
OCEAN CARRYING CAPACITY PROGRANI: 
An Implementation Plan for the Gulf of Alaska 

by 

National Marine Fisheries Service 

Auke Bay Laboratory 
Alaska Fisheries Science Center 

National Marine Fisheries Service 
National Oceanic and Atmospheric Administration 

United States Department of Commerce 
11305 Glacier Highway 
Juneau, Alaska 99801 

USA 

Submitted to the 
NORTH PACIFIC ANADROMOUS FISH COMMISSION 

by the 
United States of America 

Nlarch, 1995 

THIS PAPER MAYBE CITED IN THE FOLLOWING MANNER: 

National Marine Fisheries Service 1995. Ocean carrying capacity program: an implementation 
plan for the Gulf of Alaska. (NP.A.FC Doc.) Auke Bay Laboratory, Alaska Fisheries 
Science Center, NMFS, NOAA, 11305 Glacier Highway, Juneau, AK 99801. 34 pp. 



TABLE OF CONTENTS 

1 . 0 .ABSTRACT •• 0 •••••••••••••••••••••••••••••••••••••• 0 • • • 3 

2 • 0 INTRODUCTION. . . • . . . . • . . . • . . . • . • • . • . • . . . . . . . • . . • • • . • . . 6 

3 • 0 BACKGR01:J'ND. • . . . . . . • . . • • . • • . . . • • • • • • . • . . . . . . . • • • • • • • • . 7 

3.1 Trends in Salmonid Size and Age at Maturity •.•••• 7 

3.2 Approaches towards Carrying Capacity Research ••.• 8 

3 • 3 ACC Ecosystem •.......•.•••......•.••••••••••••.•. 9 

3.3.1 

3.3.2 

3.3.3 

3.3.4 

Physical oceanography •....••..•••••.•....• 9 

Primary production ••••.••.••••••••.••••••• 10 

Secondary production ••••...•...••••••••.•• 11 

Target species •.••...•.•...•••••...••••••• 12 

3 .3 .4. 1 Salmonids ........................... 12 

3.3.4.2 Ecologically related species •••...•.. 14 

3.4 Main Hypotheses of Program •.............•.••..... 15 

4.0 PROGRAM IMPLEMENTATION •.....•....•........•.•........• 16 

4.1 Program Objectives .............•....•...•....•...• 16 

4.1.1 Program Elements ••.............••••.••.•.•• 17 

4.2 Experimental Program for Juvenile Salmonids ..•.••• 17 

4.2.1 Broad scale studies •••.•.•.•••.•••.•..•.... 18 

4.2.1.1 Shipboard surveys ....•..•••••..•.•• 18 

4.2.1.2 Satellite data ...•.•.•.•••••••••.•. 19 

4.2.2 Fine scale process studies .•...•.•.••...... 20 

4.2.3 Modeling and analysis ..•....•.•••...•••••.. 21 

4.2.3.1 Density dependence of growth •.••...• 21 

4.2.3.2 Trophic dynamics and diet overlap .•• 23 

4.2.4 Associated ACC Studies .........••.••••..... 24 

4.3 Experimental Program for Imm. and Mat. Salmonids .. 25 

4.4 Retrospective Studies of Historical Data •.•••.•••. 26 

5 • 0 LITERATURE CITED ..•...••..•••.•.••..•.•••••••.•••••.•.•. 29 

2 



3 

LO EXECUTIVE SUMlVIARY 

An Ocean Carrying Capacity (OCC) research plan is presented that provides the first U.S. 
effort to address the concerns expressed by the North Pacific Anadromous Fish Commission 
(NP AFC) about: (I) current trends in ocean productivity and their effects on salmonid 
(Oncorhynchus spp.) carrying capacity, and (2) changes in the growth. size at maturity, oceanic 
distribution, survival, and abundance of Pacific salmon. The plan has two principal goals: to 
describe the role and spatial distribution of salmonids in the marine ecosystem, and to test for 
density dependence in the growth rate of salmonids during various periods of ocean residency. 
We have selected the coastal marine phase of juvenile salmonids (ocean age .0) as our primary 
research emphasis. Our central hypothesis is that the growth of salmonids in the Alaska Coastal 
Current (ACC) is not food limited and not dependent on the density of salmonids and 
ecologically related species. A secondary research emphasis will be on immature and maturing 
salmonids inhabitating the Alaska Gyre. 

The implementation plan is divided into a study of juvenile salmonids, a study of 
immature and maturing salmonids, and a set of retrospective studies. The study of juvenile 
salmonids consists of five major research components: 

( I) Broad-scale field studies of juvenile salmonids will provide a basic description of the 
physical and biological properties of the ACC using a combination of ship surveys and 
satellite observations; 

(2) Fine-scale studies will focus on aggregations of salmonids or other juvenile fish to 
identify specific processes or factors that influence their spatial patterns and growth rates 
in the ACC; 

(3) Bioenergetic modeling of the effects of habitat quality and fish density on the growth 
rates of juvenile salmonids and ecologically related species; 

(4) Studies on trophic dynamics, diet overlap, and prey selectivity among juvenile fishes 
in the ACC will provide insight into the extent to which co-occurring juvenile fish 
species of the ACC compete; and 

(5) Associated ACC studies on the life history and migration of juvenile and adult fishes 
occupying the ACC which, although not directly related to OCC program objectives, can 
be incorporated into the sampling program. 

The study of adult salmonids is comprised of one major research component: 

(6) Broad-scale field studies of immature and maturing saImonids inhabiting the Alaska 
Gyre will be designed to assess seasonal and yearly changes in ocean productivity, and to 
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relate the distribution. abundance, and growth of maturing and immature salmonids to the 
physical and biological properties of the Gyre. 

The seventh major research component constitutes a separate section and is described as: 

(7) Retrospective studies of long-term trends in growth and abundance of salmonids and 
ecologically related species based on scale or otolith measurements. 

The study of juvenile salmonids relies on extensive acoustic and beam-trawl surveys of 
the ACC epipelagic ecosystem to collect data on the abundance and spatial distribution of 
juvenile salmonids and ecologically related species (prey, competitors, and predators), and to 
collect specimens for laboratory studies of growth and diet overlap. The surveys also will 
include the collection of data on hydrography and primary and secondary production to provide a 
description of the biological and physical habitat. The survey~ will consist of a series of 
transects, each starting near shore and extending across the ACC and beyond the continental 
shelf. The survey area will extend from Dixon Entrance northward and westward along the 
Alaska coast to Kodiak Island. Transects will be separated by 50-100 km to provide broad 
coverage of the survey area. Fine-scale sampling will be nested within the broad-scale surveys to 
identify specific processes or factors that int1uence the spacial patterns and growth rates of 
juvenile fish in the ACe. 

Survey data will be used to estimate several indices of juvenile fish growth in the ACC. 
Bioenergetic equations will be used to estimate a habitat quality measurement called growth rate 
potential (GRP). The GRP measurement integrates physiological-based models of fish growth 
with high-resolution spatial data on prey sizes, prey density, and the physical environment. It 
also potentially provides a direct estimate of density effects on the growth rate of an individual 
fish. The condition and daily otolith increments of individual fish also will be measured for 
several species of juvenile fish in the study area to compare their recent growth history. 

The study of immature and maturing salmonids will extend our carrying capacity studies 
to salmonids inhabiting the off-shore waters of the North Pacific Ocean. Shipboard surveys 
consisting of a series of transects in the Gulf of Alaska and using a combination of acoustics, 
plankton nets, and rope trawls will measure and monitor the biological productivity of this 
region, collect specimens of maturing and immature salmonids for growth, diet, and age-at
maturity studies, and identify factors associated with salmonid spatial patterns on the high seas. 
The surveys will be designed to interface with sampling conducted from Japanese and Canadian 
salmon research vessels in the North Pacific Ocean as part of the general program of cooperative 
international research on ocean ecology and carrying capacity. This cooperation also will include 
participation by U.S. scientists in some of the foreign cruises. 

