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Abstract

Walleye pollock, Theragra chalcogramma, are both ecologically and commercially 

important in the eastern Bering Sea (EBS). Maturity is a critical parameter in the stock 

assessment to set annual total allowable catch. Pollock maturity has not been examined 

in the EBS since 1976, and possible interannual and geographic variation has not been 

studied to date. Our goal is to estimate correct maturity schedules for EBS pollock. 

Maturity data, fish lengths and macroscopic maturity stages were collected aboard 

pollock trawlers during winter 2002 and 2003 across the EBS from 10,197 pollock. 

Similar data were collected by NMFS scientists during hydroacoustic surveys from 

1989-2002. Histological analysis of ovary tissue confirmed the appropriateness of 

macroscopic staging. However, some pollock classified macroscopically as “developing” 

may mature either in the current or following spawning seasons. Therefore, our analysis 

was performed with two alternative assumptions: fish classified as “developing” were 

either considered immature or mature. Maturity rates were estimated by logistic 

regression. Geographic variability exists; fish mature at the smallest lengths north of the 

Pribilof Islands. Size at maturity varies interannually, as well. Temporal and spatial 

variation in maturity may be due to biological or environmental factors, such as pollock 

density, water temperature, or prey availability.
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The overall project goal was to determine accurate maturity schedules for walleye 

pollock, Theragra chalcogramma, in the eastern Bering Sea shelf stock. Maturity 

schedules currently used in annual stock assessments were developed by Bakkala and 

Smith (1978) from maturity data collected in 1976. These maturity rates were estimated 

in the eastern Bering Sea prior to the regime shift of the late 1970s. The present 

ecosystem is restructured and pollock are more abundant than before this regime shift 

(NRC 1996). Alterations in the ecosystem may have resulted in physiological changes in 

pollock, such as shifts in the size or age of maturity. Bakkala and Smith (1978) only 

estimated maturity from one year of data and did not investigate any geographic variation 

in maturity across the eastern Bering Sea shelf. Therefore, we estimated current maturity 

rates for the eastern Bering Sea shelf stock of pollock and investigated potential temporal 

and spatial trends in size at maturity.

Walleye pollock are important both ecologically and economically. As the most 

numerous fish species in the eastern Bering Sea, they play a key role as both prey and 

predator. Juveniles transfer energy from zooplankton to larger fish (Mito et al. 1999), 

including cannibalistic adult pollock (Dwyer et al. 1987). In addition, pollock are an 

important component of the diet of seabirds, marine mammals, and fishes, such as Pacific 

halibut ( Hippoglossus stenolepis)and arrowtooth flounder ( stomias) (Mito et

al. 1999). The pollock fishery is one of the most valuable fisheries in the United States 

and accounted for 67% of the groundfish product value in 2002 and 1.49 million tons of

General Introduction
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catch in 2003 for the eastern Bering Sea. The high commercial value of pollock, along 

with their major ecological role as both predator and prey in the Bering Sea, heightens the 

need for proper fisheries management.

Age and size at maturity (maturity rates) are critical parameters in the estimation of the 

spawning stock biomass. The total allowable catch of pollock for the eastern Bering Sea 

shelf is derived from estimates of the spawning stock biomass (Ianelli et al. 2003). 

Therefore, accurate determination of maturity is necessary to set a conservative 

acceptable biological catch that prevents overexploitation of the stock. Maturity rates are 

estimated by fitting a curve to data on maturity by age or length. Small shifts in this 

maturity curve can alter actual harvest rates significantly (V.G. Wespestad, Resource 

Analysts International, personal communication), so it is imperative to determine whether 

maturity varies by year or by area within the range of the stock.

Ovaries must be accurately classified into developmental stages to correctly estimate 

maturity rates. Maturity condition of ovaries may be identified by macroscopic 

inspection of gonads, a gonado-somatic index (GSI), and histological methods. 

Macroscopic inspection is based on changes in ovary size and appearance, whereas 

histological examination is based on changes in oocyte stages. A GSI can be calculated 

as the proportion of ovary weight to body weight (Gunderson and Dygert 1988). All the 

above mentioned methods were applied in the present study.
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Our study was separated into two parts. First, we examined the classification of pollock 

ovaries into maturity conditions. Our first set of objectives were to: (1) confirm the 

appropriateness of macroscopic staging of ovaries with histological examination, (2) 

produce an accurate and understandable descriptive guide for macroscopically staging 

female pollock ovaries based on histology for future research, and (3) investigate the 

usefulness of GSI for predicting maturity condition. The second part of our study 

investigated potential spatial and temporal variation in maturity of eastern Bering Sea 

walleye pollock. Our second set of objectives were to: (1) estimate length at 50% 

maturity for 2002/2003 data, (2) identify variation in size of maturity by area, by time 

period within the spawning season, and interannually, within the eastern Bering Sea, and 

(3) formulate management recommendations based on these results.
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Chapter 1. Classification of Pollock Ovaries1 

Abstract

Walleye pollock, Theragra chalcogramma, is an important species in the EBS. Estimates 

of maturity are critical for setting an appropriate harvest rate for pollock, and correct 

classification of ovaries into a maturity condition is necessary for accurate estimation of 

maturity. Maturity condition may be identified by macroscopic inspection of gonads, a 

gonado-somatic index (GSI), or histological methods. Macroscopic inspection is based 

on alterations in ovary size and appearance, whereas histological methods evaluate 

changes in oocyte stages. The GSI is calculated as the proportion of ovary to body 

weight. Maturity data were collected from 4,996 pollock in 2002 and 5,201 in 2003 

aboard pollock trawlers across the EBS. The GSI was a good indicator of pollock that 

had spawned or that were near spawning. A total of 173 pollock ovaries were collected, 

prepared for histological analysis, and examined for maturity status. Histological 

analysis confirmed the overall appropriateness of macroscopic staging, but it also 

indicated that some misclassification of ovaries may occur when using macroscopic 

maturity staging alone. Among ovaries macroscopically classified as developing, 16% 

were at immature oocyte stages and 84% were at primary yolk to more advanced oocyte 

stages. This indicates that some pollock classified macroscopically as “developing” may 

mature in either the current or following spawning seasons. Macroscopic inspection and 

GSI may be useful to determine maturity condition for some maturity stages; however 

histological examination of ovaries proved to be the most accurate method for all stages.

1 Stahl, J.P., and G.H. Kruse, Classification of walleye pollock ovaries. Prepared for 
submission to Transactions of the American Fisheries Society.
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Introduction

Correct classification of ovaries into developmental stages is necessary to determine 

maturity status. Maturity condition during the spawning period may be identified by 

macroscopic inspection of gonads, a gonado-somatic index (GSI), histological methods, 

and/or oocyte (egg) size; the first three methods were used in our study. Macroscopic 

inspection is based on alterations in ovary size and appearance, whereas histological 

methods evaluate changes in oocyte stages at the cellular level. Female body weight 

increases in advance of spawning due to absorption of ambient water (Sakurai 1989); the 

GSI is calculated as the proportion of ovary to body weight (Gunderson and Dygert

1988). However, some loss in weight occurs as each batch of eggs is spawned (Teshima 

et al. 1989).

The pollock reproductive cycle consists of three periods: 1) transition to first maturation 

or recovery from spawning to rematuration, 2) active maturation, and 3) spawning 

(Sakurai 1989). The transitional or recovery period includes oocytes with a yolkless or a 

yolk vesicle stage. During this recovery period, residual oocytes are resorbed. The 

active maturation period is characterized by yolk formation, and the spawning period 

consists of pre-spawning, spawning, and postspawning (spent) stages (Sakurai 1989).

Within an individual pollock ovary, oocytes are found at several different developmental 

stages and the most advanced stage is used for classification (Hinckley 1987). The 

proportions of oocytes at each stage do not vary with location in the ovary (Teshima et al.
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1989), but the proportions of oocytes at particular stages change with the progression of 

the reproductive cycle (Figure 1.1).

In the recovery or transitional state, oocytes are found only in a yolkless condition 

(Sakurai 1989). However, throughout the reproductive cycle, a reserve of yolkless 

oocytes exists in early and late perinucleus stages, called the “reserve fund” (Hinckley 

1987). Oocytes that do not develop in the approaching season remain as “reserves” and 

will develop in the next year’s spawning season (Morrison 1990). A group of oocytes 

advance asynchronously from the “reserves” and begin yolk formation or vitellogenesis. 

Once the entire group has reached the tertiary yolk stage, vitellogenesis is complete, and 

no more “reserves” will be recruited for development in the approaching spawning 

season (Hinckley 1987). At this stage the fully yolked oocytes and “reserves” are 

separated by a bimodal size distribution (Sakurai 1989). Batches of fully yolked oocytes 

further develop synchronously into mature hydrated oocytes, first undergoing yolk 

coalescence and then hydration (Sakurai 1989). Oocytes become enlarged and 

transparent with the uptake of water during hydration causing the size and weight of the 

ovary to greatly expand. Oocytes are then discharged from their follicles and become 

ova in the process of ovulation (Bowden et al. 1990). Finally, the batch of oocytes is 

spawned. Additional batches develop into mature hydrated oocytes and are ovulated and 

spawned. This repetitious process is defined as batch spawning (Hinckley 1987). 

Residual yolked oocytes that remain in the ovaries until after the spawning season are 

resorbed during the recovery period (Sakurai 1989).
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Spent ovaries are identified by postovulatory follicles and oocytes in only early and late 

perinucleus stages (Hinckley 1987). Follicles are composed of an inner layer of cube

shaped granulosa cells and an outer layer of elongate thecal cells, containing blood 

capillaries. The follicle surrounds the oocyte and acts as the location where nutrients, 

wastes, and yolk proteins are transported between the oocyte and the maternal 

bloodstream. After ovulation, the follicle that remains in the ovary is called a 

postovulatory follicle, which may appear as a convoluted structure (Hunter and 

Macewicz 1985).

Atresia, the resorption of oocytes, has been observed at low frequencies in most seasonal 

spawners (Hunter and Macewicz 1985). Low level atresia may occur to adjust the 

number of eggs spawned in a batch or to remove abnormal or damaged oocytes (Bromley 

et al. 2000). High intensity atresia may be a result of insufficient stored nutrients 

(Rideout et al. 2000) or inadequate food rations during the recruitment of yolked oocytes 

(Bromley et al. 2000). In addition, atresia may be caused from higher or lower than 

average water temperatures that prevent normal oocyte development or indirectly limit 

nutrient intake by reducing available prey or changing feeding behavior (Rideout et al.

2000). Cold water temperatures and low liver and somatic condition occurred along with 

mass atresia in Atlantic cod ( Gadusmorhua), suggesting that both reduced food and 

water temperatures may cause atresia (Rideout et al. 2000). The outcome of high 

intensity atresia may be delayed sexual maturation, a skipped spawning season for 

females undergoing rematuration (Bromley et al. 2000; Rideout et al. 2000), or reduced
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fecundity (Bromley et al. 2000). A lower fecundity and reduced number of mature 

Atlantic cod of ages 2-5 occurred in the 1980s compared to the 1990s; the differences 

between time periods were related to prey availability (Kraus et al. 2002). Atresia may 

be beneficial by allowing females to reabsorb and recycle nutrients. Females may adjust 

their fecundity to the level of food availability, otherwise body reserves may be depleted 

and survival compromised. Delayed sexual maturation allows females to put recycled 

nutrients into somatic growth; these females will be larger in the following spawning 

season with larger eggs and a higher fecundity (Bromley et al. 2000). Atresia should be 

considered when determining reproductive potential of a stock; otherwise, the spawning 

stock biomass may be overestimated if atresia causes skipped spawning, delayed 

maturation or reduced fecundity for the stock.

Atresia may be divided into several stages. Alpha atresia is the stage where the 

resorption of the oocyte occurs; only the follicle remains at the end of this stage. This 

stage is identified by oocytes with an irregular-shaped nucleus and an uneven zona 

radiata (external oocyte membrane) without visible striations. Yolk is resorbed from 

yolked atretic oocytes; therefore yolk globules may appear irregularly shaped or fused. 

Late in alpha atresia, enlarged granulosa cells may be observed invading the oocyte. 

Their function is to phagocytize the yolk and cytoplasm. In the next stage, beta atresia, 

the resorption of the granulosa and theca cells of the follicle occurs, characterized by the 

disorganization of the granulosa cells. In the later stages of resorption, gamma and delta 

atresia, the follicle cells are further degraded. Gamma and delta atresia are identified by
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a large reduction in the size of the follicle and yellow-brown pigment (with a 

haematoxylin stain and eosin counterstain, H&E) in the granulosa cells (Hunter and 

Macewicz 1985).

Methods

Overview

Data were collected collaboratively by the University of Alaska Fairbanks (UAF),

Pollock Conservation Cooperative (PCC), Resource Analysts International (RAI), and 

National Marine Fisheries Service (NMFS). In overview, maturity data were collected by 

quality control personnel aboard PCC-member vessels in 2002 -  2003. Dr. Wespestad 

(RAI) and I collected ovaries for subsequent histological analysis during 2003.

PCC Data Collection

Maturity data were collected by PCC-member vessels during the “A” season of 2002 and 

2003 from late January to the beginning of April over the geographic area fished by the 

participating PCC fishing vessels. The distribution of all pollock vessels in the 2002 and 

2003 “A” fishing season was highly concentrated north of Unimak Island and followed 

the 100-meter depth contour past the Pribilof Islands (Figure 1.2). Twelve PCC vessels 

participated in data collection in 2002 and 15 in 2003. Quality control personnel (who 

normally check for parasites and grade the quality of pollock roe and fillets) from each of 

these vessels sampled 10 female fish from one haul per day. Samples were not collected 

randomly; instead fish were collected from a range of lengths, and if possible, no more



than 10 fish were taken from one length category per week. This sampling procedure was 

used to assure an adequate size range of fish for estimation of maturity schedules.

Sampling procedures were developed by V. G. Wespestad (Resource Analyst 

International, personal communication). The following information was collected from 

each female: (1) fork length to the nearest cm, (2) body weight without stomach contents 

but with ovaries and liver to the nearest gram, (3) ovary weight (g), and (4) maturity 

stage, based on macroscopic visual observation with criteria from NMFS five-stage scale 

(Table 1.1). The haul number and date for each sample were also recorded to match with 

haul location recorded by observers.

UAF and RAI Data Collection

We participated in a 13-day sampling trip aboard the 115-m midwater trawler F/V Alaska 

Ocean, during normal fishing operations during February 22-28, 2003 to collect ovaries 

and maturity data. Samples from 173 female pollock were collected, including ovary 

tissue for histological analysis. Ovaries were sampled at all available developmental 

stages, with an emphasis on selection of small, less-developed ovaries to reconcile 

uncertainty of macroscopic classification at early developmental stages. Prior to 

hydration, oocyte development can be measured from any location in the pollock ovary 

(Teshima et al. 1989) and size composition of oocytes is the same throughout the ovary 

(Tanino et al. 1959). The proportion of hydrated oocytes increase toward the center of 

the ovary (Teshima et al. 1989), so tissue was cut from one location at the middle section

11



of ovaries (Bowden et al. 1990) to obtain the most advanced oocyte stage present. Ovary 

tissue was placed in slotted microcassettes of approximate size 2.5 cm x 3.8 cm and 

stored in a solution of 1 part formalin and 9 parts water buffered with 20g/L sodium 

acetate. In addition, fork length (cm), ovary weight (g), body weight without stomach 

contents but with ovaries and liver (g), and a macroscopic visual maturity stage based on 

the five-point scale (Table 1.1) were estimated for each fish. Lengths were measured to 

the nearest cm, and weights were measured to the nearest gram. Information from this 

sampling trip, including photographs and ovary color, were recorded for the development 

of a more accurate and comprehensive guide for the macroscopic staging of pollock 

ovaries.

Microcassettes of samples were sent to Pheonix Labs, Inc. of Everett, WA to prepare 

slides of ovary tissues collected in winter 2003. Ovary tissue was embedded in paraffin 

and thin sectioned to about 4 microns thickness. The samples were stained and 

counterstained with H & E.

Laboratory and Data Analyses

Histological analysis was performed to confirm the accuracy of macroscopic 

determinations of maturity. The entire slide of each tissue sample was scanned with a 

compound microscope. Pollock ovaries were classified to maturity stage based on the 

most advanced oocyte stage present (West 1990) and presence or absence of 

postovulatory follicles (criteria are shown in Table 1.2, Hinckley 1987). Ovaries were
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categorized as pre-spawning if their most advanced oocytes were at primary yolk or 

further developed stages and no empty follicles were present. This classification is based 

on the consideration that walleye pollock oocyte development from the primary yolk 

stage to spawning occurs in four months (Y. Sakurai, Hokkaido University, personal 

communication). Ovaries were categorized as spawning if postovulatory follicles were 

present. Oocytes were classified into developmental stages according to criteria (Table 

1.3) and published photographs (Hinckley 1987; Sakurai 1989). Oocytes were 

photographed at each developmental stage (Appendix 1 .A). An oocyte could only be 

considered as the most advanced oocyte stage present if the nucleus was visible for the 

peri-nucleur, yolk vesicle, primary, secondary, or tertiary yolk stages. In addition, 

pollock ovary tissue was examined for atresia (Appendix 1 .A). Ovaries that possessed 

atretic oocytes were inspected for viable oocytes.

A GSI was estimated for each female pollock as ovary weight / total fish weight x 100. 

This GSI index was plotted versus total fish length for each maturity stage estimated 

macroscopically and for immature and mature fish determined from histology.

Results

A GSI was calculated for 158 histological samples and plotted against length; no ovaries 

with atresia were included (Figure 1.3 A and 1.3B). A break in GSI values occurred 

across all length classes with no values between 3.8-6.9. All ovaries that contained 

empty follicles were above the break in GSI values and had their most advanced oocytes



at the nuclear migration to ovulation stages (Figure 1.3 A). However, 13% of ovaries that 

did not have empty follicles occurred above the break, and the most advanced oocytes 

were at prematuration or maturation stages for these ovaries. No ovaries with their most 

advanced oocytes at prematuration or maturation stages were below this break (Figure 

1,3A). All ovaries classified by histological analysis as immature, i.e., fish that will not 

spawn in the approaching season, were below the break and had a GSI value equal to or 

below one (Figure 1.3B). Altogether 74% of mature ovaries were above the break.

