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Abstract 
 
 

Spatial patterns in growth, growth potential, and consumption demand of juvenile pink 
salmon (Oncorhynchus gorbuscha) in the Gulf of Alaska 

 
 

Jamal Hasan Henry Moss 
 
 

Chair of the Supervisory Committee: 
Associate Professor David A. Beauchamp 
School of Aquatic and Fishery Sciences 

 
 

This research was part of the Global Ocean Ecosystem program, which was initiated to 

investigate how climate change, climate variability, and ocean conditions influence the 

production of marine organisms. Surviving juvenile pink salmon exhibited significantly 

wider circuli spacing on the region of the scale formed during early marine residence than 

did juveniles collected at sea during their first ocean summer, indicating that marine 

survival after the first growing season was related to increases in early marine growth. 

Growth patterns inferred from inter-circuli spacing on scales varied among hatchery 

release groups, suggesting that density-dependent processes differed among release 

groups and occured across Prince William Sound and the coastal Gulf of Alaska. Both 

juvenile pink and chum salmon demonstrated type II functional responses to zooplankton 

prey. When feeding on mysids, the maximum feeding rate for larger juvenile pink (12.3 

mysids·min-1) and chum (11.5 mysids·min-1) salmon were similar, and higher than 

feeding rates on copepods. Wild juvenile pink salmon stocks consumed more prey during 

2001 whereas hatchery stocks consumed more prey in 2002, suggesting that density 



dependence can vary widely among years. Growing conditions were more favorable, and 

marine survival was higher for juvenile pink salmon in the GOA during 2002 relative to 

2001. 
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Chapter I: Introduction 
 

There is a limited understanding of the effects of climate and ocean conditions on the 

production of biological resources (Roemmich and McGowan 1995, Welch et al. 

1998, Scott et al. 2000). Changes in marine plant (Roemmich and McGowan 1995, 

McGowan et al. 1998, Hunt et al. 2002) and animal (Hollowed and Wooster 1995, 

Hare and Francis 1995, Brodeur et al. 1999, Hunt et al. 2002) abundance have been 

attributed to climate variability and warming; however, mechanistic explanations for 

these observations are lacking. Fish energetics and foraging models (Goyke and 

Brandt 1993, Stockwell and Johnson 1997, 1999) can be used to account for 

interactions between localized environmental conditions, planktivorous fishes, and 

adjacent trophic levels to reveal important mechanisms controlling ecosystem 

dynamics (Hermann et al. 2003). Coupled biophysical models capable of linking 

circulation with lower trophic level ecosystems in wind driven systems of the 

Northeast Pacific are showing promising results in this respect (Weingartner et al. 

2002). 

 

There are correlations between atmospheric and oceanic conditions at regional scales, 

which have been linked to Pacific salmon (Oncorhynchus sp.) production (Mueter et 

al. 2002). Adult returns of Prince William Sound (PWS) pink salmon (Oncorhynchus 

gorbuscha) are influenced by water temperature in PWS, Alaska, with greater survival 
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occurring during warm years (Willette and Cooney 1991). Adult, immature, and 

juvenile sockeye salmon distribution, as inferred from oceanographic survey data 

show sharp limitations in response to sea surface temperature, and it has been 

speculated that the ocean distribution of sockeye salmon will shrink in response to 

global warming (Welch et al. 1998). Salmon production in the North Pacific appears 

to be linked to interdecadal variations in climate, as reflected in a number of 

atmospheric and oceanic variables (Hare and Francis 1995), most notably mean winter 

sea level pressure and spring sea surface temperature. An index of periodic variations 

in atmospheric and ocean physical forcing is called the Pacific Decadal Oscillation 

(PDO), which is believed to affect salmon production through lower trophic level 

forces (Mantua et al. 1997). Bottom-up forces were implicated in the decline of 

Oregon coho salmon (Oncorhynchus kisutch) production during periods of depleted 

zooplankton production in the California Coastal Current System (Francis and Hare 

1994). A shallow mixed surface layer at time of ocean entry was associated with 

higher survival and smaller body size of Oregon coho salmon (Hobday and Boehlert 

2001). Pacific salmon food habits studies revealed that there are two distinct 

latitudinal summer feeding zones in the open ocean during July that are associated 

with different prey bases and differential growth (Aydin et al. 2000). The border of the 

two feeding zones varied in latitude from 51º-54ºN over a five-year period (Aydin et 

al. 2000), and may be linked to atmospheric and oceanic forcing. 
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Speculations of inter-specific competition between hatchery and wild pink salmon 

have been made (Hilborn and Eggers 2000), and challenged (Wertheimer et al. 2001). 

The coincident decline in abundance and body size of wild pink salmon in conjunction 

with increased PWS hatchery pink salmon production in recent years has been 

interpreted as evidence of density-dependent growth (Hilborn and Eggers 2000). 

Correlative studies are informative, but cannot reveal the mechanisms that regulate 

production of salmon, much less quantify the magnitude of these processes at spatial-

temporal scales that are relevant to pink salmon rearing in the Gulf of Alaska (GOA). 

 

The goal of this study is to investigate the effect of physical and biological variability 

caused by changing climatic regimes in the GOA on the growth, feeding ecology, and 

distribution of juvenile pink salmon. Particular emphasis will be placed on addressing 

the mechanistic relationships controlling juvenile pink salmon foraging and growth. 

Such an approach should begin to reveal how spatial heterogeneity in environmental 

factors and ecological processes interact and influence growth and survival of juvenile 

pink salmon and other pelagic planktivorous fish inhabiting the GOA. The GOA has a 

surface area of approximately 370,000 km2, and contains many species of ecological 

and commercial value (Weingartner et al. 2002). The GOA is quite productive despite 

displaying hydrologic properties characteristic of low-production systems (down-
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welling and high volumes of cold freshwater inputs). Climatic influences on regional 

marine productivity have been recognized (Meuter et al. 2002); however, the 

underlying mechanisms controlling these relationships are poorly understood. 

Mechanisms regulating primary and secondary production are currently under 

investigation by Global Ocean Ecosystem Dynamics (GLOBEC) studies. 

 

Pink salmon are the target species for this investigation because of their high 

abundance and biomass relative to other Alaska salmon stocks, and simplified life 

history relative to other Pacific salmon species. Juvenile pink salmon typically emerge 

from riverine spawning beds and migrate immediately to nearshore marine waters with 

little or no feeding (Heard 1991), thus removing or minimizing the effect of the 

freshwater environment on growth. Pink salmon exhibit a two-year life cycle, 

spending only one winter in the ocean (Heard 1991), thus enabling a tractable 

assessment of oceanic performance over the full life cycle of one or more generations, 

and the effect of the ocean environment might be most strongly reflected by the 

performance of pink salmon relative to other Pacific salmon species. Juvenile pink 

salmon typically exhibit a growth rate of 4% body weight per day, and consume an 

estimated 0.06-0.45% of annual secondary production during a 93 day residence time 

in PWS (Boldt and Haldorson 2002). Common juvenile pink salmon prey items in 

PWS and the GOA include copepods, amphipods, euphausiids, insects, cladocerans, 
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larvaceans, gastropods, fish, crab megalopae and zoea, barnacles, and ostracods 

(Auburn and Ignell 2000, Boldt and Haldorson 2002, Armstrong et al. 2005). Juvenile 

pink salmon leave inside waters and enter the coastal GOA during June-September. 

Past studies on migration and distribution of juvenile pink salmon in the GOA suggest 

they are distributed along the shelf and migrate in a counter-clockwise direction 

around the GOA (Hartt and Dell 1986, Jaenicke and Celewycz 1994, Carlson et al. 

2000). Recent studies of juvenile pink salmon in the GOA suggest that habitat 

differences between nearshore, shelf, slope, and offshore waters significantly affect 

body length and weight relationships, and are possibly due to a change in forage 

composition (Farley and Carlson 2000). 

