized in advance.

Principal Components Analysis and Conceptual Modeling

Principal components analysis (PCA) was conducted using S-Plus Professional 

Version 6.1 (Insightful Corporation) on environmental variables for April to find groups 

of variables that, in combination, might explain EBS air-sea-ice dynamics influencing 

herring spawning date and arrival date. We included the monthly Aleutian-GOA gradient 

of sea level pressure, monthly AO, and monthly wind stress data.

Regression analyses were conducted with selected components as independent 

variables and both spawning date and arrival date as the dependent variables.

Insignificant (P > 0.05) parameter estimates were discarded in a step-wise manner to 

build a final, reduced model to predict spawning timing of northern Bristol Bay herring.

In some cases, variables with slightly insignificant P-values (e.g., P ~ 0.05) were found. 

We compared reduced models with these additional variables by applying the Akaike 

Information Criterion (AIC, Burnham and Anderson 2004). If these additional variables 

improved the AIC, then they were included when building regression models. A 

corrected AIC (AICc) is recommended for analyses when sample size is smaller than 

approximately 40 times of the number of parameters (Burnham and Anderson 2004), 

AICc is calculated as:

AICc = AIC + 2 p (p  +1)/(« - p - 1),
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where AIC = -2 In L + 2p, L is the likelihood, p  is the number of parameters, and n is 

sample size.

To compare the models, we estimated the relative AICc values with the following 

equation (Burnham and Anderson 2004):

A, = AICc. -  AICc - ,i i min ’

where AICcmjn is the minimum AICc value among all alternative models.

Regression Modeling and Model Selection

Dual motivations for our study affected our approach to model building and 

selection. One the one hand, we sought to develop a deeper understanding of the 

mechanisms underlying variability in herring spawning timing, and on the other hand, we 

sought practical statistical models for routine application by ADF&G managers. Missing 

data and changes in data collection stations (e.g., Cape Newenham SAT) have impeded 

ADF&G’s ability to apply previous spawning timing models for northern Bristol Bay 

herring in recent years (Lowell Fair 2005, ADF&G, Anchorage, personal 

communication). Also, as environmental observations have become more comprehensive 

over time, some variables, which best explain the underlying mechanisms behind herring 

spawning variability in recent years, are unavailable for inclusion in prediction models 

that explain the historical time series of herring spawning variability. So, we intentionally 

went back to original datasets, which were developed by Wespestad (1978) and used by 

ADF&G, to build “substitute” regression models that make use of the reduced dataset



with longer time series. By developing this range of models, future applications of our 

results can be tailored to the intended purpose.

Multiple regression analyses were conducted to identify the best predictive model 

involving combinations of individual independent variables. Arrival date and spawning 

date were the dependent variables. Independent variables were selected based on ranking 

of their loadings in PCA. Multicollineality of variables was addressed through the use of 

PCA. Combinations of these variables were used to build alternative models. For 

efficient calculations and avoidance of same combination of variables, the top five ranks 

of the loadings in each component were set as our selection standard. Also, we used only 

combinations of insignificantly correlated variables (ot > 0.05) within these selected 

independent variables.

We used AICc to select the best and alternative models. Models having A, < 2  

were regarded as the best models. Models with A* < 4 were considered as possible 

alternative models, while those having A, > 4 were dropped.

Potential Role o f Herring Body Size

Body size of the earliest spawning female herring varies with year. Average 

female length during the first week after the first school arrived was also incorporated 

into multiple regression models as an independent variable for spawning timing 

prediction. After several “best” and “alternative” substituting models were selected by 

regression analysis, average female length was added to the selected models. Model



improvement was evaluated by comparison of changes in coefficients of determination 

(r2) and AIC values.

Results

Correlations among Variables

Most air-sea-ice variables are weakly to moderately correlated with each other 

(Table 2.2). Of the 55 combinations, 42 were statistically significant (P < 0.05). Owing 

to chance alone, we would expect 3 of the 55 trials to be significant of the P = 0.05 level. 

Most insignificant correlations (six of eight) involved the northern wintering area 

(northern EBS shelf edge) and migration corridor (nearshore shelf domain). The 

magnitude of the correlation depends on geographic area. For instance, correlations of 

both arrival date and spawning date with SST and SAT showed stronger correlations in 

the southern wintering stratum than in the northern wintering stratum and migration 

stratum.

Regarding environmental indices, the strength and sign of correlations involving 

NP and AO varied depending on month (Table 2.3). Correlations involving NP from 

February to March were statistically significant. Monthly AO was not significantly 

correlated with either herring spawning date or arrival date. However, the March -  April 

mean was weakly correlated with herring arrival date (r = 0.31: P < 0.05).
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Gradients in correlation between spawning date and air-sea-ice variables became 

evident when plotted on the maps (Fig.2.6, Appendix 2.B-1,2,3). The strongest negative 

correlations between herring spawning date and both SST and SAT occurred in the 

southeastern Bering Sea (Fig. 2.6a,b). In the case of SST, the most significant 

correlations were limited to the shelf around Unimak Pass. Correlations between 

spawning timing and log transformed sea ice TC in April showed a strong gradient of 

positive values radiating from spawning site in northern Bristol Bay (Fig. 2.6c).

Graphs of correlations between NP and the same air-sea-ice variables revealed 

somewhat similar north -  south and offshore -  spawning area gradients in different 

months depending on the variables (Fig.2.7, Appendix 2.B-4,5,6). The gradients in 

correlation between March NP and both April SAT and April sea ice TC were most 

evident (Fig.2.7a,c). The maximum correlation and the intense gradient with SST 

occurred in April NP (Fig.2.7b).

Based on this exploratory analysis, we decided to use SST from the southern shelf 

edge area, north of Unimak Pass, and sea ice TC data from the south side of the spawning 

sites in northern Bristol Bay for further analyses to evaluate the possible mechanisms 

relating to herring response from these observations. The SAT data were not used, 

because the observed correlations were spread over the shelf and included the area that 

herring may occupy during winter -  spring (Dudnik and Usol’tsev 1964, Prokhorov 1970, 

Rumyantsev and Darda 1970, Wespestad 1978, Barton and Wespestad 1980, Funk 1990, 

Wespestad and Gunderson 1991).



76

Principal Components Analysis

The PCA of the candidate variables (Table 2.4) yielded 22 components; the first 

to fifth components each accounted for more than 5% of the variance (Fig. 2.8). The first 

component explained 44% of variance, nearly three times that of the second component. 

The first component was slightly more weighted by multiple air-sea-ice variables 

especially at the southern ice edge; for example, the loading of SST at the northern 

wintering area had a smaller magnitude (-0.18) than the southern area (-0.24, Table 2.4). 