The retrospective studies include: (1) indexing of scale growth during the juvenile life
history stage for Alaskan salmonids migrating though our study area, (2) analyses of scales from 
salmonid stocks monitored for long time-periods, (3) analyses of otoliths to compare long-term 
growth trends in selected groundfish species with salmonid growth, (4) analyses of scale growth 



of stocks widely separated geographically to identify regional growth groups, and (5) 
measurements of scale growth and length-at-age data from salmonids caught in rearing areas of 
the North Pacific Ocean to index salmonid growth in the marine environment. 
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2.0 INTRODUCTION 

In 1994, the NP AFC and the North Pacific Marine Science Organization (PICES) jointly 
agreed to study: (I) factors affecting current trends in ocean productivity and their effects on 
salmonid (Oncorhynchus spp.) carrying capacity, and (2) factors affecting changes in biological 
characteristics (growth, size at maturity, oceanic distribution, survival, and abundance) of Pacific 
salmon. This agreement came during the period that PICES developed a science plan (called the 
Carrying Capacity and Climate Change (CCCC) plan) for determining the subarctic Pacific's 
carrying capacity of salmonids and other high-level carnivores and the effect of climate 
variations. 

The United States party of the NPAFC advocates implementation of a research program 
to support the CCCC study under development by PICES. This implementation plan is designed 
to do that. The plan will serve as the first U.S. research effon; applied toward the CCCC program 
and will be the first substantial U. S. commitment to ocean salmonid research in more than a 
decade. Research under this plan also bridges the gap between ongoing coastal ecosystem 
studies, such as those in Prince William Sound, and high seas salmonid studies conducted by 
NPAFC member countries. 

This plan relies upon the cooperative participation of scientists from the Department of 
Fisheries and Oceans of Canada, Fisheries Agency of Japan, Hokkaido University, and the 
Russian KamchatNIRO and Pacific Research Institute of Fisheries and Oceanography (TINRO). 
Funding support will be provided to principal investigators from the National Marine Fisheries 
Service. University of Alaska, University of Washington. and possibly other government 
agencies and universities. 
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3.0 BACKGROUND 

3.1 Trends in North Pacific Productivity, SaLmonid Body Size. and Age at Maturity 

Remarkable changes in :ltmospheric, oceanic, and biological conditions have occurred in 
recent dec:ldes in the North Pacific Ocean and adjacent waters (PICES 1995). In this century, the 
far e:lStern and C:1lifornia stocks of P:lcific sardine (Sardinops sagax) peaked in abundance in the 
I 920s :lnd 1930s. declined significantly in the 1950s and 1960s, then began increasing in the 
mid-1970s (Kawasaki and Kumagai 1984; Lluch-Belda et a1. 1989). There was also an estimated 
50% incre:lSe in the average summer primary production in the central North Pacific (Venrick et 
a1. 1987) between two periods (1956-1962 and 1980-1989) there was an estimated two-fold 
increase in the biomass of zooplankton at Ocean Station P (145°W, 50 0 N) in the south-central 
Gulf of Alaska (Brodeur and Ware 1992); and the abundance,of pomfret (Bramajaponica) and 
neon t1ying squid (Ommastrephes bartrami) in the e:lStern subarctic Pacific has increased since 
the mid-1970s (Brodeur and Ware 1994). Combined North American catches of salmonids in 
the North Pacific also declined steadily from historic highs in the late 1930s to a low in the 
mid-1970s (INPFC 1979; Fredin 1980). By 1980, however, there was a striking increase in 
North American salmonid c:ltches (Rogers 1984, 1987), and recent Alaskan salmonid catches 
have risen to historic high levels for this century (Beamish and Bouillon 1993; Rogers and 
Ruggerone 1993; Olsen 1994). An estimated increase in the average annual production of adult 
salmon in the Gulf of Alaska from :lpproximately 2.5 x 105 t in 1950-1977 to 4.0 x 105 t in 1981-
84 is likely the result of an increase in marine survival (Rogers 1984, 1987). These large-scale 
changes in biological production of many species in the North Pacific Ocean are probably linked 
to decadal-scale changes in oce:ln and atmospheric conditions (e.g., Brodeur and Ware 1992; 
Hollowed and Wooster 1992: Beamish and Bouillon 1993; Francis :lnd Hare 1994; Latif and 
Barnett 1994: Polovina et a1. 1994; Trenberth and Hurrell 1994). 

Coincident with recent increases in salmonid production, the average size of adult 
salmonids has decreased and age at maturity has increased in some areas of the North Pacific. 
Density- dependent growth in the ocean has been suggested as the possible cause of a decrease in 
adult body size and an increase in age at maturity of Japanese hatchery chum salmon (0. keta) 
that occurred as hatchery production increased exponentially beginning in the 1970s (Kaeriyama 
1989: Kaeriyama and Urawa 1992). Significant increases in mean age and decreases in mean 
body weight, mean scale radius, and mean width of the third-year zones of age .4 chum salmon 
have occurred in Japanese hatchery fish and some Russian stocks after 1970, but not in a 
Canadian stock (Fraser River) (Ishida et a1. 1993). There was also a significant negative 
relationship between research gillnet catch per unit effort (CPUE) and mean body weight for 
maturing and immature chum salmon caught in June and July in the central North Pacific (46-
52 ON, 170oE-1700W), where the distribution of Japanese and Russian chum salmon is known to 
overlap (Ishida et a1. 1993). Density-dependent growth of chum salmon was also observed in 
immature (age .2) chum salmon caught in 1958-1977 in the ocean south of Adak Island, where 
chum salmon stocks are primarily of Asian origin (Rogers 1980). Since the early 1970s, the 
average body weight of chum salmon in several North American stocks has declined by 46% 
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(Helle and Hoffman 1994). An inverse relationship between body size and abundance for some 
stocks of pink salmon (0. gorbuscha) has been attributed to density-dependent marine growth or 
availability of food (Takagi et a1. 1981). The mean weight of most British Columbian pink 
salmon stocks decreased between 1959 and 1975, and since 1975 this trend has continued for 
some stocks (Ricker et al. 1978: Healey 1986). Growth rates of abundant stocks of several 
species of salmonids also appear to be inversely related to stock size of pink salmon (Peterman 
1987). Salo (1991) concluded that cycles in chum salmon behavior, age at maturity, size, marine 
survival, and abundance are related to strong biennial cycles of abundance in pink salmon, that 
competition in the ocean is the ultimate cause of these cycles, and that ocean environmental 
effects override the genetic mechanisms affecting cyclic behavior. Ogura et a1. (1991) found 
substantial odd-even year tluctuations in the second year of ocean growth on the scales of coho 
salmon (0. kisutch) from the western North Pacific, and hypothesized that this was due primarily 
to the overlap of diet between coho and pink salmon. In 1990 and 1991, the body size of adult 
Bristol Bay sockeye salmon (0. nerka), which are now at hist®ric high levels of abundance, was 
unusually smaiL which raised concerns about limited ocean carrying capacity (Rogers and 
Ruggerone 1993). Analyses of size. abundance, and scale pattern data indicates that density
dependent growth in Bristol Bay sockeye salmon occurs in their last summer in the ocean, when 
maturing fish are concentrated during their return migrations (Rogers 1980: Rogers and 
Ruggerone 1993). 

The biomass of salmonids and other high trophic level carnivores may be approaching 
their present carrying capacities in the North Pacific Ocean (PICES 1995). The recent changes in 
abundance, body size, and age at maturity of salmon. combined with information from scale 
pattern analyses. suggest that intra- and inter-specific density-dependent growth is occurring in at 
least some stocks of immature and maturing salmon on the high seas (Kaeriyama 1989; Ogura et 
a1. 1991; Ishida et al. 1993; Rogers and Ruggerone 1993). The decrease in body size of adult 
salmon is of major concern to the salmon industry and fisheries managers because it may result 
in decreased catch biomass and reproductive success (see McAllister and Peterman (1992) for a 
review of the literature). There is also evidence that when mean size of salmon declines, survival 
of progeny declines as well (Helle 1989). 

