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Abstract
Stable isotope ratios of carbon and nitrogen were measured in an unex-
ploited population of walleye pollock (Theragra chalcogramma) from 
Prince William Sound, Alaska (PWS) as a metric of feeding niche. Stable 
isotope data of pollock were compared with each other and with stable 
isotope data of age-0 herring (Clupea pallasii). There were significant 
species, location, and time period differences in synoptically sampled 
age-0 pollock and herring. Age-0 pollock were generally 13C-enriched 
relative to herring even as carbon isotope values varied with time. A 
positive relationship between 13C content and length of pollock from 
Zaikof Bay, PWS, was consistent with a pattern of low 13C being attribut-
able to food subsidies, most likely oceanic zooplankton.

The carbon isotope difference between age-0 pollock and age-0 
herring increased when 13C decreased. This coincided with a relative 
increase in age-0 pollock food chain length compared to age-0 herring. 
This is posited to reflect reduced overlap in food supply and thus com-
petition during a period of inferred high food subsidies. Subsidies are 
further posited to vary according to hypothesized oceanic zooplankton 
population cycles.

A systematic increase in nitrogen isotope values with respect to size 
suggested an average ontogenetic food chain length increase of about 
1.3 trophic levels over a pollock’s life span after age-0. Trophic level 
variability was consistent with facultative planktivory for all adult sized 
pollock, including those with lengths over 400 mm, above which there 
was a sharp trophic level increase. The ability for pollock to maintain 
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a relatively low trophic level for most of their life is hypothesized to 
enhance the species’ ability to sequester energy. Stable isotopes may 
provide a useful metric for detecting trophic change in terms of subsi-
dies as well as food chain length.

Introduction
An unexploited population of walleye pollock, Theragra chalcogramma, 
the dominant gadid of the subarctic Pacific Ocean, was discovered in 
Prince William Sound, Alaska (PWS), during the mid-1990s (Willette et al. 
1999). Pollock, along with Pacific herring (Clupea pallasii) and juvenile 
pink salmon (Oncorhynchus gorbuscha) were found to be the dominant 
constituents of the PWS pelagic fish fauna (Cooney et al. 2001). Willette 
et al. (1999) found that as well as being facultative planktivores, imma-
ture and adult pollock preyed upon nekton in PWS. Squid were the most 
common nekton prey of adult pollock. The nekton prey of immature pol-
lock consisted of juvenile gadids, mainly pollock, as well as salmonids, 
mainly pink and chum salmon (O. keta). The proportion of nekton in 
diets was inversely correlated with abundance of large calanoid cope-
pods (Willette et al. 1999). Pollock switched to principally consuming 
large calanoids and other zooplankton above certain threshold levels. 
This prey-switching facility has also been observed in Bering Sea pollock 
(e.g., Dwyer et al. 1987). Age-0 pollock, which were consistently sampled 
alongside age-0 herring in protected bays of PWS (Paul and Paul 1998, 
Paul et al. 1998, Kline 1999), fed on food chains of approximately the 
same length, which were consistent with zooplanktivory (Kline 2001, 
2007).

Stable isotope ratios are useful for food web analysis because of 
predictable relationships in the isotopic compositions of consumers and 
their forage (reviewed by Michener and Schell 1994). Age-0 pollock and 
age-0 herring, as well as other “forage fish” taxa, reflect carbon subsidies 
from the adjacent Gulf of Alaska by concomitant shifts in stable isotope 
composition throughout PWS (Kline 1999, 2007). Continental slope zoo-
plankton populations were posited to be the source of occurrences of 
low 13C/12C abundance occasionally measured in PWS fishes (Kline 1999). 
Low 13C/12C values measured in PWS fishes were thus posited to reflect 
oceanic carbon subsidies. The natural abundance of 13C/12C expressed 
as δ13C′ (see Materials and methods) of PWS zooplankton was more than 
–21‰ whereas that of zooplankton of the same species sampled in the 
Gulf of Alaska was less than –22‰ (Kline 1999). Because of trophic 
enrichment of 13C of ~1‰ per feeding step (reviewed by Michener and 
Schell 1994), zooplanktivores such as age-0 pollock feeding exclusively 
on one of these sources would have correspondingly higher values than 
these, which was reflected in actual observations (Kline 1999).



253Resiliency of Gadid Stocks to Fishing and Climate Change

Whereas oceanic subsidies were observed in all forage taxa in 
late 1995, the relative effect in terms of inferred dependency based 
on δ13C′ values varied by species (Kline 2007). Sand lance (Ammodytes 
hexapterus), a nearshore fish species, had the highest δ13C′ values prior 
to late 1995 and had the highest δ13C′ values during late 1995. However, 
their δ13C′ values during late 1995 were lower than for herring prior to 
the shift. Age-0 pollock were second to herring in terms of having the 
greatest qualitative response to oceanic subsidies. Interactions among 
species in PWS in their response to oceanic subsidies of potential food 
can thus be inferred from differences in 13C/12C composition.

 Age-0 pollock in PWS were found to increase in energetic con-
tent during the winter, whereas age-0 herring lost energy, which was 
hypothesized to reflect species differences in foraging strategies (Paul 
and Paul 1998, Paul et al. 1998). To test whether differences in foraging 
strategy could be detected with stable isotopes, in particular differences 
in response to oceanic subsidies, this paper examines new as well as 
previously published age-0 pollock and herring stable isotope data. This 
context required greater detail in the analysis than previous studies 
(Kline 1999, 2007). Kline 1999 was limited to qualitative comparison of 
juvenile pollock and herring from two time periods, autumn 1994 and 
autumn 1995. Additional data of age-0 pollock from 1994 and 1996 are 
presented here. Supplementing these data are age-0 herring data for 
those time periods for which age-0 pollock data are available. These 
data are examined quantitatively by species, sampling period, and 
sampling site to assess the relative response of oceanic subsidies in 
terms of δ13C′ value. This is a finer scale analysis than done previously 
(Kline 2007). Additionally, previously unpublished stable isotope data 
of larger size classes of pollock are presented to consider ontogenetic 
relationships, if any, to oceanic subsidies as well food chain length, or 
trophic level (TL), which is reflected by δ15N value. 

Materials and methods
Fish sampling
Pollock and herring were sampled primarily by trawling and seining 
(Kline 1999). Samples were collected for multiple projects. The juvenile 
pollock and herring samples analyzed for stable isotopes were also ana-
lyzed for whole-body energetic content reported by Paul et al. (1998). 

The scope of sampling for pollock varied in time (Tables 1 and 2). 
Sampling in 1994 was limited whereas broadscale surveys in October-
November 1995 and March 1996 covered PWS in its entirety (Fig. 1). 
Subsequent sampling focused on four representative bays (Norcross 
et al. 2001). There are five sampling periods, A to E (Table 1), for which 
both age-0 pollock and age-0 herring stable isotope data are available. 
Sampling periods C and D, corresponding to the period when exten-
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sive surveys were conducted, also corresponded to when there was 
an inferred strong pulse of oceanic subsidies (Kline 2007). Sampling 
periods A, B, and E are assumed to be a period when oceanic subsi-
dies were lower than that inferred during C and D and collectively are 
referred to as the low subsidy period. Pollock over 125 mm in length 
were sampled at the same times as age-0 fish, but were fewer in total 
number (Table 2). Accordingly, these larger size classes of pollock were 
stratified into two time-integrated temporal groups, one correspond-
ing to the inferred high subsidy period, and one corresponding to the 
low subsidy period. Only two of the 209 pollock from the high subsidy 
period were sampled during D. Within these two temporal strata, high 
and low subsidy, pollock over 125 mm in length were stratified by sam-
pling site in PWS (Table 2).

Epaxial muscle was dissected from larger size class pollock, 
whereas whole age-0 pollock and herring were analyzed. Fish tissues 
were freeze-dried and then ground to a fine powder. Powdered samples 
were sent to the University of Alaska Fairbanks Stable Isotope Facility 
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Figure 1. A map of the Prince William Sound study area showing the 
locations where pollock and herring were sampled for this study. 
The location codes for this map are given in Tables 1 and 2.
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Table 1. Age-0 pollock and herring carbon and nitrogen stable isotope 
data stratified by sampling period and sampling location with 
P values of statistical analyses. P values are for Mann-Whitney 
U-tests (MWU) and Kruskal-Wallis tests (KW) reported in the text. 
Asterisks under columns A1 and A2 indicate data used for ANOVAs 
reported in the text. Under the column vote, a Y is given if the 
δ13C′ value was ≤–20.0‰ and an N if the δ13C′ value was >–20.0‰. 
SE, ∆15N, and ∆TL values that were <0.1 are indicated as 0.0. The 
map codes correspond to the sites shown in Fig. 1.

  Location Map 
code 

Species N Vote 13C SD SE 13C MWU KW 15N SD SE 15N TL MWU KW A1 A2 

A. June 1994                    
  Knight Island Passage 4 Pollock 21 N –18.9 0.7 0.1 0.4 0.0059  13.2 0.9 0.2 0.2 0.1 0.0108    
    3.91– N 42 gnirreH    0.4 0.1    12.9 0.3 0.1       
B. September to October 1994                   
  Paddy Bay 7 Pollock 20 N –19.3 0.2 0.1 0.8 0.0867  11.4 0.1 0.0 –1.3 –0.4 0.0224    

1.02– N 2 gnirreH       1.0 0.7    12.7 0.1 0.0       
   Port Gravina 8 Pollock 11 N –19.0 1.4 0.4 0.9 0.0377  12.4 0.6 0.2 –0.5 –0.1 0.0687    * 

0.02– N 52 gnirreH       0.6 0.1    12.8 0.7 0.1       * 
   Windy Bay 14 Pollock 25 N –19.3 0.4 0.1 0.2 0.8332  12.5 0.2 0.0 0.3 0.1 <0.0001    

5.91– N 72 gnirreH       0.7 0.1    12.2 0.2 0.0       
  Three sites   Pollock 56 N –19.3 0.7 0.1 0.5 0.0022 0.8800 12.1 0.6 0.1 –0.4 –0.1 0.0050 0.0006     

7.91– N 45 gnirreH     0.7 0.1   0.0189 12.5 0.6 0.1    <0.0001   
C. October to November 1995                   
  Eaglek Bay 2 Pollock 25 Y –20.6 0.5 0.1 0.8 <0.0001  12.9 0.2 0.0 0.2 0.1 0.0130  *  

4.12– Y 52 gnirreH       0.5 0.1    12.7 0.3 0.1     *  
   Hogg Bay 3 Pollock 25 Y –20.6 0.3 0.1 0.7 <0.0001  13.0 0.2 0.0 0.4 0.1 <0.0001    

3.12– Y 52 gnirreH       0.2 0.0    12.7 0.3 0.1       
   Port Gravina 8 Pollock 25 N –20.4 0.3 0.1 1.2 <0.0001  13.4 0.3 0.1 0.7 0.2 <0.0001    * 

6.12– Y 52 gnirreH       0.6 0.1    12.6 0.4 0.1       * 
   Sawmill Bay 9 Pollock 25 Y –20.7 0.3 0.1 0.8 <0.0001  13.1 0.4 0.1 0.3 0.1 0.0018    

5.12– Y 52 gnirreH     0.3 0.1    12.8 0.3 0.1       
   Simpson Bay 11 Pollock 25 Y –20.6 0.4 0.1 0.8 <0.0001  13.2 0.3 0.1 0.4 0.1 <0.0001  *  

4.12– Y 52 gnirreH       0.4 0.1    12.7 0.3 0.1     *  
   Whale Bay 13 Pollock 25 Y –20.5 0.4 0.1 1.4 <0.0001  12.9 0.3 0.1 0.6 0.2 <0.0001  *  

9.12– Y 52 gnirreH       0.2 0.0    12.3 0.2 0.0     *  
   Zaikof Bay 15 Pollock 25 Y –20.5 0.4 0.1 0.8 <0.0001  13.1 0.4 0.1 0.3 0.1 0.0126  *  

3.12– Y 52 gnirreH       0.2 0.0    12.8 0.3 0.1     *  
  Seven sites   Pollock 175 Y –20.6 0.4 0.0 0.9 <0.0001 0.0754 13.1 0.3 0.0 0.4 0.1 <0.0001 <0.0001     

571 gnirreH     Y –21.5 0.4 0.0   <0.0001 12.7 0.3 0.0    <0.0001   
D. March 1996                    
  Drier Bay 1 Pollock 10 N –19.3 0.7 0.2 1.3 <0.0001  13.2 0.4 0.1 0.6 0.2 0.0008    

6.02– Y 52 gnirreH       0.4 0.1    12.5 0.4 0.1       
   Eaglek Bay 2 Pollock 10 N –20.1 0.3 0.1 0.9 <0.0001  13.1 0.4 0.1 0.7 0.2 <0.0001    

0.12– Y 52 gnirreH       0.5 0.1    12.5 0.4 0.1       
   Orca Bay 6 Pollock 20 N –19.3 0.7 0.2     13.6 0.3 0.1       
   Paddy Bay 7 Pollock 10 N –19.9 0.2 0.1 1.1 <0.0001  12.8 0.3 0.1 0.7 0.2 0.0001    
   Port Gravina 8 Pollock 10 N –19.4 0.2 0.1    13.7 0.2 0.1        
   Sawmill Bay 9 Pollock 10 N –19.9 0.3 0.1    13.1 0.3 0.1       
   Simpson Bay 11 Pollock 10 N –19.4 0.3 0.1 0.9 <0.0001  13.7 0.4 0.1 0.5 0.2 0.0022    

3.02– N 52 gnirreH       0.5 0.1    13.2 0.4 0.1       
  Seven (four) sites   Pollock 80 N –19.6 0.5 0.1 1.1 <0.0001 <0.0001 13.4 0.5 0.1 0.8 0.2 <0.0001 <0.0001     

001 gnirreH     Y –20.7 0.6 0.1   <0.0001 12.6 0.5 0.1    <0.0001   
E. October 1996                    
  Eaglek Bay 2 Pollock 25 N –19.3 0.5 0.1 1.0 <0.0001  12.4 0.2 0.0 0.4 0.1 0.0083  *  