This component also had moderate loadings of March NP and both March and April 

Aleutian -  GOA pressure gradients. The east -  west wind stress in March also showed 

moderate loading. The strongest loading (-0.28) occurred for the southern area SAT and 

sea ice variables followed next (-0.26). The second component had a relatively large 

loading for the northern wintering ground SST (0.44), migration strata SST (0.38), and 

northward wind stress (0.35). A north (high) -  south (low) gradient was observed in this 

component, though the loading for the southern wintering area SST (0.29) was relatively 

large. The third component was most heavily loaded by the Aleutian-GOA pressure 

gradient and AO. A relatively large loading (0.29) was observed upon the SST from cell 

16 from the correlation maps although other SST indices did not show strong loadings.

In this component, another notable feature was the inversed loadings between March and 

April for both Aleutian-GOA pressure gradient and the north -  south wind stress. 

Loadings of April variables characterized the fourth component, such as April NP, April 

AO and both northward and eastward April wind stresses. The fifth component was
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mainly a function of March wind stress (0.64), AO in April (-0.36) and NP in March 

(-0.35). Eastward wind stress in March was also strong. Dillingham SAT showed a 

moderate loading.

PCA Regression Models

Full regression models with all five components were statistically significant for 

spawning date (P < 0.001; r2 = 0.79, n = 22) and arrival date (P < 0.001; r2 = 0.75, n = 22) 

(Table 2.5). Because the parameters of the second, third and fourth components were not 

significantly different from 0 in the spawning date model, a reduced model was built 

from the first and fifth components without a large loss of fit (P < 0.001, r2 = 0.73). 

Likewise, the arrival date conceptual model was reduced to only single parameter model 

involving the first component (P < 0 .0 0 1 ,/=  0.65).

Although the parameter estimate for the second component was not statistically 

different from 0 in our regressions, the P values were 0.05 to 0.06 for both spawning and 

arrival date analyses. We speculated that it might be ecologically meaningful to build 

models to incorporate these mechanisms. So, we created new models with the second 

component added. These models with the additional second component maintained 

statistical significance and good fit (r2 = 0.78 for the spawning date model, r2 = 0.71 for 

the arrival date model). We then compared the AICc among the (1) full model,

(2) reduced model, and (3) reduced model with an additional second component. The



most parsimonious models were reduced models with the additional second component, 

and the alternative models were reduced models without the second component.

Selection o f Substitution Model

Based upon developed PCA regression models, substituting models with fewer 

datasets were built. For prediction of spawning date, simple linear regression models 

with sea ice TC were selected as the best models (A, < 2) (Table 2.6a). The multiple 

regression models were both based upon sea ice TC and AO. Adding the second 

component did not improve the AICc values. Three of five alternative models (2 < A, <4)  

were models with variables with strong loadings from the second component.

For arrival date prediction, a simple linear regression model with sea ice TC 

representing the first component and a multiple regression models with additional 

variables with strong loadings from the second component were selected as the best 

models (A/ < 2, Table 2.6b). The additional variable was SST at the northern wintering 

area in April. The alternative model (2 < A/ < 4) included sea ice TC and SST from the 

migration strata in April. Overall, by adding the second component variables, we 

observed better model fit although the AICc did not always show parsimony.

The Cape Newenham SAT (SAT-C) models, based upon Wespestad and 

Gunderson (1991), showed distinct improvement by adding variables from lower 

components (Table 2.7). The Cape Newenham SAT simple linear spawning date model 

was statistically significant and had moderate fit (r2 = 0.52). By adding NP in March



(NP-M) as the variable from fifth component, the fit improved to r2 = 0.60 with an AICc 

decreasing from 16.54 to 15.25.

The Cape Newenham SAT simple linear arrival model was improved by adding 

the second component, AO in March (AO-M) with increasing r2 from 0.50 to 0.55. The 

relative AICc values also decreased from 24.66 to 20.85, although, they could not be 

selected as best or alternative models in our analyses.

Average female length was added to these selected environmental models (Table 

2.8), but there were no significant improvements. The parameters associated with body 

size were not statistically significantly different from zero.

Discussion

We successfully built statistically significantly regression models that explain up 

to 81 % of the variability in both spawning date and arrival date; these models have better 

fits (lower AICc values) than previous SAT-based single-factor, models for spawning 

timing. The sea ice TC models formalize associations between date of ice breakup and 

herring arrival date, which are part of the traditional ecological knowledge of local 

residents (Barton and Wespestad 1980). Based on these results and the additional spatial 

cues, we propose that spring thermal dynamics along the ice edge over the southeastern 

Bering Sea shelf is the major causative process affecting interannual variability of 

spawning timing of northern Bristol Bay herring.



Fish reproduction has been related to environmental temperatures for various 

species, such as the California sardine (,Sardinops sagax, Tibby 1937), English sole 

(Parophrys vetulus, Kruse and Tyler 1983) and Atlantic mackerel (Scomber scombrus, 

Ware 1977). An association between spawning timing and sea ice break-up date in 

lagoon-residing Baltic Atlantic herring (Clupea harengus membras, Kravasovskaya 2002) 

was explained by the shift of winter to spring conditions. Spawning timing of Atlantic 

herring (Clupea harengus) in the southern Gulf of St. Lawrence is associated with spring 

thermal structure in the pre-spawning habitat (Messieh 1987). The timing of spawning 

was determined by the direct inhibition of migration by a sub-zero water mass (Messieh 

1987). In the EBS, an extension of cold water up to 25 km from the ice edge (Alexander 

and Niebauer 1981) creates a strong thermocline. Thus, it is conceivable that, similar to 

Atlantic herring, cold water extending away from the ice edge may affect migration of 

Pacific herring in the EBS.

Nonetheless, there is an historical record of pre-spawning herring movement into 

sub-zero water (Rumyantsev and Darda 1970). Also, there are observations that herring 

spawned under the ice in cold years in the northern Bristol Bay (Jim Browning, ADF&G, 

Anchorage, personal communication 2003). Such occasions were also observed at other 

coastal regions of southeastern EBS (Christie Hendrich, ADF&G, personal 

communication 2003). Likewise, although the Atlantic herring generally avoid cold 

water (1 - 2  °C) in the Norwegian Sea (Nottestad et al. 1999), they feed on plankton in 

the cold water mass (Misund et al. 1998, Nottestad et al. 1999). Thus, the response of 

herring to cold water may be plastic, depending on the circumstances.



Strong correlation between sea ice TC and herring spawning timing as seen in our 

analyses is probably the result of the direct influence of sea ice and sub-zero water 

underneath and the signature of the climatological/oceanographic drivers of the area. We 

speculate that the sub-zero thermocline extending from the EBS ice edge in April may 

inhibit herring pre-spawning migration. However, the inhibition may be nil when gonad 

maturation reaches a particular threshold in a proportion of individuals in the pre

spawning school. A simulation modeling study of schooling Atlantic herring behavior 

suggested that all fish follow the direction where more than 7% of fish moves (Huse et al. 