Using macroscopic visual inspection criteria (Table 1.1), the PCC staged 4,865 pollock in 

2002 and 5,095 in 2003 (Table 1.4). Their GSI values were calculated and plotted against 

length for maturity stages 2 through 5 (Figure 1.4A - D). GSI values for immature 

(maturity stage 1) fish were not calculated due to inaccuracy of boat scales at small ovary 

weight values. Developing fish (maturity stage 2) had a fork length of 24-78 cm and GSI 

values from 0.16 to 20 with an average of 4.36 (Figure 1.4A). Pre-spawning fish 

(maturity stage 3) were 28-78 cm fork length with GSI values from 1.32 to 34.43 with an 

average of 10.89 (Figure 1.4B). Spawning fish were 32-80 cm fork length with GSI 

values of 1.38 to 35.25 with an average of 13.49 (Figure 1.4C). Spent fish were 33- 

73 cm fork length with GSI values from 0.14 to 38.27 with an average at 7.12 (Figure 

1,4D). Due to the high degree of overlap in GSI values among maturity stages, it was 

unnecessary to test for differences using ANOVA.

14



Histological analysis was performed on 173 pollock ovaries and the most advanced 

oocyte stages were identified for each macroscopically staged ovary (Table 1.5). Sixty- 

four (37%) ovaries were macroscopically classified as immature. Of these, 22% 

possessed their most advanced oocytes at early yolked stages and 78% at less developed 

stages of peri-nucleus or yolk vesicle. Twenty pollock (12%) were classified as 

developing; of these, 20% were at early developmental stages of peri-nucleus or yolk 

vesicle, 70% at early yolked, and 10% at late yolked to nuclear migration stages as their 

most advanced oocytes present. Eighty-nine pollock (51%) were staged as pre-spawning; 

98% of these were at advanced oocyte stages from tertiary yolk to ovulation. No 

postovulatory follicles were found in ovaries macroscopically staged as immature. 

Postovulatory follicles were found in one ovary staged as developing and 73 ovaries 

staged as pre-spawning (Table 1.5). None of the sampled ovaries were categorized as 

spawning or spent by macroscopic inspection according to the five-stage scale utilized 

(Figure 1.1).

The assessed maturity condition of ovaries staged histologically was not always in 

agreement with the macroscopically determined maturity condition (Table 1.6). The 

misclassification rate for fish macroscopically identified as immature was 68%, for 

developing 95%, and for pre-spawning 85%. After histological examination, maturity 

condition was concluded to be 59% immature, 19% developing, and 22% pre-spawning 

for ovaries macroscopically staged as immature; 15% immature, 5% developing, 75% 

pre-spawning, and 5% spawning for ovaries macroscopically staged as developing; and

15



15% pre-spawning, 79% spawning, and 6% not staged for ovaries macroscopically 

staged as pre-spawning. Ovaries were not staged if more than 75% of their oocytes were 

atretic.

Atresia was found in 13 (8%) of the ovaries examined, and 38% of these ovaries had 

atresia in greater than 50% of their oocytes examined (Table 1.5). However, only one 

ovary possessed no viable oocytes at any stage, and three ovaries had only viable oocytes 

at the peri-nucleus or “reserve fund” stage. No atresia was observed in pollock ovaries 

macroscopically staged as immature. Twenty-five percent of ovaries macroscopically 

staged as developing and 9% of ovaries macroscopically staged as pre-spawning 

possessed atresia in some of their oocytes. All pre-spawning ovaries with their most 

advanced oocyte stage present at developmental stages earlier than nuclear migration had 

some atresia, and three of these ovaries had atresia in greater than 50% of their oocytes.

Ovary coloration varied with developmental stage. Ovaries with their most advanced 

oocytes at perinucleus or yolk vesicle stages were transparent or translucent with a highly 

variable coloration, from colorless to maroon. Those with the primary yolk stage as their 

most advanced oocytes were translucent and orange or maroon, or opaque and orange. 

Ovaries with their most advanced oocytes at secondary, tertiary, or nuclear migration 

stages were opaque and orange and at prematuration, maturation, or ovulation stages 

were flesh or tan-orange.
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A new descriptive guide, including photographs and descriptions of ovaries at each stage 

was produced for more accurate macroscopic staging of pollock ovaries (Appendix 1 .B). 

The descriptions of each maturity condition were based on macroscopic observation, 

histological analysis, and previously developed guides (Hinckley 1986; Bowden et al. 

1990; and N. J. Williamson, NMFS, personal communication). Color of ovary, size of 

ovary in relationship to body size, and individual egg discemibility were described as 

criteria for each stage. Some important changes have been made in the new guide 

compared to the sampling (B. A. Megrey, NMFS, personal communication) and other 

guides (Hinckley 1986; Bowden et al. 1990; N.J. Williamson, NMFS, personal 

communication). The pre-spawning stage was divided into a pre-spawning I, II, and III. 

Spawning ovaries were described by the presence of any transparent eggs; for 

classification into the spawning stage, an ovary must be cut through the center, where 

spawning begins, to check for transparent eggs (S. Hinckley, NMFS, personal 

communication). The guide also provides photographs showing size comparisons of 

ovaries at various stages and discusses possible influences on ovary color (Appendix 

1 ,B). To produce this guide assumptions were made that a similar schedule of ovarian 

development occurs in the eastern Bering Sea and Funka Bay, Japan and that a short 

duration exists for each oocyte stage (Appendix l.B).

Discussion

A break in GSI values separates most mature and immature fish based on histological 

determinations (Figure 1.3 A and 1.3B). Mature fish above the break either had empty
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follicles (an indication that spawning had begun) and/or their most advanced oocytes 

were at the prematuration or maturation stages. At the maturation stage, oocytes uptake 

water in the process of hydration and the ovary weight may increase two to four times 

from other maturity stages (Hunter and Macewicz 1985). Ovaries with their most 

advanced oocytes at prematuration stages or with empty follicles present may occur 

above the break, because hydrated oocytes were in the ovary but not observed in the 

histological sample. The hydration stage is very short in duration and may not be 

commonly observed (Sorokin 1961; Hunter and Goldberg 1980). Another explanation for 

the occurrence of pollock with empty follicles above the break (Figure 1.3 A) is that ovary 

weight may not be fully reduced with spawning of only a batch of hydrated oocytes. 

Hence, GSI may be a good predictor of fish that are about to spawn or have already 

began spawning. The GSI is also useful in identification of hydrated ovaries (Hunter and 

Macewicz 1985). Most of the pre-spawning and spawning pollock from PCC 

determination had GSI values above the break; indicating these fish were close to 

spawning or had already spawned.

Sakurai (1989) suggested that spawning pollock of the approaching season may be 

identified by GSI values of 2.5 or greater. In contrast, we found that some pollock for 

which their most advanced oocyte stages were early yolked, late yolked, or nuclear 

migration stages had GSI values below 2.5, yet fish with oocytes at these stages are 

expected to spawn in the approaching season. Likewise, fish classified as developing, 

pre-spawning, and spawning based on macroscopic examination had average GSI values



above 2.5, but some values were below 2.5. Even for those fish examined histologically, 

immature and mature fish had overlapping GSI values below the break (Figure 1.3B).

For these reasons, GSI does not appear to be a good predictor of all fish that will spawn 

in the approaching season in the eastern Bering Sea.

The GSI values for spent fish are intermediate between developing and pre

spawning/spawning pollock, as found previously by Merati (1993). Sakurai (1989) used 

a GSI value greater than 1.0 to determine postspawning pollock. The average GSI for 

spent fish in our study was 7.12, however some GSI values were below 1.0. In addition, 

GSI values for some spent fish would fall above the break observed in the GSI plot of the 

histological data, which wrongly suggests postspawners were either close to spawning or 

spawning. Consequently, GSI may not be useful in determination of postspawners, 

which is in agreement to findings of Hunter and Macewicz (1985).

Values of GSI may vary between regions, body size, maturity stage, and individuals. 

Therefore, differences among our findings and those for pollock in Funka Bay, Japan 

(Sakurai 1989) or in Shelikof Strait, Alaska (Merati 1993) are not unexpected. It is 

inappropriate to compare GSI values across populations (deVlaming et al. 1982). The 

relationship between ovary weight and body size may change with development 

(deVlaming et al. 1982; Hunter and Macewicz 1985; West 1990), therefore GSI values 

are dependent on time of sampling. In addition samples may be biased when comparing 

fish of different sizes, because GSI is not scaled for fish size. Larger fish may have

19



larger GSI values than smaller fish at the same maturity stage (Hunter and Macewicz 

1985; West 1990), and this effect is augmented with maturation of the ovary (Hunter and 

Macewicz 1985). Sakurai (1989) calculated GSI values from a smaller range of pollock 

lengths and a smaller sample size than available for our PCC data; therefore differences 

between results are not unexpected. In addition, the relationship between gonad and 

body weight may have substantial individual variation as found in male Atlantic cod 

( Gadusmorhua) (Sorokin 1960). However, the GSI may be useful if all the limitations 

are considered and the index is calibrated with histological analysis by body size and 

maturity stage.

Macroscopic maturity staging is subjective, because it is dependent on color, size of the 

ovary and visibility of eggs, so some misclassification occurs. Some spent pollock may 

have been misclassified as immature. In particular, large pollock classified as immature 

are suspect of misclassification. However, these large immature fish may be resting, as 

has been suggested for Atlantic cod (Shirokova 1969 as cited by Morrison 1990). 

Alternatively, large fish may spawn first as observed in Atlantic cod (Morrison 1990), 

and may therefore be more likely to be spent and misclassified during data collection. 

Developing pollock will spawn the following season and pre-spawning pollock the 

current season, however this distinction is difficult to make based solely on macroscopic 

examination. As a result, pre-spawning pollock (maturity stage 3) may be misidentified 

as developing. In addition, fish macroscopically staged as developing may actually be 

immature or pre-spawning. Histological analysis is necessary to confirm whether smaller
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fish, without obviously enlarged ovaries, will spawn in the current season or the 

following.

Maturity staging is often based on morphology and may not be biologically meaningful. 

For instance, according to criteria from the five-stage scale (Table 1.1), a spawning 

pollock has an ovary in which most eggs are hydrated. However, the presence of 

hydrated oocytes indicates spawning will begin soon or has already begun (Hinckley 

1986) because hydration is a brief stage (Sorokin 1961; Hunter and Goldberg 1980). 

According to this scale some fish defined biologically as spawning were classified as pre

spawning. In a biological context, spawning may be better described macroscopically by 

the presence of any hydrated oocytes.

Sample size may have affected our results. The sample size of ovaries used for 

histological examination was relatively small and collected from only a few haul 

locations close to the Pribilof Islands. The schedule of ovary development may vary by 

region due to differences in environmental conditions, such as temperature, by age class 

due to differences in thermal histories (T. W. Buckley, NOAA, personal communication), 

and between local populations due to genetic variation in life history characteristics 

(Olsen et al. 2004). Interannual differences in the schedule of Atlantic cod gonad 

development are correlated to temperature and oxygen content of sea water (Uzars et al.

2001). Consequently, our histological samples may not be representative of pollock for 

the entire eastern Bering Sea.
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Histological analysis during the active maturation period may help identify females 

undergoing rematuration by the presence of degenerating residual follicles in the ovary 

(Sakurai 1989). That is, it may be impossible to distinguish first mature and remature 

females by GSI or macroscopic inspection. Beta-stage atresia may occur on either first 

mature or remature females and may be easily confused with degenerated postovulatory 

follicles (Hunter and Macewicz 1985). Postovulatory follicles are distinguishable from 

beta atresia and are used to identify post-spawning Atlantic cod up to 3-4 months after 

spawning (Saborido-Rey and Junquera 1998); and in some Atlantic cod postovulatory 

follicles may be identifiable longer (Woodhead and Woodhead 1965; Zamarro et al. 

1993). Our samples were taken in February, eight months after the end of the spawning 

period, which spans March through June in the eastern Bering Sea (Hinckley 1986). 

Consequently, we did not attempt to separate first mature and remature females due to 

possible confusion between beta atresia and postovulatory follicles.

Criteria to classify fish into the pre-spawning stage based on histology (Table 1.2) was 

based on the assumption that development from the primary yolk stage to spawning 

occurs in four months as it does in Funka Bay, Japan (Y. Sakurai, Hokkaido University, 

personal communication). However, the time of development in the eastern Bering Sea 

is unknown and could differ from Funka Bay due to differences in temperature or 

genetically-based life history parameters between stocks. Spawning in the eastern Bering 

Sea has been recorded from March to June (Hinckley 1986). Based on the previous 

assumption and according to the spawning schedule, ovaries collected in the winter (late



January to early April) with their most advanced oocytes at stages of primary yolk or 

beyond should spawn the same calendar year in the eastern Bering Sea or elsewhere in 

the Bering Sea. Pollock categorized as immature or developing would not spawn until 

the following year of sampling. Therefore, 22% of the pollock macroscopically 

classified as immature using criteria in Table 1.1 and the 80% classified as developing 

(Table 1.5) will spawn in the year of our data collection, but after the “A” fishing season. 

In addition, the time of development from peri-nucleus or yolk vesicle stages to spawning 

and the duration of each oocyte stage is unknown. In Atlantic cod spawners of the 

following season may be identified by oocytes in the circumnuclear ring stage, where the 

ring of mitochondria has separated from the nucleus (Holdway and Beamish 1985). 

However this stage was not observed in our samples.

Histological examination of pollock ovaries can be used to confirm that spawning has 

started, because postovulatory follicles are present once eggs have been spawned (Hunter 

and Macewicz 1985). Seventy-one pollock identified as spawning based on histology 

were misclassified as pre-spawning based on macroscopic examination (Table 1.6). 

Similar misclassifications were found in Shelikof Strait, Gulf of Alaska (Merati 1993).

In addition some spawning fish may be misclassified based on histological analysis, if 

degenerated postovulatory follicles were assumed to be beta-stage atresia. This may 

occur because beta-stage atresia and degenerating postovulatory follicles may be hard to 

distinguish (Hunter and Macewicz 1985).
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The coloration of pollock ovaries may be indicative of both developmental stage and diet 

(J.F. Morado, NMFS, personal communication). Yolk begins to form as granules in the 

oocytes at the primary yolk stage (Hinckley 1986). Pollock ovaries with their most 

advanced oocytes at the primary yolk to nuclear migration stages, exhibited an orange 

coloration, indicating enough yolk had formed to affect the color of the ovary. However, 

diet may also influence the ovary coloration (J. F. Morado, NMFS, personal 

communication). High variability in coloration was observed with ovaries that had their 

most advanced oocyte stages at the perinucleus, yolk vesicle, and primary yolk stages. 

Pollock ovaries at the immature, developing, and pre-spawning I stages may be more 

subject to color variability due to diet, because not enough yolk has formed to mask the 

influence of diet on coloration.

A new descriptive guide (Appendix 1 .B) was developed to attempt to address some of the 

problems we found with the five-stage scale based on macroscopic examination of color 

and other attributes. However some inaccuracy will remain when macroscopically 

staging pollock ovaries due to the inherent subjectivity. Histological analysis is 

necessary for the most accurate maturity staging of pollock ovaries. If histology cannot 

be performed for all ovaries, then the degree of inaccuracy for macroscopic staging 

should be estimated.

Atresia was observed in a small percentage of the developing and pre-spawning ovaries, 

but never in any immature ovaries. Low level atresia (< 5% of oocytes) was common in



rockfish ( Sebastesaleutianus and S. borealis) over the majority of the reproductive stages

and throughout the reproductive cycle, and high level atresia (> 25% of oocytes) was rare 

(McDermott 1994). However, both low (< 50% of yolked oocytes) and high levels (> 

50% of yolked oocytes) of alpha atresia are part of the normal reproductive cycle for 

northern anchovies ( Engraulismordax). Low levels indicate a reduction in spawning 

frequency, and high levels forecast the end of spawning for the season (Hunter and 

Macewicz 1985). We observed high levels of atresia (> 50% of oocytes) in 

approximately 3% of the ovaries examined. All pollock ovaries with high levels of 

atresia were macroscopically staged as pre-spawning, and three of these ovaries had 

viable yolked oocytes, two of which also had empty follicles. These pollock could have 

been approaching the termination of spawning for the season.

Ovaries with atresia at the pre-spawning stage appeared normal under macroscopic 

observation and were assumed to spawn within the same year as sampling. However, 

histological examination indicated that no viable oocytes were present in one ovary, and 

only oocytes at the peri-nucleus stage or primary yolk stage existed in two others (Table 

1.5). Developing oocytes may be resorbed in response to environmental conditions 

(Robb 1982) due to the large amounts of energy that may be obtained from the yolk 

within these oocytes. Some pollock classified as pre-spawning had both atretic and 

viable oocytes at the prematuration and maturation stages (Table 1.5), indicating that they 

would spawn the same year as sampling. However, if fish have atretic and viable oocytes
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their fecundity may be affected by a reduction in the number of eggs spawned (Robb 

1982).

Atresia of hydrated oocytes that remain in the ovary after spawning was a normal 

occurrence observed in Atlantic cod (Morrison 1990). We observed atresia in six ovaries 

with hydrated oocytes or empty follicles. Resorption in these ovaries may be part of the 

normal recovery process and indicate that not all oocytes in pollock are spawned. Atresia 

was rarely observed in “ripening” (yolk vesicle through prematuration stage) Atlantic cod 

(Morrison 1990). However, we observed atresia in seven “ripening” pollock. An 

increased frequency of atresia has been found in “ripening” fish exposed to 

environmental stress, such as unfavorable water temperature (Kuo 1995; Hutchings et al. 

1998; Rideout et al. 2000) or reduced food (Robb 1982; Hutchings et al. 1998; Bromley 

et al. 2000); this phenomenon may be due to females adjusting the number of eggs that 

will be spawned for maintenance requirements (Bromley et al. 2000). Our ovary samples 

were collected in 2003 an anomalous year for both warm temperatures associated with El 

Nino and for high counts of pathogens found in fish in the eastern Bering Sea (J. F. 

Morado, NMFS, personal communication). Therefore, the proportion of atresia we 

observed on “ripening” pollock may be higher compared to most years.

Atresia may be useful in the prediction of the spawning condition of individuals. Female 

anchovies were predicted to have a high spawning potential if they possessed yolked 

oocytes and no alpha atresia (Hunter and Macewicz 1985). Post-spawners, spent fish,



were identified as females without yolked oocytes and with beta-stage atresia (Hunter and 

Macewicz 1985). In Atlantic cod both atretic follicles of hydrated oocytes and empty 

follicles were used to identify which fish were spent (Morrison 1990). Thus, spent 

individuals may be separated from immature individuals histologically by both the 

presence of atresia and postovulatory follicles. Because no spent fish were collected in 

our samples, this method was not included in our analysis.