3.02– N 42 gnirreH       0.4 0.1    11.9 0.6 0.1     *  
   Simpson Bay 11 Pollock 25 N –19.1 0.4 0.1 0.7 0.0005  12.7 0.3 0.1 0.6 0.2 0.0003   *  

8.91– N 41 gnirreH       0.5 0.1    12.1 0.5 0.1     *  
   Whale Bay 14 Pollock 19 N –18.6 0.5 0.1 1.1 0.0001  12.3 0.5 0.1 0.3 0.1 0.2545  *  

7.91– N 81 gnirreH       0.8 0.2    12.0 0.7 0.2     *  
   Zaikof Bay 15 Pollock 23 N –19.5 0.6 0.1 0.1 0.7820  12.5 0.4 0.1 0.0 0.0 0.9830  *  

6.91– N 42 gnirreH       0.7 0.1    12.5 0.4 0.1     *  
  Four sites   Pollock 92 N –19.1 0.6 0.1 0.7 <0.0001 <0.0001 12.5 0.4 0.0 0.3 0.1 0.0002 0.0017     

9.91– N 08 gnirreH     0.7 0.1   0.0006 12.2 0.6 0.1    0.0043   
                    atad llA

424 kcolloP  doireP         <0.0001       <0.0001   
334 gnirreH           <0.0001       <0.0001   
424 kcolloP  seicepS   N –19.8 0.8 0.0 0.9 <0.0001  12.9 0.6 0.0 0.3 0.1 <0.0001    
334 gnirreH      Y –20.7 1.0 0.0    12.5 0.5 0.0       

 

∆ ∆∆
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Table 2. Carbon and nitrogen stable isotope linear regression data 
for pollock >125 mm in length stratified by inferred low and 
high subsidy periods defined in text and by sampling site. The 
dependent variable is as given in the table; the independent 
variable was length. Asterisks under the column ANCOVA indicate 
data used for the analysis of covariance reported in the text. The 
lower block compares regression statistics for linear as well as 
2nd and 3rd order polynomials for the collective data. The map 
codes correspond to the sites shown in Fig. 1.

Graph Subsidy 
period 

Site Map 
code 

Dependent 
variable 

R
2
 P N ANCOVA 

Fig. 5 Low        

   Zaikof Bay 15 δ13
C  0.0030 0.8003 27 * 

   Whale Bay 13 δ13
C  0.3140 0.0299 15 * 

   Wells Passage 12 δ13
C  0.1200 0.0003 103 * 

   Port Gravina 8 δ13
C  0.2930 0.0076 23  

   Orca Bay 6 δ13
C  0.0730 0.3317 15  

   Montague Strait 5 δ13
C  0.0190 0.6282 15  

   Knight Island Passage 4 δ13
C  0.0740 0.4171 11  

   All   0.0030 0.4122 209  
Fig. 6 High        

   Zaikof Bay 15 δ13
C  0.7130 <0.0001 30 * 

   Whale Bay 13 δ13
C  0.6480 <0.0001 26 * 

   Wells Passage 12 δ13
C  0.3460 <0.0001 40 * 

   Simpson Bay 11 δ13
C  0.3500 0.0427 12  

   Sheep Bay 10 δ13
C    2  

   All   0.1510 <0.0001 112  
Fig. 7 Low        

  Zaikof Bay 15 δ13
C TL 0.2040 0.0181 27  

  Whale Bay 13 δ13
C TL 0.2560 0.0546 15  

  Wells Passage 12 δ13
C TL 0.0460 0.0304 103  

  Port Gravina 8 δ13
C TL 0.0580 0.2679 23  

  Orca Bay 6 δ13
C TL 0.0560 0.3974 15  

  Montague Strait 5 δ13
C TL 0.0200 0.6175 15  

  Knight Island Passage 4 δ13
C TL 0.0280 0.6233 11  

  All   0.2450 <0.0001 209  
Fig. 8 High        

  Zaikof Bay 15 δ13
C TL 0.6210 <0.0001 30  

  Whale Bay 13 δ13
C TL 0.0890 0.1399 26  

  Wells Passage 12 δ13
C TL 0.2610 0.0008 40  

  Simpson Bay 11 δ13
C TL 0.1770 0.1728 12  

  Sheep Bay 10 δ13
C TL   2  

  All   0.0150 0.2028 112  
Fig. 2 Low        
   Zaikof Bay 15 TL 0.2610 0.0065 27  
   Whale Bay 13 TL 0.0010 0.9261 15  
   Wells Passage 12 TL 0.1730 <0.0001 103  
   Port Gravina 8 TL 0.3390 0.0036 23  
   Orca Bay 6 TL 0.4100 0.0101 15  
   Montague Strait 5 TL 0.4690 0.0048 15  
   Knight Island Passage 4 TL 0.1370 0.2618 11  
Fig. 3 High    0.4480 <0.0001 209  
  Zaikof Bay 15 TL 0.5780 <0.0001 30  
  Whale Bay 13 TL 0.6180 <0.0001 26  
  Wells Passage 12 TL 0.0130 0.4901 40  
  Simpson Bay 11 TL 0.8510 <0.0001 12  
  Sheep Bay 10 TL   2  
  All   0.5700 <0.0001 112  
Fig. 4 All      Model  
   All  TL 0.4620 <0.0001 Linear  
   All  TL 0.4810 <0.0001 2nd order poly  
   All  TL 0.5090 <0.0001 3rd order poly  
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where stable isotope analysis was performed using Europa 20/20 and 
Finnegan Delta Plus units equipped with continuous flow elemental 
analyzers. A single stable isotope analysis generated the following data: 
13C/12C and 15N/14N ratios expressed in standard delta units, δ13C and 
δ15N, respectively, and %C and %N. The delta notation used to express 
stable isotope ratios is reported as the parts per thousand deviation 
relative to international standards, air N2 for nitrogen, and Vienna 
Peedee belemnite for carbon. The delta notation used to express stable 
isotope ratios relative to international standards is defined by the fol-
lowing expression:

δ15N or δ13C = (Rsample/Rstandard – 1) × 1,000‰          

where R = 15N/14N or 13C/12C. By definition, the isotope standards 
have delta values of zero, i.e., δ15N = 0 for atmospheric N2. Mass spec-
trometric analysis quality assurance protocols consisted of running of 
laboratory standards before and after groups of five “unknowns.”

The method of McConnaughey and McRoy (1979) was used to 
calculate lipid-normalized 13C/12C. The method is based on using the 
C/N ratio derived from the %C and %N data generated for each sample, 
assumes a C/N ratio of 4.0 is normal, and adjusts δ13C accordingly. The 
parameter L based on C/N was calculated first:

L = 93/[1 + 1/(0.246 × C/N – 0.775)]

L and the uncorrected δ13C value was then used to calculate a lipid-
normalized value (δ13C′):

δ13C′ = δ13C + 6[3.9/(1 + 287.1/L) – 0.2068]

In general, normalization reduces a source of 13C/12C variability, 
enabling comparisons without the confounding effects of varying lipid 
content. 

The δ13C′ values of age-0 pollock and age-0 herring were compared 
through subtraction and expressed as:

Δ13C′ = δ13C′pollock – δ13C′herring

Trophic level
Relative trophic level of good precision can be estimated based on the 
trophic enrichment of δ15N, ε

N
 = 3.4. The following formula was used to 

calculate trophic level:

TLi = 2 + (δ15Ni – δ15NH)/ε
N

where TLi is the trophic level of organism i, δ15Ni is the δ15N value of 
organism i, and δ15NH is the reference δ15N value (assumed to be an her-
bivore, TL = 2). A value of 8.4‰ was used for δ15NH based on the copepod 
Neocalanus cristatus (Kline 2001). The maximum error when estimating 

(1)

(2)

(3)

(4)

(5)
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relative TL is 0.3TL (Kline 2001) based on temporal and spatial variabil-
ity of δ15N values of the Neocalanus reference. Because the uncertainty 
based on SE of a sample is less than 0.1 TL, fish species were compared 
to each other (Kline 2001). TL relative to herring sampled synoptically 
with pollock was calculated by subtracting the mean juvenile herring 
δ15N value from the mean juvenile pollock δ15N value and dividing by 
εN. Thus:

ΔTL = Δ15N/ε
N
 = (δ15Npollock – δ15Nherring)/ε

N 

ΔTL computed using formula (6) is assumed to eliminate the uncertainty 
of 0.3 TL intrinsic to TL calculated relative to a zooplankton reference 
(formula 5), which is due to temporal variation of δ15N at the food chain 
base (Kline 2001). Synoptically sampled age-0 pollock and herring are 
assumed to have shifted concordantly to baseline shifts. 

Correcting trophic enrichment of δ13C′ values allows one to compare 
organisms with large differences in TL (e.g., Kline et al. 1998). This is 
based on an assumed trophic enrichment ratio of 3.4:1 for δ15N vs. δ13C′ 
and uses the following formula (after Kline et al. 1998):

δ13C′TL = δ13C′ – εC/εN(δ15Ni – δ15NH)

where δ13C′TL is the TL normalized carbon isotope ratio derived from δ13C′, 
εC = 1, and εN = 3.4. The reference value of δ15NH = 8.4‰ is the same that 
was used for calculating TL, formula (5) above, and similarly, carries 
a maximum uncertainty of 0.3‰. δ13C′TL is used mainly for adult fishes 
when TL is likely to be variable and higher than TL ~3. If TL can be 
assumed to be nearly constant, e.g., when comparing δ13C′ of plankti-
vores, then TL normalization is not necessary. It is assumed that age-0 
pollock and herring are planktivores. An advantage to not normalizing 
TL is that δ13C′ and δ15N analyses will be independent.

Results
Age-0 fishes: pollock vs. herring
Carbon isotopes
All δ13C′ observations of both species were more than –20.5‰ dur-
ing periods A and B and during period E. During period C most δ13C′ 
observations of both species were less than –20.5‰. The most negative 
δ13C′ values of both age-0 pollock and age-0 herring were observed in 
periods C and D. During period C the mean δ13C′ values of age-0 pollock 
by sampling site ranged from –20.4 to –20.7‰ and the mean δ13C′ value 
was –20.6‰ (SD = 0.4; Table 1). During periods A, B, and E age-0 pollock 
site mean values ranged from –18.6 to –19.5‰, i.e., 1 to 2‰ 13C enriched 
relative to period C (Table 1). Period D age-0 pollock δ13C′ values were 
intermediate, ranging among sites from –19.3 to –20.1‰ (Table 1).

(6)

(7)
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Overall, age-0 pollock were δ13C′ enriched relative to age-0 herring 
by 0.9‰, which was statistically significant (P < 0.05, Mann-Whitney 
U-test; Table 1). Each species varied significantly in δ13C′ with respect to 
sampling period (Kruskal-Wallis test; Table 1). Within sampling periods 
B and C age-0 pollock did not vary significantly among sites, whereas 
age-0 herring did (Kruskal-Wallis test; Table 1). Within sampling peri-
ods D and E, age-0 pollock and age-0 herring each varied significantly 
among sites (Kruskal-Wallis test; Table 1). Each species varied signifi-
cantly in δ13C′ value with respect to sampling period (site effect ignored; 
Kruskal-Wallis test; Table 1).

There were statistically significant species and time period effects 
but no species-time interaction (P = 0.4785) when δ13C′ values of age-0 
pollock and age-0 herring from Port Gravina from periods B and C were 
compared (ANOVA, A2 in Table 1). The mean difference in δ13C′ value 
between periods B and C of 1.3‰, and the mean difference between the 
species of 0.8‰, were statistically significant (Fisher’s PLSD). 

There were statistically significant site, species, and time period 
effects as well as statistically significant site-time, site-species, time-
species, and site-time-species interactions when δ13C′ values of age-0 
pollock and age-0 herring from Eaglek Bay, Simpson Bay, Whale Bay, and 
Zaikof Bay from periods C and E were compared (ANOVA, A1 in Table 1). 
The difference of 0.2‰ between Zaikof Bay and Eaglek Bay was the only 
difference in mean site value that was statistically different (Fisher’s 
PLSD). The difference of 1.6‰ between sampling times was statistically 
different (Fisher’s PLSD). The mean difference between the species was 
0.9‰, which was statistically significant (Fisher’s PLSD).

Δ13C′ value differences, which ranged from 0.2 to 1.4‰, were gener-
ally statistically significant (Mann-Whitney U-test; Table 1). Mean period 
Δ13C′ during C and D were 0.9 and 1.1‰, respectively, which was quali-
tatively higher than that during periods A, B, and E. 

Nitrogen isotopes
The least positive δ15N values of age-0 pollock were observed in periods 
B and E when values were less than +13‰ (Table 1). At other times mean 
δ15N values of age-0 pollock were more than ~ +13‰. Whereas period 
mean δ15N values of age-0 pollock ranged by 1.3‰, period mean δ15N val-
ues age-0 herring ranged by just 0.7‰. The greatest δ15N value disparity 
between the species, Δ15N = +0.8‰, occurred during period D. Δ15N was 
+0.4‰ during period C. At other times, Δ15N ranged from –0.4 to +0.3‰. 
There was an increasing trend for time period averaged ΔTL, from –0.1 
in period B to +0.2 in D, but was +0.1 during periods A and E.

Age-0 pollock and age-0 herring generally differed significantly in 
δ15N values at given sites within given sampling periods (Mann-Whitney 
U-test; Table 1). The main exception was during period E when they were 
not significantly different at two of fours sites (P = 0.2545 and 0.9830). 
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Time period averaged Δ15N was consistently statistically significant 
(Mann-Whitney U-tests; Table 1). Overall, age-0 pollock were significantly 
(Mann-Whitney U-test; Table 1) δ15N enriched relative to age-0 herring 
by 0.3‰, corresponding to a ΔTL of 0.1. Within each sampling period, 
the δ15N values of age-0 pollock and age-0 herring were statistically dif-
ferent (Kruskal-Wallis test Table 1). Each species varied significantly in 
δ15N value with respect to sampling period (site effect ignored; Kruskal-
Wallis test; Table 1).