3.2 Approaches to Ocean Carrying Capacity (OCC) Research 

Carrying capacity is an often used but rarely defined concept in fisheries ecology (e.g., 
Cooney 1993; Newell and Turley 1987). Published definitions include "the abundance or 
standing stock towards which a population will tend to move in the absence of harvesting", and 
"greatest annual biomass yield for a stock in a given region" (Frechette 1991). A definition more 
relevant to our study and recently considered by PleES (1995) is: 

"Carrying capacity is a measure of the biomass of a population that can be 
supported by the ecosystem. The carrying capacity changes over time with the 
abundance of predators and the supply of food. The food supply is a function of 
the productivity of the prey populations and competition for that food from other 



predators. Changes in the abiotic environment affect the distributions and 
productivity of all populations involved." 

This concept is further complicated for species migrating across several ecosystems 
during their life-cycle. Salmonids. for example, begin life in a freshwater environment and then 
migrate to the sea where they pass through estuary, coastal, and off-shore marine environments 
before returning to their natal stream. Each of these environments may have its own carrying 
capacity, thereby imposing limitations on a populations's biomass during that life-history stage. 
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The carrying capacity issue is important for salmonids because of the ever increasing 
releases by some enhancement programs in Asia and North America, which is apparently based 
on the assumption that the ocean has an unlimited capacity to support additional salmonids. Yet, 
as the previous section pointed out, many scientists believe that this assumption is not true. Our 
OCC study is designed to experimentally test that assumption .. We have simplified our analysis 
by primarily considering density effects on salmonid growth during their juvenile (age .0) life
history stage. an important stage where growth has been shown to be density dependent 
(Peterman 1984) and related to marine survival rates (Personal comm., H. Jaenicke, NMFS Auke 
Bay Laboratory, 11305 Glacier Hwy, Juneau AK 99801). Analyses of growth of immature and 
maturing (age .1 and older) salmonids are of secondary importance, primarily because of 
limitations in funding and not necessarily because of research interest. 

3.3 Alaska Coastal Current (ACC) Ecosystem 

3.3.1 Phvsical OceanoQ:raDhv 

Physical oceanography of the eastern Gulf of Alaska has not been studied intensively; 
thus, most information on the eastern Gulf of Alaska has been drawn from historical sources that 
generally summarize the whole Northeast Pacific. Physical oceanographic features of the Eastern 
Gulf of Alaska are strongly influenced by the eastward North Pacific Drift, seasonal meteorologic 
patterns, and annual variation of major climatological processes. Sea surface temperature varies 
from minima near 4°C in February to maxima near 17°C in July-August. Offshore surface 
salinity may range from <32%0 in mid-summer to near 34%0 in mid-winter. Seasonal variation is 
most evident in the surface 50-100 m. Nearshore surface salinities may be as low as 24%0 near 
large rivers or glacial freshwater sources. A permanent pycnocline at 100-150 m is generally 
found offshore of the continental slope but is absent over the continental shelf. Below this 
permanent pycnocline to 1O00 m, temperature decreases with depth from 6.0° to 3.5 °C and 
salinity increases from 33.75%0 to 34.30%0 at about 1000 m with little seasonal variation. 

Currents in the eastern Gulf of Alaska flow north from the Queen Charlotte Islands, B.C., 
toward Prince William Sound, before converging with the westward flowing Alaska Stream. The 
eastern Gulf of Alaska currents appear to be grouped into three or more separate components: (1) 
The Alaska Current is the eastern boundary current. typically several hundred kilometers wide 
and occuring along the western and northern edge of the counter-clockwise Alaska Gyre, in the 
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central and western Gulf of Alaska. During the summer the Alaska Current is evident as a warm 
water tongue flowing north and westward offshore of the continental shelf; (2) Over the 
continental slope and shelf, more variable currents and mesoscale eddies are produced by 
variations of topography, atmospheric pressure gradients, coastal winds, and freshwater runoff. 
These slope and shelf currents and eddies may be intermittent and of short duration (e.g., the 
Glacier Bay plume), seasonal (e.g., the winter Haida Current) or may persist for more than a year 
[e.g., Sitka Eddy (Tabata 1982)]; (3) Inshore of these slope and outer shelf features is the Alaska 
Coastal Current, which is generally restricted to the inshore 40 km of the continental shelf. 

The effect of annual variability of these oceanographic features on ocean productivity is 
not well documented. Annual variability of the strength and duration of these features may 
contribute to variation of the migration patterns of salmonids in Southeast Alaska (Hamilton and 
Mysak 1986) and to the year-class strength of groundfish in the eastern Gulf of Alaska. The 
mechanisms through which the regional and local physical oceanographic conditions affect 
fishery productivity may be as simple as thermal gradients controlling migration routes or as 
complex as the interactions of water stability, insolation, regional upwelling of nutrients, or other 
factors, determining primary production and subsequent secondary production in the region. 

3.3.2 PrimarY Production 

There are few published reports on primary production rates and phytoplankton standing 
crops for the eastern and northern Gulf of Alaska. Primary production time-series data are 
notably lacking, except for Ocean Station P (SOON, 14S0W), which is at the southern edge of the 
North Pacific Drift and more often reflects conditions of the southern portions of the North 
Pacific Transition Zone than the Gulf of Alaska. At Ocean Station P, there is less variation in 
phytoplankton crop (measured as pigment observed by satellite Coastal Zone Color Scanner) 
than many other oceanic and coastal areas, possibly due to strong zooplankton grazing. Peak 
standing crop appears to be in the fall (October) in contrast to continental shelf areas, which have 
phytoplankton peaks in the spring and early summer. Seasonal variation in phytoplankton 
standing crop at Ocean Station P appears to be about three fold, whereas annual variation may be 
over 10 fold (Banse 1994). 

The eastern and northern regions of the Alaska Gyre are expected to have primary 
production patterns similar to Ocean Station P, but possibly with a stronger seasonal signal. 
Plant nutrients are expected to be relatively high and not limiting because of continuous 
upwelling within the gyre. A late-spring or summer peak in primary production is expected to 
result from higher insolation and increased water stability as the seasonal pycnocline develops 
and the mixed layer decreases in depth. The phytoplankton standing crop, however, may still be 
low «0.5 mg ChI-a mo3

) because of intense zooplankton grazing. Satellite imagery summarizing 
ocean productivity for 1979 indicated a progression of decreasing productivity from nearshore 
coastal waters to the center of the Alaska Gyre. 



11 

Over the continental shelf. primary production is more apt to follow a classic high
latitude cycle of strong spring blooms (April-June) which deplete primary nutrients, followed by 
lesser summer and fall blooms and a winter period of minimum primary production from January 
through March. Although most of the eastern and northern Gulf of Alaska continental shelf is in 
a downwelling region. localized upwelling off headlands and terrestrial runoff provide nutrients 
for relatively high production from April through October. July-October standing crops on the 
continental shelf are typically 5-10 fold those in the central Alaska Gyre (NSFINASA 1989). 

Detailed studies on the timing and magnitude of phytoplankton blooms in the Gulf of 
Alaska have not been published. Anecdotal observations indicate that the spring blooms on the 
shelf begin earlier and last longer than those observed in coastal inlets of southeastern Alaska 
(Ziemann and Fulton-Bennett 1990), Prince William Sound (Valdez), and Kenai Peninsula 
(Seward). Additionally, the blooms are not as intense. In the coastal inlets and shelf waters, 
diatoms are the initial contributors to the phytoplankton bloom, contrasting to the central gyre 
where microtlagellates are suspected to be the major primary producers. 