Atresia may be difficult to separate from artifacts of preservation. Differential 

dehydration and preservation may occur and cause oocyte structures to appear unusual (J. 

F. Morado, NMFS, personal communication). Therefore, characteristics unique to 

atresia, such as the disappearance of striations on the zona radiata and enlarged granulosa 

cells were used to differentiate between atresia and artifacts of preservation (S. F. 

McDermott, NMFS, personal communication).

Difficulties in applying macroscopic determinations of maturity stages to eastern Bering 

Sea pollock suggest the need for additional research. Histological examination should be 

performed for ovaries collected across the eastern Bering Sea over several years to 

determine if the relationship between macroscopic and histological staging varies 

temporally or spatially. Laboratory studies should be performed to determine the time 

from development of various oocyte stages, such as from primary yolk, to spawning.

Such a study would verify which fish will spawn in the approaching season and which 

will spawn in the following season and confirm the appropriateness of descriptive guides,
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such as Appendix l.B. Field work, such as tagging, might determine if some pollock 

caught on the eastern Bering Sea shelf during the “A” fishing season spawn after the 

suggested spawning schedule and/or if they spawn elsewhere in the Bering Sea. In 

addition, the relationship between atresia and environmental variables, such as 

temperature and the affects of atresia on fecundity should be examined for eastern Bering 

Sea walleye pollock.

The relationship between macroscopic maturity stages and actual developmental stages 

was determined by histology. These results allow us to more accurately classify pollock 

as mature or immature for estimation of size of maturity in the second part of our study.
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Figure 1.1. Changes in oocyte stage frequencies with maturation of the ovary. The 
progression of pollock ovarian development is illustrated through changes in oocyte-stage 
frequencies for various stages of development: A) immature B) developing C) early yolk 
formation D) late yolk formation E) prematuration F) early spawning G) late spawning 
H) spawning of the last batch and I) spent. Data are from Hinckley (1986).
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Figure 1.2. Trawling sites sampled by PCC-member vessels. Distribution of PCC- 
member pollock trawling vessels in 2002 and 2003 “A” fishing season (January 20- 
March 30 in 2002 and January 21-April 2 in 2003). Each boat represents a location 
where one or more net hauls occurred and pollock maturity data were collected.
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Figure 1.3. A plot of GSI versus length for histological samples. Histological samples 
show a break in GSI values at about 6.9 for which ovaries: A) contain empty follicles 
(EF) and/or have oocytes at the prematuration (PREMAT) or maturation (MAT) stages as 
their most advanced oocytes present. B) are classified as immature or mature based on 
histological examination.
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Figure 1.4. A plot of GSI versus length for PCC data. GSI plots for 2002 and 2003 PCC 
collected data for macroscopically classified maturity stage: A) stage 2: developing, B) 
stage 3: pre-spawning, C) stage 4: spawning, and D) stage 5: spent.
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Table 1.1. Pollock maturity condition based on macroscopic examination. A five-stage 
scale was used by PCC-member vessels to macroscopically stage female pollock ovaries; 
criteria were based on NMFS five-stage scale.

Maturity
code

Condition Macroscopic examination

Immature Ovary transparent with no eggs visible. Gonad small and
tucked inside body cavity.

Developing Ovaries translucent to opaque, and about half length of
body cavity. Spawn within following year.

Pre-spawning Ovaries orange, reddish, and occupy about 2/3 of body 
cavity. Eggs are discernible and opaque.

Spawning Roe runs with slight pressure. Most eggs are hydrated
(translucent) with few opaque eggs.

Spent Ovaries empty and flaccid.
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Table 1.2. Pollock maturity condition based on histological examination. Pollock were 
classified into a maturity condition based on histological examination of their ovaries 
(Hinckley 1986; Morrison 1990; Y. Sakurai, Hokkaido University, personal 
communication).

Maturity condition Histological examination

I. Immature

II. Developing

Late peri-nucleus most advanced oocyte stage present.

No postovulatory follicles.

Yolk vesicle stage most advanced oocyte stage present. Early and 
late peri-nucleus stages may also be present. No yolk formation.

No postovulatory follicles.

III. Pre-spawning Maturation most advanced oocyte stage present. Peri-nucleus, 
yolked, nucleur migration, and prematuration stages may also be 
present.

IV. Spawning

V. Spent

No postovulatory follicles.

Ovulation has occurred. Peri-nucleus, yolked, nuclear migration, 
prematuration, and maturation stages may be present.

Postovulatory follicles present.

No oocytes beyond peri-nucleus stage. Atresia of unspawned 
maturation stage oocytes may be present.

Postovulatory follicles present.
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Table 1.3. Oocyte stages of pollock reproductive cycle. Criteria used to classify oocytes 
into developmental stage arranged in order of developmental progression (Hunter and 
Macewitz 1985; Hinckley 1986; Morrison et al. 1990).

Oocyte stage Description

Early peri-nucleus 

Late peri-nucleus

Yolk vesicle 

Primary yolk

Secondary yolk

Nucleus contains multiple nucleoli found at its margin.

The cytoplasm widens and is composed of alternating dark and light stained 
bands. A narrow follicle encircles the oocyte and is composed of two cell 
layers: an inner cube-shaped granulosa and an outer flat, elongate thecal. 
Nucleus still contains multiple nucleoli around its margin.

Yolk vesicles, cortical alveolus, are present in the cytoplasm. Nucleoli move 
away from periphery of nucleus.

The zona radiata, external oocyte membrane, is well defined. Pink-stained yolk 
granules appear in the cytoplasm between the zona radiata and the yolk vesicles; 
however they may only be visible with 400X to 1000X magnification. Follicle 
widens due to an increase in the size of the granulosa cells.

Yolk granules are larger yolk globules and are found over and among yolk 
vesicles. The nucleus is slightly irregular shaped. Striations are visible on the 
zona radiata.

Tertiary yolk Yolk globules enlarge and occupy most of the cytoplasm.

Nuclear migration Nucleus appears crescent-shape and advances in the direction of the zona
radiata. This stage may be difficult to distinguish from the tertiary yolk stage, in 
which the nucleus may not be present in sample and/or may vary in shape and 
size.

Prematuration Nuclear membrane is disintegrated. Yolk globules begin to fuse.

Maturation Hydration of the oocyte has occurred, causing a large increase in its diameter.
However, fixation causes dehydration so the oocyte appears irregular shaped, 
and a gap, filled with water prior to dehydration, occurs between the yolk and 
membranes. All yolk has coalesced. Zona radiata is stretched and striations are 
no longer visible.

Ovulation Follicle shed, and oocytes are called ova. Otherwise the ova appear the same as 
oocytes at the maturation stage.
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Table 1.4. Sample sizes by maturity stage based on macroscopic examination by PCC.
A five-stage scale (Table 1.1) was used to classify pollock into maturity stages during the 
“A” fishing season in 2002 and 2003. Sample sizes at each maturity stage are shown. 
Some pollock were categorized as “mature” instead of a maturity stage from the five- 
stage scale.

Sample size

Maturity Stage 2002 2003

1. Immature 471 613

2. Developing 456 407

3. Pre-spawning 3,055 2,870

4. Spawning 528 714

5. Spent 96 206

6. “Mature” 259 285

Total 4,865 5,095
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Table 1.5. Histological results. Pollock ovaries classified as stage 1, 2, and 3, based on 
macroscopic examination, were examined histologically. For each ovary, the most 
advanced oocyte stage presenta, any observations of empty follicles, atresia, and/or high 
level atresia (greater than 50% atretic oocytes) were recorded.

EP LP YV PY SY TY NM PRE MAT OV UN TOT

Stage
1

Oocyte
stage

3 35 12 13 1 0 0 0 0 0 0 64

Empty
follicles

0 0 0 0 0 0 0 0 0 0 0 0

Atresia 0 0 0 0 0 0 0 0 0 0 0 0

High level 
atresia

0 0 0 0 0 0 0 0 0 0 0 0

Stage
2

Oocyte
stage 0 3 1 3 11 1 1 0 0 0 0 20

Empty
follicles

0 0 0 0 1 0 0 0 0 0 0 1

Atresia 0 2 1 0 2 0 0 0 0 0 0 5

High level 
atresia

0 0 0 0 0 0 0 0 0 0 0 0

Stage
3

Oocyte
stage 0 1 0 1 0 2 4 55 23 2 1 89

Empty
follicles

0 0 0 0 0 2 4 46 19 2 0 73

Atresia 0 1 0 1 0 2 0 1 2 0 1 8

High level 
atresia

0 1 0 1 0 1 0 0 1 0 1 5

a EP (early peri-nucleus), LP (late peri-nucleus), YV (yolk vesicle), PY (primary yolk), SY (secondary yolk), TY (tertiary yolk), NM 
(nuclear migration), PRE (prematuration), MAT (maturation), OV (ovulation), UN (unidentified), TOT (total)
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Table 1.6. Ovary classification matrix based on macroscopic and histological 
examination. Ovaries collected in 2003 were placed into a maturity condition based only 
on macroscopic inspection and then reclassified after histological examination. The rate 
of misclassification for macroscopic staging by developmental stage is illustrated. An 
ovary was not staged if greater than 50% of its oocytes were atretic.

Macroscopic determinations

Histological Immature Developing Pre-spawning
determinations

Immature 38 3 0

Developing 12 1 0

Pre-spawning 14 15 13

Spawning 0 1 71

Not staged 0 0 5
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Appendix l.A  
Photographs of oocyte development and atresia

Figure 1 .A-1. Ovarian wall of an immature ovary. An ovarian wall (ov) is pictured from 
an immature pollock ovary.



Figure l.A-2. Early and late peri-nucleus oocytes. Early (EP) and late (LP) peri-nucleus 
oocytes are shown, along with the follicle (fl), nucleolus (no), and nucleus (nu).

Figure l.A-3. Yolk vesicle oocyte. A yolk vesicle oocyte is pictured with its nucleoli 
(no), and vacuoles (vl).
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Figure l.A-4. Primary yolk oocyte. The yolk granules (gr) and zona radiata (zr) are 
pictured for a primary yolk oocyte at (A) 100X and (B) 1000X. The follicle (fl) and its 
parts, the granulosa (g) and theca (t), are also shown at 1000X magnification.
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Figure l.A-5. Secondary yolk oocyte. The vacuole (vl), and yolk globules (gl) are 
shown for a secondary yolk oocyte under (A) 100X and (B) 400X. In addition, the zona 
radiata (zr) and follicle (fl), including its parts of granulosa (g) and theca cells (t) are 
labeled for 400X.
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Figure l.A-6. Tertiary yolk oocyte. A tertiary yolk stage oocyte is pictured with 
globules (gl).

Figure l.A-7. Nuclear migration. An oocyte is pictured at the nuclear migration 
with a crescent-shaped nucleus (nu).

its yolk

stage
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Figure l.A-8. Prematuration. At the prematuration oocyte stage, fused yolk globules (y) 
are shown.

Figure l.A-9. Maturation. The maturation stage is shown with its follicle (fl), fused yolk 
(y), and zona radiata (zr).
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Figure l.A -10. Postovulatory follicles. (A) Ring-and (A and C) convoluted-shaped 
postovulatory follicles (pf) are shown. The nuclei (n), granulosa (g) and theca (t) cells of 
the degrading oocytes are pictured along with blood capillaries (be) under (B) high and 
(C) low magnification.
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Figure l.A-10. Continued.

Figure l.A-11. Atresia. Atretic oocytes are shown at (A, B, and C) alpha and (D, E, and 
F) beta atresia or degraded postovulatory follicle stages. Uneven dissolving of the zona 
radiata (zr) occurs with degradation. In addition the appearance of the yolk (y), granulosa 
(g), and theca (t) cells changes with the degradation of the oocyte (g).
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Figure l.A-11. Continued.





Figure l.A-11. Continued.
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Appendix l.B
Descriptive guide to macroscopic staging of pollock ovaries

The following guide is intended to aid in the classification of pollock ovaries into 

accurate maturity stages based on visual macroscopic inspection. Photographs of ovaries 

and descriptions of ovary coloration and size are provided for each maturity stage. 

Additional information is provided on the topics of ovary coloration, ovary size, and 

atresia. Macroscopic staging criteria were developed based on personal observation and 

criteria from previously developed guides (Hinckley 1986; Bowden 1990; N. J. 

Williamson, NMFS, personal communication).

Assumptions

This guide is based on the assumption that pollock with ovaries classified in the “A” 

fishing season as pre-spawning will spawn within the current year and those with 

developing ovaries will spawn the following year. Ovaries were placed into the pre

spawning macroscopic maturity stage if they had oocytes of primary yolk or more 

advanced oocyte stages, because time of development from primary yolk stage to 

spawning occurs in four months in Funka Bay, Japan (Y. Sakurai, Hokkaido University, 

personal communication). However, the time of development from each histological 

stage to spawning is unknown in the eastern Bering Sea. Laboratory studies are needed 

to verify consistency with the time frame of development in Funka Bay or to determine 

an alternative. This guide would change if an alternative time frame was found for 

development. For example, if time of development from primary yolk oocyte stage to
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spawning is 9 months, then ovaries with primary yolk as their most advanced oocyte 

stage would be included in the developing category instead of pre-spawning I.

The duration of each oocyte stage is unknown; therefore an assumption of a short time 

interval is made. Otherwise, an ovary with oocytes at the beginning of the primary yolk 

stage may be classified differently than an ovary with oocytes at the end of this stage. 

Laboratory work is needed to verify the duration of each oocyte stage.

The photographed ovaries were not matched one to one with a histology classification, so 

some uncertainty exists in correct placement of each ovary into a macroscopic visual 

maturity category, e.g. the ovary pictured as pre-spawning I.
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1. Immature: Ovaries transparent or translucent, colorless, 
gray, yellow, orange, orange-yellow, pink, maroon, reddish- 
orange, tan, or tan-orange. No eggs visible. Ovary small and 
tucked inside body cavity.

Picture is unavailable
2. Developing: Ovary translucent, orange, pink, 
maroon, reddish-orange, or tan-orange. No eggs 
visible. Ovary small. Likely to spawn the following year.

3. Pre-spawning:
I. (presumptive) Ovary translucent, orange, pink-orange, 
maroon, or tan-orange. No eggs visible to the eye. Ovary 
less than Vi length of the body cavity. Well developed red 
blood vessels. Likely to spawn later this year.

4 II. Ovary opaque, orange, bright orange, or dark orange. 
Visible eggs. Ovary occupies about V2 of ventral cavity.

III. Ovary opaque, tan-orange or flesh colored. Visible eggs. 
Ovary occupies about 2/3 of the body cavity.

4. Spawning: Some to most eggs are translucent from 
hydration. Ovary occupies whole body cavity Other eggs are 
opaque and tan-orange or flesh colored. Ovary must be cut 
through center, where spawning begins, to check for hydrated 
eggs. Ova may run with pressure. Thin, stretched ovarian 
wall.

5. Spent: Ovaries empty and flaccid. Thick ovarian wall. 
(Photograph by Sarah Hinckley, NMFS).



59

Coloration
The described coloration of the ovaries at each developmental stage in this guide was 
observed, but other colors may occur. Color may be affected not only by the amount of 
yolk within the oocytes, but also by diet. Immature, developing, and early pre-spawning 
ovaries may be subject to more variability due to diet, because not enough yolk has 
formed to mask the influence of diet on coloration (Figure l.B-1).

d, _  a  %  -SSL** . i   rv —  ^

mBl
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Figure l.B-1 Coloration of ovaries. Color variation observed in visual stage 1 and stage 
3 ovaries is pictured. Microcassette dimensions are approximately 2.5 cm x 3.8 cm.

Size
Ovaries become larger with yolk formation and development and very large with 
absorption of water with hydration (Figure l.B-2 A and B).

Figure 1 .B-2 Size of ovaries. A) Pre-spawning I. ovaries are pictured on the top left and 
center left, immature on the bottom left, and pre-spawning III. on the right. B) Immature 
ovaries are shown on the left, pre-spawning II. in the center, and pre-spawning III. on the 
right.

Atresia
Ovaries with atretic oocytes may appear at advanced developmental stages under 
macroscopic inspection, however they may only contain early developmental stages or 
atretic oocytes.



Chapter 2. Spatial and Temporal Patterns in Maturity2

Abstract

Walleye pollock, Theragra chalcogramma, are both ecologically and commercially 

important in the eastern Bering Sea. Maturity is a critical parameter in the stock 

assessment to set annual total allowable catch. Pollock maturity has not been examined 

in the eastern Bering Sea (EBS) since 1976, and possible interannual and geographic 

variation has never been considered. Our goal is to estimate correct maturity schedules 

for EBS pollock. Maturity data, fish lengths and macroscopic maturity stages were 

collected aboard pollock trawlers during winter 2002 and 2003 across the EBS from 

10,197 pollock. Similar data were collected by NMFS scientists during hydroacoustic 

surveys from 1989 -  2002. Length at 50% maturity ( Z jo )  was estimated by year and area 

by logistic regression using maximum likelihood methods. Maturity data were separated 

by area using ArcGIS software. Geographic variability exists; fish mature at the smallest 

lengths north of the Pribilof Islands. Size at maturity varies interannually, as well. 

Temporal and spatial variation in maturity may be due to biological or environmental 

factors. Variation in length-at-age between year classes and areas may cause shifts in L$o. 

Differences in growth among year classes or areas may be regulated by environmental 

variables, such as temperature through its direct effects on physiological processes, or 

prey availability and/or abundance through its effects on pollock food consumption. An 

inverse relationship between pollock density and Z50, suggests that density-dependent

growth may occur as well.
Stahl, J. P., and G. H. Kruse, Maturation of walleye pollock, Theragra 

chalcogramma, in the eastern Bering Sea in relation to temporal and spatial factors. 
Prepared for submission to Transactions of the American Fisheries Society.
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The goal of this project was to determine correct maturity schedules for walleye pollock, 

Theragra chalcogramma, in the eastern Bering Sea. The published maturity schedules 

for eastern Bering Sea pollock come from a single year (1976) of observations in which 

data were aggregated over the entire survey area (Bakkala and Smith 1978). For 

comparison, we examined potential temporal and spatial trends in size at maturity of 

walleye pollock in the eastern Bering Sea over two years.