There were statistically significant time period effects and species-
time interactions but no significant species effects (P = 0.2141) when 
δ15N values of age-0 pollock and age-0 herring from Port Gravina from 
periods B and C were compared (ANOVA, A2 in Table 1). The mean dif-
ference in δ15N value between period B and C of 0.3‰ and the mean 
difference between the species of 0.3‰ were statistically significant 
(Fisher’s PLSD).

There were statistically significant site, species, and time period 
effects as well as statistically significant site-species and site-time-
species interactions when δ15N values of age-0 pollock and age-0 herring 
from Eaglek Bay, Simpson Bay, Whale Bay, and Zaikof Bay from periods 
C and E were compared (ANOVA, A1 in Table 1). Only the site-time and 
species-time interactions were not significant (P = 0.0736 and 0.6183, 
respectively). Mean site δ15N differences of, respectively, 0.2, 0.2, 0.3 
and 0.3‰ between Eaglek Bay and Simpson Bay, Zaikof Bay and Eaglek 
Bay, Zaikof Bay and Simpson Bay, and Zaikof Bay and Whale Bay were 
statistically different (Fisher’s PLSD). However, mean site δ15N differ-
ences of, respectively, 0.1 and less that 0.1‰, between Eaglek Bay and 
Whale Bay, and between Zaikof and Simpson Bay were not significant (P 
= 0.1919 and 0.9136, respectively, Fisher’s PLSD). The difference of 0.5‰ 
between sampling times was statistically different (Fisher’s PLSD). The 
mean difference between the species was 0.3‰, which was statistically 
significant (Fisher’s PLSD).

Ontogenetic assessments
A systematic increase in nitrogen isotope values with respect to size 
suggested an average ontogenetic food chain length increase of about 
1.3 trophic levels over a pollock’s life span after age-0. There were sig-
nificant relationships between δ15N-based TL and length during both 
high and low subsidies periods at most sites (Table 2). The significant 
correlations were somewhat lower during the low subsidies period (R2 
= 0.17 to 0.47; Fig. 2) than during the high subsidies period (R2 = 0.57 to 
0.85; Fig. 3). There was at least one site per period for which there was 
no significant relationship that may have been driven by the limited size 
range found there (Figs. 2 and 3). Collectively, length explained 45% of 
TL variability during the low subsidy period and 57% during the high 
subsidy period (Table 2). Aggregating all of the data, the R2 for a linear 
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Figure 2. Trophic level based upon δ15N values of pollock >125 mm in length 
from the low subsidy period, by sampling site, as a function of 
length. Regression lines are shown for Zaikof Bay and Montague 
Strait data; correlation statistics are given in Table 2.

Figure 3. Trophic level based upon δ15N values of pollock >125 mm in length 
from the high subsidy period, by sampling site, as a function of 
length. Regression lines are shown for Zaikof Bay, Whale Bay, and 
Simpson Bay data; correlation statistics are given in Table 2.
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Figure 4. Trophic level based upon δ15N values of pollock >125 mm in length 
as a function of length for all data. A third-order polynomial 
regression line is shown. Symbols distinguish low (x) from high 
(solid squares) sampling periods; correlation statistics are given 
in Table 2.

Figure 5. Carbon stable isotope analyses reported as δ13C′ values of pollock 
>125 mm in length from the low subsidy period, by sampling site, 
as a function of length. Regression lines are shown for Wells 
Passage and Port Gravina data; correlation statistics are given 
in Table 2.
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regression was 0.462 (Table 2). A third order polynomial increased the 
correlation to 0.509 (Table 2, Fig. 4). Up to about 500 mm length, most 
pollock fit between TL = 3 and 4 (Fig. 4). Above 500 mm, pollock were 
increasingly higher than TL = 4.

Analysis of covariance (ANCOVA) suggested that there was a sig-
nificant difference in δ13C′ value between high and low subsidy periods, 
whether TL or length was used as the covariate. The covariates and 
interactions between δ13C′ and the covariates were significant for both 
analyses. During the low subsidies period there was a significant rela-
tionship between δ13C′ and length at three sites (Table 2, Fig. 5). However, 
these correlations were lower (R2 from 0.12 to 0.31) compared to those 
from the high subsidies period (R2 from 0.35 to 0.71). During the high 
subsidies period δ13C′ was significantly correlated to length in all sites 
(Table 2, Fig. 6).

Correlations between δ13C′TL and length were reduced compared to 
δ13C′ and length in most cases (Table 2; compare Fig. 7 with Fig. 5 and 
compare Fig. 8 with Fig. 6). During the high subsidies period the R2 for 
Zaikof Bay was reduced to 0.62 from 0.71, whereas it was reduced from 
R2 = 0.648 to no correlation (P = 0.1399) at Whale Bay (compare Figs. 
6 and 8). Length explained about 15% of δ13C′ based on the collective 
data during the high subsidies period, but none after normalization to 
δ13C′TL.

Figure 6. Carbon stable isotope analyses reported as δ13C′ values of pollock 
>125 mm in length from the high subsidy period, by sampling site, 
as a function of length. Regression lines are shown for Whale Bay 
and Zaikof Bay data; correlation statistics are given in Table 2.
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Figure 7. Carbon stable isotope analyses reported as δ13C′TL values of pollock 
>125 mm in length from the low subsidy period, by sampling site, 
as a function of length. 
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Discussion
Trophic flexibility at age-0
Stable isotope analysis revealed subtle shifts in the trophic relation-
ships of age-0 fishes in PWS. The difference in value of δ13C′ between 
the species of up to 1.4‰ in a given location and 1.1‰ within a time 
period was somewhat less than the maximum temporal shift observed 
within a species. Furthermore, within-species and within-timeframe 
spatial variation of δ13C′ values was even less at 0.0 to 0.6‰. Between 
the autumns of 1994 and 1995, age-0 pollock decreased by 1.3‰ and 
herring decreased by 1.8‰. Between autumn 1995 and March 1996, 
pollock rebounded by 1.0‰ and herring by just 0.8‰ and by autumn of 
1996 pollock and herring were within 0.2‰ of what their values were 
during the autumn of 1994, i.e., essentially the same. The qualitative 
difference in their δ13C′ rebound in March 1996 is as revealing as the 
shift itself. That herring in March 1996 were more similar in δ13C′ value 
to herring the previous autumn compared to pollock reflected that 
they had not turned over as much of their low 13C carbon as pollock, 
which is consistent with reduced feeding and energy gains by herring 
compared to pollock. For example, 70% of herring stomachs may be 
empty during the winter period when zooplankton stocks are low (Foy 
and Norcross 1999). Pollock are able to forage successfully enough dur-
ing the winter to gain energy whereas herring cannot (Paul et al. 1998). 
Foraging during the winter apparently took place on carbon of higher 
13C content than what occurred in the autumn, otherwise there would 
not have been these shifts. Pollock feeding during the winter leading up 
to March 1996 also depended on a longer food chain, which was evident 
by their highest δ15N values observed during this study of up to 13.7‰, 
and maximum difference of 0.8 TL with respect to herring. Age-0 pol-
lock foraging may be more adaptable and able exploit a broader range 
of food sources than age-0 herring. This trophic flexibility may be an 
adaptive strategy contributing to this species resiliency. The net energy 
gain may also reflect a reduced energy expenditure compared to herring. 
These differences could be physiological or may be related to behavior. 
For example, there may be differences in energy expenditure during 
predator avoidance. Regardless of the cause, pollock juveniles appear 
to be better able adapt to changes in food compared to herring. This 
advantage may confer resilience to changes in their food supply such 
as those that may come about from climate change.

Did the fish or their food move?
Because fish are motile, observed isotopic shifts could be due to move-
ment of fish or their food. For example, stable isotope analysis has been 
useful for detecting fish migration (e.g., Kline et al. 1998). A scenario, 
although highly unlikely, that could explain the simultaneous multiple-
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species and multiple-site δ13C′ shifts would have involved concerted 
migrations by pollock and herring to locations where food sources had 
δ13C′ values like those observed during the shifts. The fish would thus 
have had to migrate out to the Gulf of Alaska and then back into PWS to 
the locations where they were sampled. A far more likely explanation for 
the shifts is that their plankton prey moved with currents, either near 
the surface via the Alaska Coastal Current or below the surface such as 
through fjord deepwater or estuarine exchange (Niebauer et al. 1984). 
This exchange, which can be episodic, has been observed through drifter 
buoys and moored current meters (Vaughan et al. 2001). Vaughan et al. 
(2001) observed net inflow at depth during the summer. Occurrence of 
diapausing Gulf of Alaska origin copepods in deep waters of PWS pro-
vides evidence for deepwater biological exchange (Kline 1999).

The variable and ontogenetic δ13C′TL patterns of the larger sized 
pollock provide additional evidence that 0-age δ13C′ shifts were due to 
movement of their planktonic food. The variable response to subsidies 
in the form of plankton is consistent with pollock switching to plank-
tivory above density thresholds (Willette et al. 1999) given the safe 
assumption that plankton density was spatially variable. Only at Zaikof 
Bay was there evidence of these shifts affecting most of the population. 
There were, however, a few individual fish from Simpson and Sheep bays 
with δ13C′TL ~ –22‰. The slope of Zaikof Bay pollock δ13C′TL values with 
respect to length is consistent with the expected turnover time of older, 
larger fish, which may be more than 1 year (Hesslein et al. 1993). The 
trend to higher δ13C′TL values (i.e., there was less of a shift to low δ13C′TL 
values, or no shift at all) of larger sizes of pollock is consistent with lon-
ger turnover time. Furthermore, if Zaikof Bay pollock were immigrants 
from the Gulf of Alaska (GOA), a reverse slope to that observed would 
be expected: because of slower turnover, the larger size classes would 
more likely resemble GOA carbon and the smaller sizes classes PWS car-
bon, which is the opposite of the observation. Zooplankton subsidies of 
low δ13C′ content are assumed to be transient, and thus affected princi-
pally age-0 fishes. Immigration from the GOA, however, is not precluded 
and may explain why a few individual large size-class pollock had δ13C′TL 
values less than –21‰ during the low subsidies period.

Ontogenetic food chain length shifts
Trophic level based upon δ15N values provides a convenient metric of 
trophic level that is consistent with the observation that pollock in PWS 
switch prey according to their size as well as prey availability (Willette 
et al. 1999). If pollock were strictly zooplanktivores, their TL would 
be ~ 3 whereas if they were strictly primary piscivores, their TL would 
be ~ 4. Most sizes of pollock ranged between TL = 3 and 4 consistent 
with a mixture reflective of prey switching. If pollock consumed only 
nekton that in turn were piscivorous (i.e., the pollock were secondary 
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piscivores), those pollock would be expected to be TL = 5. A mixture of 
50% piscivorous prey and 50% zooplankton prey would yield pollock 
of TL = 4. Thus no size class of pollock is precluded from consuming 
zooplankton given the TL range observed here.

The sharp increase in TL for pollock more than 500-600 mm may 
reflect consuming a greater proportion of piscivorous prey, which is 
presumably enabled by their larger gape. Removal of these larger size 
classes of pollock from a population by fishing would thus be consis-
tent with the “fishing down marine food webs” hypothesis (Pauly et al. 
1998).

Long-term prospects?
Brodeur and Ware (1992) reported that zooplankton populations in the 
northeast subarctic Pacific Ocean fluctuate on inter-decadal time scales, 
which was postulated to be a climate-driven process for explaining 
observed long-term changes in nekton populations. Periods of high 
levels of zooplankton were characterized by their dense occurrence on 
continental slope waters. There should be an increased likelihood for 
oceanic subsidies to enhance coastal fishes during periods when slope 
zooplankton populations are high compared to when slope zooplank-
ton populations are low. Oceanic subsidies in PWS are thus posited to 
benefit coastal fishes in proportion to inter-decadal fluctuations in slope 
zooplanktons. 

This study provided evidence that subsidies may benefit coastal 
fish populations like those in PWS by supplementing their carbon 
base because both pollock and herring shifted more or less in concert. 
However, pollock values were always slightly less negative than herring, 
suggesting a lesser dependency on oceanic subsidies. A greater separa-
tion in the isotopic composition between these two species in winter is 
consistent with decreased diet overlap, hence decreased potential for 
competition, reflected by the greater disparity in mean isotope values 
during the high subsidy period. Zooplankton abundance may drive 
competition between pollock and competing species feeding near TL = 
3. For example, when herring likely depended >50% on oceanic subsi-
dies during October 2005 to March 2006, pollock likely depended ≤50% 
on oceanic subsidies. At other times, pollock had little to no oceanic 
subsidy dependence. 
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Gulf of Alaska
Sarah C. Stienessen and Christopher D. Wilson
NOAA Fisheries, Alaska Fisheries Science Center, Seattle, Washington

Abstract 
Size and shape patterns of juvenile walleye pollock (Theragra chalco-
gramma) aggregations in the Gulf of Alaska are described in relation 
to biophysical factors such as depth of the aggregation in the water 
column, water temperature, and age and body condition of the aggrega-
tion members. Aggregation characteristics were measured with acoustic 
data collected with a vertically oriented echosounder, and biophysical 
data were collected with a large midwater trawl and temperature-depth 
sensors from two areas near Kodiak Island, Alaska, during 1995-1997 
and 2000-2002. Juvenile walleye pollock spatial patterns were expressed 
using fish aggregation length, height, fractal dimension, and density. 
Redundancy analysis (RDA) was used to examine the associations of 
the biophysical factors with the size and shape descriptors of juvenile 
walleye pollock aggregations. Fish aggregation height increased as 
a function of fish age, and there was a negative association between 
depth of the aggregation in the water column and density of fish in the 
aggregation. There was also a negative association between body con-
dition of the fish and the fractal dimension of the aggregation. These 
results demonstrate that relatively easily measurable environmental 
and biological factors can be useful in describing and potentially pre-
dicting spatial patterns of fish aggregations. Associations in the fish 
aggregation structure and biophysical measurements were consistent 
with expectations based on predation and foraging theory.