2002). This feature may cause herring to hold up along the ice edge zone until the GSI 

reaches a certain minimum level for the threshold some of the pre-spawning school.

The correlation maps between spawning date and environmental variables support 

these postulations about relationships between herring behavior and physical 

oceanography. All maps emphasized the importance of April air-sea-ice variables along 

the sea ice edge, especially the southern shelf area. This area corresponds to where the 

majority of herring occur in April (Tojo et al. submitted, Chapter 1). We speculate that 

the thermal dynamics of the herring springtime habitat and their migration corridor along 

the southern sea ice edge are related to the interannual variability of herring spawning 

timing in northern Bristol Bay.

Caution is needed with the interpretation of our PCA results because it showed a 

sharp decline in the proportion of the variance explained from the first to second 

component. However, the PCA results involving the first and fifth principal components, 

which were statistically significant, helped us to explore the effect of Aleutian Low upon

81



April ice and water column thermal conditions around pre-spawning herring. For 

example, in the first principal component, sea ice TC and the Aleutian -  GOA pressure 

gradient had an inverse loading pattern from SAT and SST. These loadings imply a 

connection between increased (decreased) sea ice TC with a more eastward (westward) 

position of the Aleutian Low in spring (until April), colder (warmer) SAT and colder 

(warmer) SST along the southern ice edge area. Therefore, we infer that this component 

reflects the average pattern of the Aleutian Low in winter-spring months in recent years 

(Rodionov et al. 2005), and that this pattern causes sea ice edge thermal dynamics in 

April.

Generally, the position of the Aleutian Low shifts from the GOA to the EBS side 

of Aleutian Chain in spring (Fig. 2.9). This shift may drive changes in mean wind 

direction resulting in a different spatial pattern of correlation between EBS air-ice-sea 

variables and the NP in March versus April that we observed in this study. Eastward 

storm tracks transport heat from the south along the Aleutian chain and inhibit advection 

of ice to the south. On the other hand, a westward shift in the position of the Aleutian 

Low causes extensive ice advection to the south to the shelf break (Overland and Pearce 

1982). That is, low pressure systems in the GOA in March lead to advection of the sea 

ice along the west side of the low pressure system with southerly wind; low pressure over 

Aleutian chain drives a northerly wind in the EBS and heat transport along the coastal 

area in April.

In recent warm years, the center of the Aleutian Low has been deeper than usual 

and located over the Aleutian chain from winter to spring (Rodionov et al 2005). In cold



years the center persists in the GOA from winter to spring (Rodionov et al. 2005). The 

pressure gradient that is high in the west and low in the east in March and April 

(illustrated by the first component) indicates a cold pattern with more ice covering the 

habitat occupied by herring in April over their spring migration pathway. The 

climatological pattern is clearly observed by contrasting sea level pressure during from 

early versus late years of spawning (Fig. 2.10).

The fifth principal component, the only other component that contributed 

significantly to the spawning date model, may represent the thermal dynamics in the 

vicinity of the spawning sites (i.e., Dillingham SAT and Cape Newenham, Appendix 

2.A-1). This component reflects not only the relative depth of mid latitude low pressure 

systems relative to Arctic high pressure systems (i.e., AO) in April, but also reflects loss 

of intensity of the Aleutian Low itself (i.e., NP) in April. The east -  west gradients of 

variable loadings could be interpreted as an effect on the coastal zone due to contrast 

between on Arctic high pressure system and Aleutian Low in April. Observations of 

northern Bristol Bay herring suggested “resting” behavior prior to spawning after arrival 

because not all herring complete the gonad maturation for spawning at the moment of 

arrival (Jim Browning, ADF&G, personal communication 2003). Therefore, the fifth 

principal component possibly represents the local-scale thermal effects that contribute to 

spawning timing variability after herring reach the spawning area, as well.

The second component, representing the effects from the Aleutian Low relative to 

the Arctic high, improved arrival models. When the AO is high, the relative height of 

monthly mid-latitude average pressure is higher than normal. This drives storms further



north and is the reason of prominent loading of wind stress in April. While these storms 

control heat flux between air and sea in April, the depth of mid-latitude pressure system 

through March already determined the advected ice extension to the southern shelf. We 

speculate that this component represents the offshore thermal effect on herring associated 

with storms in April.

Inclusions of herring size information did not improve our models. However, 

average body size declined in season in northern Bristol Bay consistent with the idea of 

spawning waves (Ware and Tanasichuk 1989). So, we speculate that size effects exist 

even though they were not detectable statistically with our data, possibly due to low 

statistical power. Studies of fine-scale changes in body size are needed to elucidate 

spawning waves in northern Bristol Bay.

We conclude that the interannual variability in northern Bristol Bay herring 

spawning timing is mainly driven by physiological (gonad maturation) and behavioral 

(migration) responses of pre-spawning schools to spatially explicit thermal dynamics at 

the (1) offshore (wintering area), (2 ) ice edge (migration corridor), and (3 ) coastal zone 

(spawning/resting areas) -  all related to temporally dynamic balances in atmospheric 

pressure gradients (Fig. 2.11). Thermal variability at the ice edge in spring affects 

herring biology, and the state of sea ice in spring is probably the strongest cue for herring 

spawning timing (Appendix 2.B.-2). Wespestad and Gunderson (1991) speculated that 

herring gonadal maturation was controlled by thermal condition in April, and our results 

are consistent with their findings and helps to explain the causative, spatially explicit 

mechanisms (Appendix 2.B.-3,4).



The recent decline of sea ice in the EBS presents a major challenge for future 

prediction of herring pre-spawning behavior using ice models. Based on the likely 

thermal mechanisms behind control of spawning timing, acquisition of finer-scale sea 

temperature and air temperature datasets at coastal and offshore locations may be needed 

for the future herring management. Given the likely loss of sea ice from an ever- 

warming Bering Sea, the environment experienced by herring may be substantially 

different from past observations. As the system proceeds toward conditions beyond the 

historical range of observations, these changes will affect the applicability of our 

prediction models.
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Figures

Figure 2.1. Map of the ADF&G Togiak herring management area in northern Bristol Bay 
corresponding to the study site.
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Figure 2.2. Historical timing of arrival and spawning of Pacific herring in the ADF&G 
Togiak herring management area in northern Bristol Bay from 1978 to 2004. Circles 
represent the observed arrival date of herring schools in the area. Squares represent the 
observed date of the first lmile of spawning activity. Data were collected by ADF&G 
during aerial surveys.
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Figure 2.3. Example of interannual variability in sea ice in the southeastern Bering Sea. 
The shaded areas show the average distribution of sea ice cover (>5% total concentration) 
in May 1998 (line shaded) and May 1999 (solid gray). Grey lines show 10 m-isobaths 
from shore to the shelf break at 2 0 0  m.
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a.