Pollock are a subarctic species inhabiting the North Pacific Ocean. Along the northeast 

Pacific, their range extends from central California through the Gulf of Alaska into the 

eastern and western Bering and Chukchi seas, and along the northwest Pacific, including 

the Sea of Japan, the Okhotsk Sea, and Commander Islands (Mecklenburg et al. 2002). 

Pollock have a broad depth distribution from demersal to pelagic. At depths of 30 to 

300 m, such as on the Bering Sea shelf, they are demersal. In the deeper waters of the 

Aleutian Basin they have a pelagic distribution from nearshore to midwater 

(Mecklenburg et al. 2002).

Population structure remains unresolved within the eastern Bering Sea. No genetic 

differences have been found among pollock within the Bering Sea. Tagging studies show 

broad movements between the eastern and western Bering Sea during summer feeding 

migrations (Bailey et al. 1999). However, subpopulations may exist by mechanisms that 

prevent mixing, such as larval retention, nonpassive drifting, and natal homing behavior

Introduction



(Bailey et al. 1999). Morphometries and life history characteristics indicate that three to 

five stocks exist within the eastern Bering Sea, including the Aleutian Basin (Hinckley 

1987; Dawson 1994). Differences in length-at-age relationships exist for three separate 

spawning stocks within the Bering Sea: (1) Aleutian Basin, (2) southeastern continental 

shelf, slope, and northwest shelf, and (3) continental slope northwest of the Pribilof 

Islands (Hinckley 1987). Otolith composition of juveniles differs among the southeast 

shelf/slope, northeast shelf, and south-central Aleutian Basin (Mulligan et al. 1992). 

Significant differences in size composition and growth exist among two (Lynde et al.

1986) to four (Shuck 2000) regions of the eastern Bering Sea.

Pollock are both ecologically and commercially important. They are the most numerous 

fish species in the eastern Bering Sea and at all life stages play an important role in the 

ecosystem, both as prey and predator (Mito et al. 1999). Pollock are an important 

component of the diet of many marine organisms, including seabirds, fish, and marine 

mammals. Juveniles are important in the transfer of energy from zooplankton to larger 

fish and constitute a significant component of the diet of many important commercial fish 

species, such as Pacific halibut ( Hippoglossus ), arrowtooth flounder

( A t h e r e s t h e s s t o m i a s ) ,  and Greenland halibut ( hippoglossoid.es) (Mito et al.

1999). Young pollock are cannibalized by older pollock in the Bering Sea (Dwyer et al.

1987). Younger pollock prey upon euphausiids and copepods, but as their body size 

increases, so does their tendency for piscivory (Mito et al. 1999).
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The pollock fishery is one of the most valuable fisheries in the United States and 

accounted for 67% of the groundfish product value in 2002 and 1.49 million tons of catch 

in 2003 for the eastern Bering Sea. The pollock fishery is conducted by catcher- 

processors and catcher vessels deploying midwater trawls. Pollock catch is processed 

into products, such as roe, fillets, surimi, and fish meal. The high commercial value of 

walleye pollock, combined with their major ecological role as both predator and prey in 

the Bering Sea, heightens the need for proper fisheries management.

The walleye pollock fishery has been fully developed in the eastern Bering Sea since 

1964 when foreign vessels began targeting pollock. Following the Magnuson Fishery 

Conservation and Management Act of 1976, a joint-venture fishery began in the early 

1980s with domestic harvesting and foreign processing (Northern Economics and ED AW 

2002), and by 1988 only domestic vessels fished and processed pollock from the 

Economic Exclusive Zone (Ianelli et al. 2002). Pollock catch peaked in 1974 and then 

declined along with spawning stock biomass in the eastern Bering Sea (Figure 2.1). 

Spawning stock biomass began to increase in association with the regime shift in 1976 at 

the same time the fishery changed from foreign operations to joint-venture and domestic 

fishery operations.

The U.S. pollock fishery in the eastern Bering Sea is managed as three stock units: 

eastern and central Bering Sea and Aleutian Islands. In the eastern Bering Sea there are 

two fishery seasons: A and B. In the A season, the fishery focuses north and west of
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Unimak Island and along the 100-m contour between the Pribilof Islands and Unimak 

Island. It opens on January 20 and may extend to June 10 but usually the harvest quota is 

taken within 4-6 weeks (Ianelli et al. 2002). This season targets aggregations of pre

spawning pollock for their valuable roe, but the entire fish is processed into products such 

as fillets, surimi, and fishmeal. The B season is defined to be June 10 -  November 1, but 

usually the fishery is concentrated in August-October and it is distributed slightly west of 

the range during the A season (Ianelli et al. 2002).

The Alaska Fisheries Science center (AFSC) of the National Marine Fishery Service 

(NMFS) estimates abundance of the eastern Bering Sea stock of walleye pollock by stock 

assessment models (Ianelli et al. 2003). The current stock assessment uses a statistical 

age-structured model with a standard catch equation as the basis for the population 

dynamics model. These models incorporate maturity, size, age, and abundance data 

collected during summer bottom and winter echo-integration trawl (EIT) surveys and by 

observers aboard commercial fishing vessels (Ianelli et al. 2002). Annual bottom trawl 

surveys assess pollock from the ocean floor to 3 m off the bottom. The EIT surveys 

assess pollock at midwater depths and have been performed triennially since 1979 and 

more frequently since 1991 (Ianelli et al. 2002).

To assure appropriate harvest rates, biological parameters used in stock assessment 

models, such as maturity, must be accurate. Age or size at maturity is critical to 

estimates of available spawning stock biomass to which harvest rates are applied to
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determine total allowable catch (TAC). The North Pacific Fishery Management Council 

sets acceptable biological catch (ABC) recommendations for fish stocks using a 

conservative approach; ABC is set to maintain, on average, spawning biomass at levels 

above those that would produce maximum sustainable yield, Bmsy) or above those that 

would reduce the spawning biomass to 35% of an unfished population. The ABC 

alternatives are estimated based on the harmonic-mean estimates of fishing mortality 

associated with maximum sustained yield, Fmsy (Ianelli et al. 2003). TACs are set at or 

below ABC. The perception that this is a conservative harvest strategy is predicated 

upon accurate estimates of spawning biomass and, therefore, size at maturity.

Female spawning stock biomass (B,) is calculated for a given year by eq. (1):

Bt = l w a <paNat (1)

where wa is mean fish weight at age a, (pa is the proportion of mature females at age a, 

and Nat is the number of fish in year t at age a (Ianelli et al. 2002). The maturity 

parameter, (pa, is estimated by fitting a curve to data on maturity by age (or length). Even 

small shifts in the maturity curve can alter actual harvest rates significantly (V.G. 

Wespestad, Resource Analysts International, personal communication), so it is useful to 

determine whether (pa varies by year or by area within the range of the stock. Recent 

analysis of pollock collected during NMFS surveys indicated a possible change in 

maturity-at-length and interannual variability in the pollock maturity schedule (J. Ianelli, 

NMFS, personal communication). However, no definitive conclusions could be drawn 

because the NMFS collections were limited in both time (late February to mid-March)
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and space (sea lion conservation area in the southeastern Bering Sea from Cold Bay to 

Umnak Island).

Methods

Data Collection

Field data were collected by three approaches: (1) fishing vessels participating within the 

PCC, (2) NMFS assessment surveys, and (3) NMFS observers aboard commercial fishing 

vessels. Under the auspices of our cooperative project, maturity data were collected from 

4,865 pollock in 2002 and 5,095 in 2003 aboard PCC-member vessels participating in the 

“A” fishing season in the eastern Bering Sea. In overview, quality control personnel 

sampled 10 female fish from one haul per day from a range of lengths. The following 

information was collected from each fish: (1) fork length to the nearest cm, (2) body 

weight without stomach contents but with ovaries and liver to the nearest gram, (3) ovary 

weight to the nearest gram, and (4) maturity stage. Details on PCC data collection are in 

Chapter 1.

Pollock maturity data were also collected by NMFS during stock assessment surveys. 

Maturity data used in current stock assessments were collected during demersal trawl 

surveys in the southeastern Bering Sea (across the shelf and slope, south from Unimak or 

the Alaska Peninsula to 60° N) during April through August 1976 (Bakkala and Smith 

1978). Fork length and maturity stage were collected from 3,585 female pollock.

Ovaries were classified based on macroscopic observation using a five-stage scale



(Table 2.1). More recent maturity information was collected during NMFS echo 

integration-midwater EIT trawl surveys in the eastern Bering Sea shelf during January to 

April 1989-2002 (Table 2.2). Pollock fork length was measured to the nearest cm and 

ovaries were classified into maturity stages by macroscopic examination based on 

characteristics, such as color, egg visibility, and size of ovary using a five-stage scale 

prior to 1996 and an eight-stage scale since 1996 (Table 2.3). Latitude and longitude 

were recorded at each haul location.

Pollock data collected by NMFS observers aboard commercial vessels fishing during the 

“A” season were used to estimate length frequency, sex ratio, and age distribution for the 

source populations from which PCC samples were collected. NMFS observers and PCC 

quality control personnel separately collected samples aboard PCC vessels, therefore both 

data sets are representative of the geographic area operated during the “A” fishing season. 

The NMFS observers randomly sampled 20 fish from every haul and measured fork 

length for each. Every 5th haul, two fish were randomly selected from the sample for 

otolith collections, and all other fish were sampled for length and weights. Observer data 

were used to associate latitude and longitude with each haul number recorded by PCC 

quality control personnel. A subsample of the otoliths obtained by observers was aged by 

the Age and Growth Laboratory of the NMFS, Alaska Fisheries Science Center, using 

methods of Chilton and Beamish (1982). Pollock ages estimated by NMFS were used to 

produce an age-length key for 2002 and 2003 observer data.
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Data Editing

The PCC-collected data were examined for errors. Data were entered into a Microsoft 

Access database, and queries performed to determine anomalies (e.g., fish that are 

unrealistically heavy for their length, etc.). Original data forms were scrutinized for 

possible data entry transcription errors. In addition, scatter plots of variables (e.g., body 

weight versus ovary weight, length versus body weight, and length versus ovary weight) 

were produced to find outliers. Outliers were identified and removed from the data if 

their residuals were greater than four standard deviations from the mean residuals (Draper 

and Smith 1981).

Outliers ascertained from length versus weight scatter plots were compared to a table of 

mean body weights for particular mean body lengths (Smith 1981). This table was 

developed from NMFS crab-groundfish research vessel surveys conducted during June to 

mid August 1973-1978. It was assumed that pollock collected during this time period 

were not pre-spawning or spawning and therefore had no significant weight gain due to 

increased ovary weight.

Analytical Methods

Size at Maturity

A logistic regression model was used to estimate the proportion of mature pollock 

by length eq. (2):

P  = 1/(1+ (2)
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where P is the predicted proportion of mature fish at a particular fork length, L is the total 

fish fork length, and a and b are parameters to be estimated (McCullagh and Nelder 

1989). Parameter a describes the shape of the curve, and parameter b is the inflection 

point, where 50% of fish for that length are mature, Lw- The negative log-likelihood 

(-InL) was calculated by eq. (3):

-InL = -(M  * ln(P+0.0001)+(I*ln(l-P+0.0001))) (3)

where M  is the number of mature pollock, and is the number of immature. Excel solver 

was used to minimize -InL while estimating parameters a and b.

Logistic regression was performed using two different interpretations of PCC and NMFS 

maturity data. To estimate maturity curves and Zjo, we must separate those fish that will 

spawn during the year of sampling and those which will not spawn until the following 

year. Histological examination of the ovaries revealed that 84% of ovaries 

macroscopically staged as “developing” (stage 2) will spawn the same year as sampling, 

but after the “A” fishing season (see Chapter 1). This was concluded, because specimens 

in the yolk oocyte stage were present in samples collected during the “A” season, but 

development from primary yolk oocyte stage to spawning is four months in Funka Bay, 

Japan (Y. Sakurai, Hokkaido University, personal communication). Conceivably, fish 

with ovaries staged as “developing” could spawn much later than expected in the study 

region, or elsewhere in the Bering Sea, or perhaps their development becomes arrested 

and spawning is delayed until the following year. Because we are unsure of the true fate

69



of pollock macroscopically staged as developing; we considered them immature (D=I) 

for one statistical analysis and mature (D=M) in another for comparison.

For logistic regression, maturity was coded as “0” for immature fish and “1” for mature 

fish. For the PCC data under the D=I approach, macroscopic maturity stages 1 

(immature) and 2 (developing) were coded as “0” and 3 (pre-spawning), 4 (spawning), 

and 5 (spent) as “1”; for the D=M approach, macroscopic maturity stages 1 are coded “0” 

and 2-5 as “1”. For NMFS data under the D=I approach, stages 1 and 2, 1989-1995, and 

1-3, 2000-2002, = “0”, and 3-5, 1989-1995, and 4-8, 2000-2002, = “1”; for the D=M 

approach, stages 1, 1989-1995, and 1 and 2, 2000-2002, = “0” and 2-5, 1989-1995, and 

3-8, 2000-2002, = “1”.

Proportion mature at each age was estimated from PCC maturity and NMFS observer 

age-length data for 2002 and 2003 for the D=I and D=M models. The proportion mature 

at each 1-cm length interval was multiplied by the proportion of that length at each age. 

The resulting values were summed for each age to estimate proportion mature at age.

Spatial and Temporal Differences in Maturity 

Exploratory data analysis was used to examine potential spatio-temporal variability in the 

data. To explore spatial patterns, maturity data were mapped using ArcGIS. The PCC 

data were separated into north (NP) and south of Pribilof Islands (SP), and Aleutian 

Basin (B) regions (Figure 2.2A). The SP region was further subdivided into central (C)
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and south (S) regions and B into central (CB) and south basin (SB) regions (Figure 2.2B). 

The NP, SP, C, and S areas are all located on the shelf at depths <150 m, and all basin 

areas are >150 m and included both slope and basin regions. The NP and SP regions 

were separated by longitude corresponding to no PCC data between 169.2 W and 

169.9 W. The C and S regions are divided by a line perpendicular to the 100-m isobath, 

intersecting the 50-m contour at 163.0 W longitude and 57.3 N latitude and the 150-m 

contour at 166.7 W longitude and 54.98 N latitude. The C and S basin areas are 

separated by latitude corresponding to no PCC data between 54.8 N and 55.2 N.

Maturity curves were estimated by area for 2002 and 2003 combined data and for each 

year separately, and likelihood ratio tests were performed to determine if maturity curve 

shape and L5o parameters were statistically different by area. Statistical significance 

between two or more maturity curves was determined with eq. (4):

X2 =  2*(-lnLR-(-ln (4)

where LR is the -InL for the reduced model and the - for the full model (Quinn and

Deriso 1999). To calculate the -lnLR, one set of parameters was estimated for all datasets 

and for -InLp, parameters were estimated for each separate dataset and -  was summed 

for each. Degrees of freedom were calculated by the difference between the number of 

parameters in the full and reduced models. The y2 value was then compared to a table 

with the appropriate degrees of freedom to determine statistical significance between the 

shapes of maturity curves. If the curve shapes were statistically different at = 0.01, 

then the same test was performed to determine if b, the L50 parameter, was also
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statistically different at P = 0.01. To do this the -InL was minimized while only re- 

estimating parameter b\ parameter a was held constant at the value estimated by the 

reduced model.

Temporal differences in size at maturity were examined among data collected during 

fishing by PCC and NMFS during annual trawl surveys. To examine potential within- 

season differences of PCC data collected during 2002 and 2003, the “A” fishing season 

was subdivided into two time periods: Tl, January 20-February 24 and T2, February 25- 

April 2. Results from NMFS demersal trawl surveys from 1976 (Bakkala and Smith 

1978) were compared to PCC 2002-2003 maturity data for similar regions to remove an 

area effect. Maturity data from the NMFS EIT surveys were subdivided into north of the 

Pribilof Islands, south of the Pribilof Islands, and basin regions using the same 

geographic boundaries applied to the PCC data. Sample sizes were sufficient for analysis 

in the following areas and years: SP (DM) for 1989, 1991-1993, 1995, and 2000-2002; 

SP(D=M) for 2000-2002; B (D=I) for 1991, 1993, and 2001-2002; and B(D=M) for

2001-2002. Statistical differences in maturity curves and Zjo parameters among years 

(for each comparable area) or within the “A” fishing season were estimated by likelihood 

ratio tests identical to those (eq. 4) used to test for differences among different areas.

Biological Factors Affecting Maturity 

We explored the possibility that observed differences in size at maturity could be 

attributed to biological factors including age and length distributions, length-at-age, and



density-dependence. Age and length distributions were examined by area. Ages and 

lengths collected by NMFS observers were utilized for this analysis. The Chi-square test 

for independence was used to determine if any statistical difference existed between age 

or length distribution by area (Sheskin 1997). The X2 value was calculated by eq. (5):

X2 = Y(0-E )2/E  (5)

where O is the observed frequency and E is the expected frequency for each cell. A 

table was produced of observed frequencies for particular ages or lengths by area. Then, 

the expected frequencies for each cell of age or length (row) by area (column) were 

determined by eq. (6):

YE*YP/N (6)

where YE and £C are the marginal row and column frequencies and N  is the total sample 

size. The degrees of freedom were determined by eq. (7):

d f=  (E-1)((7)

where R is the number of rows (age or length) and C is the number of columns (area).

The X2 values were compared to the X2 distribution table for the appropriate degrees of 

freedom to determine if the null hypothesis that length or age distribution is independent 

of area could be rejected. The test was considered significant at the P = 0.05.

Length-at-age was examined in relationship to spatial and temporal variability in L50. 

Average length-at-age values for 2002 and 2003 were calculated from NMFS observer 

data to explain variation in maturity across the eastern Bering Sea. The von Bertalanffy 

growth model was used to estimate growth parameters by each area using eq. (8):
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Lt = Lmf( l-e K[tt0J) (8)

where Lt is length at age t and the parameters to be estimated are Linf ,  mean maximum 

body size, K, growth rate coefficient, and to, hypothetical age at length 0 (Haddon 2001). 

To test for statistically significant differences between growth parameters, an analysis of 

residual sum of squares (RSS) was performed (Haddon 2001). The RSS and degrees of 

freedom ( DF)were estimated and summed for each curve to calculate YRSS and £DF. 

Data for all curves were pooled and a RSSP and DFP were estimated. Then, an F  statistic 

was calculated from eq. (9):

F  = (RSSP - YRSS) /  (DFP - YPF) * (9)

The degrees of freedom were estimated by eq. (10):

DF = 3 *(K-1,) and (N-3 (10) 

where K  is the number of curves that are compared and N  is the sample size for the 

pooled sample.