3.3.3 Secondarv Production 

Secondary or zooplankton production is the forage base for juvenile salmonids and other 
nekton in the eastern Gulf of Alaska. Based on seasonal studies at Ocean Station P from the late 
1950s through the late 1970s and broader oceanographic surveys of Gulf of Alaska in the late 
1950s and early 1960s. the annual zooplankton cycles of the eastern Gulf of Alaska are believed 
to be more complex than generally described for the north Atlantic and other high-latitude 
ecosystems that have trophic systems dominated by one or two species. In the eastern Gulf of 
Alaska. a complex of five or more species of large calanoid copepods and several species of 
smaller calanoids, euphausiids, and amphipods all make significant contributions to the 
zooplankton standing crop. These organisms have differing life-history cycles and ontogenetic 
migration patterns. and respond differently to annual and seasonal changes of the physical 
environment . .Mean zooplankton standing crop above the permanent pycnocline (about 150 m) 
varies twenty-fold from February minima «10 mg m·3

) to June-July maxima (>200 mg mo3
) in 

oceanic waters. Annual variation of the oceanic zooplankton standing crop in June-July may 
vary over six-fold. Zooplankton standing crop and production over the continental shelf may be 
more variable than in the central Gulf of Alaska because of the presence of larvae from benthic 
invertebrates in the spring and early summer. 

The diversity of life histories and ontogenetic migration patterns observed in the 
numerically dominant zooplankton groups makes it difficult to generalize or model secondary 
production in the eastern Gulf of Alaska. Large calanoids with a single generation per year (e.g., 
Neocalanus spp) and a center of distribution in the central Gulf of Alaska may be present near 
the surface and available to juvenile salmonids on the continental shelf only when physical 
oceanographic conditions produce strong onshore transport in the spring. Other species with 
multiple generations per year and a center of distribution over the continental shelf (e.g., Calanus 
spp. and some euphausiids) may be available from late spring through summer or early fall. 
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In addition to int1uencing the distribution of crustacean zooplankton generally recognized 
as forages for young salmon ids. the variations of cross-shelf transport due to downwelling and 
the coastal currents are associated with large changes in the abundance of non-crustacean 
zooplankton (e.g .• salps and pteropods). Increased periods of onshore transport in middle and 
late summer can correlate with large masses of salps and occasionally pteropods over the 
continental shelf. whereas other zooplankton are often in low abundance. Although chum 
salmon forage heavily on pteropods and gelatinous zooplankton, the importance of these species 
in the diets of other salmonids and nekton is not well documented. 

3.3.4 Tar2:et Species 

3.3.4.1 Salmonids 

Limited knowledge exists concerning juvenile salmonids in their first summer at sea in 
the Gulf of Alaska. The first field research program to study juvenile salmonids in the open 
coastal waters of the Gulf of Alaska (north of SOON) was conducted by the Fisheries Research 
Institute (FRI) from 1964 through 1968. The results of this research are summarized in a series 
of joint comprehensive reports on the ocean distributions and migrations of Pacific salmonids 
published by the International North Pacific Fisheries Commission CI1"TPFC): coho (Godfrey et 
al. 1975), sockeye (French et al. 1976), chum (Neave et al. 1976), chinook (Major et al (1978), 
and pink (Takagi et al. 1981), and steelhead (Burgner et a1. 1992), and in Hartt and Dell (1986). 
To our knowledge, the only other published field study of juvenile salmonids in the open coastal 
waters of the Gulf of Alaska was conducted by Auke Bay Laboratory (ABL) in August 1983 and 
July-August 1984 (Jaenicke and Celewycz 1994). Differences in program objectives and in 
methods of sampling and data analysis between FRI's study in the 1960s and ABL's study in the 
1980s make the direct comparison of results difficult. Nevertheless, these two studies provide 
the only field data available on juvenile salmonids in the open coastal waters of the Gulf of 
Alaska. 

The primary objectives of FRI's study were to determine distributions and migrations of 
juvenile salmonids during their first summer at sea and to identify the major stocks in areas of 
concentration (Hartt and Dell 1986). Purse seine gear (704 m long x 46 m deep; 25 mm mesh in 
the bunt section) was selected as the sampling gear because seines have a high catch per unit 
effort, are relatively nonselective, the fish caught are in good condition for tagging and scale 
sampling, and seines can be fished to determine directional movement of fish at the point of 
capture (Hartt and Dell 1986). The seine was set by holding it open in an approximate semicircle 
for 30 minutes before closing and pursing. Direction of individual sets varied. Most of the 
sampling was conducted within 40 km of shore. 

Fishing strategy is not well described by Hartt and Dell (1986), and sampling, at least in 
part, may have been opportunistic in that there were apparently no predetermined sampling 
stations, and much of the sampling for juveniles was done while vessels were in transit to and 
from FRI's Adak Index Area in the central Aleutians. In addition, because the long-term 
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objective of FRI's historical field program was to tag as many fish as possible for INPFC-related 
stock identification studies, areas of concentration of salmon may have been located prior to 
sampling at a particular location. 

The major results of FRI's 1960s study, summarized by Hartt and Dell (1986), are as 
follows. Juveniles of all species of Onchorynchus began to enter the open ocean by late June, but 
entry was apparently earlier for coho, chinook (0. tshawytscha), and steelhead (0. mykiss), 
which entered at a minimum length of about 15 cm. than for sockeye, chum. and pink salmon. 
which entered at a minimum length of about 10 cm. Open ocean entry began earlier in the 
southern portions of the study area than in the northern portions. Juvenile sockeye, chum, and 
pink salmon occurred primarily along the coastal belt from Cape Flattery to the eastern Aleutian 
Islands at least through September. Some juvenile coho and chinook occurred well offshore by 
July, but most occurred in the coastal belt. Steelhead were rare in the coastal belt. Upon ocean 
entry, juvenile sockeye. chum. and pink appeared to follow a definite migratory route. The 
majority of fish entering the ocean from Washington, British Columbia, and southeastern Alaska 
migrated northward relatively near to the shore within a coastal belt less than 20 miles wide. In 
the northern Gulf of Alaska. where the continental shelf is wider, juvenile sockeye. chum, and 
pink were distributed farther offshore. In the area south of the Alaska Peninsula between Kodiak 
and U nimak Islands, migration was southwestward parallel to the shore and offshore distribution 
was relatively broad. Age.O sockeye and chum salmon were rare south of the central Aleutian 
Islands. where age .1 fish were abundant. In late September (when sampling was terminated) 
juveniles were still present in shelf areas. The locations and timing of offshore movements were 
unknown. but by the following spring the distribution of age .1 fish extended well offshore and 
over a broad geographical range from east to west and north to south. Tag return data showed 
that in the coastal belt off southeastern Alaska and Yakutat juvenile sockeye, pink, and chum 
were a mixture of stocks from areas extending southward to Puget Sound. Age.O coho and 
chinook salmon originated from areas as far south as California. The pattern of dispersion of 
juvenile sockeye, pink. and chum salmon was characterized by "smalL uniformly distributed 
patches or schools rather than by large compact schools with extensive vacant or sparsely 
populated areas between." Estimated density of all species of juvenile salmon during peak 
periods of catch was 0.0015 salmon per ml. Maximum densities of juveniles (0.0193 salmon per 
ml) and older fish were similar, indicating an upper limit to the density of salmon that may apply 
to all age groups. Estimated rates of travel along the British Columbia and southeastern Alaska 
coasts ranged from 3 to 15 nm/day. Juvenile sockeye, chum, and pink salmon were similar in 
size and showed similar seasonal increases in length. Estimated daily growth rates ranged from 
.10 to .18 cm during their first 54 to 123 days at sea. Stomach contents data were not formally 
analyzed, but were reported qualitatively for some years in INPFC Annual Reports (Hartt et al. 
1969, 1970). Euphausids and larval fish were the dominant prey in most samples of juvenile 
sockeye, chum, and pink salmon, and pteropods, copepods, and amphipods were also a dominant 
prey in some areas. According to Hartt and Dell (1986), there were no areas or time periods 
when empty stomachs were numerous, or where fish appeared emaciated, and in many areas 
where juvenile salmon were concentrated, an abundance of food organisms could be observed. 
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The objectives of ABL's study, conducted in July 1983 and July-August 1984 in the 
marine waters off northern British Columbia and Southeast Alaska, were to detennine relative 
distribution. abundance, and size of juvenile salmon in three habitats: (1) exposed outside waters, 
(2) protected marine waters adjacent to the outer coast, and (3) inside waters of the Alexander 
Archipelago of Southeast Alaska. and to compare abundance and size of juveniles in the outside 
waters of Southeast Alaska and northern British Columbia (Jaenicke and Celewycz 1994). 
Sampling in open coastal waters was conducted at predetennined stations located along transects 
perpendicular to shore. usually within 37 km of shore except in August 1984, when transects in 
Southeast Alaska extended as far as 74 km offshore. The stations were sampled with table (455 
m long; 11 m deep and 25 mm mesh in the bunt) and drum (503 m long x 46 m deep; 25 mm 
mesh in the bunt) seines. All of the seine sets were round hauls. In contrast to FRl's study, 
juvenile pink, chum, and sockeye salmon were found to be highly aggregated by species, and 
their overall distribution was extremely patchy. Pink, sockeye, and chum salmon catches were 
closely associated with each other but not with coho salmon. Although an analysis of food habits 
data was not presented, the authors reported that a high degree of diet overlap was observed 
between pink, chum. and sockeye. Pink salmon were the most abundant species in all habitats. 
In Southeast Alaska. the CPUE of juvenile pink. chum, coho, and chinook salmon was greater in 
inside waters than in outside waters, and sockeye salmon were more abundant in outside waters 
than inside waters. Similar to the results of FRI's study, coho salmon juveniles were significantly 
larger than pink, chum. and sockeye salmon, which were similar in size. Sizes of young salmon 
were larger progressing seaward and northward, evidence that they had been at sea longer than 
smaller fish found more commonly inshore and southward. Movement from inside to outside 
waters was not complete by the end of August, and abundance of all species in outside waters 
increased from July to August 1984. In contrast to FRI's study, the migration band of juvenile 
salmon off Southeast Alaska extended beyond the continental shelf, to at least 74 km offshore. 
Juvenile coho salmon were the least abundant species beyond 56 km, abundance of juvenile pink 
and chum salmon was highest near 37 km offshore, and the abundance of juvenile sockeye was 
greatest 37 -74 km offshore. Fish were found offshore earlier (August) at a much smaller size 
( 145-170 mm mean FL), than in the FRI study (September or October, 180-230 mm or greater 
mean FL). The differences in the results of the FRI and ABL studies could be due primarily to 
differences in fishing gear and sampling and data analysis techniques. However, some of the 
differences may also be related to changes in the abundance of juvenile salmon, ocean 
productivity, and environmental conditions in the Alaska Coastal Current between the 1960s and 
the 1980s. 