Figure 2.4. Depiction of methods used to define herring strata. Based on an analysis of 
herring bycatch data from fisheries during 1980-2003, (a) peak locations of herring 
during winter-spring (November -  February: gray rectangles, March: black dots) were 
used to draw borders for areas associated with northern and southern over-wintering areas 
and areas used for migration, and (b) quartile density polygons were classified based on 
the location of the centroids of herring abundance. For example, quartile density 
polygons (labeled with years) of herring CPUE in April 1994 were tri-modal (area with 
hatched lines), and the east-most polygon was located in the migration stratum. Thus, 
only the eastern peaks in 1994 were defined as migrating herring. Cumulative areas of 
these individual monthly peaks across all years (e.g., 1998, shaded area) were used to 
construct sampling windows, such as the migrating herring window (gray line).
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b.

Figure 2.4. Continued.
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Figure 2.5. The 100 x  100-km equal distance sampling grid. Each spatially dispersed 
environmental variable was sampled from each 10 ,000  km2 cell (numbered 1-119) for 
years of data available.
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a. Herring and SAT

Figure 2.6. Maps of correlation (r) between northern Bristol Bay herring spawning timing 
and air-sea-ice variables: (a) surface air temperature (SAT), (b) surface sea temperature 
(SST), and (c) natural-log transformed sea ice total concentration (natural-log sea ice TC) 
in April. Darker shaded areas indicate stronger correlation (|r|), only statistically 
significant correlations are labeled on the maps.



b. Herring and SST

c. Herring and natural-log transformed TC

Figure 2.6. Continued.
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a. March NP and SAT in April
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Figure 2.7. Correlation (r) maps of the North Pacific Index (NP) and air-sea-ice variables: 
(a) SAT in April, (b) SST in April, and (c) natural-log transformed sea ice TC in March. 
Darker shaded areas indicate stronger correlations only statistically significant (P < 0.05) 
correlations are labeled on the maps.
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b. April NP and SST in April

c. March NPand natural-log transformed TC in April
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Figure 2.7. Continued.
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Figure 2.8. Cumulative proportion of total variance explained by the leading five 
environmental principal components in the eastern Bering Sea.
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October-December

January-March

Figure 2.9. General shift of the location of Aleutian Low pressure system from October 
to March. Isobars shows lower than 1005 millibars. Three-month average air pressure at 
sea level (1000 mb) were calculated over 1948-2006. Plots were obtained from the 
NOAA Climate Diagnostics Center.
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Figure 2.10. Comparison of April mean air pressure at sea level (1000 mb) between (a) 
early pre-spawning herring arrival years and (b) late arrival years. The darker shaded 
area indicates lower pressure. The bin years between early and late were determined by 
using upper and lower 25 percentiles of arrival dates of pre-spawning herring from 1978 
to 2004 (Tojo et al., submitted, chapter 1). Plots were obtained from the NOAA Climate 
Diagnostics Center.
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a.

Figure 2.11. Schematic representation of the conceptual models for northern Bristol Bay 
herring for: (a) arrival date models (b) spawning date models. Rectangles show the 
location specific thermal dynamics. Ellipses indicate probable herring responses. Circles 
represent atmospheric effects.
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Tables

Table 2.1. Summary of linear regression models used to estimate missing data on tow 
durations. Simple linear regressions involved tow duration as the dependent variable and 
either number of tows or number of records as the independent variable. The intercept 
was set to 0. Shown are the slope (a), standard error of slopes (sa), correlation coefficient 
(r2), and statistical significance (P).

Estimation from number of tows a $ a P
Fishing Operations/gears 3.02 0.1 0.65 <0.001
Domestic mothership and small trawler 25.53 1.67 0.82 <0.001
Joint venture mothership and small trawler 
Domestic mothership and small trawler

31.26 0.56 0.76 <0.001

Estimation from numbers of records
Fishing Operations/gears a $ a r ' P
Domestic mothership 97.89 4.26 0.42 <0.001
Domestic small trawlers 294.92 0.78 0.92 <0.001
Domestic large trawlers 184.88 0.7 0.86 <0.001
Domestic pot fishing vessels 3291.62 48.26 0.91 <0.001
Domestic longline fisheries 957.42 2.02 0.99 <0.001
Joint venture mothership 177.3 2.55 0.65 <0.001
Joint venture large trawlers 171.35 1.17 0.74 <0.001
Joint venture small trawlers 199.33 2.49 0.76 <0.001



Table 2.2. Correlation matrix of April EBS air-sea-ice environmental variables with selected herring spawning timings. 
Significant (a = 0.05) statistical correlation are indicated with an asterisk (*). Non-significant correlations are indicated as 
“ns.”

S P  AR TC-M  SST-M  SST-N  SST-S SAT-M  SAT-N SAT-S SAT-C SAT-P SAT-D

1-mile spawning day (SP) * * ns ns * * * * * *

Arrival day o f herring to the site (AR) 0.94 * ns ns * * * * * *

TC at migration strata (TC-M) 0.87 0.85 ns ns * * ns * * *

SST at migration strata (SST-M) -0.35 -0.34 -0.33 * * * * * * ns
SST at northern wintering area (SST-N) -0.25 -0.26 -0.27 0.76 * * * * * *

SST at southern wintering area (SST-S) -0.53 -0.43 -0.52 0.80 0.68 * * * * *

SAT at migration strata (SAT-M) -0.41 -0.42 -0.50 0.67 0.62 0.76 * * * *

SAT at northern wintering area (SAT-N) -0.43 -0.49 -0.39 0.60 0.54 0.60 0.70 * ♦ *

SAT at southern wintering area (SAT-S) -0.63 -0.61 -0.68 0.56 0.50 0.71 0.76 0.69 * *

Cape Newenham SAT (April) (SAT-C) -0.73 -0.70 -0.60 0.53 0.46 0.49 0.58 0.53 0.64 *

ST.Paul SAT (April) (SAT-P) -0.68 -0.68 -0.80 0.40 0.47 0.55 0.73 0.62 0.84 0.72
Dillingham SAT (April) (SAT-D) -0.72 -0.68 -0.60 0.42 0.41 0.42 0.53 0.44 0.52 0.94 0.67
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Table 2.3. Correlation coefficients (r) between both herring spawning date and arrival 
date and environmental indices (North Pacific index: NP and Arctic Oscillation index: 
AO, n = 27). Statistically significant (P < 0.05) correlations are noted in bold.