 

The life history strategy of pink salmon is to utilize highly productive marine waters 

shortly after hatching, allowing for increased foraging opportunities relative to the 

freshwater environment. However, entering the marine environment at a small size is 

not without consequence and juvenile pink salmon experience high mortality during 

this period. The idea that juvenile pink salmon experience a critical period, where 

daily mortality is believed to be 2-8% during the first few weeks of marine life (Parker 

1968, Fisher and Pearcy 1988), is widely accepted. Daily mortality decreases to less 

than 1% after this period (Pearcy 1992). The “critical size, critical period” hypothesis 

(Beamish et al. 1999, Beamish and Mahnkin 2001) has been demonstrated by coho 
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salmon that do not survive the winter in the ocean if they do not obtain a certain body 

size during summer (Beamish and Mahnken 2004). Studies on other salmon species 

have shown that size and growth were poorly related to survival (Bilton et al. 1982, 

Pearcy 1992), or inconsistently related to survival (Holtby et al. 1990, Mortensen et al. 

2000). Ocean conditions influence predator and prey interactions, food web structure, 

and salmon performance; which influences growth and survival (Brodeur et al. 1992), 

however, more research is needed to quantify the magnitude of these affects on 

survival (Brodeur et al. 2000). 

 

Significant numbers of pink salmon are released into PWS by hatcheries annually, and 

interact with wild fish (Hilborn and Eggers 2000). In years where oceanic conditions 

are less favorable for growth and survival, the potential for negative interactions 

among stocks of pink salmon and other species will be greater. Therefore, releases of 

hatchery fish might inhibit rather than supplement wild stocks. Physical and biological 

conditions of the GOA may shift rapidly and affect salmon production (Francis and 

Hare 1994), and interactions between pink salmon and their environment are poorly 

understood (Beamish et al. 1995). Therefore, identifying the spatial extent and 

availability of forage resources is needed to adequately assess the impact of hatchery 

fish on wild stocks inhabiting the North Pacific (Cooney and Brodeur 1998). 
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Issues of Scale in Ecosystem Studies 

Levin (1992) argues that scale is the fundamental conceptual problem in ecology, and 

perhaps all of science, and that global and regional changes in biological diversity and 

climate all have consequences for fine scale phenomena. General climate circulation 

models have spatial and temporal scales orders of magnitude greater than the scale at 

which ecological studies are carried out, and when developing predictive models 

needed for management, we must learn how to interface the disparate scales of interest 

to scientists. Furthermore, understanding how information from fine spatial scales is 

transferred to broader spatial scales and vise versa is needed to simplify information 

without loosing critical information. Ecological studies are carried out at the order of 

meters or tens of meters (Kareiva and Anderson 1988), and a problem arises when an 

investigator tries to relate large-scale climate predictions to small-scale ecosystem 

studies. There is a need for statistical and correlation studies for modeling designed to 

elucidate mechanisms to quantify spatial and temporal variability, with the first step 

being the determination of variability explained by variation in the physical 

environment (Levin 1992). The next logical step is to investigate biological factors, 

for which mechanistic approaches have the most potential in piecing together the 

ecosystem puzzle. 

 



 
 
 

 

8

 

Ecosystems inherently demonstrate heterogeneity and patchiness, which is 

fundamental to ecosystem processes (Levin 1974), with a basic ecological theme 

being the development and maintenance of spatial and temporal patterns, and the 

interactions among species within the ecosystem (Paine and Levin 1981). Each species 

experiences the ecosystem on a unique range of scale, and thus responds 

individualistically, and the range of scales must be explicitly stated in models 

employed (Levin 1992). Species can subdivide the environment spatially, and resource 

partitioning can result in temporally constant spatially non-uniform patterns, or 

spatially constant temporally non-uniform or spatiotemporal mosaics (Levin 1992). In 

the case of marine fisheries, spatial and temporal scales are not as clear, and a 

recognition that the species composition in marine fisheries may change while total 

yield remains constant is needed (May 1984). 

 

Utilizing Comparative Studies to Identify Generalities in Fisheries Oceanography 

Bakun (1985) states that interregional comparative studies can provide a framework 

for systemizing fragmentary information and insights in order to foster useful 

generalities concerning physical, biological, and human impacts, and develop a basis 

for detecting spurious relationships, and for increasing confidence in weak 

relationships through the comparison with similar situations in other regions. 

Mechanistic responses of similar fish communities, and more specifically, 
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conspecifics, distributed across multiple regions may prove useful in identifying 

commonalities related to environmental conditions. 

 

It is unreasonable to expect that an overwhelming amount of survival is controlled by 

one environmental variable or index, and thus there is a need to unify comparative and 

experimental methods in fisheries oceanography. One way to view modeling 

approaches would be as simplistic vs. holistic. The simplistic modeler attempts to 

understand complex systems by constructing many simple models describing 

components of the system to in order to glean an understanding and identify principals 

of the system while the holistic modeler constructs models that are designed to 

represent the entire system. Clark (1985) argues that this approach allows the modeler 

to “experiment” by changing components and parameters of the model that would 

otherwise be impossible to do in nature, to view how the system responds. There are 

inherent strengths and weaknesses associated with each approach, but the simplistic 

approach can lead to the formulation of general theories with clearly defined 

assumptions. However, the holistic model allows for more complexity, through the 

inclusion of all the little parts that the simplistic excludes, but underlying assumptions 

are less straightforward. 
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Fisheries Production Domains in the Northeast Pacific 

Large-scale circulation features and the distribution of fish in the northeast Pacific 

indicate that there are three major production domains: the Central Subartic, Coastal 

Upwelling, and the Coastal Downwelling Domain (Ware and McFarland 1989). The 

Pacific subartic current flows from west to east and divides into two branches (one 

flowing north and the other south) before reaching the west coast of the North 

America.  The California Current flows equatorward along a north-south shoreline. 

Equatorward winds during summer and spring cause Ekman transport of water 

offshore, allowing for the upwelling of deep cool nutrient-rich waters to the surface. 

The Alaska current system is dominated by freshwater runoff in Northern B.C. and 

Southeast Alaska causing a poleward driven coastal current which extends out 40 Km 

from the coast (Ware and McFarland 1989). A prominent feature of the Alaska coastal 

current is downwelling resulting from weak seasonal transition in coastal winds. At 

fine spatial and temporal scales stochastic phenomena may make ecosystems 

unpredictable, and thus attention could be focused on larger and longer spatial scales. 

However, statistically significant patterns may not offer insight in or predictability of 

the governing mechanisms of the system. For example, there are large-scale, low 

frequency and sometimes very rapid changes in the distribution of atmospheric 

pressure over the North Pacific, apparent in ocean properties and circulation, and 

strong evidence that the ecosystem changes on the same time scale (Francis et al. 
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1998). But a lack of mechanistic forces controlling the observed patterns exists. 

Identifying the timing of production in the N. Pacific has long been established as 

beginning with the spring bloom, which occurs on a seasonal basis, with increased 

zooplankton abundance soon following. Energy is thus transferred up the food web to 

the forage fishes. The growth season and “stage-specific” recruitment of the forage 

fish base occurs during summer months. 

  

Recruitment is the highly aggregated quantity representing the outcome of many short-

term survival windows (Bakun 1996), therefore, if one averages of observed biomass 

of a particular species at a given time, the issue of transforming a nonlinear process 

through time into linear ones (e.g. number this year is twice as high as last year) 

surfaces. This affect may be far too complex to encompass in a mathematical model, 

however, models that incorporate rate functions such as growth rate and foraging rate 

over short time steps can offer insight into the most important vectors controlling these 

processes. The resulting patterns in rate-specific processes for animals in these regions 

could then be compared and modeled with respect to time. 