3.3.4.2 Ecologically Related Species 

The early life stages of various non-salmonid species may be associated with juvenile 
salmonids in near-surface habitats. The available knowledge about the biology and ecological 
relationships during the near-surface stage of these non-salmonid species is limited. These non
salmonids include commercially important groundfish species, such as juvenile sablefish 
(Anoplopoma fimbria), rockfish (Sebastes spp.), walleye pollock (Theragra chalcogramma), and 
lingcod (Ophiodon elongatus), which pass through a near-surface stage before occupying benthic 
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or midwater adult habitats. Age-O sablefish may be found in off-shore surface waters during 
July-September before migrating to inshore nursery areas (Kendall and Matarese, 1987; Rutecki 
and Varosi, 1995). Abundant year-classes of sablefish in the eastern Gulf of Alaska have been 
correlated with climate and ocean conditions (McFarlane and Beamish 1992). Some species of 
juvenile rockfish may be present in midwater to surface waters for up to one year (Moser and 
Boehlert, 1991). Juvenile black rockfish (Sebastes melanops) and four other unidentified 
rockfish species were some of the most common non-salmonid fishes caught in beam trawls off 
British Columbia in summer (Hargreaves, N.B. Dept. Of Fisheries and Oceans. Pacific 
Biological Station, Nanaimo B.C. Canada. personal comm.). Studies of the early life-history of 
walleye pollock have mostly focused on egg and larval stages (Dunn and Matarese 1987). 
Juvenile pollock were caught in surface trawls in inside waters of Southeast Alaska, and were 
associated with cooler water during June and July (Orsi. J. NMFS Auke Bay Laboratory. 11305 
Glacier Hwy. Juneau AK 99801. personal comm.) and in surface waters of British Columbia. 
Juvenile lingcod were also common in surface waters off British Columbia in summer. 

3.4 Main Hypotheses of Program 

The research program is centered around two principal goals: to test for density 
dependence in the growth rate of salmonids during various periods of ocean residency, and to 
describe the role and and spatial distribution of salmonids in the marine ecosystem. These two 
goals are reflected in two sets of hypotheses. Three associated hypotheses related to salmonid 
growth dynamics are: 

H) Central Hypothesis: growth of salmonids is not food limited and not dependent 
on the density of salmonids':md ecologically related species. 

HI Density Dependent Growth Hypothesis: growth of salmonids becomes limited 
through competition for food~ and 

H~ Low Productivity Hypothesis: growth of salmonids is food limited, even in the 
absence of other competitors. 

Three associated hypotheses related to salmonid distribution patterns are: 

H3 Maximum Growth Hypothesis: salmonids and ecologically related fish species 
are distributed to maximize growth potential; 

H4 Growth-Predation Trade-off Hypothesis: salmonids and ecologically related 
species are distributed as a trade-off between predation and growth; and 

Hs Passive Movement Hypothesis: salmonids and ecologically related fish species 
are passive, opportunistic feeders, and their distribution is not related to growth 
potential or predator pressure, but is related to physical transport. 
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4.0 PROGRAM IMPLEMENTATION 

This implementation plan was developed to address questions concerning the dynamics of 
salmonids during their juvenile life-history stage, utilizing the hypotheses presented in section 
3.4 to focus research efforts. The first major field program will begin in 1995. Research efforts 
in 1996 and beyond are expected to change slightly in focus with a likely increased emphasis on 
fine-scale sampling, modeling, and trophic dynamic studies. This section begins with a 
description of program objectives followed by a general presentation of each scientific 
component of the plan. 

4.1 Program Objectives 

(1) Quantify the broad- and fine-scale spatial distributions of juvenile salmonids and 
ecologically related species in relation to the biological and physical features of 
the ACC epipelagic ecosystem. Similarly, relate the spatial distributions of 
immature and maturing salmonids to the biological and physical features of the 
Alaska Gyre [Hypotheses 3-5]. 

(2) Determine how fishes of the ACC and Alaska Gyre ecosystems partition food 
resources (through differential diets or spatial distributions) [Hypotheses 0-5]. 

(3) Measure the effects of temperature and predator/prey densities on growth of 
juvenile salmonids and ecologically related fish species, and develop spatially 
explicit models of growth using bioenergetic equations [Hypotheses 0-5]. 

(4) Use biological characteristics of Alaska salmonid stocks to quantify the growth 
history of juveniles occupying the ACe. Compare the growth histories to the 
growth results from the energetic studies. Identify regional similarities and 
differences in growth [Hypotheses 0-2]. 

(5) Develop a monitoring program to index yearly changes in biological productivity 
and salmonid growth rates in the Alaska Gyre [Hypotheses 0-2]. 

These objectives arise from the two principal goals of our research. The first goal is to determine 
factors affecting the spatial distribution of salmonds which first requires us to identify and 
describe the habitat utilized by salmonids during their ocean residence period. This goal is the 
basis for the descriptive study of salmonids in the ACC and Alaska Gyre identified in program 
objectives 1-2, and is characterized by the spatial distribution hypotheses. The second goal, 
which is characterized by growth hypotheses, is to test for density dependence in the growth rate 
of salmonids during various periods of ocean residency. This test is done directly using the 
spatially explicit models of growth (program objective 3), or indirectly using analyses of 
salrnonid growth histories and time-series data on the biological and physical characteristics of 
the North Pacific Ocean (program objectives 4-5). 
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4. 1.1 Program Elements 

The acc study is divided into a study of juvenile salmonids, a study of immature and 
maturing salmonids, and a set of retrospective studies. The study of juvenile salmon ids consists 
of five major research components: 

( I) Broad-scale field studies of the distribution and abundance of juvenile fish in the 
Alaska Coastal Current (ACC) epipelagic ecosystem; 

(2) Fine-scale studies of the pattern and extent of large aggregations of juvenile fish 
in the ACC; 

(3) Bioenergetic modeling of the effects of habitat quality and fish density on the 
growth rates of juvenile salmonids and ecologically related fish species; 

( 4) Trophic dynamic and diet overlap studies assessing the extent of competition 
between juvenile fishes and the predator-prey relationships in the ACC; and 

(5) Associated studies on the life history and migration of juvenile and adult fishes 
occupying the ACe. 