NP

Coefficient of correlation (r)
Spawning Arrival

Aleutian Low (NP) in April 0.43 0.44
Aleutian Low (NP) in March 0.33 0.45
Aleutian Low (NP) in February 0.23 0.40
Aleutian Low (NP) in January 0.15 0.08
AO
AO in April 0.14 0.22
AO in March 0.27 0.28
AO in February 0.02 0.08
AO in January 0.02 -0.05
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Table 2.4. Candidate data for PC A/regression analysis and PCA loadings of first five 
components. Relatively large loadings (|loading|>0.2) were indicated by bold font. 
Positive loadings were shaded with gray.

Candidate data Abbreviations Compon Compon Compon Compon Compon 
ent 1 ent2 ent3 ent4 ent5

TC at migration strata TC-M 0.263 0.2011-0.093 -0.053 0.1 89
Transformed TC at cell No. 76 TC-X 0«263 0.2191-0.166 -0.052 0.066
(Maximum correlation with herring
spawning timing) •-- '^ 1 ,1' , ^  „ ... -
SST at migration strata SST-M -0.202 p 3 7 9 |-0.034 1,044-.. 0.126
SST at northern wintering area SST-N -0.184 04391-0.053 -0.106 0.026
SST at southern wintering area SST-S -0.244 0.293 0.118 0.163 |  -0.086
SST at cell No. 16 (Maximum SST-X -0.209 0.105 0.285 1-0.070 -0.183
correlation with herring spawning f l |
timing)
SAT at migration strata SAT-M -0.247 10.183 1-0.144 0.165 0.186
SAT at northern wintering area SAT-N -0.222 0.2351-0.130 0.092 0.152
SAT at southern wintering area SAT-S -0.277 (0.038 [-0.040 {0.211 0.074
Cape Newenham SAT (April) SAT-C -0.262 -0.051 -0.251 -0.117 -0.130
ST.Paul SAT (April) SAT-P -0.272 -0.079 -0.163 0.158 -0.067
Dillingham SAT (April) SAT-D -0.236 -0.074 -0.294 -0.121 -0.212
Wind stress (North - South) over shelf VW-A 0.153 0 3 4 5  -0.338 0.092
zone in April ■ H I
Wind stress (North - South) over shelf VW-M 0.081 ® X O 25^0263 -0.071 0.637 '
zone in March
Wind stress (West - East) over shelf UW-A -0.147 -0.072 -0.038 -0.510 -0.058
zone in April
Wind stress (West - East) over shelf UW-M -0.221 -0.065 0.1591-0.045 0303
zone in March i - ,

AL-GOA sea level pressure gradient in GP-A 0.226 0.252 0.299 0.085 0.048
April
AL-GOA sea level pressure gradient in GP-M 0.224 J -0.029 -0.400 -0.067 -0.036
March
NP in April (Aleutian Low intensity) NP-A 0.174 J-0135 -0.019 0.531 0-090
NP in March (Aleutian Low intensity) NP-M 0.198 0.175 1 ^ 2 2 0  -0153 -0.346
AO in April AO-A 0.136 0,252 0.001 0 3 3 ^ -0 .3 5 9
AO in March AO-M 0.093 0,263 -0.421 $.056 f  -0.067
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Table 2.5. Principal Components Analysis (PCA) conceptual regression models and its 
comparison in coefficient of determination (r2), and AIC values. The k is the number of 
parameters. Subscripted notations in regression equations represent abbreviations of the 
first (1) to fifth (5) components as noted in the text.

PCA conceptual models
Spawning date models
Description /<*> k RSS 2r AICc A,-
Full PCA regression models y =  5 

126.68+2.02x,+ 1.13*2-0.42*,,+ 
0.34*., + 2.00jc 5

285.5 0.78 133.2 5.82

Reduced PCA regression models with 
first and fifth component

y  = 126.68+ 2 .02* , + 2.00.x5 2 368.0 0.73 129.1 1.71

Reduced PCA regression models (first 
and fifth component) with additional 
second component

y  = 126.68+2 3 
.02x j + 1.13x2 + 2.00x 5

299.3 0.78 127.4 0.00

Arrival date models
Description /<*> k RSS 2r AICc A,-
Full PCA regression models y =  5 

123.41+ 1.93*,+ 1.18* ,,-0.33* .5 + 
0 . 5 1  x  4  + 1.07*5

302 0.75 134.5 5.87

Reduced PCA regression models with 
first component

y  =  123.41+ 1.93*; 2 434.4 0.65 130.3 1.66

Reduced PCA regression models with 
first and with additional second 
component

y =  123.41+ 1.93*, +  1.18*  ̂ 3 359.5 0.71 128.6 0.00
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Table 2.6. Selected best models and their coefficient of determination (r2), and AIC 
values. The k is the number of parameters. Properties of the conceptual model were also 
noted. Subscripted notations in regression equations are abbreviations of the data type as 
noted in the text.

a. Selected spawning date models

Best models
Description / ( x ) Conceptual

model
k RSS 2r AICc Ai

Simple linear regression 
with TC at migration 
area

_V=0,25.X(tc-m)-

1 1 5 .6 6

Component
1

1 308.7 0.78 122.8 0 . 0 0

TC at migration area +  

AO in April

Alternative models

=0.2 6.x (tc-m)- 
1 .2 4 x  (ao-a)+  1 1 7 .1 2

Component 
1 +5

2 289.7 0.79 123.9 1.11

Description f(*) Conceptual
model

k RSS 2r AICc A/

Simple Linear regression 
with transformed TC at 
cell No.76

>>=4.53x (tC-x)-1 15 .9 7 Component
1

1 346.5 0.75 125.3 2.55

TC at migration area+ 
Wind stress (North - 
South) over shelf zone in 
March

>>=0.25;c(tc-m)- 

0 .0  l x (Vw.M)+l 17 .62

Component
1 +5

2 308.4 0.78 125.3 2.49

TC at migration area + 
AO in April + SST at 
northern wintering area

>>=0.26.* (tc-m t 

1 .25,X(ao-a)“0 .1 8 x(sst- 

n)+1 1 7 .5 6

Component
1 + 5  + 2

3 289.3 0.79 127.0 3.91

TC at migration area + 
AO in April + SST at 
migration area

y — 0.26_X(tc-mt 

12 1  x (ao-a)~0.64x(sst- 

m)+1 1 8 .3 7

Component 
1+ 5  + 2

3 280.0 0.80 126.0 3.19

TC at migration area + 
AO in April + AO in 
March

>>=0.26.*(tc-m)- 

1 .50x(ao-a)-0 .48x(ao- 

M)+ l  1 7 .2 8

Component
1+ 5  + 2

3 281.9 0.79 126.1 3.34
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Table 2.6. Continued, 
b. Selected arrival date models