 

Spatially Explicit Models of Growth Potential for Fish 

Brandt et al. (1992) combine the strengths of bioenergetics models that simulate fish 

growth and bioacoustics measurements of fish density and size to facilitate an 
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understanding of density dependent process in a spatially patchy environment. Fish 

growth rate potential is the metric used to evaluate habitat from the prospective of the 

consumer by incorporating non-linear affects such as physiological-based models of 

fish growth rate with high-resolution spatial data on prey sizes, prey density, and the 

physical environment. The result is a two dimensional, non-linear model of fish 

growth relative to system production (Brandt et al. 1992) or prey standing stock 

biomass. Questions pertaining to spatial distributions and statistics of fish growth rate 

relative to the underlying physical properties of the system may be explored using this 

modeling approach. The growth rate potential of a fish does not account for behavioral 

responses such as predator avoidance, but does relate physical (thermal experience, 

light level, turbidity level), and biological (prey quality, availability, density, predator 

body size, sight capability, and gape width) conditions experienced with fish growth, 

which is related to survival (Moss et al. 2005). 

 

The foraging component of a spatially explicit model usually consists of the sum of a 

number of probabilities; such as encounter rate, prey detection, prey attack, prey 

capture success rate, and prey ingestion rate. A user selected foraging model may take 

many forms; but a commonly referred to, and widely used one can be found in 

Gerritsen and Strickler (1977), and other examples of foraging models used in this 

approach can be found in Beauchamp et al. (1999), Luecke et al. (1999), and Mason et 
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al. (1995). A foraging model will relate prey density in a parcel of water to the amount 

available to the predator (prey size and water temperature) by defining consumption 

rate. The final estimate of prey consumption is then input into a bioenergetics model 

that estimates the resulting level of growth that may be enjoyed by the predator. The 

bioenergetics model calculates the specific growth rate of an individual as weight per 

unit time, and is determined as the difference between the rate of specific food 

consumption and the sum of specific energy output. The currency used by the model is 

in energy (Joules), but Joules are generally converted to fish biomass. Energetic costs 

(Resp, SDA, and F, and U) are deducted from energy acquired, and the remaining 

energy is available for growth (Kitchell and Stewart 1977). 

 

Variation in trophic structure, intra- and inter-specific interactions, and environmental 

forcing makes it difficult to compare time series relationships among and across 

regional ecosystems. Recruitment is variable, and is a collection of summed process 

and pressures influencing individual fish along the way (Bakun 1985). Estimating 

temporally and spatially explicit search volumes allows for insight into the scale at 

which piscivores experience patchiness (Beauchamp et al. 1999). Likewise, insight 

into how pelagic piscivores such as a juvenile pink salmon experience, encounter, 

consume, and grow relative to environmental conditions at the spatial and temporal 

scales they experience holds important in its own right. Therefore, a qualitative 
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examination of how juvenile pink salmon distribute relative to these factors and others 

is an important step in obtaining a better understanding of the range of life history 

strategies employed by this species. 

 
The Affect of Growth on Survival of Pink Salmon 

Previous studies reported that early marine growth was related to pink salmon survival 

(Walters et al. 1978, Jaenicke and Celewycz 1994, Willette 1996, Murphy et al. 1998, 

Mortensen et al. 2000), and poor salmon ocean survival in recent years is believed to 

be a result of poor ocean conditions (Hare and Francis 1995, Hare et al. 1999). Size 

and growth does not always relate to year-class strength (Bilton et al. 1982, Pearcy 

1992), and comparing brood stock-specific patterns in growth and survival can reveal 

critical periods for growth and body size needed for survival (Beamish et al. 2004). 

 

Prince William Sound hatchery pink salmon were used to test the hypothesis that 

faster growing fish during their first ocean year have higher survival rates than slower 

growing fish. Since all hatchery release groups from Prince William Sound can be 

identified by unique thermally-induced markings on otoliths, Prince William Sound 

and the adjoining Gulf of Alaska waters (Seward Hydrographic transect) provided an 

opportunity to sample juvenile pink salmon from known cohorts at various times and 

locations over the GOA during their first growing season. Individuals belonging to 

hatchery cohorts that survived to reach maturity were recovered at hatchery release 
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sites the following year. If strong size-selective mortality occurs after the first growing 

season, juvenile growth performance throughout the first summer and fall is important. 

Other studies have shown that larger, faster growing fish are more likely to survive 

until maturity, and conclusions from this study support those findings. 

 
Scale Growth, Body Size, and Survival of Pacific Salmon 

Back calculations have been used for a variety of purposes, with the most common 

being to increase the amount of length at age data. This particular technique uses 

measurements taken from a fish to infer what its length was at an earlier time, which 

may then be used to relate growth to various exogenous factors such as feeding 

(Cassleman 1990). The most frequently used method of age and growth determination 

is the interpretation and counting of growth zones appearing on fish hard parts such as 

otoliths and scales. These rings are formed during periods of faster or slower growth, 

and will reflect environmental and inter-annual differences. Nine general steps taken 

in age and growth studies are to, 1; acquire a random sample of fish large enough to 

represent all ages and sizes, 2; record the date, place, and manner of collection, 3; 

determine the sex, stage of maturity, length, and weight of each individual, 4; take a 

structure that will be used for ageing, 5; assign age using more than one method if 

possible, 6; calculate growth in relation to age for each sex, 7; determine length-

weight relationship for each sex, 8; calculate the condition of the fish in the population 

and determine changes with age and time, 9; calculate instantaneous growth rates in 
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length and weight (Bagenal and Tesch 1978). Problems can arise at any point if 

careful consideration is not paid to each step along the way. 

 

The relationship between scale length (S) and body length (L) may be expressed as 

linear, exponential, or quadratic, with the most common expression as linear. For 

example, the Dahl-Lea equation is based on the hypothesis that the scale grows in 

direct proportion to the total length of the fish. 

 

Li = (Si/Sc)Lc 

 

Whereas the Fraser-Lee equation is based on the conclusion that a straight line does 

not go through the origin. It states that the growth increment is not a constant 

proportion of the growth increment of the fish. Lee (1920) made the assumption that 

each line must pass through a point “c”, which can be thought of as the length of the 

fish at the time of scale development, but really it is the L-intercept of the regression 

line. 

 

Li = c + (Lc – c)( Si/Sc) 
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The Whitney & Carlander (1956) equation states that if a scale were 10% bigger for a 

particular fish, it would remain 10% bigger for the rest of the fish’s life, and vise-

versa. 

 

Li = [(c+d Si)/(c+d Sc)] Lc 

 

The Monastyrsky approach is a non-linear method where the constant v is derived 

from the body-scale relationship (Bagenal and Tesch 1978). 

 

Log(L) = Log(u) + vlog(S) 

 

Drawbacks associated with back-calculated growth/length estimates for juvenile, 

immature, and maturing salmon are related to statistical and non-statistical aspects of 

this approach. A disadvantage associated with using maturing salmon would be scale 

re-absorption (dissolved circuli, particularly those at the scale margin, and 

disintegration of scale structure). Older fish and fish experiencing negative growth 

conditions will reabsorb their scales, thus confounding the scale-growth / body-growth 

relationship. Obtaining an unbiased sample of immature and juvenile salmon (no 

affect of gear selectivity and sampling coverage) may prove to be a difficult task. For 

example, small age-0 sockeye may hug the shoreline of a lake while larger individuals 
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distribute in the limnetic zone. Another potential pitfall is the occurrence of false 

annuli, a zone or ring on an ageing structure that has formed at an interval other than 

the annual interval. False annuli (summer checks) may occur during marine or 

freshwater residence. 

 

The back-calculation of smaller than actual body lengths from older fish is a common 

occurrence, and is know as Lee’s phenomenon (Lee 1920). This can be a drawback 

when trying to back-calculate lengths, especially from older salmon. Four possible 

mechanisms for Lee’s phenomenon have been identified. They are; incorrect back-

calculation procedure (i.e. using an improper method), non-random sampling of the 

stock being studied, selective mortality favoring the survival of smaller fish, selective 

fishing mortality favoring the survival of smaller fish. Pierce et al. (1996) concluded 

that the mechanism for Lee’s phenomenon could not be selective mortality favoring 

smaller juvenile fish, however, one needs to be aware of the apparent change in 

growth rate (Ricker 1992). 