The study of immature and maturing salmonids consists of one major research component: 

(6) Broad-scale studies of the Alaska Gyre with particular emphasis on assessing 
yearly changes in its productivity and on relating the distribution, abundance, and 
growth of maturing and immature salmon ids to the physical and biological 
properties of the Gyre. 

The seventh major research component constitutes a separate section and is described as: 

(7) Retrospective studies of growth trends of salmon ids and ecologically related 
species based on biological characteristics determined from scale and otolith 
patterns. 

4.2 Experimental Program for Juvenile Salmonids 

The study of juvenile salmonids consists of two field components, broad-scale and fine
scale studies, and an analysis/modeling component. 



4.2.1 Broad scale field studies of iuvenile salmonids 

The objective of the broad-scale studies is to study how the physical and biological 
properties of the ACC affect the spatial distribution and migration characteristics of juvenile 
salmonids inhabiting this region. This will be done by a combination of ship surveys and 
satellite observations. 

4.2.1.1 Shipboard surveys 
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Shipboard surveys of the ACC epipeJagic ecosystem are needed to collect data on the 
spatial distribution of juvenile salmonids and ecologically related species (prey, competitors, and 
predators), and to collect specimens for laboratory studies, such as growth and diet overlap. 
These surveys will include the collection of data on hydrography and primary and secondary 
production to provide a description of the biological and physical habitat. 

Questions 

( 1) What are the physical and biological characteristics of the ACC ecosystem from 
Dixon Entrance northward and westward to Kodiak Island? 

(2) What are the broad spatial distributions of juvenile salmonids and ecologically 
related species in relation to physical features and zooplankton densities? 

(3) Are there geographical effects on salmonid distributions in addition to physical 
and forage effects? In particular, how are the broad spatial distributions of species 
related to: (a)' distance offshore, (b) latitude, (c) continental shelf versus slope 
waters, (d) the shelf break, and (e) ACC versus non-ACC waters? What are the 
effects of body size and species composition on the spatial distributions? 

(4) How are juvenile salmonids distributed vertically in the water column? Does this 
distribution vary from night to day, and how does it relate to the vertical 
distribution of ecologically related species? 

(5) Do the broad spatial distributions of species change seasonally from summer to 
fall? 

StratelZv 

Very little is known about the distribution of juvenile salmonids and ecologically related 
species off the coast of Alaska. As such, the first priority of our broad-scale studies is to 
determine areas of high and [ow fish abundance. We plan to sample along a series of transects, 
each starting near shore and extending perpendicular to shore across the ACC and beyond the 



continental shelf. The survey area will extend from Dixon Entrance northward and westward 
along the Alaskan coast to Kodiak Island. Transects will be separated by 50-100 km to 
maximize spatial coverage of the survey area. 

19 

We will also sample in different months to identify seasonal changes in distribution 
patterns. The survey will begin in July focusing on waters inhabited by juvenile salmonids 
immediately after they leave protected, inside waters and migrate offshore. Subsequent sampling 
will occur in September and October, a period when most of the juveniles have left inside waters 
and possibly begun moving into offshore waters beyond the ACe. 

The survey will be done with a vessel equipped with a combination of paired beam trawls 
and a hydroacoustic system to sample juvenile salmonids and ecologically related species along 
transects 70-140 km long. Along each transect, paired Bernard-Sigmund Beam Trawls will 
sample 0-12 m water depth while traveling at 5-6 kmlh. These nets are modified standard 
commercial "Diamond-5" mid-water trawl nets 85 m in length. The mouth of each net is held 
open by two 10.3 m long steel spreader beams, which allow the top leading edge of the net to be 
fished at or above the sea surface. The mesh size of the trawl web ranges from 40.6 mm 
stretched mesh near the mouth of the net, to 2.5 mm stretched mesh in the cod end. The unique 
feature of this gear is that it allows continuous sampling along the entire transect length. Once 
every hour, each cod end is retrieved aboard the ship while the mouths of the trawls remain 
fishing. The catch will be identified, quantified, and measuremented aboard the vessel and 
specimens will be preserved for laboratory analyses. Additional modifications involving the 
regular pumping of cod end contents to the ship are planned for this gear. 

We will also collect data on the hydrography of the ACC and associated zooplankton 
densities in conjunction with regular beam trawl operations. This task, however, is complicated 
by the continuous nature of the trawl sampling. A sampling strategy consisting of: (1) CTD casts 
made before and after each transect, (2) XBT or XCTD casts spaced approximately 8 km apart 
during each transect, and (3) continuous sampling of temperature and salinity in surface waters 
will provide adequate data for the oceanographic analyses. Our zooplankton sampling strategy is 
to: (I) operate a multi-beam hydroacoustic system to provide continuous biomass estimates of 
zooplankton by size category during each transect, (2) conduct oblique Tucker trawls (0.5 mm 
mesh with a one m2 net opening) before and after each transect to determine species composition 
and to identify hydroacoustic targets, and (3) collect zooplankton samples from water pumped 
from the cod end, if feasible. 

4.2.1.2 Satellite data 

Satellite data will be used to identify some of the broad- and small-scale features of the 
ACe. Satellite imagery can directly assist the sampling during cruises by real time identification 
of major oceanographic features and areas of high primary production, and may provide a view 
of changes in ocean characteristics during the survey period. 



Questions 

( 1) How do sea surface temperature patterns and chlorophyll values compare with 
patterns in fish abundances? 
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(2) Is the Sitka Eddy observable during the sampling periods and if so, how well does 
the shipboard oceanographic data resolve this feature? 

Strate!!v 

Satellite data will be acquired. analyzed, and transmitted to the research vessel in near 
real-time during the survey as permitted by meteorological conditions, Acquisition of this 
imagery can be useful in adjusting locations of transects so that sampling occurs across major 
oceanographic features. Although the sampling area is usually covered by clouds, at least several 
clear images should be obtained during the sampling period. 

Post-cruise analysis will compare the imagery with fish density data to determine if areas 
of high fish densities are associated with oceanographic features. Chlorophyll data from the 
SEA WIFS satellite (scheduled for deployment in 1995) will be compared with biomass estimates 
of zooplankton densities to identify [he linkage between primary and secondary production in the 
ACe. 

4.2.2 Fine-scale studies 

The objective of fine-scale distributional studies is to focus on specific aggregations of 
salmonids or other ecologically related species to identify specific processes or factors that 
influence their spatial patterns and growth rates in the ACe. 

Questions 

( I) Are the aggregation patterns of salmonids and ecologically related fish species 
day/night dependent? 

(2) Do salmonids and ecologically related fish species move passively with prevailing 
currents? 

(3) Are areas of high densities of salmonids and ecologically related fish species 
associated with areas of high primary productivity or areas of particular 
oceanographic features? 

(4) Do salmonids and ecologically related species have diel distribution patterns? 
How do salmonids react to light levels? When do they feed? 
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Strategv 

Very little is known about the specific mechanisms that influence juvenile fish movement 
in the ACe. \Ve are unsure whether fish move passively with the prevailing current, swim 
against the current in a foraging mode. and/or seek out food rich habitat. 