Introduction
Many functions of fish shoaling behavior are associated with predator-
prey interactions (Pitcher and Parrish 1993). For example, the attack 
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success of a predator declines with increasing prey group size (Neill 
and Cullen 1974), and fish find patchy-distributed food faster when in a 
school (Pitcher et al. 1982). In addition, an increase in group cohesive-
ness and a decrease in nearest neighbor distance often results from 
increased predation risk, whereas the reverse occurs as fish hunger 
levels increase (Morgan 1988). 

Other factors contribute to the formation, maintenance, and struc-
tural characteristics of fish aggregations. Many fish species congregate 
at regular intervals to form spawning aggregations (Misund et al. 1998). 
Group structure may also change as a function of ontogeny. Adult sar-
dines form larger and less dense schools than juveniles (Muiño et al. 
2003), and some species of fish lead relatively solitary lives as adults 
although as juveniles they form well organized schools (Keenleyside 
1979). Physical factors can influence the small-scale spatial patterns of 
fishes. The effect of temperature on the distribution of fish aggregations 
has been well documented (e.g., Krause et al. 1998, Swartzman 1997). 
Some species of schooling fish will avoid cold water at the expense of 
missed foraging opportunities (Misund et al. 1998), yet others will enter 
cold water only to feed (Olla et al. 1985). The effect of ambient light has 
also been found to influence fish shoaling structure with declining light 
intensities generally producing less cohesive groups of fish (O’Conner 
and Krause 2003).

Walleye pollock are one of the most abundant and commercially 
important fish in the Gulf of Alaska and Bering Sea (Megrey 1989, Kim 
1990). Adults are semi-demersal and in some cases can form “carpet” 
aggregations near the seafloor that can extend for miles, whereas juve-
nile pollock are typically found higher in the water column in more 
discrete groupings (Wilson et al. 2003). Temperature and ambient light 
levels are two physical factors that influence the distribution of walleye 
pollock aggregations. Pollock have been observed to exhibit diel migra-
tions to shallower nighttime depths where they form more dispersed 
layers (Bailey 1989, Brodeur and Wilson 1996b). Adult aggregations 
appear to avoid cold water regardless of prey density, yet can otherwise 
be associated with areas where food abundance is high (Swartzman et 
al. 1994, 1995; Kotwicki et al. 2005).

Although the juvenile stage of walleye pollock has been the focus 
of numerous behavioral and ecological studies (Brodeur and Wilson 
1996a), very few field studies have described juvenile aggregation 
characteristics and the biophysical factors that may influence their 
formation and maintenance. Kang et al. (2006) described juvenile wall-
eye pollock school characteristics but only in relation to the age of the 
school members. Wilson et al. (2003) described juvenile walleye pollock 
aggregation characteristics and related these to commercial fishing 
activities. Several laboratory studies have investigated the impact of 
trade-offs between hunger and predation risk on school patterns of 
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juvenile walleye pollock. For instance, juvenile walleye pollock formed 
less cohesive groups as food levels decreased (Sogard and Olla 1997). 
However, in the presence of a predator, juveniles foraging for clumped 
food formed more cohesive groups, but larger juveniles and those forag-
ing for dispersed food maintained less cohesive groups (Sogard and Olla 
1997, Ryer and Olla 1998b). Although additional laboratory studies have 
examined the effects of other factors, such as temperature and light, 
on the behavior of individual juvenile walleye pollock (Olla and Davis 
1990, Ryer and Olla 1998a), it is unknown how these and other factors 
might affect juvenile walleye pollock group structure. Field studies, in 
particular, are needed to better understand what specific environmental 
cues are associated with the range of juvenile walleye pollock aggrega-
tion patterns in nature. Thus, the objective of our study is to describe 
juvenile walleye pollock aggregation patterns from two areas of the Gulf 
of Alaska, and to explore whether associations of these patterns exist 
with easily measured biophysical data such as depth of the aggregation 
in the water column, water temperature, and age and body condition of 
the aggregation members. We also discuss whether the detected associa-
tions between aggregation patterns and biophysical data are consistent 
with expectations based on predation and foraging theory. 

Methods
Study area 
Spatial patterns of juvenile walleye pollock were described for two areas 
during two seasons within the Gulf of Alaska near Kodiak Island: (1) dur-
ing the summers of 2000-2002 in Chiniak and Barnabas troughs on the 
east side of Kodiak Island (hereafter referred to as “East Kodiak”), and 
(2) during the winters of 1995-1997 in Shelikof Strait on the northwest 
side of Kodiak Island (Fig. 1). During these years, strong year classes of 
juvenile pollock were detected. The abundance of juvenile aggregations 
during this time facilitated this work to describe aggregation patterns 
of juvenile pollock. Additionally, the presence of a strong year class 
over consecutive years provides an opportunity to study aggregation 
patterns of fish as a function of age.

Field methods
Acoustic-trawl surveys consisted of a series of uniformly spaced parallel 
transects, from 5.6 km apart southeast of the Kodiak Island to 13.9 km 
apart west of Kodiak Island (Fig. 1). In some instances, more than one 
survey pass was conducted over a study area during the same field sea-
son (Table 1). A survey pass consisted of a complete acoustic sampling 
of all transects within an area, and multiple passes were separated in 
time by 3-4 days. Echo-integration data were collected with a calibrated 
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Simrad EK500 quantitative echo-sounding system operating at 38 kHz 
(Bodholt et al. 1989) and were initially logged with a horizontal resolu-
tion of about 5-6 m (dependent on vessel speed) and vertical resolution 
of 0.1-0.5 m using standard methods described in Wilson et al (2003).

Samples were collected with a large pelagic trawl (Guttormsen et 
al. 2002) to confirm the identity of the species attributed to specific 
acoustic backscatter and to provide length, weight, and age composi-
tion of walleye pollock. Trawl hauls were conducted in areas of high 
backscatter, so areas with high densities of fish were sampled most 
heavily. Catches of walleye pollock were sampled to determine fork 
length (FL) to the nearest 1.0 cm, total body weight to the nearest 2.0 
g, and age of the fish.

Temperature profiles were obtained with a temperature-depth 
probe attached to the trawl headrope in East Kodiak and with a micro 
bathythermograph attached to the trawl headrope in Shelikof Strait. 
Conductivity-temperature-depth casts and expendable bathythermo-
graph probes were used to collect water temperature profile data in East 

Figure 1. The two survey areas near Kodiak Island, Alaska: East Kodiak 
(Chiniak Trough and Barnabas Trough) surveyed in 2000-2002 
and Shelikof Strait surveyed in 1995-1997. Lines indicate acoustic-
trawl survey transects. 
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Kodiak and Shelikof Strait at selected locations throughout the study 
areas (e.g., NMFS 1996, Wilson et al. 2003).

Fish aggregation descriptors
Because walleye pollock in East Kodiak and Shelikof Strait disperse at 
night (Guttormsen et al. 2002, Wilson et al. 2003), only aggregations 
observed between one hour after sunrise and one hour before sunset 
were used in this analysis. Areas where backscatter attributed to adult 
pollock or unidentified organisms (e.g., euphausiids) overlapped with 
that from juvenile walleye pollock were also excluded from the present 
analysis.

Juvenile walleye pollock backscatter was classified into aggregations 
using Echoview software (SonarData, Tasmania, Australia). The classifi-
cation designated all aggregations as schools, whether the aggregations 
were discrete small groupings or long low-density layers (Reid 2000). 
Echoview software applies school recognition algorithms that correct 
for pulse-length effects and beam width effects following the methods 
of Reid and Simmonds (1993), Barange (1994), and Diner (1998) generat-

Table 1. Survey areas, survey pass number, number of hauls, and number 
of analyzed aggregations from Shelikof Strait and East Kodiak 
(Chiniak and Barnabas troughs). 

 
 

Study  
year

Survey  
pass

No. hauls No. schools No. hauls No. schools

Shelikof Strait

1995 1 19 483 – –

1996 1 36 867 – –

1997 1 28 812 – –

2 –a 173 – –

East Kodiak

Chiniak Trough Barnabas Trough

2000 1 7 142 12 –b

2 13 81 10 –b

2001 1 8 274 12 131

2 6 267 9 104

3 10 177 10 120

4 – – 2 169

2002 1 8 216 12 104

2 14 215 10 107

3 12 205 15 148

4 – – 2 179

aPass 2 was a partial pass that only surveyed transects north of 57º20'N.
bNo juveniles were detected in Barnabas Trough in 2000.
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ing corrected estimates of various school descriptors. School size and 
shape descriptors used in this analysis include fish aggregation length, 
height, fractal dimension, and density. Fractal dimension (D) relates the 
perimeter (P) of a fish aggregation to its area [A, where D = 2 ln (P/4)/ln 
(A)] and is an informative measure of shape complexity (Barange 1994, 
Freon et al. 1996, Coetzee 2000). A fractal dimension of one character-
izes the most basic outline shape (i.e., a square), and a fractal dimension 
of two characterizes the most complex outline shape (Coetzee 2000). 
To determine fish aggregation density (i.e., number of fish within each 
aggregation; fish per 103 m3), the mean volume back-scattering strength, 
SV (dB re 1 m–1), for each aggregation was converted to a mean volume 
back-scattering coefficient, sv (m–1; MacLennan et al. 2002). The sv was 
then divided by the mean backscatter cross-section, σbs, of juvenile 
walleye pollock (σbs in m2 per fish). The σbs was calculated using a target 
strength (TS) to fish length (Lcm) model for walleye pollock [TS = 20 log 
(Lcm) – 66; Foote and Traynor 1988] and was based on the population 
length composition for a given area. 

The classification of acoustic backscatter into schools by Echoview 
software required a series of user-controlled parameters. These param-
eters were examined over a range of values and evaluated, and the final 
criteria were chosen based on their ability to provide the best definition 
of a juvenile walleye pollock aggregation when compared by eye to the 
original echograms. The final values selected were Sv threshold (–70 dB), 
minimum school length (40 m), minimum height (5 m), minimum con-
nected length (5 m), minimum connected height (2 m), maximum verti-
cal linking distance (5 m), and maximum horizontal linking distance 
(20 m). These values were used for all analyses. The criteria chosen to 
define an aggregation likely contain substantial and unknown biases, 
and it has been shown that changing the criteria can affect the results 
(Burgos and Horne 2007). However, if the criteria are kept constant, as 
in the present study, they should provide useful comparative informa-
tion about the variability of the fish aggregation structure (Freon et al. 
1996, Reid et al. 2000). 

Biophysical factors
Water temperature at the location of each fish aggregation (hereafter 
referred to as “temperature”) was determined by matching the mean 
depth of the aggregation in the water column (hereafter referred to as 
“aggregation depth”) to the corresponding temperature of the nearest 
vertical temperature profile. The age and body condition of fish within 
each aggregation were determined from the nearest haul information. 
The mean body condition of juvenile pollock within each aggregation 
was calculated using a morphometric body condition factor index 
determined by body weight deviations from a least-squares fitted length 
(L)–weight (W) relationship (Jakob et al. 1996; W = aLb, where a and b are 
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constants). The index eliminates the effect of body size on the data. Two 
condition factor indices were generated: one for fish off East Kodiak and 
another for fish in Shelikof Strait. 

Statistics
Redundancy analyses (RDA) were used to test the associations of bio-
physical factors with the juvenile walleye pollock aggregation descrip-
tors using “vegan,” a community ecology package for R software (R 
Foundation for Statistical Computing, Vienna, Austria). Each survey 
area was considered a separate data set. The data for East Kodiak and 
Shelikof Strait are separated both in space and season, so it was not 
possible to discern whether patterns in the resulting ordination were 
due to differences in the location or the season between the two areas. 
RDA is a form of constrained ordination analysis that seeks to parti-
tion dominant patterns of variation into a reduced number of gradients 
that are maximally correlated with explanatory variables (Makarenkov 
and Legendre 2002). For the present study, a matrix of fish aggregation 
descriptors was analyzed with respect to a corresponding matrix of 
biophysical factors. RDA assumed the matrix of biophysical factors to 
be dependent on the explanatory matrix of fish aggregation descriptors. 
RDA was appropriate for these data because it preserved the Euclidean 
distance among the fish aggregation descriptors. Aggregation length, 
height, and density estimates were natural log transformed to stabilize 
the variance prior to conducting the RDA, and fish aggregation descrip-
tor data were scaled to unit variance. Differences were considered sig-
nificant at p < 0.05.

 Both biophysical factor gradients and fish aggregation descriptor 
gradients were represented in RDA triplot figures as vectors, where vec-
tor length is proportional to the strength of the gradient (see Results, 
Figs. 2-3). The vectors indicate how the gradients load along the first two 
RDA axes. For example, if a vector gradient bisects the first quadrant 
of a triplot, the fish aggregations within the first quadrant would have 
relatively high values for that gradient. The third quadrant is opposite 
the first quadrant; therefore fish aggregations within the third quadrant 
would have relatively low values for that gradient. Fish aggregations 
close to a vector gradient have higher values for the gradient, and fish 
aggregations with greater perpendicular distance to a vector gradient 
have weaker associations with the gradient. 

Results
Fish aggregations in both study areas and each year were composed 
of juvenile walleye pollock from a single year class. In Shelikof Strait, 
the strong 1994 year class of fish was observed in 1995 (age 1, 11.5 
mean FL); 1996 (age-2, 20.7 mean FL); and 1997 (age-3, 27.2 mean FL). In 
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East Kodiak, a strong age group of 2-year-old fish was present in both 
2000 (19.5 mean FL) and 2001 (20.6 mean FL) and a strong age group of 
3-year-old juveniles was present in 2002 (32.6 mean FL).