Best models
Description /(*) Conceptual

model
k RSS 2r AICc A/

Simple linear regression 
with TC at migration 
area

>>=0.24.X(tc-m)"
1 1 4 .7 2

Component
1

1 2 4 0 .8 0 . 8 0 1 1 7 .3 0

TC at migration area + 
SST at northern 
wintering area

y= 0 .2 4 *  (Tc-M- 
0.20x(sst-n)+1 15 .22

Component
1 +  2

2 2 4 0 . 2 0 . 8 0 1 1 9 1 .7 4

Alternative model
Description /(*) Conceptual

model
k RSS 2r AICc Ai

TC at migration area + 
SST at migration area

>>=0.24* (TC-M)- 
0.62x(sst-m )+1 15 .94

Component
1 + 2

2 2 3 1 . 6 0 .8 1 1 1 9 .7 2 . 4 2
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Table 2.7. Comparison among Cape Newenham SAT models including the coefficient of 
determination (r2) and AIC values. The presented relative AICc (A j)  is the value among 
all models. The k is the number of parameters. Properties of the conceptual model were 
also noted. Subscripted notations in regression equations are abbreviations of the data 
type as noted in the text.

Cape Newenham SAT models
Spawning date models_______
Description /(X) k RSS 2r AICc A,-
Cape Newenham SAT simple linear 
model

y  = 123.12- 2.23* SAT_c 1 654.5 0.52 139.3 16.54

Cape Newenham SAT with NP in 
March model

y  = 116.46 -  1.979* $A t -c  + 
0.679*NP.M

2 551.0 0.60 138.0 15.25

Arrival date models
Description f  (x) k RSS 2r AICc A,
Cape Newenham SAT simple linear 
model

y  = 120.13 — 2.06* gAT_c 1 619.1 0.50 142.0 24.66

Cape Newenham SAT with AO in 
March model

y =  120.21 -  1.966*SAT_c 
+ 1.248* Aq-m

2 554.3 0.55 138.1 20.85
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Table 2.8. Comparison of fit between (a) models that include size information and (b) 
models that do not include size information.

a. Spawning models
Description Type of 

model
k RSS 2r

(n =22)

AICc Ai

Simple linear regression with TC at with size 2 289.8 0.77 124.0 2.49
migration area without size 1 291.6 0.77 121.5 0 .00
TC at migration area + SST at northern with size 3 289.1 0.78 126.8 2.81
wintering area without size 2 291.6 0.77 124.0 0 .00
Simple Linear regression with with size 2 284.2 0.78 126.3 2.83
transformed TC at cell No.76 without size 1 284.6 0.78 123.5 0 .00
TC at migration area+ Wind stress with size 3 285.1 0.78 126.1 2.44
(North - South) over shelf zone in without size 2 331.4 0.74 124.1 0 .00
TC at migration area + AO in April + with size 4 269.2 0.76 124.2 3.26
SST at northern wintering area without size 3 271.0 0.76 121.0 0 .00
TC at migration area + AO in April + with size 4 264.7 0.77 123.8 3.28
SST at migration area without size 3 265.3 0.77 120.5 0 .00
TC at migration area + AO in April + with size 4 289.1 0.78 130.0 3.18
AO in March without size 3 291.5 0.77 126.8 0 .00

b. Arrival models
Description Type of 

model
k RSS 2r

(n =22)

AICc Ai

Simple linear regression with TC at with size 2 309.1 0.77 125.3 2.50
migration area without size 1 309.2 0.77 122.8 0 .00
TC at migration area + SST at northern with size 3 291.0 0.75 122.4 2 .8 8

wintering area without size 2 291.0 0.75 119.6 0 .00
TC at migration area + SST at with size 2 287.5 0.76 122.2 2 .88
migration area without size 1 287.6 0.76 119.3 0 .00
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Appendix 2. A. testing correlations with autocorrelated variables

Autocorrelation can inflate the significance of correlation analyses, but detrending 

data sets can remove important low frequency processes and potentially underestimate 

associations among data (Pyper and Peterman 1998, Pyper et al. 1999). To resolve this 

issue the degrees of freedom were adjusted using methods of Pyper and Peterman (1998):

_ L ~ _ L  2 ^

A* ~ N + N N  Pxx^ Pyy^  ’

where N* is the approximate degrees of freedom, N  is sample size, and j  is the time lag. 

Then, we used the estimated correlation coefficient recommended by Pyper and Peterman 

(1998):

rxx O ' )  =  '
N ^ X ' - X X X ^ J - X )

t=1

t=1
N ~ j  K ^ - X ) 2 

which was derived from Chatfield (1989).
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Appendices 2. B. Additional Figures and Tables for Chapter 2

a. January

Figure 2.B-1. Map of correlation coefficients between herring spawning date and 
monthly surface air temperature (SAT) over the eastern Bering Sea. The correlation 
coefficients between herring spawning date and monthly SAT for each grid cell (see Fig. 
2.5) are contoured to show positive (red), no correlation (no color) and negative (blue) 
values for (a) January, (b) February, (c) March, and (d) April. Numerical values are 
provided only for those correlation coefficients which are statistically significant 
(P<0.05).
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b. February

c. March

Figure 2.B-1. Continued.



d. April

Figure 2.B-1. Continued
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a. January
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Figure 2.B-2. Map of correlation coefficients between herring spawning date and 
monthly total sea surface temperature (SST), the eastern Bering Sea. The correlation 
coefficients between herring spawning date and monthly SST for each grid cell (see Fig. 
2.5) are contoured to show positive (red), no correlation (no color), and negative (blue) 
values for (a) January, (b) February, (c) March, and (d) April. Numerical values are 
provided only for those correlation coefficients which are statistically significant 
CP<0.05).



b. February

c. March

Figure 2.B-2. Continued.



d. April

Figure 2.B-2. Continued.
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a. January
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Figure 2.B-3. Map of correlation coefficients between herring spawning date and 
monthly total ice concentration (TC) over the eastern Bering Sea. The correlation 
coefficients between herring spawning date and monthly TC for each grid cell (see Fig. 
2.5) are contoured to show positive (red), no correlation (no color) and negative (blue) 
values for (a) January, (b) February, (c) March, and (d) April. Numerical values are 
provided only for those correlation coefficients which are statistically significant 
(P<0.05).



b. February

c. March

Figure 2.B-3. Continued.
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d. April

Figure 2.B-3. Continued.
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a. January

Figure 2.B-4. Map of correlation coefficients between the monthly North Pacific Index in 
spring and April values of surface air temperature over the eastern Bering Sea. The 
correlation coefficients are contoured to show positive (red), no correlation (no color) and 
negative (blue) values. Numerical values are provided only for those correlation 
coefficients which are statistically significant (P<0.05).