 

Back-calculation of body length from scales depends upon a correlation between body 

length and scale measurement, and under most situations, this involves a regression. 

Thus, for practical purposes, two regressions can be derived; the regression of body 

length (L) on scale measurement (S) and the regression of scale measurement on body 
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length (Whitney and Carlander 1956). These two methods are commonly referred to as 

the scale proportional and the body proportional methods. Problems can arise using 

this method because a representative collection of all one year olds will not 

demonstrate the same patterns as that same cohort captured 5 years later. A subtler 

drawback to this approach, which is more “statistical” in nature, is that the use of a 

regression implies that one of the variables is independent of the other (fixed). 

Allowing for the arbitrary flip-flop between fixing either body or scale length as the 

dependent variable is technically not good “statistical etiquette”. 

 

Critical Size, Critical Period Hypothesis 

The critical size, critical period hypothesis put forward by Beamish and Mahnken 

(2001) states that there are two distinct stages during the first year of ocean residence 

that determines year class strength. The first period of mortality is mainly due to 

predation, and the second, occurring in late fall and winter is physiology based. If 

juvenile salmon fail to reach a critical size by the end of their first marine summer, 

they do not survive the following winter. Following the initial size-based mortality, 

juvenile salmon need to maintain a weight-specific maintenance metabolism in the 

face of changing environmental conditions such as shorter photoperiod, decreased 

food availability, and cooler temperatures. The critical size, critical period has been 

best demonstrated for coho, chinook and chum salmon (Beamish and Mahnken 2001). 
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Coho salmon demonstrate unparalleled growth rates at sea, and like pink salmon, are 

an ideal species for identifying how marine conditions affect growth and survival as 

they only spend one year in the ocean. Chinook and chum salmon typically spend an 

average of 3-4 years at sea, so their mortality is more spread out, and overall survival 

is less likely to reflect ocean conditions during a given year. However, chum salmon 

enter the marine environment at smaller sizes relative to chinook and coho, and 

experience greater size selective mortality in their first ocean year. Storage of energy 

reserves prior to the first winter will be important for smaller bodied juveniles such as 

chum and pink salmon as their specific metabolic rates are higher than other larger 

bodied individuals. 

 

Pink salmon head directly to sea after hatching and are the smallest bodied juveniles in 

the marine environment, utilizing the more productive marine waters for better 

foraging opportunities while risking higher predation pressure. Therefore, 

experiencing good growing conditions and quickly achieving a large body size is of 

paramount importance for this species. Survival is shown to be size dependent and 

related to zooplankton prey availability during early marine residence (Willette et al. 

2001). Evidence from cohort specific scale growth patterns suggest that an above 

average body size needs to be achieved by August in order for overwinter survival 
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(Moss et al. 2005), supporting the critical size and critical time hypothesis (Beamish 

and Mahnken 1998, Beamish and Mahnken 2001). 

 

The Potential for Negative Interactions Between Hatchery and Wild Stocks 

Large releases of hatchery fish can affect wild salmon in both freshwater and marine 

environments. Pacific salmon home to streams to breed and therefore create isolated 

populations uniquely adapted to local conditions (e.g. Elwha River chinook) 

(Lichatowich 1999). Maintaining natural genetic diversity within and among fish 

stocks is needed in order to respond to major ecological and climate changes, provide 

the basis for re-establishing natural stocks where opportunities occur, optimize natural 

production in streams, support natural ecosystem function, re-establish genetic 

variability in existing hatchery stocks, and provide the basis for new hatchery stocks 

(Nehlsen et al. 1991). Research on Pacific salmon recruitment has shown that there are 

many periods within salmon life history that influence recruitment, and depending on 

conditions and sympatric stocks there may be multiple equilibrium states for a 

particular population (Peterman 1984a). Each Pacific salmon species utilizes the 

environment in a different way, and we must first consider each life history strategies 

in order to understand the potential affect hatchery releases may have (McMichael 

1999). 
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Negative aspects associated with hatchery and wild salmon interactions are 

competition for limited habitat, overlap in migration timing, competition, predation, 

transmission of disease, and aggressive interactions. Positive aspects related to 

hatchery and wild salmon interactions are the preservation of wild stocks (less likely 

to exert high fishing mortality on wild stocks during poor recruitment years given 

fishing pressure remains constant), predation sheltering (when hatchery fish are 

smaller than wild), and for supporting salmon populations in regions where freshwater 

habitat is unavailable or damaged. Japan is a nation with extremely limited fresh water 

habitat that produces large amounts of hatchery salmon. Wild salmon populations are 

substantially limited and nearly all harvested fish are of hatchery origin (Mayama and 

Ishida 2003). Japan is a nation highly dependent on the ocean for food, and the few 

wild salmon populations remaining would likely be at a greater risk in the absence of 

hatcheries. However, Japanese hatchery salmon production is so high that it has been 

implicated in negative interaction with wild stocks of salmon from the United States 

(Ruggerone et al. 2003). 

 

Three factors or mechanisms other than direct competition that may pose risks to wild 

stocks by hatchery stocks are genetic pool pollution (Reisenbichler and McIntyre 

1977, Nickelson et al. 1986), overharvest through mixed stock fisheries (Hilborn and 

Eggers 2000, Nehlsen et al. 1991), and decreased body size at return (Helle 1989). 
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Stocks are the basic building blocks of Pacific salmon populations and reduction in 

genetic diversity will result in a limiting of the ability for self-perpetuation by the 

population. Actions taken by a hatchery that effectively reduce the genetic integrity of 

wild salmon genetic pool should be deemed as a negative interaction. It is widely 

accepted that hatchery fish are fit to produce and survive in a hatchery environment 

rather than a wild environment, but interbreeding hatchery and wild stocks decreases 

fitness, and smolt survival rates (Reisenbichler and McIntyre 1977). Overharvest 

through mixed stock fisheries can especially be a problem when terminal harvest areas 

for hatchery fish are near migration corridors or homing streams for wild stocks 

(Hilborn and Eggers 2000). This will especially be a problem when harvest rates are 

set in relation to total return (hatchery + wild) when wild stocks are low (Lichatowich 

1999). 

 

The growth of parents is related to the survival of their offspring, where survival of 

progeny during years when body size is large can be explained by fecundity relative to 

body size. For example, progeny survival rate between a 579 mm and 514 mm female 

chum salmon could be as large as four fold, and the number of eggs differ by a factor 

of 1.2. Aside from having larger bodied eggs, larger fish deposit their eggs deeper in 

the gravel providing more protection from high flow events. Larger salmon eggs 

produce larger fry, which would have higher survival, and larger bodied females have 
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more energy allowing them to remain in the stream longer and better defend their 

nests. 

 

The theoretical basis of competition is that there is a limited amount of resources 

available to organisms in the wild, and individuals displaying the greatest fitness will 

out-compete those that do not. The empirical basis of competition can be expressed in 

the architecture of models designed to capture and explain the greatest amount of 

variability in observations. There is overwhelming evidence supporting the arguments 

for density-dependence in the ocean (Peterman 1984 a, b; Helle 1989; Peterman 1991; 

Pyper and Peterman 1999). Prey switching can be a result on oceanographic 

conditions and presence of interspecific and intraspecifics. For example, seasonal, 

geographic, and interannual occurrence of chum salmon with softened (flabby) 

muscles is related to oceanic abundance, body length, and age at maturity. Frequency 

of occurrence of flabby chum salmon was greatest in areas where densities were high, 

and the likely cause of tissue degeneration was poor food quality, exacerbated by 

increased densities (Klovatch 2000). Chum salmon are observed to feed on more 

nutritious prey in the absence of pink salmon than they do in the presence of pink 

salmon (Tadokoro 1996, Davis 2003). 
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Ocean conditions and productivity change on annual and decadal timescales (Francis 

et al. 1998), and across oceanic domains (Fisher and Pearcy 1998). These effects will 

further influence density-dependences and competition among salmon through a 

change in the trophic interactions within the ecosystem. A study by Aydin et al. (2000) 

highlights a vector through which pink salmon occupying the Gulf of Alaska during 

July may be affected. Pinks weighing less 1 kg do not feed upon zooplankton whereas 

pink salmon weighing over 1 kg feed upon squid. Zooplankton is roughly half as 

energy rich as squid, and if pink salmon do not grow to a size large enough to crop 

down squid abundance, squid then grow and directly compete with the pink salmon 

for zooplankton, thus creating a negative feed back loop in the food web. 