The redundancy analysis produced ordinations significantly differ-
ent from a random distribution for both study areas. A total of 4,974 fish 
aggregations were analyzed, 2,639 in East Kodiak and 2,335 in Shelikof 
Strait (Table 1). A range of pre-log-transformed fish aggregation descrip-
tor values and a range of biophysical values are listed in Table 2. For 
clarity, only the distribution centers of fish aggregation descriptors for 
each survey pass (e.g., Chiniak Trough 2000, 2001) are plotted in ordi-
nation space (Figs. 2-3). The first and second axes of the RDA explained 
83.9% and 15.7% of the total variation in fish aggregation size and 
shape descriptors for the East Kodiak data. Both axes were statistically 
significant (p < 0.001). The first and second axes of the RDA explained 
93.2% and 6.1% of the total variation in fish aggregation size and shape 
descriptors for the Shelikof Strait data. The first axis was statistically 
significant (p < 0.001). 

Fish age and aggregation depth were associated with juvenile wall-
eye pollock spatial patterns in both study areas. Fish age and aggrega-
tion depth had the highest loadings of the biophysical factors along 
all significant RDA axes both in East Kodiak and Shelikof Strait (Table 
2). In both areas there was a positive relationship between increased 
age loading and aggregation height, and there was a negative relation-
ship between increased depth loading and aggregation density (Figs. 
2-4). This suggests the importance of fish age and aggregation depth 
in structuring juvenile walleye pollock aggregations, most specifically 
in structuring aggregation height and density. This also suggests fish 
age and aggregation depth have a consistent effect on fish aggregation 
structure across areas and/or between seasons.

Body condition of juvenile walleye pollock was associated with 
juvenile aggregation patterns only in East Kodiak, but there was no clear 
association between temperature and juvenile pollock aggregation pat-
terns. Body condition had moderate loadings along the first RDA axis 
in East Kodiak but not in Shelikof Strait (Table 2), and in East Kodiak 
there was a negative relationship between increased condition loading 
and fish aggregation fractal dimension (Figs. 2 and 4). Temperature had 
moderate loadings along the first RDA axes in both East Kodiak and 
Shelikof Strait and had high loadings along the second RDA axis in East 
Kodiak (Table 2). There was a negative relationship between increased 
temperature loading and aggregation height in East Kodiak (Fig. 2), but 
there was a positive relationship between these two variables in Shelikof 
Strait (Fig. 3). These results suggest body condition and temperature 
were less important in structuring juvenile walleye pollock aggregations 
than were fish age and aggregation depth. These results also suggest 
body condition and temperature did not have a consistent effect on 
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aggregation structure across areas and/or between seasons as did fish 
age and aggregation depth.

Discussion
Many of the trends that were detected among juvenile walleye pollock 
aggregation descriptors and the measured biophysical factors, including 
aggregation depth and body condition of the fish, were consistent with 
expectations based on predation and foraging theory. In some cases, 
however, the results were more difficult to explain. The fact that aggre-
gation height increased for older juveniles in both areas was one such 
finding. In this case, other researchers have reported that a spheroid 
school structure is advantageous to fish because it minimizes the detec-
tion envelope of the fish school to underwater predators (Pitcher and 
Parrish 1993). Because juvenile walleye pollock aggregations were longer 
horizontally than vertically, the aggregations must decrease in length 
and/or increase height to produce a more spherical structure. Thus, 
the increase in aggregation height reported in our work would serve to 

Figure 2. Redundancy analysis diagram showing the estimated distribution 
center for each East Kodiak trough-pass combination in ordination 
space. Error bars represent 95% confidence intervals about 
the mean of each distribution. Identical symbols are indicative 
of multiple survey passes. The dashed lines represent the 
aggregation descriptor gradients, and the solid lines represent 
the biophysical gradients.

 
East Kodiak

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

-0.6 -0.4 -0.2 0 0.2 0.4 0.6

RDA1 (83.9%)

Chiniak 2000

Chiniak 2001

Barnabas 2001

Chiniak 2002

Barnabas 2002

condition

age
depth

temp

fractal

height

densitylength

R
D

A
2 

(1
5.

7%
)



281Resiliency of Gadid Stocks to Fishing and Climate Change

produce an aggregation shape less detectable to predators. However, 
predation intensity is typically greater for smaller individuals of many 
fish species, including walleye pollock (Milinski 1993, Hollowed et al. 
2000). Therefore, it is puzzling that the older, larger juveniles rather 
than younger, smaller fish would form a more spheroid aggregation 
structure. Other studies have shown that swimming speeds of fishes 
are generally proportional to body length (Misund and Aglen 1992), 
and it may be that the reduced swimming speeds for smaller fish, in 
some way, prevents formation and maintenance of the more spherical 
aggregation.

Findings based on walleye pollock acoustic data collected off 
Japan support the association between fish age and aggregation height 
reported in our study (Kang et al. 2006). They reported that age-1 wall-
eye pollock formed schools of less vertical height than age-2 and adult 
fish, although this was not the case when compared to age-0 walleye 
pollock. Their results may have been confounded because they did 
not use schools of pure age groups in their analyses (a school was 
designated based on the age group of the majority of the members). 
Nevertheless, the consistent results between these two studies indicate 

Figure 3. Redundancy analysis diagram showing the estimated distribution 
center for each Shelikof Strait pass in ordination space. Error 
bars represent 95% confidence intervals about the mean of 
each distribution. Identical symbols are indicative of multiple 
survey passes. The dashed lines represent the fish aggregation 
descriptor gradients, and the solid lines represent the biophysical 
gradients.
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that the trend in fish aggregation height among age-1 and older age 
groups may extend over a broad geographical range.

Other results from the present study were consistent with what 
one might expect based on the advantages that schooling behavior 
confers to its members in predator-prey interactions. Fish aggregation 
density estimates decreased for deeper dwelling aggregations in both 
the East Kodiak and Shelikof Strait study areas. Although the effects 
of depth on spatial patterns of fishes are poorly known, numerous 
studies have shown that fish schools become less cohesive as light 
intensity decreases (Ryer and Olla 1998a, O’Conner and Krause 2003). 
In the presence of predators, however, fish typically form more com-
pact schools so they can communicate rapidly and perform well-coor-
dinated escape tactics (Pitcher and Parrish 1993). Light is essential to 
this communication because visual and behavioral cues are important 
components in information transfer among fish (Ryer and Olla 1991, 
Lachlan et al. 1998). Laboratory studies showed that juvenile walleye 
pollock will disperse as light levels decrease, even in the presence of a 

Figure 4. Box plots of the (pre-log-transformed) values of fish aggregation 
descriptors and biophysical factors showing the associations 
between fish age and aggregation height, aggregation depth 
and aggregation density, and body condition of the fish and 
aggregation fractal dimension. The box plots show the median, 
10th, 25th, 75th, and 90th percentiles. Note the use of a 
logarithmic scale on the y-axis in two of the plots.



283Resiliency of Gadid Stocks to Fishing and Climate Change

predator, most likely because it becomes more difficult for the fish to 
see one another (Ryer and Olla 1998a). In the Gulf of Alaska, potential 
demersal predators of juvenile walleye pollock such as arrowtooth 
flounder (Atheresthes stomia), halibut (Hippoglossus stenolepis), and 
adult walleye pollock increase with proximity to the seafloor (Bailey 
1989, Hollowed et al. 2000). The influence of diminishing light levels 
on the activity and foraging success for these predators is unknown. 
However, it is conceivable that group compaction might be favored by 
juvenile walleye pollock when they are deeper and in closer proximity 
to these demersal predators, but ambient light levels are simply too low 
for this to occur. 

Increased body condition for juvenile walleye pollock off East 
Kodiak was associated with a decrease in aggregation fractal dimension. 
An increase in body condition is generally attributed to an increase in 
feeding or an increase in prey concentration (Pedersen and Jobling 1989, 
Kloppmann et al. 2002), and body condition can be used to approximate 
long- and short-term changes in food abundance and quality (Grant 
and Brown 1999). The high body condition of fish in Barnabas Trough 
in 2002 suggested that the fish had recently consumed high quality 
or large quantities of prey. This could have occurred prior to the fish 
moving into the area or while they were within Barnabas Trough. If 
the latter were true, then prey concentrations in the East Kodiak study 
area were likely greatest within Barnabas Trough in 2002. The less 
complex aggregation shape, as indicated by a lower fractal dimension 
in Barnabas during 2002, implies the fish were not dispersing from the 
aggregations. Other studies have demonstrated two potential mecha-
nisms behind this observation. Group cohesiveness decreases with 
hunger (Morgan 1988), because fish disperse from the safety of their 
school to forage (Godin and Smith 1988). If the fish in Barnabas Trough 
in 2002 had recently consumed high quality or large quantities of prey, 
the need to disperse from the aggregation to seek additional prey may 
have been reduced. Alternatively, being part of a group often intensi-
fies competition for food (Bertram 1978), but competition costs can be 
reduced if prey densities are high (Eggers 1976). If the East Kodiak prey 
field was more abundant within Barnabas Trough in 2002, competition 
costs would be reduced and the fish could have foraged from within the 
safety of the aggregation. 

Fish aggregation size and shape patterns were not associated 
with body condition of juvenile walleye pollock during the winter in 
Shelikof Strait. Walleye pollock feed intensely in summer but only feed 
sporadically during winter months (Sogard and Olla 2000, Yamamura 
et al. 2002). As a consequence, body condition falls during winter and 
recovers quickly in summer (Yamamura et al. 2002). Thus, during sum-
mer, foraging behavior may be a more important component for medi-
ating fish aggregation behavior, whereas during winter months, when 



284 Stienessen and Wilson—Juvenile Pollock Aggregation Structure

fish feed less frequently, other factors may become more influential in 
structuring the group.

This study demonstrated that relatively easily measurable environ-
mental and biological factors can be useful in describing and predicting 
spatial patterns of juvenile walleye pollock aggregations. Because the 
data for East Kodiak and Shelikof Strait are separated both spatially and 
temporally, it was not possible to discern whether observed patterns 
are due to differences in location or season. However, the consistent 
effect that fish age and aggregation depth had on juvenile aggregation 
patterns across these locations and/or seasons suggest that these two 
factors may act as strong, stable forces that continuously influence and 
structure juvenile walleye pollock aggregations through predator avoid-
ance and evasion. Foraging behavior may also be important in structur-
ing the fish aggregations but only during times when prey availability 
is relatively high.

Acknowledgments
We thank the scientists and crew of the NOAA ship Miller Freeman for 
their hard work in helping with the data collection. We thank Julian 
Olden for his multivariate input and Kevin Bailey, Alex De Robertis, 
Anne Hollowed, John Horne, Paul Walline, and two anonymous review-
ers for valuable comments and remarks on earlier drafts of this paper. 
Reference to trade names or commercial firms does not constitute U.S. 
government endorsement.

References
Bailey, K.M. 1989. Interaction between the vertical distribution of juvenile 

walleye pollock Theragra chalcogramma in the eastern Bering Sea, and 
cannibalism. Mar. Ecol. Prog. Ser. 53:205-213.

Barange, M. 1994. Acoustic identification, classification and structure of bio-
logical patchiness on the edge of the Agulhas Bank and its relation to 
frontal features. S. Afr. J. Mar. Sci. 14:333-347. 

Bertram, B.C.R. 1978. Living in groups: Predators and prey. In: J.R. Krebs and 
N.B. Cavies (eds.), Behavioural ecology, first edition. Blackwell, Oxford, 
UK, pp. 64-93.

Bodholt, H., H. Nes, and H. Solli. 1989. A new echo sounder system. Proceedings 
of the Institute of Acoustics 11:123-130.

Brodeur, R.D., and M.T. Wilson. 1996a. A review of the distribution, ecology, 
and population dynamics of age-0 walleye pollock in the Gulf of Alaska. 
Fish. Oceanogr. 5(Suppl. 1): 148-166.

Brodeur, R.D., and M.T. Wilson. 1996b. Mesoscale acoustic patterns of juvenile 
walleye pollock (Theragra chalcogramma) in the western Gulf of Alaska. 
Can. J. Fish. Aquat. Sci. 53:1951-1963.



285Resiliency of Gadid Stocks to Fishing and Climate Change

Burgos, J.M., and J.K. Horne. 2007. Sensitivity analysis and parameter selection 
for detecting aggregations in acoustic data. ICES J. Mar. Sci. 64:160-168.

Coetzee, J. 2000. Use of a shoal analysis and patch estimations system 
(SHAPES) to characterize sardine schools. Aquat. Living Resour. 13:1-10.

Diner, N. 1998. Correction on school geometry and density. ICES C.M. 1998/B:1. 
51 pp.

Eggers, D.M. 1976. Theoretical effect of schooling by planktivorous fish preda-
tors on rate of prey consumption. J. Fish. Res. Board Can. 33:1964-1971.

Foote, K.G., and J.J. Traynor. 1988. Comparison of walleye pollock target-
strength estimates determined from in situ measurements and calcula-
tions based on swimbladder form. J. Acoust. Soc. Am. 83: 9-17.

Freon, P., F. Gerlotto, and M. Soria. 1996. Diel variability of school structure 
with special reference to transition periods. ICES J. Mar. Sci.53: 459-464.
Godin, J.G.J., and S.A. Smith. 1988. A fitness cost of foraging in the guppy. 
Nature (Lond.) 33:69-71.

Grant, S.M., and J.A. Brown. 1999. Variation in condition of coastal 
Newfoundland 0-group Atlantic cod (Gadus morhua): Field and laboratory 
studies using simple condition indices. Mar. Biol. 133:611-620.

Guttormsen, M.A., C.D. Wilson, and S. Stienessen. 2002. Echo integration-trawl 
survey results for walleye pollock (Theragra chalcogramma) in the Gulf of 
Alaska during February and March, 2002. In: Stock assessment and fish-
ery evaluation report for the groundfish resources of the Gulf of Alaska, 
Appendix D:1-47. North Pacific Fishery Management Council, Anchorage, 
Alaska.

Hollowed, A.B., J.N. Ianelli, and P.A. Livingston. 2000. Including predation 
mortality in stock assessments: A case study for Gulf of Alaska walleye 
pollock. ICES J. Mar. Sci. 57:279-293.

Jakob, E.M., S.D. Marshall, and G.W. Uetz. 1996. Estimating fitness: a compari-
son of body condition indices. Oikos 77:61-67.