Length-at-age was examined for large year classes that may affect maturity. Length-at- 

age for females was estimated by NMFS from their summer bottom trawl survey data 

(G.E. Walters, NMFS, personal communication). The size of a year class and its length- 

at-age for a particular age in each NMFS survey year were both considered to examine 

possible effects on the L50.

Variation in pollock biomass and/or numbers of pollock was examined as a potential 

explanation for spatial and temporal variability in Zjo. Values of L$o were linearly
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regressed on estimates of biomass of age 3+, numbers of age 3+, and biomass of age 1+ 

pollock for each survey year. Biomass of age 1+ (Ianelli et al. 2003), biomass of age 3+ 

and numbers of age 3+ female and male pollock (T. W. Buckley, NMFS, personal 

communication) were estimated from bottom trawl survey data from the eastern Bering 

Sea. Summer biomass and number estimates were used for this analysis. Relationships 

between L50 and biomass of age 3+ and numbers of age 3+ pollock were explored by area 

of northwest, southeast, and both northwest and southeast pooled data. The northwest 

and southeast regions were separated by a line running between the Pribilof Islands; the 

southeast region extends to Unimak/Alaska Peninsula and the northwest to about 61° N 

(Acuna et al. 2003).

Environmental Factors Affecting Maturity 

Bottom temperature collected during NMFS summer bottom trawl surveys in 2002-2003 

(Acuna et al. 2003; Acuna and Kotwicki 2004) was mapped using ArcGIS to explore 

potential effects on temporal and spatial variation in maturity. Summer bottom 

temperatures were used because no winter bottom temperatures were available and 

because summer bottom temperatures may be related to bottom temperatures of the 

previous winter. Potential relationships between other environmental indices and 

variables (Arctic Oscillation, AO, Pacific Decadal Oscillation, PDO, Mooring 2 surface 

temperature, Pribilof Island sea surface temperature, ice retreat, and ice cover) and Lso 

values were explored during years corresponding to NMFS winter echo integration-trawl 

surveys. Linear regressions were performed to determine whether a significant

75



relationship existed between environmental variables and £50 values. The AO was 

averaged for winter months, February-April (J. E. Overland, NMFS, personal 

communication) and the PDO was averaged over November-March. The AO and PDO 

indices were obtained from NOAA Climate Diagnostic center (http://www.cdc.noaa.gov). 

Mooring 2 surface temperature was averaged for January-April, and was measured as sea 

surface temperature or ice surface, if ice was present. Pribilof Islands sea surface 

temperature was a measure of mean winter sea surface temperature anomalies for a 

location 100 miles south of the Pribilof Islands. Mooring 2, Pribilof Island, ice retreat, 

and ice cover data were obtained from the NMFS (http://www.beringclimate.noaa.gov/).

Results

Pollock Size at Maturity and Population Parameters

Maturity data were collected from 4,996 and 5,201 in 2002 and 2003, respectively. 

Eighteen of 20 outliers ascertained from length versus weight scatter plots in 2002 and 14 

of 15 in 2003 had body weights (after subtracting ovary weight) greater than double or 

less than half the mean body weight for the same length when compared to body weight 

and length relationships (Smith 1981). Scatter plots of body weight versus ovary weight 

ascertained one outlier for maturity stage 4 and eight for maturity stage 3 in 2002 and two 

for maturity stage 2 and 20 for maturity stage 3 in 2003. Length versus ovary weight 

scatter plots yielded five outliers for maturity stage 3 and one for maturity stage 4 in 

2002.
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Maturity stage sample sizes by month illustrate the spawning schedule for pollock on the 

eastern Bering Sea shelf (Table 2.4). Developing pollock were observed on the shelf 

from January-March in 2002 and January-April in 2003. Pre-spawning and spawning 

pollock were sampled on the shelf from January-March in 2002 and January-April in 

2003. Spent pollock were observed on the shelf from January-March for 2002 and 

2003.

Observer data were used to estimate population parameters. Female to male sex ratio 

was estimated at 51:49 from 65,300 samples in 2002 and at 53:47 from 65,486 samples in 

2003. Length-frequency was estimated for 2002 from 65,535 samples and in 2003 from 

65,535 (Table 2.5). Age-length keys were produced from 1,327 samples in 2002 and 

1,466 samples in 2003 (Table 2.6).

All PCC-collected data from 2002 and 2003 were pooled to produce maturity curves for 

both DM and D=M models (Figure 2.3). The L50 was estimated at 38.14 cm for the D=I 

model and at 34.31 cm for the D=M model. A maturity curve fits the observed data well 

for both D=I and D=M models except for a few values at large lengths for the D=I model 

and for a few values at small lengths for the D=M model. Large immature pollock were 

removed in a sensitivity test to determine their effect on the L50', L50 changed from 

38.137 cm to 38.154 cm.



The proportion mature at age increased with age for both years and models for 2002 and 

2003 (Table 2.7). For the D=M models the proportion mature at age is greater for age 4+ 

than for the D=I models. Age at 50% maturity, A50, is estimated at about age 4 for 2002 

D=I, age 3 for 2003 D=I and 2002 D=M, and between ages 2 and 3 for 2003 D=M.

Spatial and Temporal Analysis

For spatial analysis, maturity curves were produced by area for both D=I and D=M 

models for PCC collected data from 2002 and 2003 (Figure 2.4). The Lso was estimated 

for each maturity curve (Table 2.8). Values for varied between 35.43-41.08 cm for 

the D=I maturity curves and from 30.75-36.84 cm for the D=M curves. For all datasets, 

the south region had the largest L50 values and the region south of the Pribilof Islands the 

second largest. The smallest L50values occurred for the region north of the Pribilof 

Islands for all D=I models, and for either the basin or south basin, followed by the region 

north of the Pribilof Islands for the D=M model.

A likelihood ratio test was performed to determine significant differences between 

maturity curves (Table 2.9). Maturity curves were significantly (P = 0.01) different 

between north and south of the Pribilof Islands for both D=I and D=M models for both 

pooled 2002 and 2003 and for 2003 data; however no significant differences existed 

between these areas for D=I or D=M models for 2002. A significant difference occurred 

between north of the Pribilof Islands, central, south, and basin maturity curves for at least 

one area for 2002 and 2003 D=I and D=M datasets and for the 2002 and 2003 pooled

78



dataset for the D=I model. The central and south maturity curves were significantly 

different from each other and from combined data for north of the Pribilof Islands and 

basin regions for the 2002 and 2003 pooled dataset for the D=I model. Also, south was 

significantly different from north of the Pribilof Islands, central, and basin regions, but no 

significant difference occurred between the later regions for the 2002 D=I and D=M 

models. No significant difference occurred between south and central or between north 

of the Pribilof Islands and basin regions for 2003 D=T model. The north of the Pribilof 

Islands region was significantly different from central, south, and basin but these regions 

were not significantly different from each other for the 2003 D=M. In addition, no 

significant difference occurred between the central basin and south basin for 2002 and 

2003 pooled data for either the D=I or D=M model, as a result, the basin region was not 

subdivided into these regions in further analysis.

For temporal analysis no significant difference occurred between 2002 and 2003 maturity 

curves for D=I or D=M models. The L50 was estimated at 38.16 cm for 2002 and 

38.11 cm for 2003 D=I model and at 33.97 cm for 2002 and 34.58 cm for 2003 D=M 

model.

Maturity data, subdivided into early (Tl) and late (T2) time periods, were mapped for 

both 2002 and 2003 (Figure 2.5). In 2002, the majority of early season data were 

collected south of the Pribilof Islands with a few observations far north, and late season 

data were collected both north and south of the Pribilof Islands. In 2003, T l data were
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collected south of the Pribilof Islands on the shelf or in the basin, and the majority of late 

season observations occurred north of the Pribilof Islands with a small concentration 

south in the Aleutian Basin.

Maturity curves (Figure 2.6) and L50 values (Table 2.10) were estimated for T 1 and T2 

time periods for 2002, 2003, and 2002-2003 pooled data. The T1 values ranged from 

38.52-40.38 cm (D=I) and 34.09-36.69 cm (DMV1) and T2 values from 36.14—38.29 cm 

(DM) and from 32.64-34.39 cm (D=M). The T1 values were larger than T2 values for

2002-2003 pooled data and for 2003 data for both D=I and D=M models. In 2003, T1 

was slightly larger for D=I model and slightly smaller for D=M. A likelihood ratio test 

was performed to determine statistical significance between time periods for each dataset 

(Table 2.11). The T1 and T2 maturity curves were significantly different for 2002 and 

2003 pooled data and for 2003 data for both D=I and D=M models. However, no 

significant difference existed between T1 and T2 for 2002 D=I and D=M datasets.

Bakkala and Smith (1978) estimated L50 at 34.2 cm for data collected in 1976. We 

reanalyzed the 1976 data and estimated L50 for female pollock at 35.2 cm (Table 2.12). 

Maturity curves were produced for 2002 and 2003 PCC-collected data for both DM and 

D=M models, excluding regions not sampled by Bakkala and Smith in 1976 (Figure 2.7). 

No significant difference existed between 2002 and 2003 PCC collected data (Table 

2.13). As a result 2002 and 2003 data were pooled for comparison to the 1976 maturity 

data, and L50 for the pooled data was estimated at 38.30 cm for the DM model and
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34.23 cm for the D=M model (Table 2.12). A significant difference occurred between the 

1976 maturity curve and the 2002 and 2003 pooled data for both the D=I and D=M 

models (Table 2.13). However, the maturity curves for the 1976 and the 2002 and 2003 

pooled data were very similar for the D=M model (Figure 2.7).

Interannual variation in maturity was investigated by producing a maturity curve for each 

year sampled by NMFS winter EIT surveys (Figure 2.8). The values ranged over 

34.10-43.58 cm (D=I) and 36.87-38.98 cm (D=M) for the region south of the Pribilof 

Islands and 40.50—46.18 cm (D=I) and 39.04—42.05 cm (D=M) for the basin region 

(Table 2.14). Maturity curves and L$o values were similar for 1992, 2000, and 2001; 

these curves had the largest length values for proportion mature for the south of the 

Pribilof Island region D=I model. The 2002 maturity curve was similar to 1992, 2000, 

and 2001 at proportion mature values less than 0.4, but above that the 2002 curve shifted 

to smaller length values (Figure 2.8). In 1989, 1991, and 1995, maturity curves were 

similiar with the smallest length values for proportion mature for south of the Pribilof 

Islands region D=I model; similar L$o values occurred for 1991 and 1993 and for 1989 

and 1995, with the smallest values for 1989 and 1995. Maturity curves for 1989, 1991, 

1993, and 1995 are incomplete due to insufficient sample sizes at some lengths, 

particularly at small lengths (Figure 2.8). Maturity curves and large Lso values were 

similar in 2000 and 2001 for the south of the Pribilof Islands region D=M model. The 

2002 maturity curve was similar up to 0.4 proportion mature, but above that shifted to 

smaller length values for proportion mature. For the basin region D=I model 1991 and
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1993 have very similar Lso values, which are smaller compared to 2001. At small length 

values similar maturity curves occur for 1991 and 2001 and for 1993 and 2002, but at 

larger lengths 1991, 1993, and 2002 are all similar and only 2001 is different with a 

larger length at proportion mature. The Lso values for 2001 and 2002 basin region D=M 

model are very different, and the maturity curves are very different for proportion mature 

values of 0.4 and greater. Maturity for at least one year was significantly different from 

other years for the south of the Pribilof Islands and basin regions for both the D=I and 

D=M models (Table 2.15).

Biological Factors Affecting Maturity

Chi-square tests were performed to determine if the age or length distribution of pollock 

across the Bering Sea shelf was correlated with area (Table 2.16). Chi-square tests for 

age distribution were performed with 1,327 samples in 2002 and 1,466 in 2003 and for 

length distribution with 655,535 samples for each of 2002 and 2003. A significant 

correlation between age distribution and area occurred for NP, SP and NP & B, C, S for 

2002 and 2003 pooled data; however, no significant correlation occurred for these areas 

for the 2003 data alone. A significant relationship existed for NP, C, S in 2003, but the 

relationship was not significant for 2002. Significant relationships also were found for 

NP&B&C, S for 2002 and for NP&B, S&C for 2003. Histograms of age frequency by 

area were created for all significant chi-square tests (Figure 2.9). The largest differences 

in frequencies (0.09-0.26) occurred for ages 2-5 for all histograms. The region north of 

the Pribilof Islands contained the largest percentage of age 2-5 pollock in both 2002
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(44%) and 2003 (46%), and the basin region had the largest percentage of age 6 in (73%) 

2002 and (29%) 2003 (Figure 10). The majority of age 7+ pollock occurred in the south 

region in 2002 (46%) and in the basin in 2003(69%). In the basin region only age 6+ 

pollock occurred in 2002 and 98% age 6+ in 2003.

Length distribution was significantly correlated with area for all chi-square tests 

performed (Table 2.16). The largest differences in frequencies (0.07-0.09) occurred for 

lengths 40-44 cm for all chi-square tests except for NP,C, S, B for 2002, which had the 

largest difference in frequency (0.18) for ages 55+ (Figure 2.11). The largest percentages 

of lengths of 10-39 cm occurred in either the north of the Pribilof Islands or central 

regions in 2002 and 2003, of 40-44 cm in north of the Pribilof Islands region (27%) for 

2002 and (26%) for 2003, and of 45-49 cm in the central or south for 2002 and 2003 

(Figure 2.12). The greatest percentages of large lengths, 50+ cm, occurred in the basin 

for (58%) 2002 and (43%) 2003.

Length-at-age was investigated to explain variation in maturity both spatially and 

temporally. The von Bertalanffy growth equation was fitted to length-at-age data by area 

for the eastern Bering Sea (Figure 2.13). However, basin data for 2002 and 2003 and 

central data for 2003 formed straight lines instead of curves, so some tests for 

significance between growth parameters excluded these areas. The following areas were 

tested for differences in growth parameters: NP, C, S, B (2002 and 2003), NP, C, S (2002 

and 2003), NP, S, B (2002), and NP, S (2002). No significant difference occurred
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between growth parameters for 2002, although the south area had a visibly larger length- 

at-age compared to the north of the Pribilof Islands and central region for ages 6 and 

greater (Figure 2.13). A significant difference between growth parameters for 2003 

occurred for NP, C, S, and for NP, S with P values of 0.03 and 0.04, respectively. Larger 

length at age values occurred for the south region for ages 2-9 compared to the north of 

the Pribilof Islands or central regions (Figure 2.13).

Length-at-age of large pollock year classes was investigated for potential effects on 

maturity. For each NMFS survey year, the year class with the greatest number of age 3-7 

pollock was examined (Table 2.17). A below average length-at-age occurred for the: (1) 

1984 year class as 5 year olds, composing 30% of age 3+ pollock in 1989, (2) 1988 year 

class as 3 year olds, composing 28% of age 3+ pollock in 1991, (3) 1992 year class as 3 

year olds, composing 53% of age 3+ pollock in 1995, and (4) 1998 year class as 3 year 

olds, composing 27% of age 3+ pollock in 2001 (Figure 2.14). An above average length- 

at-age occurred for the (1) 1989 year class as 3 year olds, composing 72% of age 3+ 

pollock in 1992, (2) 1989 year class as 4 year olds, composing 50% of 3+ pollock in 

1993, (3) 1990 year class as 3 year olds, composing 35% of age 3+ pollock in 1993, (4) 

1996 year class as 4 year olds, composing 38% of age 3+ pollock in 2000, (5) 1996 year 

class as 5 year olds, composing 28% of age 3+ pollock in 2001, and (6) 1999 year class 

as 3 year olds, composing 36% of age 3+ pollock in 2002. An average length-at-age 

occurred for the 1996 year class as 4 year olds and composed 38% of the 3+ pollock in 

2000.
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Density of pollock was investigated for potential relationships with spatial and temporal 

variation in pollock maturity. A greater number of age 3+ pollock were estimated in the 

northwest compared to the southeast Bering Sea from bottom trawl surveys in both 2002 

(4,747 vs. 1,544) and 2003 (6, 144 vs. 3,783). A negative relationship occurred between 

Lso and density of pollock in the Bering Sea (Figure 2.16). The relationship between 

biomass of age 1+ pollock and L5o is significant with a P value of 0.013. However, the 

relationship between numbers of age 3+ (P = 0.057) or biomass of age 3+ (P 0.274)

pollock and Lso in the Bering Sea was not significant. The P values were smallest for 

northwest and southeast areas combined. The P values were smaller for southeast than 

northwest, however the smallest P values occurred for northwest and southeast regions 

combined for numbers and biomass of age 3+ pollock. Biomass of age 1+ pollock for 

NMFS survey years ranged from 4.14-5.93 millions of tons. The highest biomass 

occurred in 1989 with 5.93 million tons and the lowest biomass in 2001 with 4.14 million 

tons (Table 2.19). High biomass levels occurred in 1989 and 1993 and low biomass 

levels occurred in 1992 and 2001. All other NMFS survey years were given medium 

biomass levels. High biomass levels occurred in 1989 and 1993, corresponding to low 

Lso values, whereas in 1992 and in 2001 low biomass levels corresponded to high Lso 

values.

Environmental Factors Affecting Maturity

Environmental variables were investigated as possible causes of spatial and temporal 

differences in maturity. In PCC sampling areas, between the 100-m and 150-m contours
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and along the 100-m contour (Figure 2.2), very little difference in summer bottom 

temperatures occurred between the northern and southern range of sampling (Figure 

2.15). Winter sampling areas for 2002 had summer water temperatures of 4 °C with a 

pocket of 5 °C water around Unimak Island and 3 °C far north of the Pribilof Islands and 

2003 had summer water temperatures of 4 °C or 5 °C. A cold pool of 2 °C or colder 

water at the bottom of the Bering Sea (Takenouti and Ohtani 1974) was detected around 

St. Matthew Island for both 2002 and 2003 (Figure 2.15).

A relationship between environmental variables and values was examined to explain 

interannual variation in maturity occurring in NMFS survey data. No significant 

relationships were detected between L5o and the environmental variables tested including, 

Pribilof Islands winter sea surface temperature, mooring 2 sea surface temperature, AO 

index, PDO index, ice cover index, and ice retreat index (Table 2.18).