 

Pink salmon are the smallest bodied of the Pacific salmon, and survival of juveniles 

has been shown to be size dependent and related to zooplankton prey availability 

during early marine residence (Willette et al. 2001). Prince William Sound (PWS) 

pink salmon hatcheries tend to release pink salmon at larger body sizes than their wild 

counter parts (PWSAC Hatchery manager personal communication) to bolster 

survival. Larger fish demonstrate higher survival rates because predation pressure is 

less than that for smaller bodied fish (Willette et al. 2001), therefore larger hatchery 

pink salmon are likely out perform and survive their wild counter parts. 
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Before the PWS hatcheries began producing pinks catches of salmon were low, but 

since production was initiated, catch has been high (average of 20 million fish 

annually). However, catches around the state of Alaska increased equivocally during 

this time, suggesting that the PWS hatchery replaced wild production rather than 

augmenting it (Hilborn and Eggers 2000). Large releases of hatchery pinks, such as 

those in PWS (excess of 500 million per year) within the vicinity of wild populations 

may draw predators such as birds and marine fish (Willette et al. 2001). 

 

Some consider Prince William Sound hatchery pink salmon a potential threat to wild 

stocks through competition, interbreeding (genetic drift), and mixed stock harvests 

(Eggers et al. 1991, Hilborn and Eggers 2000). Seasoned fisheries biologists debate 

whether the practice of ocean ranching pink salmon here is adversely affecting wild 

stocks, however, mechanisms revealing the interrelationships between large-scale 

climate fluctuation, oceanic conditions, and juvenile salmon are now being uncovered 

through fisheries oceanographic investigations, and this knowledge may be used to 

adjust hatchery management practices. PWSAC is a self-sustaining private non-profit 

program that supports itself through a cost recovery fishery and a 2-3% tax on 

commercial landings. Fluctuations in market value and run strength may constrain the 

number of fish released in a given year in order to satisfy operating costs. Despite 
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biological concerns, pink salmon produced by PWSAC are taken in capture fisheries 

and contribute to the PWS economy. 

 

Study Site 

Prince William Sound is a large, sheltered inland body of marine water that receives 

fresh water from surrounding rivers and streams and is surrounded by glacial fjords. 

Including fjords and arms, its area is approximately 120 X 120 km2 with 70% of that 

area covered by water at an average depth of 190 m (Mooers and Wang 1998). Depths 

of the deep basin in the Central Sound exceed 400 m and 700 m in the Northwestern 

Sound. The sill depths at Hinchinbrook and Montague Straight, the two main 

entrances to PWS, are 250 m and 150 m respectively. Water exchange between PWS 

and the GOA strongly influences circulation (Schmidt 1977). Wind regimes over the 

Sound vary seasonally, and changes in the position of the Aleutian Low during winter 

and the North Pacific High during summer influence onshore and offshore Ekman 

transport (Mooers and Wang 1998), which in turn influences base production. 

 

The Gulf of Alaska has a surface area of approximately 370,000 Km2, with a coastal 

region characterized by prevailing downwelling resulting from freshwater inputs and 

onshore wind forcing; and features mesoscale eddies, strong coastal currents, and a 

major oceanic current (Ware and McFarlane 1989, Royer 1981, Schumacher and Reed 
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1986). As the wind-driven eastward North Pacific Current diverges off the west coast 

of North America near Vancouver Island, the California Current flows south, and the 

Alaska Current north as an eastern boundary current seaward of the shelf break. The 

AC turns southwestward when it meets the head of the GOA coastline, and the 

Alaskan Stream forms as an intense western boundary current off the Kodiak Island 

stream where it deepens and intensifies as it is fed by water from the Alaskan Gyre. 

Inshore of the Alaskan Current and Alaskan Stream lies the Alaskan Coastal Current 

(ACC) which is a vigorous coastal current with speeds up to 25 to 100 cm/s (Stabeno 

et al. 1995, Schumacher and Reed 1986). 

 

The Alaska Coastal Current dominates the circulation and transport of nutrients and 

plankton in the coastal GOA (Stabeno et al. 1995), and serves as essential habitat for a 

number of fish species. It is a pathway for adult and juvenile salmonids migrating to 

and from their natal streams. The strong preference by juvenile salmon for the ACC is 

not fully understood, but is likely related to survival. Conditions in the ocean, 

particularly those related to the first few months at sea, strongly influence salmon 

survival and growth (Pearcy 1992). The surface waters of the GOA can best be 

described as a patchwork of phytoplankton and zooplankton production zones 

supporting the pelagic zooplanktivorous fish community. 
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Broad spatial coverage of the GOA was accomplished annually during the expected 

peak migration of juvenile pink salmon by OCC cruises aboard F/V Great Pacific 

which sampled 10 transects beginning with Icy Point and ending with Cape Kaguyak, 

Alaska from mid July until early August. Study transects extend perpendicular from 

shore past the 200-m shelf break and are spaced 18.5 km apart. Temporal variations in 

fish distribution and size structure, forage, feeding, and environmental conditions were 

documented in July, August, September, and October aboard R/V Pandalus at seven 

stations along the Seward hydrographic transect and three stations in PWS. 

 

Study Objectives 

The goal of this study is to evaluate the effects of physical and biological conditions 

on the growth and survival of juvenile pink salmon inhabiting the GOA during 

summer months. Insight gained from this work will help us to better understand 

variation in production under varying climate regimes. To accomplish this goal, body 

size and growth-based limitations affecting survival will be defined. The spatial 

aspects of juvenile pink salmon consumption demand, prey supply, and growth 

potential across the GOA during the first ocean summer will be quantified. 

Zooplankton prey supply will be compared to juvenile pink salmon prey demand using 

a bioenergetics model, and the potential for intra- and inter-specific competition 

qualitatively addressed by examining the spatial overlap and relative density of pelagic 
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planktivores. A spatially-explicit model of growth potential will link foraging rate 

models parameterized in laboratory experiments with a bioenergetics model to 

quantify spatially-explicit growth potential for juvenile pink salmon across the shelf 

regions of GOA. The timing and magnitude of potential bottlenecks in growth will be 

examined by comparing juvenile scale growth of identifiable hatchery release groups 

with scale growth on those juveniles that survived to adulthood. Periods where 

consumption demand to food supply and production ratio is strained most heavily will 

be identified. This research is directly related to the goals of the GLOBEC program 

and NOAA Fisheries Ocean Carrying Capacity (OCC) program, and is a collaborative 

effort between the University of Washington School of Aquatic Fisheries Sciences, 

USGS Washington Cooperative Fish and Wildlife Research Unit, and University of 

Alaska Fairbanks School of Fisheries and Ocean Sciences. 
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Chapter II: Higher Marine Survival Associated With Faster Growth for Pink 
Salmon (Oncorhynchus gorbuscha) 

 

Introduction 

Investigations into the early marine ecology of Pacific salmon have found that ocean 

conditions can limit salmon production and that a large percentage of mortality occurs 

during the juvenile marine life history stage (Parker 1968; Matthews and Buckley 

1976; Bax 1983; Hartt 1980; Furnell and Brett 1986; Fisher and Pearcy 1988; 

Beamish and Mahnken 2001; Beamish et al. 2004). Beamish et al. (2004) report that 

natural mortality affects juvenile coho in two ways; first through predation early in 

their marine life, and second from having insufficient body size at the end of the first 

marine summer to survive winter. This latter idea is referred to as the critical-size, 

critical-period hypothesis (Beamish and Mahnken 1999, 2001), which links natural 

mortality to ocean productivity. Evidence supporting the critical-size, critical-period 

hypothesis has been found for coho salmon (Oncorhynchus kisutch), where individuals 

of the same brood surviving the first ocean winter had significantly larger spacing 

between scale circuli, indicating that brood-year strength is related to growth 

(Beamish et al. 2004). 