Kang, M., S. Honda, and T. Oshima. 2006. Age characteristics of walleye pol-
lock school effects. ICES J. Mar. Sci. 63:1465-1476.

Keenleyside, M.H.A. 1979. Social organization. In: M.H.A. Keenleyside (ed.), 
Diversity and adaptation in fish behaviour. Springer-Verlag, New York, pp. 
149-177.

Kim, S. 1990. Status of fishery and science of Bering Sea walleye pollock: 1. 
History and importance of fisheries. Ocean Res. 12:117-128.

Kloppmann, M.H.F., H. Hillgruber, and H. Von Westernhagen. 2002. Wind-
mixing effects on feeding success and condition of blue whiting larvae in 
the Porcupine Bank area. Mar. Ecol. Prog. Ser. 235:236-277.

Kotwicki, S., T.W. Buckley, T. Honkalehto, and G. Walters. 2005. Variation in the 
distribution of walleye pollock (Theragra chalcogramma) with tempera-
ture and implications for seasonal migration. Fish. Bull. U.S. 103:574-587.

Krause, J., G. Staaks, and T. Mehner. 1998. Habitat choice in shoals of roach as 
a function of water temperature and feeding rate. J. Fish Biol. 53:377-386.



286 Stienessen and Wilson—Juvenile Pollock Aggregation Structure

Lachlan, R.F., L. Crooks, and K.N. Laland. 1998. Who follows whom? Shoaling 
preferences and social learning of foraging information in guppies. Anim. 
Behav. 56:181-190.

MacLennan, D.N., P.G. Fernandes, and J. Dalen. 2002. A consistent approach 
to definitions and symbols in fisheries acoustics. ICES J. Mar. Sci. 
59:365-369.

Makarenkov, V., and P. Legendre. 2002. Nonlinear redundancy analysis and 
canonical correspondence analysis based on polynomial regression. 
Ecology 83:1146-1161.

Megrey, B.A. 1989. Exploitation of walleye pollock resources in the Gulf of 
Alaska, 1964-1988: Portrait of a fishery in transition. In: Proceedings of 
the International Symposium on the Biology and Management of Walleye 
Pollock. Alaska Sea Grant, University of Alaska Fairbanks, pp. 33-58.

Milinski, M. 1993. Predation risk and feeding behavior. In: T.J. Pitcher (ed.), 
Behaviour of teleost fishes, second edition. Chapman and Hall, London, 
UK, pp. 363-439.

Misund, O.A., and A. Aglen. 1992. Swimming behaviour of fish schools in the 
North Sea during acoustic surveying and pelagic trawl sampling. ICES J. 
Mar. Sci. 49:325-334.

Misund, O.A., H. Vilhjalmsson, S.H. Jakupsstovu, I. Rottingen, S. Belikov, 
O. Asthorsson, J. Blindheim, J. Jonsson, A. Krysov, S.A. Malmberg, and 
S. Sveinbjornsson. 1998. Distribution, migration and abundance of 
Norwegian spring spawning herring in relation to the temperature and 
zooplankton biomass in the Norwegian Sea as recorded by coordinated 
surveys in spring and summer. Sarsia 83:117-127.

Morgan, M.J. 1988. The effect of hunger, shoal size and the presence of a pred-
ator on shoal cohesiveness in bluntnose minnows, Pimephales notatus 
Rafinesque. J. Fish Biol. 32:963-971.

Muiño, R., P. Carrera, and M. Iglesias. 2003. The characterization of sardine 
(Sardina pilchardus Walbaum) schools off the Spanish-Atlantic coast. ICES 
J. Mar. Sci. 60:1361-1372.

NMFS. 1996. Preliminary cruise results NOAA ship Miller Freeman cruise 96-05: 
Echo integration-trawl survey of walleye pollock in Shelikof Strait. NOAA 
NMFS Alaska Fishery Science Center, 7600 Sand Point Way NE., Seattle, 
WA 98115-0070. 6 pp. http://www.afsc.noaa.gov/RACE/surveys/cruise_
archives/cruises1996/results_MF1996-05.pdf. (Accessed Dec. 2007.)

Neill, S.R.S., and J.M. Cullen. 1974. Experiments on whether schooling by their 
prey affects the hunting behaviour of cephalopod and fish predators. J. 
Zool. Lond. 172:549-469.

O’Connor, E., and J. Krause. 2003. Effect of light intensity on the shoaling 
behaviour of the guppy (Poecilla reticulata). J. Fish Biol. 63(Suppl. 1):254.

Olla, B.L., and M.W. Davis. 1990. Behavioral responses of juvenile walleye 
pollock Theragra chalcogramma Pallas to light, thermoclines and food: 
Possible role in vertical distribution. Exp. Mar. Biol. Ecol. 135:59-68.

Olla, B.L., A.L. Studholme, and A.J. Bejda. 1985. Behavior of juvenile bluefish 
Pomatomus saltatrix in vertical thermal gradients: influence of season, 
temperature acclimation and food. Mar. Ecol. Prog. Ser. 23:165-177.



287Resiliency of Gadid Stocks to Fishing and Climate Change

Pedersen, T., and M. Jobling. 1989. Growth rates of large, sexually mature cod, 
Gadus morhua, in relation to condition and temperature during an annual 
cycle. Aquaculture 81:161-168.

Pitcher, T.J., A.E. Magurran, and I. Winfield. 1982. Fish in larger shoals find 
food faster. Behav. Ecol. Sociobiol. 10:149-151.

Pitcher, T.J., and J.K. Parrish. 1993. Functions of shoaling behaviour in teleosts. 
In: T.J. Pitcher (ed.), Behaviour of teleost fishes, 2nd edn. Chapman and 
Hall, London, UK, pp. 363-439.

Reid, D.G. 2000. Report on echo trace classification. ICES Coop. Res. Rep. 
238:107.

Reid, D.G., and E.J. Simmonds. 1993. Image analysis techniques for the study 
of fish school structure from acoustic survey data. Can. J. Fish. Aquat. Sci. 
50:886-893.

Reid, D., C. Scalabring, P. Petitgas, J. Masse, R. Aukland, P. Carrera, and S. 
Gerogakarakos. 2000. Standard protocols for the analysis of school based 
data from echo sounder surveys. Fish. Res. 47:125-136.

Ryer, C.H., and B.L. Olla. 1991. Information transfer and the facilitation and 
inhibition of feeding in a schooling fish. Environ. Biol. Fishes 30:317-323.

Ryer, C.H., and B.L. Olla. 1998a. Effect of light on juvenile walleye pollock 
shoaling and their interaction with predators. Mar. Ecol. Prog. Ser. 
167:215-226.

Ryer, C.H., and B.L. Olla. 1998b. Shifting the balance between foraging and 
predator avoidance: The importance of food distribution for a schooling 
pelagic forager. Environ. Biol. Fishes 52:467-475.

Sogard, S.M., and B.L. Olla. 1997. The influence of hunger and predation risk 
on group cohesion in a pelagic fish, walleye pollock, Theragra chalco-
gramma. Environ. Biol. Fishes 50:405-413.

Sogard, S.M., and B.L. Olla. 2000. Endurance of simulated winter conditions by 
age-0 walleye pollock: Effects of body size, water temperature and energy 
stores. J. Fish. Biol. 56:1-21.

Swartzman, G. 1997. Analysis of the summer distribution of fish schools in the 
Pacific Eastern Boundary Current. ICES J. Mar. Sci. 54:105-116.

Swartzman, G., E. Silverman, and N. Williamson. 1995. Relating trends in wall-
eye pollock (Theragra chalcogramma) abundance in the Bering Sea to 
environmental factors. Can. J. Fish. Aquat. Sci. 52:369-380.

Swartzman, G., W. Stuetzle, K. Kulman, and M. Powojowski. 1994. Relating the 
distribution of pollock schools in the Bering Sea to environmental factors. 
ICES J. Mar. Sci. 51:481-492.

Wilson, C.D., A.B. Hollowed, M. Shima, P. Walline, and S. Stienessen. 2003. 
Interactions between commercial fishing and walleye pollock. Alaska Fish. 
Res. Bull. 10:61-77.

Yamamura, O., S. Honda, O. Shida, and T. Hamatsu. 2002. Diets of wall-
eye pollock Theragra chalcogramma in the Doto area, northern Japan: 
Ontogenetic and seasonal variations. Mar. Ecol. Prog. Ser. 238:187-198.





Resiliency of Gadid Stocks to Fishing and Climate Change 289
Alaska Sea Grant College Program • AK-SG-08-01, 2008

Walleye Pollock as Predator and 
Prey in the Prince William Sound 
Ecosystem
Richard E. Thorne
Prince William Sound Science Center, Cordova, Alaska

Abstract
Research during the Sound Ecosystem Assessment (SEA) Program dur-
ing the mid-1990s identified walleye pollock and Pacific herring as 
the two major pelagic fish biomasses in Prince William Sound. Pollock 
predation was also identified as a major source of mortality on juvenile 
pink salmon. Subsequent research at the Prince William Sound Science 
Center has focused on three aspects of the role of pollock in the Prince 
William Sound ecosystem: (1) winter-period population abundance, (2) 
pink salmon predator monitoring, and (3) marine mammal predation 
studies. Prince William Sound Science Center conducted winter-period 
surveys of adult pollock from 1995 to 2003. Pollock biomass in Prince 
William Sound ranged from 22,000 to 43,000 metric tons. The pink 
salmon predator monitoring studies assessed pelagic fish abundance 
and distribution synoptic with spring-period zooplankton surveys from 
2000 to 2006. Both pollock and herring showed progressive migrations 
during the spring that were consistent with predation on inshore fishes 
including pink salmon fry. Marine mammal assessment was added to 
the winter-period surveys beginning in 2000. Steller sea lion abundance 
and distribution were positively correlated with herring and negatively 
correlated with pollock. Walleye pollock and Pacific herring exhibit 
major differences in overwintering distributions that have substantial 
impacts on predator populations, especially marine mammals and sea-
birds. The difference in relative dominance between these two species 
is likely a major factor in long-term ecosystem change.
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Introduction
Walleye pollock (Theragra chalcogramma) is well known as a valuable 
commercial fish, an important forage fish for marine fish and wildlife, 
and as a dominant marine competitor and predator (Dwyer et al. 1987, 
Lloyd and Davis 1988, Springer 1992, Livingston 1993). The importance 
of the commercial fishery for walleye pollock is highlighted by the six 
million ton catch in 1985 worth over $1 billion in ex-vessel income, 
which made it the world’s largest single-species fishery (FAO 1996). 
However, the economic importance of pollock may be overshadowed 
by its ecological importance. Pollock dominates the pelagic fish bio-
mass in the Bering Sea (Livingston 1993). Rice (1995) concluded that it 
is common for one or two planktivorous fishes to dominate arctic and 
subarctic marine food webs. Where such conditions exist, Rice main-
tained that understanding the dominant planktivores is a prerequisite 
to understanding the fate of changing marine production and fluctua-
tions in satellite predator populations. 

Walleye pollock populations throughout the Gulf of Alaska and 
Bering Sea have been studied since the 1950s (Traynor 1986, Dwyer et al. 
1987, Bailey et al. 1995, Brodeur and Wilson 1996). Bottom trawl surveys 
that were initiated in the mid-1960s to assess red king crab (Paralithodes 
camtschaticus) were expanded in the 1970s to include demersal fish 
(Bakkala and Alton 1986). Since pollock was a major component of the 
trawl catch of demersal fish, these surveys became a major assess-
ment tool. The first echo integration midwater trawl (EMT) survey was 
conducted in 1979 (Thorne 1979, Karp and Traynor 1988, Traynor et al. 
1990). Subsequently, acoustic surveys have become an important com-
ponent of commercial fishery management (Hollowed and Megrey 1990; 
Hollowed et al. 1996; Wilson 1994; Wilson et al. 1995, 1996). 

Annual commercial harvests of pollock in Prince William Sound 
(PWS) were primarily from incidental catches and less than 4 t prior to 
1995. The Alaska Department of Fish and Game (ADFG) and the National 
Marine Fisheries Service (NMFS) had conducted a bottom trawl survey of 
PWS during summer 1989 (Haynes and Urban 1991). The survey, using 
a 400 mesh eastern otter trawl, estimated the pollock biomass at 9,500 
t. However, studies initiated after the 1989 Exxon Valdez oil spill sug-
gested that walleye pollock, along with Pacific herring (Clupea pallasii), 
were the dominant pelagic fish biomasses in PWS (Thomas et al. 1997). 
Acoustic surveys of herring were implemented by the Prince William 
Sound Science Center (PWSSC) in 1993. In 1995, ADFG established an 
exploratory fishery on pollock with a harvest guideline of 950-2,000 
t (Bechtol 2002), and PWSSC initiated winter-period EMT surveys of 
pollock. These surveys continued through 2003, although emphasis 
changed after 2000 because of concerns about relationships with the 
endangered western stock of Steller sea lions (Eumetopias jubatus) 
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(Ferrero and Fritz 2002). PWSSC conducted annual spring-period surveys 
of both pelagic fish and zooplankton from 2000 to 2006 to investigate 
the role of pollock as a predator on pink salmon (Oncorhynchus gorbus-
cha) fry. Limited fall-period surveys were also conducted as part of the 
study of herring, pollock, and Steller sea lion interrelationships. With 
the exception of incidental information included in papers about Steller 
sea lion predation on herring (Thomas and Thorne 2001, 2003), previous 
reporting of this extensive research effort on pollock in PWS has been 
limited to contract and conference reports.

Methods
Winter and fall-period surveys of pollock
PWSSC conducted seven winter-period EMT surveys of pollock in PWS 
between 1995 and 2003. An additional survey was conducted in 2006, 
but was focused on comparative observations of pollock and marine 
mammals rather than abundance assessment. Acoustic techniques, 
specifically echo integration, have been used for decades to assess 
abundance of pelagic fishes (Thorne 1971; 1983a,b; MacLennan and 
Simmonds 1992). Evidence from acoustic records suggests that adult 
pollock begin to accumulate in PWS in early winter, and remain in 
aggregations until after spawning in April. During this time, the distri-
bution is almost exclusively pelagic between 175 and 300 m depths. The 
acoustic surveys were designed to take advantage of this accessible and 
relatively restricted distribution (Thomas et al. 1997).