Discussion

Macroscopic staging of pollock ovaries indicates that spawning begins on the southeast 

Bering Sea shelf in late January; this suggests that the spawning season occurs earlier 

than previously recorded. Hinckley (1986) found no spawning on the shelf in January 

and only scattered spawning in February of 1984. We observed 1,746 (64%) pre- 

spawners in 2002 and 1,192 (59%) in 2003 as well as 287 (60%) spawners in 2002 and 

239 (47%) in 2003 in late January or February on the shelf (Table 2.4). A large
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percentage of these pre-spawning pollock probably had already begun spawning due to 

the difficulty of correctly classifying this stage (Chapter 1). Both biological and physical 

factors, such as age structure and environment, may control spawning time as observed in 

Atlantic cod (Saborido-Rey and Junquera 1998). Temperature differences have resulted 

in variation in spawning time both temporally with haddock (Melanogrammus 

aeglefinus) (Marak and Livingstone 1970), and spatially with pollock (Smith 1981). 

Changes in age and stock structure may influence the spawning schedule, because 

different populations and age groups may spawn at different times. For instance, young 

Atlantic cod generally spawn after older fish (Morrison 1990). Differences between the 

1984 and 2002/2003 spawning schedule may be due to age structure. The 1978 year 

class dominated in 1984, whereas age composition was more variable in 2002/2003 

(Ianelli et al. 2003).

The logistic regression of maturity on fish length fits the observed data well. Large 

immature pollock from the D=I model resulted in smaller observed proportions of mature 

fish than predicted at a few lengths > 68 cm (Figure 2.3). However, removal of these 

data had little effect on the L̂ o- Sample sizes at these lengths were small (n = 2-21), so 

the observed proportion was influenced by a few large immature pollock. These large 

immature fish may have been misclassified; spent, resting, or senescent fish may be 

difficult to distinguish from immature fish. Atlantic cod rest, by not spawning every year 

(Shirokova 1969 as cited by Morrison 1990). Senescence has been suggested to occur in 

Pacific cod ( Gadus macrocephalus) which had hard, shriveled, black ovaries (Foucher



and Tyler 1990) and in orange roughy ( Hoplostethuatlanticus) over 60 years of age 

(Koslow et al. 1995). Fourteen percent of the Pacific cod examined by Foucher and 

Tyler (1990) were observed in a state of senescence. In comparison, we only observed 

four (0.04%) immature ovaries from lengths 69-78 cm. If large immature fish suggest 

senescence, a larger percentage of immature pollock were expected. However, 

senescence could manifest itself in pollock as a reduction in fecundity as in orange 

roughy (Koslow et al. 1995).

Variation in L5o may result from variability in: 1) length-at-age, 2) A50, or 3) both. The 

influence of age of maturity on the observed variation in L50 in pollock is unknown. Our 

estimation of proportion mature at age may be biased, because we implicitly assumed that 

all ages at a particular length have the same likelihood of being mature. However, it is 

probable that older pollock at a particular length are more likely to be mature than 

younger pollock at the same length. The onset of maturation in a fish may be triggered 

by attaining a certain size/weight or age; in early maturing species, age may be more 

important due to physiological constraints to earlier development (Roff 1982). In 

Atlantic cod, a biological limit of age 3 may exist for maturation (Junquera and Saborido- 

Rey 1996). In addition, the environment may have a greater influence on size of maturity 

in species that mature early, such as in European flounder ( ), and on the

age of maturity in species that mature late, such as in American plaice (Hippoglossoid.es 

platessoides) off Newfoundland (Roff 1982). For example, if a species is at the age of its 

biological limit for the onset of maturation, then length-at-age may vary with the
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environment and influence Lsowhile A so may remain unchanged as seen in Atlantic cod 

(Junquera and Saborido-Rey 1996). A large variation in L50 was observed in our datasets 

for pollock. Therefore, we speculate that pollock are early maturing species and that the 

environment has a greater effect on their Lso than However, we cannot be certain 

that pollock are near their age of biological limit for onset of maturation throughout their 

range and that A5o is invariant.

Spatial variation in maturity exists on the eastern Bering Sea shelf. The Lso decreases 

with an increase in latitude. Our results indicate that the south region has a larger length- 

at-age for ages 6+ in 2002 and ages 2-9 in 2003 (Figure 2.13). These results are 

consistent with the higher growth rates (Lynde et al. 1986) and larger length-at-age of 1-4 

year old pollock (Shuck 2000) recorded for the Bering Sea shelf south of the Pribilof 

Islands compared to the north shelf. In comparison, maturation of haddock at the 

southern end of their range occurs at an earlier age than in stocks further north (Overholtz

1987). The observed variation in length-at-age and our inability to speculate on variation 

in A so with latitude lead us to believe that the observed spatial pattern in Tjomay be 

produced by a larger length-at-age, a larger A5oand length-at-age, or a larger length-at- 

age with a greater effect than a smaller Asoin the south region compared to the north of

the Pribilof Islands.

Maturity in the basin and north of the Pribilof Islands regions may be similar. No 

significant differences between L50 values were found in the basin and north of the
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Pribilof Islands regions for most datasets (Table 2.9), possibly because pollock from 

these regions may be composed of the same predominant year classes. The 1996 year 

class was both strong in the Aleutian Basin (Ianelli et al. 2003) and on the northwest shelf 

in 2002 and 2003 (T. W. Buckley, NMFS, personal communication). Upon settlement in 

the basin a year class will have the same growth and reproductive characteristics as that 

year class in the region of its origin, however these parameters may vary between regions 

after settlement due to differences in pollock densities and environmental conditions. 

Growth rates of pollock in the Aleutian Basin appear similar to those in the north shelf 

and north slope (Lynde et al. 1986). Few pollock less than age 5 were observed in the 

Aleutian Basin (Ianelli et al. 2003). Some younger fish occurred in our basin samples, 

perhaps because slope and basin were combined in our analysis.

It is difficult to separate temporal (within-season) from spatial patterns in maturity within 

the “A” fishing season because the pollock fishery tends to commence in the southeastern 

Bering Sea and shifts to the northwest as the season progresses (Figure 2.5A and 2.5B). 

Indeed significant difference in maturity between early (Tl) and late season (T2) for the 

2002 and 2003 pooled and for the 2003 data resulted from the general movement of the 

pollock fishery during the “A” fishing season from south, near Unimak Island to north of 

the Pribilof Islands along the 100-m contour (Table 2.11). The majority of the sampling 

occurred south of the Pribilof Islands during Tl and north during T2 (Figure 2.5). The 

most likely explanation for a larger Zjo during Tl than during T2 is the existence of 

spatial differences in maturity between fish north and south of the Pribilof Islands. The
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difference in distribution in the fishery between Tl and T2 was less pronounced in 2002 

(Figure 2.5A), and there was no significant difference in values among time periods 

(Table 2.11).

There were statistically significant changes in size of maturity between 1976 and 2002- 

2003 (Table 2.13), however uncertainty about the best interpretation of maturity data 

(D=M or D=I) brings into question whether the differences are biologically meaningful. 

For instance, under the D=M model, L 5o declined very slightly from 35.2 cm in 1976 to 

34.2 cm in 2002-2003 (Table 2.12), a difference that is unlikely to be biologically 

meaningful. On the other hand, the D=I model implies an increase in Lso-, such a change 

from 35.2 cm in 1976 to 38.3 cm in 2002-2003 has significant effects on estimation of 

spawning biomass for annual harvest specifications (Table 2.12).

Shifts in maturity curves may be an artifact of sampling protocols or may be the result of 

differences in environmental conditions. Pollock biomass seemed to be low in 1976 

(Bakkala and Smith 1978). However, it is possible that biomass was underestimated 

because the demersal trawls do not sample the off-bottom portion of the population and 

fish may have been distributed outside the sampling areas (Bakkala and Smith 1978). 

Pollock change their distribution on a multiannual scale; during cool states (cold pool 

extends eastward of 163° W) they are concentrated on the outer shelf, during warm states 

(cold pool west of 163° W) they are widely spread on the shelf (Wyllie-Echeverria and 

Wooster 1998). The cold pool is defined by bottom water < 2 °C (Takenouti and Ohtani
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1974). Cool conditions occurred in the eastern Bering Sea during 1972-1977 (Wyllie- 

Echeverria and Wooster 1998), whereas 2002 and 2003 were considered warm years 

(Figure 2.15). As pollock growth and reproductive characteristics are not uniform over 

their distributional range in the eastern Bering Sea, shifts in geographic distribution can 

appear as temporal shifts in Lso, if sample collection is not similarly adjusted. In 

addition, the cool temperatures in 1972-1977 may have resulted in a smaller length-at- 

age from reduced growth, producing a smaller

Patterns in maturity observed in the NMFS survey data may be a result of interannual 

variation in length-at-age and/or Aso-Age data collected during NMFS surveys were 

insufficient to estimate interannual variation in However, temporal variation in 

percent maturity at age has occurred in haddock, a closely related species to pollock 

(Overholtz 1987). Variation in length-at-age of year classes (Figure 2.14) and in 

proportions of each year class between NMFS survey years (Table 2.17) caused 

interrannual variation in Lso- The largest year class for age 3+ pollock for each NMFS 

survey year was examined for potential effects on maturity. Above average length-at-age 

occurred for the large year classes of 1989 and 1996 and may explain the large Lso and 

similar maturity curves for NMFS 1992, 2000, and 2001 survey years for the SP D=I 

model and for NMFS 2000 and 2001 survey years for the SP D=M model (Figure 2.8).

An above average length-at-age also occurred for the 1999 year class and may explain the 

large predicted proportion mature for values less than 0.4 for 2002. The below average 

length-at-age of year classes of 1984, 1988, and 1992 may explain the small Lso and
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similar maturity curves for 1989, 1991, and 1995 for the SP D=I model. However, the 

small L$o value for 1993 cannot be explained by the length-at-age of its predominant year 

classes. Interannual variation in length-at-age was also observed in Aleutian Basin 

pollock (Akira et al. 2001).

Maturity may be influenced by the environment due to its impact on length-at-age. No 

significant relationships between Lso and water temperature, ice cover, ice retreat, PDO, 

or AO were identified (Table 2.18). However, these variables may have indirect effects 

on maturity, i.e. through growth. Spatial and interannual variability in growth may be 

influenced by variation in temperature, ice cover, food availability, and oceanographic 

conditions between areas or years. Akira et al. (2001) speculated that interannual 

variation in length-at-age of Aleutian Basin pollock was influenced by oceanographic 

conditions.

Differences in length-at-age of pollock in the south and northwestern Bering Sea were 

suggested to be a result of less winter ice cover and warmer spring water temperatures in 

the south (Shuck 2000). In Atlantic cod, temperature explained variability in growth 

between stocks (Brander 1995). However, temperature does not appear to influence 

growth in the eastern Bering Sea, perhaps due to the narrow range of bottom 

temperatures (Palmer 2003). We observed a narrow range in summer bottom 

temperatures across the eastern Bering Sea in 2002 and 2003 (Figure 2.15); therefore 

temperature may not have affected length-at-age. Perhaps interannual variation in
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pollock growth is better explained by factors that affect primary and secondary 

production (Palmer 2003). Experimental results indicate that food is more important in 

regulating growth in pollock than temperature (Yoshida and Sakurai 1984 as cited by 

Palmer 2003).

Spatial and interannual variation in maturity may be the result of density-dependent 

mechanisms. A significant inverse relationship between biomass of age 1+ pollock and 

Lso was observed in NMFS survey data; an inverse relationship was also suggested by the 

smaller numbers of age 3+ pollock in the southeastern Bering Sea accompanied by a 

larger Lso north of the Pribilof Islands for both 2002 and 2003 (Figure 2.16). Possible 

effects of an increase in density may be reduction in growth, delay in maturation, or 

changes in distribution. Pollock may invade marginal habitats as their abundance 

increases (Bailey et al. 1999); in years with high densities on the shelf, their distribution 

expands into the basin (Ianelli et al. 2003). The effect of this emigration on Lso would be 

dependent on the length-at-age of the predominant year class leaving the shelf.

Interannual variation in percent maturity at age in haddock (Overholtz 1987) and age-at- 

maturity in Atlantic cod were both related to variation in abundance of stocks (Junquera 

and Saborido-Rey 1996); a decrease in abundance resulted in an increase in the percent 

maturity at age 2 in haddock and a decrease in age-at-maturity in Atlantic cod.

Density-dependent growth may influence maturity. Interannual variation in size of 

maturity in Gulf of Alaska pollock (Megrey 1988) and in length-at-age of Aleutian Basin
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pollock (Akira et al. 2001) were both related to variation in abundance of stocks, and the 

relationship between density and maturity or length-at-age both suggest that density- 

dependent growth occurred (Megrey 1988; Akira et al. 2001). For instance, lower 

densities of pollock in the Gulf of Alaska compared to the eastern Bering Sea (Dorn et al. 

2002; Ianelli et al. 2002) may result in the larger of 41.5 cm for the Gulf of Alaska 

(Dorn et al. 2002) compared to our estimates of 38.2 cm for D=I and 34.0 cm for 

D=M in 2002 for the eastern Bering Sea. A reduction in density may reduce competition 

for food allowing for increased growth (Megrey 1988). The inverse relationship between 

density and Z,50 that we observed is most likely due to density-dependent growth. The 

only major anomaly to density-dependent growth is the 1993 year class. A large increase 

in pollock biomass from 1992 to 1993 suggests that density-dependent mechanisms may 

have caused the large shift in Lso between years (Table 2.19). However, a large length-at- 

age exists for the predominant year classes in 1993, so a reduction in growth due to 

density-dependent mechanisms was not observed.

Pollock have evolved several methods to ensure survival in a variable environment. 

Reproductive success occurs through “monogamous”, paired mating (Sakurai 1989), 

batch spawning, and high fecundity, with up to 50 thousand pelagic eggs (Sakurai 1989). 

Early maturity and rapid growth allow pollock abundances to increase when 

environmental or biological controls are released. Pollock became the most abundant 

fish species in the Bering Sea after the regime shift in the late 1970s. Removal of their 

predators (Merrick 1995), warmer sea surface temperature, and less sea ice (NRC 1996)
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allowed for increased juvenile pollock survival, producing an abundant food source for 

cannibalistic adult pollock (Bailey et al. 1999). Because pollock maturity is density- 

dependent, changes in abundances may lead to changes in maturity. In addition, many 

environmental and biological variables may affect maturity.

Our results may be interpreted within a broader context of pollock life history. The life 

history of eastern Bering Sea pollock may be explained by variation in age and length 

distribution. Pollock spawned in the southeastern Bering Sea move northwesterly 

with ocean currents up to age 3 (Bailey et al. 1999); this is demonstrated by the larger 

winter distribution of ages 2-5 in the area north of the Pribilof Islands and lengths of 10- 

44 cm in the north and central regions (Figure 2.10 and 2.12). As fish approach maturity, 

they undertake countematant movements southward (Bailey et al. 1999) as shown by the 

larger winter composition of ages 6+ and of lengths 45-49 cm in the central and south 

compared to the north. Pollock feed across the shelf in the summer and then migrate 

back to their spawning grounds in the winter (Smith 1981). Some mature pollock were 

observed in the north in winter possibly due to the occurrence of some spawning in the 

north region or to differential migration from summer feeding grounds. Older pollock 

migrate into the Aleutian Basin from the eastern Bering Sea shelf, so few pollock less 

than age 5 have been observed in the Aleutian Basin (Ianelli et al. 2003). This age 

composition is consistent with our results because the basin was composed of almost 

entirely (98% or greater) age 6+ pollock in the winter (Figure 2.10 and 2.12). Larger 

variation in lengths than ages occurred in the basin and may be due to the larger sample
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sizes used for the chi-square length tests or the variation in length-at-age among different 

year classes that settle.

Pollock that spawn south of the Pribilof Islands may compete for food with pollock from 

across the shelf and with those less than 3 years of age. Linear regressions between 

values (estimated for NMFS survey years in the region south of the Pribilof Islands) and 

numbers of age 3+ or biomass of age 3+ pollock were most statistically significant for the 

northwest and southeast areas combined. Summer feeding may occur in either the 

northwest or southeast for pollock that spawn south of the Pribilof Islands, because 

migrations may begin from the major spawning grounds at Unimak Island, at the Pribilof 

Islands, or any of the scattered spawning locations in between (Hinckley 1986). In 

addition, differential migration distances exist between size classes; pollock less than 

30 cm migrate smaller distances than those 30-50 cm in length and pollock greater than 

50 cm may not migrate at all (S. Kotwicki, NMFS, personal communication). No 

significant relationship was detected between Lso and biomass of age 3+ or numbers of 

age 3+ pollock, however, biomass of age 1+ pollock was significant; this indicates that 

older pollock may compete with pollock less than 3 years of age for prey. The main 

component of pollock diet changes with size, however some food items are utilized by all 

sizes of pollock > 20 cm, namely euphausiids in the south eastern Bering Sea (Mito et al. 

1999). In addition there is some overlap in size for age 2 and 3 pollock; therefore their 

diet composition may be similiar (Table 2.6). Alternatively, the lack of significance 

between Lso and biomass of age 3+ or numbers of age 3+ pollock may be due to survey
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error and the availability of fish to the survey. The distribution of pollock varies 

interannually with temperature, therefore temperature may affect the availability of 

pollock in a particular survey year (Ianelli et al. 2003).

We recommend that size of maturity estimates from the more conservative D=I model be 

utilized for management. The conservative approach for estimation of size of maturity 

would consider developing fish as immature and unlikely to spawn in the same year as 

data collection. Pollock categorized as immature, stage 1, and developing, stage 2, during 

winter sampling (late January to March) were assumed not to mature later in that year’s 

spawning season in the eastern Bering Sea. Size of maturity may be overestimated if 

some immature or developing pollock spawn later in the season. Overestimation of L50 

and A jo occurred with Atlantic cod spawning predictions, because a large number of 

small cod were not categorized as potential spawners for the approaching season 

(Junquera and Saborido-Rey 1996). Small Atlantic cod spawn late in the season, so they 

had not yet developed characteristics of potential spawners during the sampling period. 

The D=M model is the liberal approach for estimation of size of maturity and would 

increase the total allowable catch by including developing fish into the spawning stock 

biomass. Developing fish are assumed to spawn in the eastern Bering Sea in the same 

year as data collection based on histological results and the schedule of development in 

Funka Bay, Japan (Y. Sakurai, Hokkaido University, personal communication).

However, the time of development from stage 2, developing pollock, to spawning is 

unknown in the eastern Bering Sea.