 

Juvenile pink salmon (O. gorbuscha), defined as being in their first ocean year prior to 

the formation of a winter annulus on the scale, enter the marine waters of Prince 
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William Sound, Alaska, during April and May (Cooney 1993), and migrate through 

the southwest passages of Prince William Sound to the Gulf of Alaska during mid-

August (Cooney et al. 2001). Salmon experience relatively high mortality rates during 

the first few months of marine life (Hartt 1980), therefore, understanding the timing 

and effects of size on mortality during their early life history is important (Beamish et 

al. 2000). 

 

Prince William Sound is a large fjord (Niebauer et al. 1994) that supports an annual 

influx of 500-600 million hatchery pink salmon fry (Cooney 1993; Hilborn and Eggers 

2000) and annual natural production of approximately 190 million wild fry (S. Moffitt, 

Alaska Department of Fish and Game, personal communication). The potentially 

negative effects of hatchery production on wild stocks in this region have been 

debated (Smoker and Linley 1997; Hilborn and Eggers 2000; Wertheimer et al. 2001; 

Wertheimer et al. 2004; Hilborn 2004), and have raised questions about whether the 

carrying capacity for pink salmon in Prince William Sound and the Gulf of Alaska has 

been exceeded (Beamish et al. 1997; Cooney and Brodeur 1998). 

 

Previous studies suggest that faster growth and larger body size are associated with 

reduced mortality of juvenile salmon (Holtby et al. 1990; Koenings et al. 1993; 

Willette et al. 1999). Scale radius length is proportional to body length (Francis 1990; 
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Ricker 1992), and incremental increases in scale radius is strongly correlated with 

somatic growth (Fukuwaka and Kaeriyama 1997). Therefore, circuli spacing can be 

used as an index of relative growth (Casselman 1990; Fisher and Pearcy 1990; 

Fukuwaka and Kaeriyama 1997). In this study, scales were examined to determine if 

early marine growth was related to survival by comparing stock-specific scale growth 

of Prince William Sound hatchery pink salmon captured during their first summer at 

sea to the scale growth of individuals of the same brood year that returned to the 

hatchery as mature adults the following year. Scale growth trajectories (scale length at 

circulus formation) of fish captured during their first summer were compared to those 

for fish surviving to maturity. Specific objectives of this study were to determine if 

larger, faster growing juvenile pink salmon had higher survival rates. At the same 

circuli, a significantly larger average scale radius for returning adults than for 

juveniles from the same hatchery would suggest that larger, faster-growing juveniles 

had a higher survival rate and that significant size-selective mortality occurred after 

the juveniles were sampled. 

 

Methods 

Biological Sampling 

Juvenile pink salmon were collected at three oceanographic stations in Prince William 

Sound and at six stations along the Seward hydrographic transect during July 8-13, 
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August 12-19, and September 18-22, 2001. These areas were sampled as part of the 

Northeast Pacific Global Ocean Ecosystem Dynamics program (GLOBEC), which is 

studying the effects of climatic variability on the Northeast Pacific ecosystem. Fish 

were collected from the Alaska Department of Fish and Game (ADF&G) R/V 

Pandalus during daylight hours using a Nordic 264 surface rope trawl with 3 m doors. 

The net fished a depth of approximately 11.4 m and a width of approximately 14.3 m, 

with a 1.2-cm mesh liner in the codend. The trawl was towed at each station for 30 

min at 3.5-5.0 knots (6.5-9.3 km·h-1). Fish were frozen in seawater in the field, and 

thawed and processed in the laboratory. Adult hatchery pink salmon were captured by 

purse seine in Prince William Sound Aquaculture Corporation (PWSAC) cost-

recovery fisheries located at hatchery-specific terminal fishery sites. Cost-recovery 

fishing occurred within the special harvest area for each targeted hatchery, which is 

located directly in front of the hatchery. 

 

Test of Gear Selectivity 

The length-frequency of juvenile pink salmon was visually compared to the length-

frequency of yearling sockeye salmon (O. nerka) in the catch to determine if size-

selective sampling was likely over the size range of juvenile pink salmon encountered 

by the trawl. If the trawl consistently captured larger, older juvenile sockeye salmon, it 

supported our assumption of no size selectivity imposed by fishing gear. 



 
 
 

 

47

 

 

Stock-specific Otolith and Scale Processing 

All pink salmon from hatcheries in Prince William Sound contained hatchery-specific 

thermal otolith marks to identify their origin, time of release, and mean body size at 

release. Otoliths of juvenile pink salmon captured at sea in 2001 were examined to 

determine their stock of origin. Pink salmon have a two-year life history, and adults 

return to the location where they first enter marine water. Thus, hatchery juveniles 

from the brood year 2000 would be captured at sea in 2001 and later as adults in 

hatchery stock-specific cost recovery fisheries during 2002. Fifty adult pink salmon 

were randomly selected from each of three PWSAC cost-recovery terminal fishery 

sites. 

 

Scales were removed from adults and juveniles within the preferred region of the fish, 

the second to the seventh rows of scales above the lateral line diagonal from the back 

of the dorsal fin. Scales from all juveniles were used in the analysis, but some of the 

adult scales from each hatchery stock had reabsorbed and therefore could not be used 

(Table 1). Scales were cleaned, mounted on gummed cards, heated, and hydraulically 

pressed on acetate cards under pressure of 1,4632 kg cm-2 for 3 min. Digital images of 

the scales were captured from the acetate impressions using an Optical Pattern 

Recognition System (OPRS) developed specifically for measuring fish scales. The 
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Optical Pattern Recognition System was calibrated with a stage micrometer and all 

measurements were converted to microns. Intercirculi spacings and scale radius 

lengths were measured along the long axis of the scale. The radius of the first circulus 

was calculated by multiplying the focus diameter by 0.5. Inter-circuli spacing was 

measured for circuli 2-16, the region of the scale laid down during summer and early 

autumn. 

 

Scale Analysis 

The effect of body size (length) on survival was examined for three hatchery stocks of 

Prince William Sound pink salmon, with scale radius length serving as a proxy of 

body length. Scale samples obtained from juveniles captured during July, August, and 

September 2001 were used collectively in the analysis. The three Prince William 

Sound hatchery stocks examined in the analysis were from Armin F. Koernig (AFK), 

Cannery Creek (CC), and Wally Noerenberg (WN) hatcheries. All fish examined were 

of brood year 2000 and were released in 2001. Armin F. Koernig hatchery released 

fish in Sawmill Bay, Prince William Sound on the May 7 and 23, CC hatchery 

released fish in the vicinity of Cannery Creek on May 31, and WN hatchery released 

fish in Lake Bay, Prince William Sound on May 7 and 17 (Alaska Department of Fish 

and Game 2004) (Table 1). Frequency distributions of the scale radius at selected 

circuli (circuli numbers 3, 6, 9, 12, and 15) were plotted for both juvenile pink salmon 
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captured at sea and for the returning adults to compare their sizes at the same points in 

their growth history. At the same circuli, a significantly larger average scale radius for 

returning adults than for juveniles from the same hatchery would suggest that larger, 

faster-growing juveniles had a higher survival rate and that significant size-selective 

mortality occurred after the juveniles were sampled. Temporal patterns in growth rate 

were examined by comparing average intercirculi spacing for the three Prince William 

Sound stocks individually and collectively. 