The PWS survey design consisted of a three-stage sampling pro-
cedure (Cochran 1977, Scheaffer et al. 1986). First, historical patterns, 
information from commercial fishermen, and broad area sonar/echo-
sounder surveys were used to identify the general distribution of 
pollock within PWS. Second, a quantitative (echo integration) acoustic 
survey was conducted, with sampling intensity proportional to abun-
dance indicated in stage one. Third, midwater trawl net sampling was 
directed toward the surveyed concentrations to obtain biological infor-
mation including length and weight (McClatchie et al. 2000). Confidence 
intervals around estimates were determined from repeated transects 
to avoid problems with autocorrelation or dependence upon model 
assumptions (Thomas and Thorne 2003). The 95% confidence intervals 
during the 1990s surveys ranged from ±20% to 45% of the mean estimate, 
but improved to ±10%-15% during the 2000-2003 surveys as a result of 
a more focused survey design. Midwater trawling was conducted by 
ADFG using the RV Pandalus. Additional biological data were obtained 
from ADFG sampling of commercial fishing landings in Cordova. Several 
quantitative scientific echosounders were used during the study, includ-
ing frequencies of 38 kHz, 70 kHz, and 120 kHz. Extensive signal to 
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noise studies were conducted to document the detectability of the pol-
lock at all three frequencies.

Published target strength relationships for pollock (Traynor and 
Williamson 1983, Traynor 1996) were used to convert echo integration 
values to absolute density estimates. The validity of the target strength 
assumptions was verified by in situ measurements at multiple frequen-
cies in PWS.

Visual counts of Steller sea lions and whales from both vessels and 
airplanes were added to the acoustic surveys in 2000. Twenty-seven 
aerial surveys were conducted from 2000 to 2006. The aerial surveys 
used a survey plane equipped with a global positioning system (GPS) 
linked computer system. Surveys were flown at an altitude of 300 m. Sea 
lions, whales, and aggregations of marine birds can readily be seen and 
identified from this altitude. GPS-recorded flight paths and the locations 
of marine birds and mammals were plotted on a map of PWS. The aerial 
survey estimates were supplemented by census from the acoustic sur-
vey vessel. The acoustic surveys for pollock were primarily conducted 
during daytime, although pollock diel vertical migration is minimal 
during winter in PWS. All marine mammals within visual range were 
counted during the daytime transects. Herring surveys were primarily 
conducted at night. Infrared scanners were used synoptic with these 
surveys, as well as with the infrequent nighttime surveys for pollock 
(Thomas and Thorne 2001). The focus on Steller sea lion/herring/pol-
lock interrelationships also led to fall-period surveys in 2001, 2004, and 
2006. The primary objective of these surveys was to document seasonal 
changes in herring distribution, but observations were also made on 
both adult and juvenile pollock.

Spring surveys
The Prince William Sound Science Center conducted annual monitoring 
of the spring abundance and distribution of both macrozooplankton 
and pelagic fish populations from 2000 to 2006. This was an extensive 
effort that included acoustic and net sampling for zooplankton as well 
as synoptic acoustic measurements of pelagic fish abundance. For the 
purposes of this paper, the reporting is limited to the results of the fish 
monitoring effort. 

Pollock is known to be a major predator on pink salmon fry. High 
concentrations of macrozooplankton, specifically the large-bodied 
copepods of the genus Neocalanus, were believed to provide both a 
prey-sheltering mechanism and a food source for the juvenile pink 
salmon (Willette et al. 2001). Six areas in PWS were sampled all seven 
years (Fig. 1). Three of the areas extended along the main basin of PWS 
from Bligh Island to the Hinchinbrook Entrance, and three extended 
from Perry Island Passage out through Knight Island Passage, a well-
documented pink salmon nursery and out-migration corridor (Cooney et 
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al. 1995, Willette et al. 2001). Three surveys were conducted each year at 
approximately three-week intervals from late April to early June (Table 
1). Several multiple-frequency systems were used during the course of 
the program. Fish densities were typically estimated using a 120 kHz 
frequency, although 70 kHz and 38 kHz systems were also used some 
years. Acoustic scattering from fish was measured in the upper 250 m. 
All systems were calibrated with standard targets following procedures 
of Foote et al. (1987). The acoustic data were analyzed using standard 
echo integration techniques (Thorne 1983a,b; MacLennan and Simmonds 
1992). A generalized acoustic cross-section equivalent to –32 dB per kg 
was used to estimate fish biomass from the fish backscatter (Thorne 
1983a). 

Results
Winter-period biomass estimates and trends
The initial acoustic survey of walleye pollock biomass in PWS in 1995 
produced an estimate of 37,963 ± 9,420 t. The biomass estimates peaked 
at 42,972 ± 19,223 t in 1998, then declined to 22,101 ± 2,512 in 2003 (Fig. 

Gulf of Alaska

Figure 1. Location of spring-period acoustic transects in Prince William 
Sound.
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2). These estimates were considerably higher than from the bottom trawl 
survey in 1989. They were also higher than corresponding estimates of 
the Pacific herring biomass, but substantially lower than the herring 
biomass prior to its collapse after the Exxon Valdez oil spill (Thomas and 
Thorne 2003). The decreasing trend of pollock abundance in PWS over 
the 9-year period was significant at the 95% level (Table 2).

From January through March, adult pollock were distributed pri-
marily in deeper basins adjacent to the Gulf of Alaska and at depths 
between 175 and 300 m (Figs. 3-4). In contrast, herring are distributed 
in protected bays and inlets at depths of 10-40 m (Thomas and Thorne 
2001, 2003). Steller sea lion distributions were closely associated with 
herring distributions rather than pollock, although commercial fishing 
for pollock had been implicated in the decline of the western stock of 
Steller sea lions (NMFS 2000). Steller sea lion numbers were positively 
correlated (99%) with herring abundance from synoptic aerial and acous-
tic surveys and negatively correlated (99%) with pollock abundance 
(Table 2). Only one Steller sea lion was ever detected above pollock 
concentrations in PWS throughout the extensive winter-period aerial 
and vessel surveys. 

Figure 2. Comparison of herring and pollock biomass estimates in Prince 
William Sound, 1988 to 2004. Herring values after Thomas and 
Thorne (2003).
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Year Cruise 1 Cruise 2 Cruise 3

2000 May 3-4 May 12-13 May 22-26

2001 April 18-20 May 11-14 June 13-15

2002 April 23-25 May 11-13 May 29-30

2003 April 28-May 1 May 15-18 June 11

2004 April 23-25 May 12-14 June 2-4

2005 April 20-22 May 8-10 June 7-8

2006 April 29-May 1 May 12-14 June 8-9

Table 1. Dates of spring cruises, 2000-2006.

Fall-period observations
Fall-period observations of juvenile and adult pollock were incidental 
to surveys that investigated predation by Steller sea lions on herring. 
Juvenile pollock were known from Sound Ecosystem Assessment obser-
vations to be distributed primarily within bays during fall, overlapping 
herring distributions (Stokesbury et al. 2000). PWSSC fall-period surveys 
during 2001, 2004, and 2006 encountered, sampled, and measured 
juvenile pollock in several bays. The average juvenile pollock depth was 
20.2 m at night and 44.4 m during day. Juvenile pollock schools were 
less dense than herring schools. No Steller sea lions were associated 
with the juvenile pollock schools, but humpback whales were observed 
diving above the schools. 

Unlike during winter, adult pollock were not seen in dense, deep 
layers during fall. However, adult pollock were often found in shallower 
bays and inlets. The fish could be detected acoustically and sampled by 
hand line, and were extensively foraging on age 0 herring. 

Spring-period monitoring 
Two distinct patterns of pelagic fish movement were observed during 
the spring-period monitoring from 2000 to 2006. The first was a general, 
progressive movement out of the deep main basins and into shallower 
and more protected regions of PWS (Fig. 5). The highest fish biomass in 
the main basin was observed during the first cruise every year except 
2002. For all years combined, the fish biomass in the main basin during 
the first cruise was significantly higher (95%) than that observed dur-
ing the last cruise. The inverse was seen in the corridor. The highest 
fish biomass in the corridor was observed during the last cruise every 
year except 2004, and again the fish biomass measured during the last 
cruise was significantly higher (95%) than that observed during the first 
for all years combined. 
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Figure 3. Typical winter-period vertical distribution of adult walleye pollock 
in Prince William Sound.

Gulf of Alaska

Figure 4. Typical horizontal distribution of adult walleye pollock in Prince 
William Sound during winter.
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Table 2. Tests of linear regressions.

Comparison n r t Significance

Trend of pollock abundance 1995-2003. 7 –0.87 3.95 95%

Synoptic aerial survey counts of Steller sea lions and 
acoustic estimates of herring biomass, 2000-2006. 18 0.88 7.41 99%

Synoptic aerial survey counts of Steller sea lions and 
acoustic estimates of pollock biomass, 2000-2006. 13 –0.60 2.49 99%

PWS Steller sea lions versus hindcast of herring abun-
dance from mile-days of spawn, 1973-2005. 13 0.72 3.41 99%

PWS Steller sea lions census, 1994-2004. 6 0.26 0.54 N.S.

PWS = Prince William Sound.

Figure 5. Progressive spring-period movement of pelagic fish, primarily 
pollock, out of main basins and into more protected regions of 
Prince William Sound. See Table 1 for cruise dates.
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The second pattern was a progressive inshore movement in the cor-
ridor region. To illustrate this, transects were divided into five equal 
sections, with section 1 the most shoreward 20% of each transect and 
section 5 the central 20% (Fig. 6). These transects are typically 3-4 km in 
length. The shoreward movement was associated with the odd calendar 
years, which were characterized by lower abundance of large copepods. 
The shoreward section had significantly higher (95%) fish density than 
the central section for odd years, but not for even (Fig. 7). 

Discussion 
Winter
Nearly 30 years ago, Thorne (1979) noted that adult walleye pollock in 
the Gulf of Alaska were distributed near the bottom above the conti-
nental shelf, but were totally pelagic off the slope. As a consequence of 
these distributional characteristics, both acoustic and bottom trawl sur-
veys are critical tools in the NMFS management program for pollock in 
both the Gulf of Alaska and Bering Sea. In contrast, PWS is dominated by 
relatively deep basins. This contrast appears to impact several aspects 
of pollock ecology in PWS. Winter distributions of pollock in PWS appear 
to be exclusively pelagic. There are substantial basins with sufficient 
depth to accommodate the apparent preferred depth distributions of 
175-300 m. The lower abundance of pollock estimated from the original 

Figure 6. Progressive shoreward movement of herring and pollock during 
spring 2001, a year of low macrozooplankton abundance. See 
Table 1 for cruise dates.



299Resiliency of Gadid Stocks to Fishing and Climate Change

summer bottom trawl survey in 1989 may have a seasonal component, 
but the difference is more likely the result of the limited near-bottom 
distribution of pollock. The higher acoustic estimates are also unlikely 
to represent a substantial increase in abundance between 1989 and 1995, 
since ADFG has conducted subsequent summer bottom trawl surveys, 
with generally similar results to the 1989 survey (Bechtol 2002).

The different depth regimes may also explain some of the dispar-
ity in the reported role of pollock as a food source for Steller sea lions. 
The initial report in the journal Nature that Steller sea lions in PWS 
focused on herring rather than pollock (Thomas and Thorne 2001) was 
controversial, although it is now well documented. Some of the disparity 
is related to season, since most historical research on Steller sea lion 
foraging behavior was conducted during summer. However, predation 
by Steller sea lions on pollock in the Gulf of Alaska and Bering Sea may 
result from the inability of pollock to achieve the depths needed to 
discourage sea lion predation. 

The observation in this paper that Steller sea lions in PWS focus on 
herring rather than pollock is supported by other data. Agency counts 
of Steller sea lions in Prince William Sound (Kruse et al. 2000, Sease et 
al. 2001) from 1973 to 2005 are positively correlated (99%) with herring 
abundance as measured by the magnitude of herring spawn (Table 2). 
There are only two years of agency Steller sea lion counts synoptic with 

Figure 7. Average inshore/offshore distribution of fish in the corridor 
region for odd and even year surveys.
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our pollock estimates. However, the Steller sea lion abundance in PWS 
from 1994 to 2004 trends upward, although not significantly (Table 
2), while the pollock abundance trend in our surveys is significantly 
downward.

Fall
The Exxon Valdez Oil Spill Trustee Council has recently expressed 
concern over the lack of recovery of the PWS herring stock. Among 
the factors that have been suggested to hinder recovery are predation 
and competition. Pollock is clearly the main competitor. The limited 
observations during fall suggest that adult pollock may also be a major 
predator, especially on age 0 herring. The observations also suggest that 
juvenile pollock may provide important forage for humpback whales. 
These aspects of pollock ecology in PWS need far more study.

Spring
Spring period zooplankton monitoring in PWS showed high abundance 
of large copepods in 2000 and 2002 and moderate abundance in 2004 
and 2006. Abundance was low in 2001 and 2003, and moderate in 2005. 
A significant inshore movement of pelagic fish was detected during 
the odd calendar years, which had the generally lower zooplankton 
abundance. Juvenile pink salmon are distributed near shore, while 
zooplankton distributions are more cosmopolitan. A shoreward move-
ment of pollock and herring would be an expected characteristic of prey 
switching from zooplankton to pink salmon (Willette et al. 2001).

The pelagic fish components were not separated in this study. 
However, pelagic fish biomass in PWS is dominated by pollock and her-
ring. During the day in spring, adult pollock are distributed primarily as 
individual fish in the upper 150 m, while herring break into small, dense 
near-surface schools. Both components shared the inshore movement, 
and Willette et al. (2001) documented prey switching for both pollock 
and herring.