At some locations along some cruise tracks, an alternate sampling plan will be followed 
to pursue opportunistic targets of interest over time and distance scales that will differ from the 
basic sampling schedule. This adaptive sampling will increase our knowledge about selected 
concentrations of fish or other marine life and the surrounding environment as opportunity 
allows. Three potential strategies of adaptive sampling are proposed: 

1. Sample a rectangular survey area composed of a series of connected transects (sampling 
track would look like a "square wave" on an oscilloscope) spaced several miles apart and 
centered on a large, well-defined group of salmonids. Such a grid may be sampled just 
once during the day, sampled on consecutive days, or during the day and at night. If the 
sampling is scheduled to extend several days, we anticipate deploying several drifting 
buoys within and along the boundaries of the fish aggregation to test for similarities 
between surface water movement and fish movements. 

Sample an elongated rectangular survey area centered over the shelf break or some other 
oceanographic feature (e.g., eddy) to better define the intluence of these features on 
salmonid distributional patterns. 

Complete a series of transects across a well-defined area of high forage abundance. 

4.2.3 Modelin£! and analvsis 

4.2.3.1 Density dependence of growth 

The growth rate of an individual fish is highly dependent upon its habitat and conspecific 
competitors. Salmonid growth is primarily a function of food type, food availability, innate 
growth potential (metabolic and waste rates), and temperature. Food type is important due to 
differences in size and nutritional characteristics of prey. Food availability depends upon the 
productivity of prey resources in a region, aggregation of the food through physical or biological 
processes, and the number of animals competing for food. The aggregation of fish and prey is 
particularly important. Past studies focusing on average levels of fish growth and production 
over large areas often have proved unfruitful. For example, Lasker (1978) showed that area-wide 
averages of temperature and food availability were unrelated to larval anchovy survival; survival 
depended upon the existence of food patches. Temperature can also control growth by 
influencing the animals appetite, or by directly altering the metabolic rate. 



Questions 

( I) Are juvenile salmonids spatially distributed such that they maximize growth 
potential or is their distribution affected by other factors such as predation? 

(2) In what proportion of the ACC are food densities sufficiently great enough to 
sustain positive growth of juvenile salmonids? 

(3) Similarly, how necessary are aggregation mechanisms of the ACC physical 
environment for juvenile salmonid growth, or does food limit growth? 
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( 4) Can the abundance (or limitation) of food be ascertained through the condition of 
the animal, or is it observable on otolith growth increments? 

(5) Do species such as sablefish, rockfish. and salmonids that occupy the ACC as 
juveniles show similar growth patterns during this life-history stage? 

Strategv 

Our approach will be to examine fish growth rates through the use of bioenergetic 
models. Bioenergetic models are developed from energetics budgets to estimate how much food 
was consumed based on observed growth rates. The bioenergetics approach links basic fish 
physiology and behavior with habitat conditions. In recent years, energetic equations have been 
used to estimate growth rate potential (Brandt et al. 1992), which integrates physiological-based 
models of fish growth with high-resolution spatial data on prey sizes. prey density, and the 
physical environment. This latter approach overcomes some of the difficulties inherent in a 
spatially-patchy environment with the use of new tools such as acoustics and telemetry to provide 
more spatially detailed habitat measurements. 

We propose to measure the growth rate potential of juvenile salmonids and some 
ecologically related fish species in the ACC by collecting spatial information on the biological 
and physical components of the environment inhabited by the juvenile fish and then integrating 
these data with a foraging model and a species-specific bioenergetics model of fish growth rate. 
Our data will be collected during the shipboard surveys outlined in section 4.2.1.1. Two 
hydroacoustic sensors--one mounted on the vessel looking down towards the sea bottom and the 
other mounted on the bottom of a beam trawl looking up towards the water surface--will be used 
to continuously measure densities of target species and their predators and prey. Beam trawls 
will be used to collect biological samples and to identify acoustic targets. 

A second part of the growth study will be to measure the condition of several species of 
juvenile fish in the study area and to measure (and compare) their recent growth history by 
looking at otolith increments. The condition of species will be assessed using such measures as 
CIN or RNNDNA ratios. These measures utilize the individual fish as an integrator of recent 



growth conditions and can be compared with the growth rate potential measure. The latter 
provides a measure of habitat quality constrained by an individual's energy budget. 

-1-.2.3.2 Trophic dynamics and diet overlap 
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One of our approaches will be to examine diet overlap and prey selectivity among 
juvenile salmonids and ecologically related species in the ACe. Diet overlap and prey selectivity 
measure interspecific competition. The diet composition, volume, and energy content also 
determine growth potential. The availability and type of prey may vary spatially. Juvenile fishes 
may also actively select prey based on nutritional content. Alternately, juvenile fishes may only 
move passively, subject to currents, and feeding on whatever prey are available. 

Questions 

( 1) How much diet overlap occurs between species and size classes at a particular 
sampling location? 

(2) Does the extent of diet overlap vary according to habitat richness or fish 
abundance'? 

(3) Does the species composition of zooplankton in the study area change by distance 
from shore, depth of water, latitude, light level, or season? 

(4) Are any of the species opportunistic feeders, and if so, are they always 
opportunistic or just in particular locations or at specific times? 

(5) What species prey upon juvenile salmonids and are predation rates influenced by 
the abundance of alternate prey? 

Strategv 

Stomach samples of juvenile fishes and their predators will be collected during shipboard 
surveys. Stomach contents from predators will be analyzed at sea as time permits to provide an 
approximate estimate of diet composition by general taxa. Stomach contents from juvenile fish 
will be analyzed in a laboratory for detailed diet composition. A two-stage sampling scheme 
may be implemented because of the high cost of detailed stomach content analyses. The first 
stage will consist of food volume measurements aboard ship. The second stage will consist of a 
smaller subsample of stomachs that will be preserved and returned to the laboratory for detailed 
diet analysis. The results from the two samples will be combined to provide a measure of prey 
consumption that will be examined for spatial patterns and relationships to prey availability and 
oceanographic features; this information will be incorporated into the bioenergetic models. 
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4.2.4 Associated ACC Studies 

The shipboard surveys across the ACC ecosystem will provide fishery scientists a unique 
opportunity to develop various studies of the fauna of this area. Although some of these studies 
will not directly relate to the OCC program objectives, nor will they be directly supported by 
OCC funds, there may be some opportunity to identify certain studies as Associated ACC Studies 
that can be incorporated into the sampling program. 

Onshore Migration 
Young-of-the-year sablefish have been found in the surface water of the ACC during the 

summer before they migrate shoreward during late summer and fall. Since 1985, ABL scientists 
have found young-of-the-year or one-year old sablefish annually in St. John Baptist Bay (SJBB), 
located about 20 km north of Sitka. Alaska. Their origin and the reason for the uniqueness of 
SJBB as a nursery area for sablefish are unknown. By marking epipelagic juvenile sablefish and 
releasing them offshore. we may obtain new information about their onshore migration and the 
origin of fish rearing in SJBB. Fish would be tattooed and released in the area between northern 
British Columbia and Cape Spencer. Alaska. During September or October and possibly 
continuing through winter and spring. SJBB and other bays of Baranof and Chichagof Islands 
would be sampled by ongoing programs to recover marked sablefish. 

Hatching Date 
Examination of young-of-the-year sablefish and rockfish otolith microstructure may 

provide some information on early growth and migration. Sablefish and rockfish most likely 
have a hatching mark that could be used to determine the hatching date and along with physical 
oceanographic data (onshore and offshore transport) provide information on the origin of the 
fish. This information would provide insight into whether the fish hatched in a brief or 
protracted period of time. 