 

Back-Calculation of Fork Length and Estimates of Body Weight 

A linear model was developed from juvenile hatchery pink salmon captured during 

2001 in Prince William Sound and the Gulf of Alaska to back-calculate fork length 

(FL) from scale radius length S (r2 = 0.81; n = 309; P < 0.001): 

 

FL = 0.205(S) + 51.082 

 

This back-calculation model was used to estimate the fork lengths at circuli 1-15, a 

period corresponding to June – September, for both juveniles captured during their 

first summer at sea and for surviving adults recovered from the same hatchery release 

groups. 
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A length-weight regression converted back-calculated fork lengths to body weights W 

(without stomach contents) using measurements of juvenile pink salmon from AFK, 

CC, and WN hatchery release groups captured during July-September 2001 in Prince 

William Sound and the Gulf of Alaska (r2 = 0.98; n = 307; P < 0.001): 

 

W = 0.000006(FL) 3.0965 

 

Fork lengths were calculated at each circulus (equation 1) and converted to body 

weight for adults and juveniles over circuli positions 3-15. 

 

Statistical analysis 

The effects of hatchery origin and capture location (Prince William Sound versus Gulf 

of Alaska) on the mean radius of selected circuli (3, 6, 9, 12, and 15) for juvenile pink 

salmon were compared using multiple analysis of variance (MANOVA). MANOVA 

uses categorical independent variables hatchery origin (AFK, CC, WN) and capture 

location (Prince William Sound versus Gulf of Alaska) to determine the main and 

interaction effects on multiple dependent variables (scale radius radius at each circuli). 

Pillai’s trace, a conservative estimate of model fit analogous to r2 in linear regression 

was examined. Scale radius frequency distributions of surviving adults and juveniles 

were compared at circuli positions 3, 6, 9, 12, and 15 for significant differences using 
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a Komolgorov-Smirnov test. The mean sizes of juveniles and surviving adults were 

compared at each of these circuli separately using 2-factor ANOVA to test for the 

main effects of adult versus juvenile scales, hatchery of origin (AFK, CC, WN), and 

the interaction of adult-juvenile scale source with hatchery of origin. 

 

Results 

Gear Selectivity 

The trawl consistently caught yearling sockeye salmon that were larger than juvenile 

pink salmon captured concurrently in the same net haul. This supported the 

assumption that there was no size-selective sampling by the fishing gear that would 

bias the size distribution of juvenile pink salmon against larger fish during the first 

growing season (Figure 1). There is a possibility that the capture rate of smaller fish 

was disproportionate to larger juvenile pink salmon, however, we were not able to 

assess if such a sampling bias occurred given the sample design and data. 

 

Juvenile and Adult Size during the First Ocean Summer 

The size discrepancy between adults and juveniles became greater at higher circuli 

counts and was evident in each of the three hatchery stocks examined (Figure 2). The 

radius of selected circuli (3, 6, 9, 12, and 15) for juvenile pink salmon did not vary 

significantly between Prince William Sound and the Gulf of Alaska (MANOVA, 
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Pillai’s trace > 0.30), but differed significantly among hatcheries at most circuli (P = 

0.067 for circulus 3; P = 0.004-0.007 for circuli 6, 9, 12; P = 0.052 for circulus 15). 

The scale radius frequency distributions overlapped between juveniles and adults, but 

differed significantly at circuli 3, 6, 9, 12, and 15 for AFK and CC (Komolgorov-

Smirnov test, P ≤ 0.008 for all comparisons) and for WN at circuli 3, 6, 9 (P ≤ 0.001), 

and circuli 12 (P = 0.039). Scale radii for surviving adults were significantly larger 

than for juveniles at the same circulus (2-factor ANOVA for all circuli comparisons: P 

< 0.001 for main effects of adult-juvenile comparisons; P > 0.50 for main effects of 

hatchery origin; P > 0.10 for 2-way interactions). 

 

Growth rates declined for all fish at circuli 5-7, a period corresponding to July. 

Growth trajectories diverged among juvenile and adult pink salmon hatchery groups 

thereafter (Figure 3). Average incremental circuli spacing for juveniles and adults was 

relatively high over circuli 2-4, a period corresponding to June. Growth for juveniles 

was significantly lower than for adults over circuli 5-13, and then increased, but was 

still significantly lower than for adults at circuli 14-16 (Figure 3). Circuli spacing on 

adult scales also declined during July (circuli 5-7), then increased steadily over August 

and September (circuli 8-16). 
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Juvenile and Adult Growth Trajectories 

Based on scale radius estimates during June – September, growth trajectories for 

surviving adults were higher than for juveniles for all hatchery stocks examined 

(Figure 4). By September, the estimated average body weight for hatchery adults 

ranged 52.1-54.2 g compared to 31.7-35.1 g observed for hatchery juveniles captured 

at sea. Juveniles released from AFK hatchery were on average estimated to be 30% 

smaller than the surviving adults from that particular cohort during their first ocean 

summer. Cannery Creek hatchery juveniles were estimated to be on average 23% 

smaller than surviving adults that returned to the hatchery, and WN juveniles 

estimated to be on average 25% smaller than surviving adults during their first ocean 

summer. The hatchery stock having the greatest discrepancy in estimated body weight 

between surviving adults and juveniles during September of their first ocean year was 

AFK hatchery (13.8 g), the stock with the second largest discrepancy was CC hatchery 

(12.5 g), and the stock with least discrepancy in growth was from WN hatchery (12.0 

g). Armin F. Koernig hatchery had the highest release-to-adult survival rate (5.2%), 

followed closely by WN hatchery (4.4%), while CC hatchery had the lowest (1.1%) 

(Prince William Sound Aquaculture Corporation 2004). 
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Discussion 

Mortality rates can differ significantly among life stages or seasons for anadromous 

fish, and the timing and causes of mortality can have important implications for the 

population dynamics of Prince William Sound pink salmon. All hatchery stocks of 

juvenile and adult pink salmon (AFK, CC, WN) initially showed high growth rates in 

June, which then declined through July. Almost all juvenile pink salmon captured 

during July were collected in Prince William Sound, whereas very few were captured 

in the Gulf of Alaska. Catch rates in the Gulf of Alaska and Prince William Sound 

were similar during August and September, a time period corresponding to the 

elevated growth rates for surviving fish. Large concentrations of juvenile pink salmon 

in Prince William Sound during this period may have experienced enhanced density-

dependent interactions which resulted in lowered growth rates. The decrease in growth 

rate shown for both juveniles and adults suggests that a bottleneck in growth occurs in 

Prince William Sound during July. If the bottleneck in growth resulted from high 

concentrations of fish in Prince William Sound, regions with lower interspecific 

densities may be more favorable for fish growth. 

 

Hilborn and Eggers (2000) argued that increased production of hatchery pink salmon 

in Prince William Sound replaced rather than augmented wild pink salmon production, 

for which a bottleneck in growth could serve as a mechanistic explanation for a 
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realized decrease in survival. Contrary to this view, Wertheimer et al. (2004) found 

that there is a lack of evidence for density dependence among Prince William Sound 

pink salmon stocks. They tested the hypothesis that Prince William Sound hatcheries 

replaced rather than augmented wild production using a generalized version of the 

Ricker spawner-recruit model to analyze the relationship of wild stock productivity 

with an array of environmental variables. The regressing of environmental variables 

with stock productivity through time series analyses can provide valid insights into the 

scope of such impacts; however, higher resolution studies of habitat quality should 

provide improved understanding of the mechanisms and magnitude of density-

dependent effects exerted on Prince William Sound pink salmon. Results from our 

study support the concept that a critical size must be achieved by juvenile pink salmon 

in order to survive the winter, and bottlenecks in growth could depress juvenile pink 

salmon growth trajectories such that the critical body size is not attained. Depressed 

growth could result from less than adequate prey resources, a decrease in the quality of 

prey resources, or density dependence. Estimating the critical size required for 

survival has set the bounds for assessing fitness against which assessments of 

environmental conditions at smaller spatial scales may be carried out. 