Conclusions 
Rice (1995) and Cury et al. (2003) stress that understanding dominant 
biomasses is a key to understanding ecosystem function. The relatively 
long-term monitoring of pollock and herring, the two dominant pelagic 
biomasses in PWS, and their interactions with other species, has pro-
vided important insights into the functioning of the PWS ecosystem. 
One is the impact of the contrasting winter-period distributions on 
marine mammals and birds. Herring overwinter in protected bays and 
inlets at depths generally less than 40 m and are highly concentrated 
at densities greater than 0.1 kg per m3. This distribution is very ame-
nable to foraging by surface-oriented marine mammals and birds. In 
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contrast, adult pollock overwinter in deeper, offshore basins at depths 
greater than 150 m and are more cosmopolitan, but at densities 100 to 
1000 times lower than herring densities. It is apparent from the Prince 
William Sound Science Center research that Steller sea lions depend on 
herring for critical overwinter forage, and other research has shown that 
herring are critical to many species of marine birds (Irons et al. 2000). 
A change in the relative dominance between herring and pollock would 
have a major impact on ecosystems like PWS. The role of pollock as a 
predator on juvenile herring may be a factor in the dominance by pol-
lock in the Gulf of Alaska and the lack of recovery of herring in PWS.

The Prince William Sound Science Center spring-period surveys 
provide some validation of the conclusions of the Sound Ecosystem 
Assessment Program with regard to pollock. The movement of pollock 
out of the main basin and into inshore waters during years of low abun-
dance of large copepods was clearly consistent with the prey-switching 
behavior documented by Willette et al. (2001). The impact of this behav-
ior on pink salmon survival is the object of continuing studies by Prince 
William Sound Science Center.

While considerable progress has been made, it is clear that far more 
is needed to effectively address the complex role of pollock in the Prince 
William Sound ecosystem.
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Abstract
The effect of fishing on the marine ecosystem has been often summa-
rized as the trend in the mean trophic level of the catch. This metric 
has been shown to be declining in many parts of the world, a trend 
popularly known as “fishing down the food web.” The method has been 
criticized, however, because it typically considers only a single trophic 
level value for each component of the catch while considerable variation 
is known to exist in the food habits of marine organisms both season-
ally and ontogenically. Examining the seasonal food habits of Pacific 
cod we determine that significant differences in trophic level exist both 
with increasing size of the cod as well as by season. However, adjusting 
the mean trophic level of the entire commercial catch for changing cod 
trophic levels does little to change the interpretation of the status of 
Gulf of Alaska fisheries.

Introduction
The effect of fisheries on the marine ecosystem has been the subject of 
intense investigation over the last decade. One of the most influential 
metrics developed as an indicator of fishing effects on the ecosystem 
has been the mean trophic level of the fisheries landings (Pauly et al. 
1998). Declining mean trophic level of the fishery is commonly thought 
to demonstrate the shift from a fishery based on long-lived large preda-
tor species to one dominated by smaller, shorter-lived, zooplanktivo-
rous species (Pauly et al. 2001), a phenomenon known as “fishing down 
the food web” (Pauly and Palomares 2005). Changes in mean trophic 
levels of the catch may not always be due to fishing effects, however. 
Climate regime shifts have also been shown to dramatically reorganize 
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the marine ecosystem (Hunt et al. 2002, Litzow 2006) with resulting 
major changes in the composition and mean trophic level of the com-
mercial catches (Anderson and Piatt 1999).

Trophic level (TL) represents the position of an organism in the food 
web where primary producers (plants and detritus) by definition have a 
TL of 1. The TL of marine consumers can range from a value of 2.0 for 
first order consumers such as herbivores and detritivores, to as high as 
5.5. The latter value is rare, occurring only in specialized predators of 
marine mammals such as polar bears and killer whales. Trophic levels 
can be determined empirically through the analysis of diet composi-
tion data (Odum and Heald 1975), obtained as output from a food web 
trophic model such as ECOPATH (Christensen and Pauly 1992, www.
ecopath.org), or assessed using the stable isotope ratio of 15N/14N which 
increases by 0.34% at each feeding step in the food web (DeNiro and 
Epstein 1981, Kline and Pauly 1998).

The use of the mean trophic level of the fisheries landings as an eco-
system indicator has not been without its detractors (Caddy et al. 1998, 
Essington et al. 2006). Assigning a single TL value for each species in the 
catch, in particular, has been criticized since it fails to take into account 
changes in diet that occur as animals grow larger. The trophic level of 
a species can change by as much as 3 levels from birth to maturity for 
some top predators (Caddy et al. 1998). Pauly and Palomares (2005) 
argue, however, that most ontogenic changes tend to be small and as a 
fishery removes the larger individuals of a fish stock it would also have 
the effect of lowering the mean trophic level assigned to that species, 
resulting in an underestimation of the decline caused by fishing effect 
on the mean trophic level of the fishery. 

In addition to ontogenic changes in diet, intraspecific seasonal 
variations in food habits can be considerable (Daan 1973); but the diet 
composition data used to calculate TLs is typically taken from a limited 
number of data sets with seasonal food habits data sets being rare. In 
this study we utilize a seasonal diet composition data set of Pacific cod 
Gadus macrocephalus to determine the magnitude of both seasonal and 
ontogenic trophic level changes in this species. The range of cod TLs 
as determined empirically from seasonal diet composition is then used 
as an input in the calculation of the mean TL of the entire commercial 
catch. This approach is used to answer the question: do corrected values 
for Pacific cod TL appreciably change the interpretation of the changes 
in the mean TL? 

Pacific cod are well suited for this study since they are generalist, 
keystone predators that feed on prey items from several trophic levels 
(Jewett 1978, Albers and Anderson 1985, Aydin et al. 2002, Yang et al. 
2006), both up in pelagic and benthic areas. They are also an impor-
tant component of the commercial fisheries in the North Pacific with 



307Resiliency of Gadid Stocks to Fishing and Climate Change

catches averaging over 270,000 metric tons from 1995 to 2005. While 
overshadowed by walleye pollock and pink salmon catches, Pacific cod 
catch represented 9% of the Gulf of Alaska commercial fisheries harvest 
from 2000 to 2004 (NPFMC 2006).

Methods
Sample collection and laboratory analysis
Pacific cod (hereafter referred to as cod) stomachs were collected during 
six sampling periods: June 20-24, August 24-29, October 26-31, 1998; 
and January 7-17, March 30-April 5, and June 19-23, 1999 from 31 sta-
tions in Marmot Bay, on the northeast corner of Kodiak Island (Fig. 1). 
Cod were captured by an Alaska Department of Fish and Game (ADFG) 
research vessel towing a 400 Eastern bottom trawl net targeting soft 
substrates. The vessel made one tow per station during each sampling 
period, the tow location being determined by the vessel captain. Mean 
depth, bottom temperature, and starting and ending locations of each 
tow were recorded.

Figure 1. Station locations in Marmot Bay, Kodiak Island, Alaska, where 
stomachs were collected for diet composition. Each sampling 
period is represented by a bar with the tallest bar equaling 23 
stomachs.
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The stomachs were collected at sea following protocols established 
by the National Marine Fisheries Service (NMFS) Alaska Fisheries Science 
Center (e.g., Yang et al. 2006). A maximum of 40 stomachs per station 
were collected, with a minimum sample per station of 5 stomachs. Five 
specimens for every 10 cm size group were targeted. Stomachs from fish 
that showed signs of either net feeding or regurgitation were not col-
lected. Stomachs were preserved in 10% formalin and later transferred 
to 70% ethyl alcohol. Contents were identified at NMFS Alaska Fisheries 
Science Center laboratory to the lowest taxonomic level possible and 
enumerated. Wet weights were recorded after the contents were blotted 
with paper towels. When intact, commercial fish species were measured 
to the nearest centimeter fork length.

Data analysis
Cod prey items were assigned a trophic level as determined by a food 
web model for the Gulf of Alaska developed by K. Aydin and others at 
the NMFS Alaska Fisheries Science Center (pers. comm.). This model 
includes the microbial loop, which increases the TL of animals with TL > 
2.5 by 0.5 levels over estimates from models not including the microbial 
loop (K. Aydin, pers. comm.). For prey items that were not included in 
the food web model, species TL values were taken from the Fishbase 
database, increased by 0.5 to include the microbial loop. (www.fishbase.
org, Froese and Pauly 2000). The prey were assigned a single TL based 
on their taxonomic identity even though there is some variation in the 
TL of the prey species with size. Detailed diet information by size is not 
available for many prey taxa. In addition, the latitude for variation in TL 
decreases for species lower in the food web. The trophic level of each 
individual Pacific cod was calculated as

TL DC TLi ij j
j

n

= +
=

∑1
1

where i is the individual cod, j is the nth prey, and DCij is the diet com-
position as fractions of each j in the diet of i (Pauly et al. 2001). 

The trophic levels of cod calculated from the diet composition data 
were evaluated using analysis of covariance (ANCOVA) to determine 
if cod length or season had significant and independent effects on TL 
(Crawley 2002). Regression equations of cod TL on length by season 
were then used to calculate the TL of cod measured during sampling of 
the commercial fishery. Individual trophic levels were then averaged to 
obtain the TL of cod in the commercial catch. Nearly all cod retained in 
the fishery are from 40 to 80 cm fork length so this was the size range 
used in the analysis. The range of TL values by season from June 1998 
to June 1999 calculated from the cod catch was then input into calcula-
tions of the overall TL of all commercial landings using 
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where Yik is the landings of species i by weight in year k and TLi is its 
trophic level (Pauly et al. 2001).

Results
A total of 954 cod stomachs were sampled during the six sampling peri-
ods. Sufficient cod to complete the sampling protocols were not always 
attained especially at the ends of the length range. As reported in food 
habit studies from other areas, Pacific cod in Marmot Bay consumed a 
wide variety of prey items ranging in TL from 1.0 (red, green algae) to 
Pacific halibut with a TL of 4.5. The top 10 prey items by weight came 
from trophic levels ranging from 2.5 to 3.9 (Fig. 2). As the size of the 
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Figure 2. Trophic level and proportion in the cod diet by weight of the top 
ten prey items.
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sampled cod increased, walleye pollock became an increasing propor-
tion of the diet reaching 68% by weight for cod 85-90 cm in length. The 
proportion of Tanner crab in the diet remained constant at about 20% 
for cod larger than 50 cm (Fig. 3).

ANCOVA showed no significant two-way interaction between length 
and season (p = 0.237). ANCOVA also showed that length and season 
significantly affected Pacific cod TL (F6,825 = 9.731, p < 0.0001 for reduced 
model), but not with strong predictive characteristics (R2 = 0.07). Cod 
tend to have an increasing TL with increasing size (Fig. 4) and there 
were significant changes in TL by season, however those changes were 
independent of size. In other words, since the interaction term was not 
significant, larger cod consumed prey of increasing TL, regardless of 
season.

Estimated TL of cod from the commercial catch ranged from 4.01 
in August 1998 to 4.25 in January 1999 season (Fig. 5, Table 1). By com-
parison, the TL value from cod assigned by the food web model is 4.1. 
When our corrected range of values for cod was applied to the overall 
mean TL of the Gulf of Alaska commercial catch from 1956 to 2004, the 
resulting yearly differences in mean TL averaged only 0.01 over the 
period (Fig. 6). 

Discussion
The mean TL of the catch in the GOA has varied considerably over the 
last 50 years. The well documented regime shift of the late 1970s led to 
a reorganization of the ecosystem (Anderson and Piatt 1999) with one 
group (shellfish, capelin, and herring) declining while another group 
(Pacific cod, walleye pollock, and salmon) increased. This is reflected 
in the mean TL of the commercial catch. In 1974 over 50% of the catch 
was shrimp (TL 2.9) and crab (TL 3.2-3.3) with a resulting mean TL of 
3.59. As salmon (mostly pink salmon, TL 4.2), Pacific cod (TL 4.1), and 
walleye pollock (TL 3.7) came to dominate the catch, the mean TL of the 
catch rose to around 4.0 by 1999. This change is similar in magnitude 
to changes in TL associated with “fishing down the food web” effects 
(e.g., the east and west coasts of Canada, Pauly et al. 2001; Greek waters, 
Stergious and Koulouris 2000; and globally, Pauly et al. 1998).

In contrast, calculating the mean TL of the Gulf of Alaska catch 
using our range of TLs for cod, the maximum resulting yearly difference 
was 0.03 in 1992, the year when cod catches were at their highest level 
of 80,000 t. The average difference was 0.01 over the period 1956-2004, 
which is around 3% of the difference observed due to the regime shift. 
While we detected statistically significant differences in TL with increas-
ing fish size and by season, our analysis shows that adjusting the mean 
TL of the Gulf of Alaska commercial catch for these differences does 
little to change the interpretation of the status of the fisheries.
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Figure 3. Changes in the proportions by weight of prey items of Pacific 
cod with increasing size of the cod. The number in the legend 
following the name is the trophic level of that prey category.
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Table 1. Summary of cod stomachs collected for diet composition analysis 
and measured for length during the commercial fishery around 
Kodiak Island.

Stomachs sampled  
for diet composition

Stomachs measured from  
commercial harvest

Sampling  
period 

Stomach  
count

Number of  
measurements

Average cod  
length ± SDa

Trophic  
level

June 1998 226 309 61.9 ± 9.0 4.10

August 1998 176 52 61.9 ± 9.5 4.01

October 1998 118 255 63.9 ± 9.9 4.06

January 1999 168 157 62.9 ± 14.2 4.25

April 1999 146 4,237 60.8 ± 9.0 4.12

June 1999 120 577 62.8 ± 8.5 4.16

Total 954 5,587 62.3 ± 10.3 4.12

aCod length of the commercial catch, SD = standard deviation.
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Figure 6. Mean trophic level of the commercial catch in the Gulf of Alaska, 
1956 to 2004. The mean TL was calculated using three values 
for Pacific cod: 4.10 as determined by a food web model, and 
the range of 4.01 to 4.25, which was determined as the range of 
values seen in Pacific cod in Marmot Bay over a 1 year period, 
June 1998 to June 1999.
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