Management of the eastern Bering Sea stock of pollock should be subdivided into regions 

and interannual variation should be considered. NMFS should incorporate a region-based 

management plan for the eastern Bering Sea shelf stock with separation of pollock from 

north of the Pribilof Islands from those near the Unimak region. More research should be 

conducted to determine the location of the line of separation between these two 

management regions, because in our analysis the central region was sometimes 

significantly different from the region north of the Pribilof Islands and sometimes from 

the south region (Table 2.9). Biomass predictions should be considered each year in 

setting the total allowable catch, because Lso and possibly are density-dependent in 

walleye pollock. NMFS annual winter sampling should be performed both north and 

south of the Pribilof Islands at the same location each year with collections of otoliths, 

lengths, and maturity information in order to observe interannual changes in population 

parameters and maturity.

We recommend additional research due to uncertainty that exists in the relationships of 

L50 with length-at-age and A50.In a repeat project, otoliths, lengths, and maturity 

information should be collected for each sampled fish across the eastern Bering Sea to 

accurately estimate Aso, length-at-age, and L50. Then, it can be determined if variation in 

L5o is due to Aso, length-at-age, or both. In addition, the effects of temperature and 

biomass on length-at-age should be determined and a functional relationship developed. 

Surveys should be performed to sample for young fish, ages 1-4 to determine the
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distribution of these year classes, and how interannual variation in their distribution may 

affect the length-at-age of these year classes of walleye pollock.
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Figure 2.1. Estimates of spawning stock biomass (SSB) and catch. Pollock catch and 
spawning stock biomass in the eastern Bering Sea from 1964-2003. Catch data includes 
foreign, joint-venture, and domestic fisheries (Ianelli et al. 2003).
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Figure 2.2. Collection sites of maturity data in 2002-2003. Maturity data collected by 
PCC in 2002-2003 were divided into regions A) north of Pribilof Islands (NP), south of 
the Pribilof Islands (SP), and basin (B) and B) central (C), south (S), central basin (CB), 
and south basin (SB) for spatial analysis. A line perpendicular to the 100-meter isobath 
was used to separate the central and south regions.
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Figure 2.3. Maturity curves for pooled PCC data. A logistic regression model was fitted 
to the observed proportion mature (obs) of pollock for 2002 and 2003 pooled data to 
estimate a maturity curve of predicted proportion mature (pre) for both D=M and D=I 
models.
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Figure 2.4. Maturity curves by area for 2002 and 2003. Maturity curves were estimated 
by area for 2002, 2003, and 2002-2003 pooled PCC data for D=I and D=M models. 
Maturity curves are shown for datasets that have significantly different shapes and Lso 
values between areas.
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Figure 2.4. Continued.



Figure 2.5. Map of maturity data collections by time period. PCC-collected maturity 
data was subdivided into time periods Tl, January 20th to February 24th and T2, February 
25th to April 2nd, for both A) 2002 and B) 2003. The pollock fishery is more concentrated 
south of the Pribilof Islands during Tl and more north during T2, especially in 2003.
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Figure 2.6. Maturity curves by time period. Maturity curves were estimated by time 
period (Tl and T2) for PCC 2002, 2003, and 2002-2003 pooled data for the D=I and 
D=M models. Maturity curves are shown that had significant differences between shape 
and L50 values between time periods.
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Figure 2.7. Maturity curves for Bakkala and Smith (B&S) and PCC data. Maturity 
curves were estimated for 1976 (Bakkala and Smith 1978) and 2002 and 2003 (PCC) data 
collections for both the D=M and D=I models.
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Figure 2.8. Maturity curves estimated for NMFS survey data. Maturity curves were 
estimated for each NMFS survey year for the south of Pribilof Islands and basin regions 
for the D=I and D=M models.
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Figure 2.9. Histograms of age distribution. Histograms are displayed to illustrate 
differences in frequencies between age groups obtained from observer data. Histograms 
are only displayed for areas and age distributions with significant chi-square tests 
0P = 0.05).
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Figure 2.10. Age composition by area. The age composition was determined from 
observer data for each area, north of Pribilofs (NP), central (C), south (S), and basin (B), 
for 2002 and 2003.
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Figure 2.11. Histograms of length distribution. Histograms were produced to illustrate 
differences in frequencies between length groups obtained from observer data.
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Figure 2.12. Length composition by area. The length composition was determined from 
observer data for each area, north of Pribilofs (NP), central (C), south (S), and basin (B), 
for 2002 and 2003.
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Figure 2.13. Growth curves by area. Von Bertalanffy growth curves were estimated by 
area for 2002 and 2003 to illustrate differences in length-at-age between areas.
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Figure 2.14. Length-at-age by year class. The length-at-age of large year classes may 
influence the interannual variation in L50 observed in NMFS maturity data. Length-at- 
age data from (G. E. Walters, NMFS, personal communication).
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Figure 2.15. Bottom temperature from NMFS summer surveys, 2002 and 2003. The 
summer bottom temperatures in the eastern Bering Sea are mapped for 2002 and 2003 
from bottom trawl survey data. Maximum bottom temperatures (°C) that occur in each 
filled contour are shown. Data from Acuna et al. (2003) and Acuna and Kotwicki (2004).
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Figure 2.16. Relationship between pollock density and An inverse relationship 
between Lso and (A) age 1+ biomass, (B) age 3+ biomass, and (C) numbers of age 3+
pollock were indicated, but a statistically significant relationship only occurred between 
Lso and biomass of age 1+ pollock. Different error exists in the estimation of biomass 1+, 
biomass 3+, and numbers of 3+ pollock. Biomass 1+ data from Ianelli et al. (2003) and 
biomass 3+ and numbers 3+ data from T. W. Buckley (NMFS, personal communication).



119

Table 2.1. Macroscopic maturity staging table used by Bakkala and Smith. Pollock 
maturity data collected in 1976 was based on macroscopic examination using a five-stage 
scale (Bakkala and Smith 1978).

Maturity Condition Macroscopic examination 
code

3

4

Immature Sexual organs very small, situated close to vertebral
column; ovaries pink or translucent.

Developing Ovaries small to about one half of the length of ventral
cavity; transparent and/or opaque ova visible to naked 
eye.

Spawning Roe run under slight pressure.

Spent Ovaries flaccid and empty; ovaries may contain
remnants of disintegrating ova.

Inactive Adults with gonads firm, shaped, and empty.
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Table 2.2. Dates of NMFS winter echo integration-trawl surveys. Pollock maturity data 
were collected aboard NMFS winter echo integration-trawl surveys on the eastern Bering 
Sea shelf during January to April 1989-2002.

Year Start month End month

1989 January March

1991 February March

1992 February March

1993 January February

1995 April April

2000 February March

2001 February March

2002 February March
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Table 2.3. Macroscopic maturity staging tables used by NMFS. The NMFS performed 
macroscopic maturity staging of pollock based on a five-stage scale prior to 1996 and an 
eight-stage scale thereafter (N. J. Williamson, NMFS, personal communication).

Maturity code Condition

Prior to 1996

Macroscopic examination

1 Immature Ovaries small, transparent, tapered.

2 Developing Ovaries tapered, two distinct lobes with well-developed red blood vessels. May be 
partially granular (some distinct ova).

3 Pre-spawning Ova distinctly visible but cannot be extruded with compression. Ovaries are two 
large, distinct lobes. Gonads expelled through body wall incision.

4 Spawning Ova extrude when ovaries are compressed, or ova are loose in ovaries.

5 Spent Ovaries large but flaccid and watery. May contain remnants o f  disintegrated ova 
and associated structures.

After 1996

Maturity code Condition Macroscopic examination

1 Immature Ovary transparent colorless to gray. Eggs invisible to eye.

2 Developing I Ovaries translucent grayish-red. Length is less than half o f ventral cavity. (?single 
eggs can be seen with magnifying glass?) (occasionally small orange ovaries).

3 Developing II Ovaries opaque with blood capillaries. Occupy about half the length o f ventral 
cavity. Eggs visible to eye as whitish, granular.

4 Pre-spawning I Ovaries orange, reddish occupy about 2/3 o f ventral cavity. Eggs clearly 
discernible, opaque.

5 Pre-spawning II Ovaries fill ventral cavity. Some eggs translucent (hydrated).

6 Spawning Roe runs with slight pressure. Most eggs hydrated (translucent) with few opaque 
eggs left in ovary.

7 Spent I Ovaries not yet fully empty, few opaque eggs left in ovary.

8 Spent II Ovaries empty, red. A few eggs in the state o f resorption.
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Table 2.4. Sample sizes of PCC-collected data by macroscopic maturity stages. In 2002 
and 2003 macroscopic maturity stages were collected by PCC and separated by year and 
month for the eastern Bering Sea shelf.

2002 2003

Maturity Stage Jan Feb Mar Total Jan Feb Mar Apr Total

1. Immature 127 197 123 447 102 194 157 0 453

2. Developing 123 179 132 434 87 123 134 1 345

3. Pre-spawning 472 1274 964 2710 347 845 836 7 2035

4. Spawning 116 171 193 480 92 147 266 2 507

5. Spent 13 39 30 82 24 53 83 0 160
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Table 2.5. Length-frequency of pollock in 2002 and 2003. The proportion of pollock at 
each 1-cm length interval for 2002 and 2003 estimated by NMFS observers. Lengths not 
included in the samples are indicated by (*).

Length Proportion Proportion Length Proportion Proportion
(cm) 2002 2003 (cm) 2002 2003

9 * 0.00006 46 0.06812 0.07539
10 0.00003 0.00002 47 0.06786 0.07507
11 0.00003 0.00003 48 0.06465 0.07163
12 * 0.00005 49 0.06015 0.06571
13 * * 50 0.05411 0.05606
14 0.00003 * 51 0.04683 0.04588
15 * 0.00002 52 0.03891 0.03593
16 0.00002 0.00002 53 0.03153 0.02742
17 0.00005 * 54 0.02538 0.02063
18 0.00005 * 55 0.01892 0.01521
19 0.00005 0.00006 56 0.01422 0.01131
20 0.00017 * 57 0.01080 0.00772
21 0.00044 0.00002 58 0.00835 0.00555
22 0.00060 0.00006 59 0.00597 0.00452
23 0.00090 0.00002 60 0.00462 0.00314
24 0.00131 0.00009 61 0.00319 0.00220
25 0.00154 0.00009 62 0.00227 0.00162
26 0.00215 0.00027 63 0.00156 0.00113
27 0.00232 0.00041 64 0.00142 0.00076
28 0.00369 0.00064 65 0.00116 0.00053
29 0.00476 0.00117 66 0.00050 0.00056
30 0.00572 0.00162 67 0.00060 0.00032
31 0.00649 0.00221 68 0.00029 0.00021
32 0.00783 0.00328 69 0.00031 0.00017
33 0.00816 0.00494 70 0.00043 0.00014
34 0.00922 0.00818 71 0.00014 0.00005
35 0.01147 0.01152 72 0.00011 0.00005
36 0.01407 0.01596 73 0.00014 0.00006
37 0.01814 0.02034 74 0.00014 0.00005
38 0.02242 0.02353 75 0.00011 0.00003
39 0.02928 0.03023 76 0.00009 0.00003
40 0.03549 0.03742 77 0.00006 0.00003
41 0.04221 0.04569 78 0.00002 0.00002
42 0.05078 0.05580 79 0.00005 0.00002
43 0.05673 0.06436 80 0.00005 *

44 0.06322 0.06889 81 0.00002 *

45 0.06761 0.07385
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Table 2.6. Age-length keys for 2002 and 2003. The proportion of each age at 1-cm 
length intervals was estimated for females from otoliths collected by observers and aged 
by NMFS.

2002
:ngth 2 3 4 5 6 7 8 9 10 11 12 13+

23 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

24 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

25 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

26 0.67 0.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

28 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

30 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

31 0.25 0.50 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

32 0.00 0.80 0.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

33 0.00 0.44 0.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

34 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

35 0.00 0.38 0.54 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

36 0.00 0.09 0.73 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

37 0.00 0.38 0.38 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

38 0.00 0.09 0.64 0.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

39 0.00 0.08 0.62 0.23 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00

40 0.00 0.33 0.22 0.22 0.00 0.11 0.11 0.00 0.00 0.00 0.00 0.00

41 0.00 0.00 0.26 0.42 0.32 0.00 0.00 0.00 0.00 0.00 0.00 0.00

42 0.00 0.00 0.18 0.23 0.59 0.00 0.00 0.00 0.00 0.00 0.00 0.00

43 0.00 0.00 0.12 0.45 0.36 0.06 0.00 0.00 0.00 0.00 0.00 0.00

44 0.00 0.00 0.09 0.19 0.57 0.15 0.00 0.00 0.00 0.00 0.00 0.00

45 0.00 0.00 0.00 0.25 0.59 0.11 0.05 0.00 0.00 0.00 0.00 0.00

46 0.00 0.00 0.00 0.24 0.46 0.20 0.04 0.00 0.07 0.00 0.00 0.00

47 0.00 0.00 0.02 0.12 0.51 0.23 0.05 0.04 0.04 0.00 0.00 0.00

48 0.00 0.00 0.00 0.11 0.38 0.38 0.07 0.04 0.02 0.00 0.00 0.00

49 0.00 0.00 0.02 0.02 0.29 0.40 0.15 0.04 0.08 0.00 0.00 0.00

50 0.00 0.00 0.00 0.05 0.30 0.28 0.10 0.20 0.08 0.00 0.00 0.00

51 0.00 0.00 0.00 0.00 0.21 0.21 0.21 0.11 0.21 0.04 0.00 0.00

52 0.00 0.00 0.00 0.05 0.16 0.19 0.24 0.16 0.14 0.03 0.00 0.03

53 0.00 0.00 0.00 0.00 0.20 0.20 0.03 0.17 0.26 0.11 0.03 0.00

54 0.00 0.00 0.00 0.06 0.06 0.19 0.06 0.19 0.25 0.13 0.00 0.06

55 0.00 0.00 0.00 0.00 0.33 0.11 0.11 0.00 0.33 0.11 0.00 0.00

56 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.40 0.20 0.00 0.20 0.00

57 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.42 0.25 0.25 0.00 0.00

58 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.44 0.22 0.11 0.11 0.11

59 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00

60 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.50 0.00 0.25 0.00 0.00

61 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.50 0.00 0.00

62 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00

63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.40 0.00 0.40 0.00 0.20

70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00

72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00
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Table 2.6. Continued.

2003

;th 2 3 4 5 6 7 8 9 10 11 12 13+

31 0.50 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

32 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

34 0.00 0.71 0.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

35 0.00 0.50 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

36 0.00 0.30 0.60 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

37 0.00 0.31 0.69 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

38 0.00 0.36 0.59 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

39 0.00 0.23 0.54 0.23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

40 0.00 0.07 0.31 0.54 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00

41 0.00 0.13 0.31 0.38 0.13 0.06 0.00 0.00 0.00 0.00 0.00 0.00

42 0.00 0.00 0.29 0.47 0.18 0.00 0.06 0.00 0.00 0.00 0.00 0.00

43 0.00 0.00 0.17 0.39 0.30 0.13 0.00 0.00 0.00 0.00 0.00 0.00

44 0.00 0.00 0.19 0.38 0.25 0.16 0.03 0.00 0.00 0.00 0.00 0.00

45 0.00 0.00 0.09 0.35 0.32 0.24 0.00 0.00 0.00 0.00 0.00 0.00

46 0.00 0.00 0.08 0.35 0.32 0.24 0.00 0.00 0.00 0.00 0.00 0.00

47 0.00 0.00 0.04 0.23 0.30 0.26 0.16 0.02 0.00 0.00 0.00 0.00

48 0.00 0.00 0.02 0.07 0.28 0.39 0.19 0.02 0.02 0.00 0.02 0.00

49 0.00 0.00 0.02 0.05 0.26 0.39 0.21 0.00 0.05 0.02 0.00 0.00

50 0.00 0.00 0.02 0.00 0.20 0.50 0.18 0.00 0.05 0.02 0.02 0.00

51 0.00 0.00 0.00 0.00 0.23 0.50 0.10 0.10 0.03 0.03 0.00 0.00

52 0.00 0.00 0.00 0.00 0.25 0.36 0.14 0.04 0.07 0.11 0.04 0.00

53 0.00 0.00 0.00 0.00 0.23 0.19 0.12 0.15 0.19 0.00 0.12 0.00

54 0.00 0.00 0.00 0.06 0.11 0.28 0.22 0.11 0.11 0.06 0.06 0.00

55 0.00 0.00 0.00 0.00 0.12 0.24 0.18 0.06 0.12 0.18 0.12 0.00

56 0.00 0.00 0.00 0.00 0.00 0.00 0.29 0.14 0.29 0.14 0.14 0.00

57 0.00 0.00 0.00 0.00 0.00 0.00 0.17 0.17 0.00 0.50 0.17 0.00

58 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.00 0.43 0.14 0.29

59 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.17 0.17 0.50 0.00 0.17

60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.25 0.25 0.00

61 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.00 0.50 0.00

62 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.50 0.00 0.00

63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.50 0.00

66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.00 0.50 0.00 0.00

70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00

72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00

74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00
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Table 2.7. Proportion mature at age for 2002 and 2003. The proportion mature at age 
was estimated from proportion mature at length and the age-length keys for 2002 and 
2003 D=I and D=M models. The age-length key was unavailable for age 16 in 2003 
(denoted by *).

Ages

Proportion mature at age

2002 D=I 2003 D=I 2002 D=M 2003 D=M

2 0.049315 0.1019726 0.099733 0.2303393

3 0.279774 0.5435965 0.48748 0.7474146

4 0.548957 0.6392891 0.7778 0.8126036

5 0.770622 0.8015599 0.922246 0.9148718

6 0.856676 0.9023435 0.961937 0.9635426

7 0.910314 0.9347391 0.979316 0.9769464

8 0.933825 0.9506344 0.985624 0.983056

9 0.957228 0.9724442 0.991803 0.990967

10 0.955244 0.9808387 0.991179 0.9938728

11 0.970933 0.9852684 0.994887 0.9953406

12 0.985199 0.9861139 0.997741 0.9955773

13 0.990742 0.9883827 0.998664 0.9962747

14 0.971146 0.9802056 0.99499 0.9937507

15 0.998416 0.9983228 0.999848 0.9995151

16 0.999056 * 0.999917 *
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Table 2.8. Estimated L50 values by area. The L50 values were estimated by area for the 
PCC collected data for 2002, 2003, and 2002 and 2003 pooled datasets for both D=I and 
D=M models. Sample sizes that were not large enough to estimate an L50 value were 
denoted by (*).