Stock Separation 
Sablefish in Alaska are highly migratory (Heifetz and Fujioka 1991). indicating they 

comprise a single population, at least as adults. However. a biochemical genetic study tentatively 
identified four groups in Alaska, although the authors indicated that this conclusion was 
preliminary (Gharrett et aL 1983). Results of this study provide evidence for discrete spawning 
stocks. Genetic analysis of tissue samples from spawning sablefish might provide an answer; 
however spawning sablefish are difficult to collect because they spawn in the winter when field 
sampling normally does not occur. Tissues from young-of-the-year sablefish would be collected 
during the shipboard surveys, and if the genetic characteristics differ by region, would provide 
evidence for discrete spawning stocks. Little is known about the stock structure of rockfish 
species in the Gulf of Alaska. Genetic samples collected from juvenile rockfish may provide 
evidence for discrete stocks of Alaska rockfish. 
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4.3 Experimental Program for Immature and Maturing Salmonids 

Shipboard surveys of the Alaskan Gyre are needed to extend our carrying capacity studies 
to maturing and immature salmonids inhabiting the off-shore waters of the North Pacific Ocean. 
The surveys will measure the biological productivity and hydrography of this region, collect 
specimens of maturing and immature salmonids for growth, diet. and age-or-maturity analyses, 
and identify factors associated with salmonid spatial patterns on the high seas. 

The growth. diet, and bioenergetic analyses will utilize methods described in our juvenile 
study. The age-of-maturity analysis will test two hypotheses for explaining annual changes in the 
age of maturity of salmonid stocks. The first, which we will call "threshhold size hypothesis" 
suggests that the onset of maturation occurs when a fish reaches some size threshold at sea. This 
hypothesis is based on the observation that younger maturing fish from a year class generally 
grow faster than the older maturing fish (Helle 1979). These~differences in growth rates continue 
until maturity. There is. however, considerable overlap in the growth rates of the individuals of 
the different age groups during this period. The second hypothesis, called "growth rate 
hypothesis" is based on the observation that maturation is related to habitat quality; maturation is 
energetically costly, and cannot be initiated until a fish acquires sufficient energy resources. 
According to Thorpe ( 1994), "the physiological decision to commit resources to maturation 
occurs well before spawning". Gonadal growth in Atlantic salmon has been observed to increase 
sharply 12 months before spawning. The decision to mature also occurs over the space of a few 
weeks, although this maturation can be suppressed at a later date if the fish do not continue to 
acquire sufficient energy resources. 

Questions 

1) What are the spatial and temporal scales in primary and secondary productivity of 
the Alaska Gyre? Given these scales of variability, what type or sampling regime 
is needed to provide a seasonal index of productivity for the Alaska Gyre? 

2 What are the broad spatial-scale characteristics of the growth rate potential of 
salmonids in the North Pacific Ocean? Where and when are food densities 
sufficiently great enough to promote positive growth in salmonids? 

3) How are the fine spatial-scale distributions of maturing and immature salmonids 
related to hydrography and forage densities? 

4) How is growth related to maturation? Are there any measurable differences in 
growth or some other biological characteristic between maturing and immature 
salmonids encountered on the high seas? 

5) What type of monitoring program will yield the most useful indices of salmonid 
growth in the off-shore North Pacific Ocean? 
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Strategv 

Most of this work will be done in cooperation with scientists from NP AFC member 
countries. Cooperation will occur two ways: 1) participation by U.S. scientist in foreign research 
cruises; and 2) the integration of U.S. sponsored surveys with foreign surveys to yield a larger 
international study of salmonid carrying capacity. 

The U.S. surveys will consist of a series of transects in the Gulf of Alaska using a 
combination of acoustics, plankton nets, and rope trawls. The surveys will primarily consist of 
sampling a series of stations, each involving rope trawls for capturing large fish (salmonids), 
acoustics to quantify spatial patterns in zooplankton abundance, plankton tows to identify 
zooplankton composition. and CTD casts to measure physical characteristics of the water 
column. The sampling design will consist of broad- and fine-scale components. During selected 
portions of a cruise. acoustic gear will be used to assess food densities across large areas of the 
Alaska Gyre; plankton tows will be periodically conducted to identify acoustic targets. 

From a sample of individual fish, we will collect stomachs, otoliths, measure gonadal 
tissue. and collect tissue samples for laboratory analyses of biological condition. The percentage 
of gonadal tissue will be compared to the overall size of the fish, and to the recent growth history 
using otolith measurements and the condition of the fish. Separate analyses will be done for each 
season to determine when fish begin the maturation process and across regions to identify how 
differences in growth rate are related to maturation. Salmonid growth rates will be analyzed 
using bioenergetic models. 

A portion of the surveys will be designed to interface with sampling conducted from 
Japanese and Canadian salmon research vessels in the North Pacific Ocean as part of the general 
program of cooperative international research on ocean ecology and carrying capacity. By 
sampling the same locations year after year, our approach will be to develop a time series of 
oceanographic and biological data: 1) annual surveys in the summer to the central North Pacific 
(180°, 38°-59°N) using the Wakatake maru and to the Gulf of Alaska (l4Y'W, 50 0 -56°N) using 
the Oshoro maru; and 2) periodic surveys along the 180° and 145°W meridians using the Kaiyo 
maru (winter) and along the 145°W meridian using the WE. Ricker (spring, and late fall). Types 
of data collected during these cruises will include oceanographic conditions, phytoplankton, and 
zooplankton, and salmonid abundance and distribution, age and growth, food habits, and caloric 
content of prey. 

4.4 Retrospective Studies of Historical Data 

Our retrospective studies will examine long-term trends in growth and abundance of 
salmonids in the North Pacific Ocean to describe their dynamics. Studies have shown marine 
growth as recorded on scales is related to a variety of marine environmental parameters (Helle 
1979). Records of adult production and average body size date back to the early 1900s and 
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growth during various life history stages can be estimated from historical collections of scales or 
hard parts. The proposed studies will be conducted by researchers at ABL and FRI. 

Questions 

1) Is the growth potential observed in the survey reflected in the scales of selected 
stocks which utilize our study area as juveniles? 

2) What is the timing of changes in growth trends for Alaskan salmonid stocks? 
During which life stages do the growth trends occur? Are these changes related to 
the magnitude of salmonid runs? Are the growth trends and run strengths in all 
species of salmonids in all regions in synchrony? 

3) What are the long-term growth trends of selected groundfish species inhabiting 
the eastern Gulf of Alaska. and how do these trends compare with the trends in 
salmonid growth? 

4) Is there regional coherence in growth patterns of salmonids? 

5) Can scale measurements from salmonids captured at sea be used to index growth 
characteristics of regions, and how are these characteristics related to the 
production of salmonids and climatic/oceanographic conditions? 

Strategv 

Scales from adult salmonids caught in selected terminal fisheries of southeast Alaska and 
PWS will be collected beginning in 1996. Scale growth during the juvenile life-history stage will 
be compared with the growth potential calculated for the year that the salmonids occupied the 
ACe. 

Alaskan salmonid stocks monitored for run size and scales from extended periods will be 
selected for detailed analysis of production and growth trends. Data on adult production, 
migration patterns. and ocean temperatures will be collected. Growth trends will be evaluated 
with respect to temperature regimes, population densities, and marine survival. 

Contemporary otolith collections of long-lived fish or lengthy historical collections also 
can be used to examine long-term growth dynamics. For example, Hagen and Quinn (1991) 
examined the first five otolith growth zones of Pacific halibut (Hippoglossus stenolepis) from 26 
year-classes (1953-1978) to identify patterns of annual growth and the sources of temporal 
variation. A similar study will be undertaken for two long-lived species, sablefish and Pacific 
Ocean Perch (Sebastus alutus) , for which ABL has contemporary otolith collections. 
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Data from scales of widely separated salmonid stocks around the Gulf of Alaska will be 
collated and combined with data from the long-term collections. Stocks exhibiting similar 
growth patterns by life-history stage will identify regional growth groups. Regional groups will 
be examined for similar patterns in adult production, fry production, and environmental 
conditions. 

Scale and length- and weight-at-age data from rearing areas of the North Pacific Ocean 
will be used as a measure of the growth history of salmonids in the marine environment. These 
data, combined with collections from past cruises (such as the Oshoro maru cruises to the Gulf 
of Alaska from 1980 to 1994), will be used to describe growth histories. Growth changes will be 
compared with oceanographic and climate data, and abundance and production of salmonids. 
Length-weight-age relationships will be related to growth zones on scales to compare growth 
between years and areas. For individual fish, circulus measurements at the outer edge of the 
scale will be compared with information on growth. food habits, and ration size. 
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