b. February

Figure 2.B-4. Continued.



d. April

Figure 2.B-4. Continued.
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a. January

Figure 2.B-5. Map of correlation coefficients between the monthly North Pacific Index in 
spring and April values of sea surface temperature over the eastern Bering Sea. The 
correlation coefficients are contoured to show positive (red), no correlation (no color), 
and negative (blue) values. Numerical values are provided only for those correlation 
coefficients which are statistically significant (P<0.05).



b. February

Figure 2.B-5. Continued.
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d. April

Figure 2.B-5. Continued.
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a. January

Figure 2.B-6. Map of correlation coefficients between the monthly North Pacific Index in 
spring and April values of total concentration of ice over the eastern Bering Sea. The 
correlation coefficients are contoured to show positive (red), no correlation (no color), 
and negative (blue) values. Numerical values are provided only for those correlation 
coefficients which are statistically significant (P<0.05).



b. February

b. March

Figure 2.B-6. Continued.
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d. April

Figure 2.B-6. Continued.
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Table 2.B-1. PCA loadings of first five components by using standardized Cape 
Newenham SAT data by filling the years, when data was missing (2000 and 2001), with 
Dillingham SAT. Standardized Cape Newenham SAT and Dillingham SAT did not have 
significant difference in their both means and variances (P > 0.4). Relatively large 
loadings (|loading|>0.2) were indicated by bold font. Positive loadings were shaded with 
gray. The result shows consistency including the lower components with PCA analyses in 
text. Cape Newenham SAT shows relatively high loadings in both component 1 and 5.
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Table 2.B-2. Correlation matrices between herring spawning and arrival date and both 
(a) natural-log transformed sea ice TC and (b) SST at location of, herring concentrations 
(upper 25th percentile of kernel estimations) in individual winter -  spring months 
(January -  May) from 1978 to 2003. The significant statistical correlation (a= 0.05) 
indicated as asterisk (*). The insignificant correlation was indicated as “ns.” The TC 
was available from 1978 to 2004 (n=21), and SST was available from 1978 to 2002 
(n=25). The matrices are both showing significant correlations between herring 
spawning timings and variables from April.

a.
I-m ile  A r r iv a l day o f  Transform ed  
spaw ning day herring to the T C  M a y  

site

Tarnsform ed  
T C  A p r il

Transform ed  
T C  M arc h

Transform ed  
T C  Fe b ra ry

Transform ed  
T C  Ja n u a ry

1 -mile spawning day * * * ns ns ns
Arrival day o f  herring to the site 0,94 * * ns ns ns
Transformed TC May 0.77 0.80 * ns ns ns
Tarnsformed TC April 0.79 0.70 0.73 * ns ns
Transformed TC March 
Transformed TC Febrary

0.21
-0.31

0.18
-0.25

0.33
-0.19

0.50
-0.18 0.48

* ns

Transformed TC January -0.21 -0.28 -0.29 -0.17 0.33 0.61

b.
1-m ile A r r iv a l day o f  S S T  M a y  
spawning day herring to the 

site

S S T  A p r il S S T  M a rc h S S T  F e b ra ry S S T  Ja n u a ry

1-mile spawning day * * * ns ns ns
Arrival day o f  herring to the site 0.93 * * ns ns ns
SST May -0.46 -0.41 * ns * ns
SST April -0.48 -0.43 0.41 * ns ns
SST March -0.19 -0.16 0.35 0.68 * *
SST Febrary 0.00 0.04 0.41 0.07 0.44 ns
SST January -0.09 -0.02 0.12 0.22 0.55 0.37
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Table 2.B-3. Comparisons of degree-days using Cape Newenham SAT from 1978 to 
2004 in spawning date at northern Bristol Bay. Base temperature is 18.33 °C (65 °F). 
From historical average degree-day in a single day, the 95% of spawning occurred 
approximately equals to ±4 days from date when degree days reached the mean. Thus, 
northern Bristol Bay herring spawning has begun within about a week after the degree- 
days reached 2370.

YEAR 1-mile spawning date Degree-days (°C)
1978 5/8/1978 2409.3
1979 4/30/1979 2273.6
1980 5/2/1980 2378.2
1981 4/22/1981 2077.5
1982 5/16/1982 2750.5
1983 5/2/1983 2451.5
1984 5/9/1984 2662.9
1985 5/20/1985 2514.0
1986 5/13/1986 2576.7
1987 4/24/1987 2395.3
1988 5/15/1988 2443.8
1989 5/8/1989 2437.0
1990 5/7/1990 2572.0
1991 5/8/1991 2494.7
1992 5/19/1992 2828.9
1993 4/27/1993 2180.6
1994 5/10/1994 2674.1
1995 5/4/1995 2497.5
1996 5/1/1996 2306.4
1997 5/1/1997 2346.8
1998 4/29/1998 2337.2
1999 5/17/1999 2770.2
2002 5/2/2002 2352.3
2003 4/25/2003 2144.3
2004 4/28/2004 2350.9

Average 2449.0
Standard error 38.3
95% confidence interval 79.1
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Table 2.B-4. Correlation matrix between spawning date and Cape Newenham degree- 
days in the 10-day intervals. The significant statistical correlation (a= 0.05) indicated as 
asterisk (*). Showing intensified correlation from day 110 (-April 20), which postulates 
possible large influence of warming in both migration corridor and spawning sites to the 
herring spawning in relatively late gonad maturation phases.

1-m ile
spaw ning
day

J D 1 1 0 -
120

J D 1 0 0 -
1 1 0

J D 9 0 -
100

J D 8 0 -
90

J D 7 0 -
80

J D 6 0 -
70

J D 5 0 -
60

J D 4 0 -
50

J D 3 0 -
40

J D 2 0 -
30

J D 1
20

1-mile spawning day * * ns ns ns ns ns ns ns ns ns
Julian Day (JD) 110-120 0.61 * ns ns ns ns ns * ns ns ns
Julian Day (JD) 100-110 0.53 0.70 ns ns ns ns ns ns ns ns ns
Julian Day (JD) 90-100 0.23 0.34 0.24 ns ns ns ns ns ns ns ns
Julian Day (JD) 80-90 0.37 0.28 0.14 0.37 ns ns * ns ns ns ns
Julian Day (JD) 70-80 0.15 0.14 -0.02 0.34 0.37 ns ns ns ns ns ns
Julian Day (JD) 60-70 -0.21 -0.15 -0.07 0.07 -0.06 0.26 ns ns ns ns ns
Julian Day (JD) 50-60 -0.33 -0.17 -0.12 -0.36 -0.44 -0.07 0.25 * ns ns ns
Julian Day (JD) 40-50 -0.33 -0.39 -0.05 -0.04 -0.16 -0.06 0.27 0.47 * * ns
Julian Day (JD) 30-40 -0.16 -0.27 -0.28 0.02 -0.18 -0.07 0.21 0.13 0.43 * ns
Julian Day (JD) 20-30 -0.19 -0.33 -0.17 -0.20 -0.30 -0.34 0.21 0.20 0.48 0.53 ns
Julian Day (JD) 10-20 0.28 0.08 -0.09 0.10 -0.05 -0.10 -0.31 0.06 0.09 0.29 0.30
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General Conclusion

Our study discussed variability of two EBS herring biological responses to the 

surroundings: pre-spawning migration dynamics and spawning timing. These were both 

speculated as the responses to sea ice edge thermal dynamics in southeastern Bering Sea. 