U o  (cm)

Area Year/Years D=I D=M

NP 2002 / 2003 35.62 31.79
SP 2002 / 2003 39.54 35.42
B 2002 / 2003 37.97 34.85
C 2002/2003 38.92 34.45
S 2002 / 2003 39.80 35.67

CB 2002 / 2003 37.96 33.36
SB 2002 / 2003 38.12 31.32
NP 2002 36.65 31.06
SP 2002 38.79 34.77
B 2002 37.07 30.75
C 2002 38.06 33.52
S 2002 39.09 35.07

CB 2002 36.75 *
SB 2002 38.71 30.75
NP 2003 35.43 32.02
SP 2003 40.84 36.69
B 2003 38.31 36.12
C 2003 40.27 36.24
S 2003 41.08 36.84

CB 2003 38.36 36.26
SB 2003 * *
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Table 2.9. Likelihood ratio tests results for spatial analysis. Likelihood ratio tests were 
performed between areas for 2002, 2003, and 2002 and 2003 pooled dataset for the D=I 
and D=M models. The maturity curves were tested for statistical differences between 
shape and Lso value. Results were considered significant (S) or not significant (NS) at 
P = 0.01.

Dataset Significance

Areas** Years Model Curve Lso (cm)

NP vs. SP 2002/2003 D=I S S
NP vs. SP 2002 D=I S NS
NP vs. SP 2003 D=I s S
NP vs. SP 2002/2003 D=M s s
NP vs. SP 2002 D=M s NS
NP vs. SP 2003 D=M s s
NP vs. C vs. S vs. B 2002/2003 D=I s s
(NP, C, B) vs. S 2002/2003 D=I s s
NP vs. B 2002/2003 D=I s NS
(NP, B) vs. C 2002/2003 D=I s s
C vs. S 2002/2003 D=I s s
NP vs. C vs. S vs. B 2002 D=I s s
(NP, C, B) vs. S 2002 D=I s s
NP vs. C 2002 D=I s NS
(NP, C) vs. B 2002 D=I NS *
NP vs. C vs. S vs. B 2003 D=I s s
NP vs. C 2003 D=I s s
S vs. B 2003 D=I s s
S vs. C 2003 D=I NS *
NP vs. B 2003 D=I s NS
NP vs. C vs. S vs. B 2002/2003 D=M NS *
NP vs. C vs. S vs. B 2002 D=M s s
NP vs. C 2002 D=M NS *
(NP, C) vs. B 2002 D=M NS *
(NP, C, B) vs. S 2002 D=M S s
NP vs. C vs. S vs. B 2003 D=M s s
S vs. C 2003 D=M s s
C vs. B 2003 D=M NS *
(C, B) vs. S 2003 D=M NS *
(C, B, S) vs. NP 2003 D=M S s
CB vs. SB 2002/2003 D=I NS *
CB vs. SB 2002/2003 D=M NS *

** North of Pribilofs (NP), south of Pribilofs (SP), central (C), south (S), basin (B), central basin (CB), and 
south basin (SB)

* Likelihood ratio tests were not performed for LSo values if a non significant difference occurred between
maturity curves.
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Table 2.10. The Lso values for time period, Tl and T2. The PCC-collected maturity data 
were subdivided into time periods for both 2002 and 2003: T l, January 20 to February 24 
and T2, February 25 to April 2. The Lso was estimated for each time period for 2002, 
2003, and 2002 and 2003 pooled datasets for both D=I and D=M models.

Time period Year / years D=I

L50 (cm)

D=M

Tl 2002 / 2003 39.40 35.26
T2 2002 / 2003 38.29 34.39
Tl 2002 38.52 34.09
T2 2002 38.29 34.39
Tl 2003 40.38 36.69
T2 2003 36.14 32.64

Table 2.11. Likelihood ratio test results for time period. Likelihood ratio tests were 
performed between time periods, Tl and T2 for 2002, 2003, and 2002 and 2003 pooled 
dataset for the D=I and D=M models. The maturity curves were tested for statistical 
differences between shape and Lso value. Results were considered significant (S) or not 
significant (NS) at P = 0.01.

Dataset

Time period Years Model Curve Lso (cm)

Tl vs. T2 2002/2003 D=I S S
Tl vs. T2 2002 D=I S NS
Tl vs. T2 2003 D=I S S
Tl vs. T2 2002/2003 D=M S s
Tl vs. T2 2002 D=M NS *
Tl vs. T2 2003 D=M S s

* Likelihood ratio tests were not performed for L50 values if a non significant difference occurred between
maturity curves.
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Table 2.12. Estimates of L50 for 1976 and 2002 and 2003 data. Estimates of were 
determined for Bakkala and Smith 1976 (1978) and for PCC 2002, 2003, and 2002 and 
2003 pooled datasets for the D=I and D=M models. Only PCC data collected from the 
same regions as 1976 collections were included in this analysis.

Lso (cm)

Dataset D=I D=M

2002 and 2003 
2002
2003 
1976

38.30
38.55
38.06
35.15

34.23
34.34
34.10
*

* 1976 data collections were only analyzed with a D=I model.

Table 2.13. Results from likelihood ratio tests of 1976 and 2002-2003 data. Likelihood 
ratio tests were performed between 2002-2003 and 1976 data as a historical comparison. 
Tests were performed between PCC 2002 and 2003 data and between PCC 2002 and 
2003 pooled data and B&S data for the D=I and D=M models. The maturity curves were 
tested for statistical differences between shape and value. Results were considered 
significant (S) or not significant (NS) at P = 0.01.

Datasets Model Curve Zjo(cm)

2002 vs. 2003 D=I NS *

2002 vs. 2003 D=M NS *

(2002, 2003) vs. 1976 D=I s s
(2002, 2003) vs. 1976 D=M s s

* Likelihood ratio tests were not performed for L50 values if a non significant difference occurred between
maturity curves.
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Table 2.14. Values of Tjoby year for NMFS-collected maturity data. Values of were 
estimated by area, south of the Pribilof Islands or basin, for each year that NMFS winter 
echo integration-trawl surveys collected pollock maturity data for D=I and D=M models. 
Sample sizes were too small in some years (indicated by *) to estimate L5q.

Lso (cm)

Survey year Area D=I D-M

1989 South of Pribilofs 34.10 *
1991 South of Pribilofs 38.42 *
1992 South of Pribilofs 43.58 *
1993 South of Pribilofs 38.13 *
1995 South of Pribilofs 34.69 *
2000 South of Pribilofs 43.27 38.98
2001 South of Pribilofs 42.53 38.37
2002 South of Pribilofs 40.79 36.87
1991 Basin 40.50 *
1993 Basin 41.31 *
2001 Basin 46.18 42.05
2002 Basin 42.20 39.04
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Table 2.15. Likelihood ratio test results for NMFS maturity data. Likelihood ratio tests 
were performed between NMFS survey years for areas south of the Pribilof Islands or 
basin regions and models D=I and D=M. The maturity curves were tested for statistical 
differences between slope and L50 values.

Dataset

Years Area Model Curve L 5o( cm)

89 vs. 91 vs. 92 vs. 93 vs. 
95 vs. 00 vs. 01 vs. 02

South of 
Pribilofs

D=I S S

00 vs. 01 vs. 02 South of 
Pribilofs

D=M S S

91 vs. 93 vs. 01 vs. 02 Basin D=I S S

01 vs. 02 Basin D=M S S

* Likelihood ratio tests were not performed for L 50 values if a non significant difference occurred between 
maturity curves.
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Table 2.16. Chi-square test results for length and age distribution. Chi-square tests were 
performed to determine whether a significant relationship existed between age or length 
distribution and area. Datasets were tested to determine whether they had significant 
likelihood ratio test results.

Areas Year(s) Age significance Length
significance

NP vs. SP 2002 & 2003 S S
(NP, B) vs. C vs. S 2002 & 2003 S S
NP vs. C vs. S vs. Ba 2002 NS s
(NP, B, C) vs. S 2002 S s
NP vs. SP 2003 NS s
NP vs. C vs. S vs. Ba 2003 S s
(NP, B) vs. C vs. S 2003 NS s
(NP, B) vs. (S, C) 2003 S s

a Basin was only tested with length samples, because Basin age sample size was too small.
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Table 2.17. Estimated numbers (millions) of pollock at age. Length-at-age by year class 
was examined for its effect on L5o of each NMFS EIT survey year. The ages of the 
largest year classes for each NMFS EIT surveys (1989, 1991-1993, 1995, 2000-2002) are 
boxed. The numbers at age were estimated from the stock assessment model using a 
combination of bottom trawl survey, EIT survey and fishery data. Modified from Ianelli 
et al. (2003).

Age

Year 3 4 5 6 7 8 9 10+ Total

1989 2,005 2,458 4,585 1,111 2,966 536 598 894 15,153
1990 1,199 1,444 1,684 3,002 698 1,775 322 906 11,030
1991 2,522 857 975 1,022 1,734 375 980 684 9,149
1992 14,429 1,797 574 581 577 907 202 893 19,960
1993 6,978 10,088 1,147 308 289 256 418 514 19,998
1994 5,607 5,083 6,587 634 142 144 136 531 18,864
1995 14,181 4,103 3,438 3,954 334 79 84 411 26,584
1996 3,862 10,409 2,837 2,171 2,259 199 49 319 22,105
1997 3,010 2,826 7,405 1,935 1,313 1,241 113 219 18,062
1998 7,062 2,204 2,015 5,071 1,182 732 711 197 19,174
1999 11,120 5,178 1,577 1,390 3,157 678 430 541 24,071
2000 4,967 8,137 3,647 1,056 886 1,920 410 618 21,641
2001 5,305 3,628 5,688 2,403 657 523 1,127 641 19,972
2002 7,433 3,869 2,520 3,700 1,469 379 299 1,074 20,743
2003 8,022 5,414 2,687 1,625 2,206 840 214 832 21,840



135

Table 2.18. Correlations between Lsoand environmental variables. A linear regression 
was performed to determine if a significant relationship (P = 0.05) existed between each 
environmental variable and Lso values estimated from NMFS survey data. No significant 
relationships were observed.

Environmental variable r2 DF P value

Pribilof Island sea 0.02 7 0.74
surface temperature

Mooring 2 surface 0.01 7 0.84
temperature

AO 0.20 6 0.31

PDO 0.05 7 0.59

Ice retreat index 0.25 7 0.21

Ice cover index 0.01 7 0.85
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Table 2.19. Density-dependent effects on maturity. A linear regression 
{Lso= -5.11 * Biomass + 65.29) between L so and biomass of age 1+ pollock produced a 
statistically significant relationship (at a P = 0.05 level) with = 0.013 and an r2 value of 
0.67 with seven degrees of freedom. Biomass and Lso values for each NMFS survey 
years are shown and biomass is categorized as low, (L), medium, (M), or high, (H). 
Biomass was estimated by bottom trawl surveys. Biomass data from Ianelli et al. (2003).

NMFS Lso{cm) Biomass age 1+ Biomass
survey year (million tons) category

1989 34.1 5.93 H

1991 38.4 5.11 M

1992 43.6 4.37 L

1993 38.1 5.52 H

1995 34.7 5.41 M

2000 43.3 5.14 M

2001 42.5 4.14 L

2002 40.8 4.82 M
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Macroscopic and histological staging of walleye pollock ovaries indicates that spawning 

begins on the eastern Bering Sea shelf in late January; this suggests that the spawning 

season occurs earlier than previously recorded. Hinckley (1986) found no spawning on 

the shelf in January and only scattered spawning in February. In comparison, we 

identified 72 spawning pollock by histological determination from ovary samples 

collected in February 2003 near the Pribilof Islands (Table 1.6) and 287 spawning 

pollock in 2002 and 239 in 2003, in addition to 1,746 pre-spawning in 2002 and 1,192 in 

2003 from PCC samples collected in late January and February on the eastern Bering Sea 

shelf (Table 2.4). A large percentage of these pre-spawning pollock had probably already 

begun spawning, but were misclassified as pre-spawning. Histological examination 

indicated that the macroscopic misclassification rate of spawning pollock as pre

spawning was 80% (Table 1.6). This misclassification rate is due to errant descriptions 

of pre-spawning and spawning maturity conditions in the guide used by the PCC for 

classification of ovaries (Table 1.1). Spawning pollock would be more accurately 

identified histologically by the presence of postovulatory follicles or macroscopically by 

presence of any hydrated eggs. A new descriptive guide was developed as part of this 

study to improve future macroscopic staging of pollock ovaries.

The GSI proved not to be an accurate predictor of pollock maturity condition and should 

not be used for estimation of size of maturity. For estimation of size of maturity it is 

critical to separate mature fish, those that will spawn in the current season, from

General Conclusions



immature fish, those that will not spawn until the following season. The GSI alone is not 

useful for this division. Plots of GSI versus length for our histological samples showed 

that mature pollock occurred both above and below the break (no values between 3.81- 

6.94) (Figure 1-3B) in GSI values. Sakurai (1989) found that spawners of the 

approaching season may be identified by GSI values of 2.5 or greater. In contrast, we 

found that some pollock for which their most advanced oocyte stages were early yolked, 

late yolked, or nuclear migration stages, had GSI values below 2.5, yet fish with oocytes 

at these stages are expected to spawn in the approaching season (Figure 1.3 A). Likewise, 

fish classified as developing, pre-spawning, and spawning based on macroscopic 

examination had some values below 2.5 (Figure 1.4A-C).

It is difficult to separate spawners of the approaching season and subsequent season with 

macroscopic classification of ovaries alone. Spawners in the subsequent season were 

classified as developing and those of the current season as pre-spawning. However, 

many pre-spawning pollock (maturity stage 3) may have been misidentified as 

developing (Table 1.6). Our misclassification rate of pre-spawning pollock as developing 

was 80% for the histological samples. Criteria to classify fish into the pre-spawning 

stage based on histology (Table 1.2) were based on the assumption that development 

from the primary yolk stage to spawning occurs in four months as it does in Funka Bay, 

Japan (Y. Sakurai, Hokkaido University, personal communication). However, the time of 

development in the eastern Bering Sea is unknown and could differ from Funka Bay due 

to genetic differences between stocks, temperature or other environmental differences.
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The majority of spawning in the eastern Bering Sea has been recorded from March to 

June with patchy spawning in July and scattered spawning in August-October (Hinckley 

1986). Based on the previous assumption and according to the spawning schedule, 

ovaries collected in winter (late January to early April) with their most advanced oocytes 

at stages of primary yolk or beyond should spawn the same calendar year in the eastern 

Bering Sea or elsewhere in the Bering Sea. Therefore, 22% of the pollock 

macroscopically classified as immature (using criteria in Table 1.1) and the 80% 

classified as developing (Table 1.5) will spawn the same year as data collection, but after 

the “A” fishing season. Because we are unsure of the true fate of macroscopically staged 

as developing pollock, we considered them immature (D=I) for one statistical analysis 

and mature (D=M) for another analysis to allow comparison for estimation of size of 

maturity under the alternative assumptions. Because it is difficult to ascertain if small 

fish will spawn in the approaching or following season by macroscopic examination, 

histological analysis is necessary to classify smaller fish that lack obviously enlarged 

ovaries.

Laboratory studies must be performed to ascertain the time from development of various 

oocyte stages, such as primary yolk to spawning. Such a study would verify which fish 

will spawn in the approaching season and which will spawn in the following season and 

confirm the appropriateness of the descriptive guide we developed (Appendix 1 .B). This 

research would ascertain whether it is more appropriate to consider developing fish as 

immature or mature for estimating size at maturity.
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Sample size may have affected the misclassification rate of pre-spawning pollock of our 

histological samples. Histological examination was performed on a small sample size of 

ovaries collected from only a few haul locations close to the Pribilof Islands during only 

one month in 2003. The schedule of ovary development may vary by region or year due 

to differences in environmental conditions, such as temperature, and by age class due to 

differences in thermal histories (T. W. Buckley, NOAA, personal communication). 

Interannual differences in the schedule of Atlantic cod gonad development are correlated 

to temperature and oxygen content of seawater (Uzars et al. 2001). Consequently, our 

histological samples may not be representative of the entire Bering Sea. Histological 

samples should be collected from a larger temporal and spatial scale to determine 

whether our samples are representative of the entire eastern Bering Sea. This research 

would determine if our misclassification rate of pre-spawning ovaries (Table 1.6) is 

consistent across the temporal and spatial scales examined and which of our estimates of 

size of maturity, D=I or D=M, is more accurate and should be incorporated into the stock 

assessment.

Logistic regression of maturity on fish length fits the observed data well, except at a few 

lengths. Large immature pollock from the D=I model resulted in smaller observed 

proportions of mature fish than predicted (Figure 2.3). These large immature fish may be 

misclassified, and might in fact have been resting or senescent. Some spent pollock may 

be misclassified as immature, because these maturity conditions may be hard to 

distinguish by macroscopic inspection. In addition, large fish may spawn first as
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observed in Atlantic cod (Morrison 1990), and may be more likely to be spent and 

misclassified during later data collection. In Pacific cod, senescent ovaries were hard, 

shriveled, and black (Foucher and Tyler 1990), and in Atlantic cod resting ovaries were 

identified macroscopically as small with a whitish cast and histologically as having larger 

oocytes in a circumnuclear ring state (Morrison 1990). No macroscopic or histological 

descriptions of pollock ovaries in a state of senescence or rest have been described. It is 

possible that pollock ovaries in a state of senescence or rest may appear different 

macroscopically, but were unnoticed by PCC personnel and others in the past.

Additional research should be performed to determine whether a significant number of 

senescent or resting pollock exist and whether they should be factored into estimates of 

reproductive potential of the population.

Atresia occurred in a small percentage of the ovaries examined and therefore should not 

significantly effect the reproductive potential of the population. Ovaries with atresia at 

the pre-spawning stage appeared normal under macroscopic observation and were 

assumed to spawn within the same year of sampling. However, histological examination 

indicated that no viable oocytes were present in one ovary and only oocytes at peri- 

nucleus or yolk vesicle stages, which will not develop and be spawned in the approaching 

season, were present in two other ovaries (Table 1.5). Atresia should be further 

investigated to determine whether particular environmental or biological conditions may 

increase the rate of atresia. In addition, the effects of atresia on fecundity should be
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considered for pollock, because atresia may reduce the number of eggs spawned 

occurs in haddock (Robb 1982).
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