The highly variable and spatially distinct spring EBS thermal conditions affect herring 

physiology and behavior and determine both the migration dynamics and spawning 

timing.

Migration of EBS herring is generally determined by combinations of physiology 

and schooling behaviors. Thus, it can be dramatically changed by influences from both 

internal (i.e., population structures, Slotte 1999) and external (i.e., environmental effects, 

Tojo et al. 2005, submitted, chapter 1) factors in migrating schools. Interannual 

variability of pre-spawning migration dynamics is the highest in April, corresponding to 

the largest variability of sea ice cover over southeastern Bering Sea. Here, we could not 

examine the decadal scale shift in migrations, potentially associated with long term 

environmental changes. However, the confined herring migration pattern from 1978 to 

2003 was more complex over larger area than past findings (Dudnik and Usol’tsev 1964, 

Prokhorov 1970, Rumyantsev and Darda 1970, Wespestad 1978, Barton and Wespestad 

1980, Funk 1990, Wespestad and Gunderson 1991). Such a broader complexity than 

expectation could be explained through more detailed analyses, for example, about 

changes in seasonal habitat and ecosystem interaction within the habitat due to 

environmental regime shift. Further investigations may be required for discussion in 

depth.



We also identified that biological responses of herring to April EBS environment 

are the source of the interannual variability of spawning timing. Although the past 

findings provided practical prediction models, the biophysical mechanism was not 

discussed in detail. The warming effect of spring air temperature by wind mixing of the 

water column near spawning sites was indicated as the mechanism (Wespestad and 

Gundarson 1991), but this explanation is not sufficient for the variability of arrival timing 

of herring, which occupies a different area further offshore in every year (Tojo et al. 2005, 

submitted, chapter 1). In our analyses, we postulated spatio-temporal mechanisms based 

upon herring locations and the environmental drivers over the EBS, and clarified the 

difference in the mechanisms of the variability between spawning date and arrival date. 

Our findings suggest spatially distinct interactions between herring and environmental 

variability. Mainly, physiological and behavioral responses of herring to thermal 

dynamics along the ice edge on southeastern Bering Sea shelf in the spring lead to 

interannual variability of herring arrival and spawning in the northern Bristol Bay. Then, 

the costal thermal dynamics adds the variability of final gonad maturation near the 

spawning sites.

Thermal dynamics along the interannually variable spring ice edge are driven by 

atmospheric pressure gradients over the subarctic and arctic North Pacific region in 

several ways. First, these gradients vary the wind strength and direction. Second, they 

determine the magnitude of ice advection in early spring. Third, they regulate the amount 

of heat transported from south with storm systems. Fourth, they somewhat change the 

sea temperature along shelf slope from passes especially in southern region in April. All



of these effects influence oceanographic features in herring habitats and guide Bristol 

Bay herring along their migration to spawning sites in northern Bristol Bay.

The Aleutian Low and Arctic High systems interact to cause fluctuations in 

herring dynamics in northern Bristol Bay. An understanding of herring migration, 

physiology, and climatic variability provides a powerful and causal explanation of 

herring arrival and spawning timing in northern Bristol Bay.

Spatial and temporal analytical approaches with tools, such as Geographic 

Information Systems (GIS), allowed for visualization of the probable mechanisms behind 

the timing of herring migration and spawning. Nonetheless, as useful as GIS tools are for 

exploratory analyses such as ours, care needs to be taken that findings are not spurious.

The Pacific herring in southeastern Bristol Bay is, indeed, an ecologically 

important species that may index variability in the marine environment; truly, they are the 

messengers of changes in the air, ice, and sea. Herring dynamics provide clues for the 

sustainable future of the Bering Sea ecosystem and human society.

References

Barton, L. H. and V. G. Wespestad. 1980. Distribution, biology, and stock assessment of 

western Alaska’s herring stocks. Pages 27-53. in Proceeding of the Alaska 

Herring Symposium. Alaska Sea Grant College Program Report 80-4. University 

of Alaska Fairbanks.



Dudnik Y.I., and E. A. Usol’tsev. 1964. The herring of the eastern part of the Bering Sea. 

Pages 225 -  229 in P.A., Moiseev, editor. Soviet fisheries investigations in the 

northeastern Pacific, Part II. [Israel Program for Scientific Translations, Jerusalem, 

1968],

Funk, F. C. 1990. Migration of eastern Bering Sea herring, as inferred from 1983-1988 

joint venture and foreign trawl bycatch rates. Alaska Department of Fish and 

Game, Division of Commercial Fisheries, Regional Information Report 5J90-04, 

Juneau, Alaska, U.S.A.

Prokhorov, V.G. 1970. Winter period of life of herring in the Bering Sea. Proceedings of 

the Pacific Scientific Research Institute of Fisheries and Oceanography, 64, 329- 

338. [The Translation Bureau (MJK) Foreign Language Division, Department of 

the Secretary of State of Canada, Ottawa].

Rumyantsev, A. I. and M. A. Darda. 1970. Summer herring in the eastern Bering Sea. 

Pages 409-441 in P.A. Moiseev editor. Soviet fisheries investigations in the 

northeastern Pacific. Part 5. Pishchevaya Promyshlennost. [Israel Program for 

Scientific Translations, Jerusalem, 1972].

Slotte, A. 1999. Effects of fish length and condition on spawning migration in Norwegian 

spring spawning herring (Clupea harengus L.). Sarsia. 84 (2): 111-127.

Tojo, N., G. H. Kruse, and F. C. Funk. Submitted. Migration dynamics of pre-spawning 

Pacific herring (Clupea pallasi) in southeastern Bering Sea. Progress in 

Oceanography, submitted.



Wespestad, V. G. and D. R. Gunderson. 1991. Climatic induced variation in Eastern

Bering Sea herring recruitment. Pages 127-140 in Proceeding of the International 

Herring Symposium. Alaska Sea Grant College Program Report 91-01. University 

of Alaska Fairbanks.