 

Growth for hatchery juveniles remained low through summer months, whereas fish 

that survived to maturity grew significantly faster than the average for hatchery 
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juveniles during August and September (circuli 8-16). Fish that experienced lower 

growth rates that resulted in smaller estimated body sizes relative to surviving fish in 

the population during September, suggested that a critical-period for survival had not 

yet occurred. Therefore, this study provides evidence that juvenile pink salmon 

undergo significant size-selective mortality after the first growing season, in addition 

to size-selective mortality during the first growing season, with evidence that support 

the critical-size, critical-period hypothesis, with a critical period occurring after early 

fall. Scale sample size for the juveniles decreased as the season progressed, which 

affected the detection of larger juveniles in the circuli radius frequency distributions. 

Theoretically, the adult frequency should be inclusive of the larger juveniles that will 

survive the winter. Also, if smaller adults were captured at a disproportionately lower 

rate than larger adults by purse seine in terminal fisheries, our results would be biased 

toward overestimating the critical size required to survive through winter. Our belief is 

that purse seines captured the smallest pink salmon adults without size selection, but 

no data is available to verify our assumption. 

 

Pink salmon scale formation was estimated to occur when fish obtained a body size of 

51 mm FL, however, body size at scale formation was estimated from a back-

calculation model that assumes isogonic growth of scales and body length, which 

likely resulted in biased estimates of body length. Pearson (1966) observed the 
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minimum size of scale formation for pink salmon in Puget Sound to be 60 mm FL and 

Kaeriyama (1989) reports that Hokkaido pink salmon form scales at an average body 

size of 57 mm FL, with a range of 52-60 mm. It is unlikely that pink salmon from 

PWS are much different from pink salmon from other parts of their range, and thus 

predictions of fork length inferred from scale radius length across early formed circuli 

likely underestimated fork length for both adults and juveniles. 

 

Brood year survival was greatest for AFK hatchery (5.16%), second-greatest for WN 

hatchery (4.40%), and least for CC hatchery (1.14%). Juvenile pink salmon released 

from the AFK hatchery were 49% smaller by weight than those released during the 

same month by the WN hatchery (May 7-23 vs. May 7-17) (Alaska Department of 

Fish and Game 2004), but had similar survival (Prince William Sound Aquaculture 

Corporation 2004). Size differences of late summer juveniles do not explain large-

scale differences in recruitment variation among these populations, and the large 

differences in survival must have been established earlier in the marine life history, 

prior to the scale-growth record analyzed. This is strong evidence that early, near-

shore local effects drive some of the variation in marine survival for pink salmon. 

However, this observation does not negate the evidence of a "critical size" effect on 

the marine mortality. Fish from CC hatchery were released the latest and were 

smallest at time of release relative to AFK and WN hatchery stocks, yet were similar 



 
 
 

 

58

 

to the other stocks in size when recaptured later in the season. This finding indicates 

that there may be the possibility of a critical size threshold that occurs earlier in the 

growing season as well. Parker (1968) reported that pink salmon incurred heavy 

mortality during the first 40 days after marine entry, with estimates ranging from 55-

80%, which would correspond to June and early July for Prince William Sound 

hatchery stocks. Karpenko (1998) estimated mortality rates to range between 53-94% 

for Russian stocks, while Willette et al. (2001) estimated 75% for Prince William 

Sound stocks during this period, and suggested that predation pressure imposed upon 

juvenile pink salmon is a function of juvenile pink salmon body size, the timing of 

predation events, and availability of alternate prey. The spatial distribution of 

predators likely influenced the mortality schedules of each hatchery stock 

differentially, which could not be accounted for in this study. Our analysis was 

performed using a single brood year of data, and thus no interannual comparisons 

could be made. Multiple years of data combined with information regarding stock-

specific growth and mortality during the period before juveniles were sampled could 

lend to a better assessment of the degree to which the critical size affects survival. 

 

A likely cause for the discrepancy in survival could be that conditions experienced by 

AFK hatchery fish were more favorable than those experienced by WN hatchery fish, 

or that WN hatchery fish experienced higher predation. An additional factor 
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contributing variability to stock-specific estimates of survival is the ability of pink 

salmon to redistribute between neighboring rivers and large geographical regions 

(Shuntov 1994). Straying of pink salmon from natal rivers was estimated to be as high 

as 9.2% from total stock in southeastern Alaska (Thedinga et al. 2000). Furthermore, 

hatchery-reared salmon have a decreased ability to orient during pre-spawning 

migration relative to wild conspecifics due to reduced opportunities for imprinting on 

key freshwater landmarks after release (Dittman and Quinn 1996). These factors 

contributed to uncertainty in the origin of pink salmon captured in cost-recovery 

fisheries. 

 

Temporally, the largest difference in growth rate between juveniles and surviving 

adults released from AFK hatchery occurred during July (circuli 8-10), whereas the 

largest difference for WN hatchery stocks occurred during August (circuli 11-13). The 

stock-specific differences in the timing of growth discrepancies between juveniles and 

surviving adults highlights the importance of understanding the temporal and spatial 

differences in the biological and physiological conditions experienced by juvenile pink 

salmon, and the need to quantify the distribution of juvenile salmon relative to habitat 

quality. Factors contributing to differences in juvenile pink salmon growth likely 

include availability, quality, and patchiness of prey. Juvenile pink salmon consume 

prey within a certain size range rather than a certain type (Brodeur and Pearcy 1990) 
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and diets vary across small distances (Boldt and Haldorson 2003). Therefore, if 

bottlenecks are occurring through space and time, the amount of zooplankton within 

the size range preyed upon by juvenile pink salmon can vary and affect consumption 

rates. 

 

An analysis of the spatial dynamics and interannual variation in the growth potential 

for juvenile pink salmon in the Gulf of Alaska during summer months could offer 

insight into the advantages of distribution relative to physical and biological 

conditions of the ocean. School size may have a pronounced effect on localized prey 

depletion and density dependence. Schooling behavior may alter realized benefits 

associated with a large school size as a predation shelter and mechanism for increased 

foraging efficiency with increased negative density dependent interactions. Large 

schools of juvenile pink salmon may enhance localized density-dependence by 

limiting the amount of forage available to an individual per unit volume of water, and 

these types of interactions would be reflected in scale growth patterns. 

 

Strong size-selective mortality occurs after September; therefore, juvenile growth 

performance throughout the first summer and early fall is important in achieving a 

large enough body size to survive through winter. Differences in body weight, as 

inferred from back-calculated fork length, which was estimated from scale radius 
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length, shows that juveniles with an above-average growth trajectory survive their first 

winter at sea. In the case of pink salmon, these individuals would return the following 

year as mature adults. Scale radius length was measured to end circuli for juveniles, 

thus leaving the potential for the circulus increment to increase after the moment of 

measurement. However, the increment of scale growth after the moment, or between a 

pair of adjacent circuli was small relative to differences in scale radius length between 

juveniles and adults. Overlap in scale radius length, and thus estimated body size 

between adults and juveniles examined in this study suggests that a portion of the 

juveniles sampled would be expected to survive through winter. 
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Table 1. Sample sizes by hatchery stock (Armin F. Koernig = AFK, Cannery Creek  
= CC, and Wally Noerenberg = WN) brood year 2000 adult and juvenile pink salmon 
used in scale analysis. 
 

 AFK CC WN 
Release date 5/7/01, 5/23/01 5/31/01 5/7/01, 5/17/01 
Size at release (g) 0.46 - 0.48 0.32 0.69-0.71 
Survival (%) 5.2 1.1 4.4 
Adult scales (n) 45 34 26 
Juvenile scales (n) 37 33 26 
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Figure 1. Relative frequency of juvenile pink and sockeye salmon body size (Fork 
Length) in research trawl catches during July, August, and September 2001. 
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Figure 2. Scale radius length to circuli 3, 6, 9, 12, and 15 for hatchery pink salmon 
juveniles (dotted) and individuals of that cohort returning the following year as mature 
adults (solid), released by Armin F. Koernig (AFK), Cannery Creek (CC), and Wally 
Noerenberg (WN) hatcheries in 2001 (brood year 2000). 
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Figure 3. Average (±SE) incremental spacing between scale circuli for juvenile pink 
salmon (open circles) and the comparable juvenile stages of surviving adults (closed 
circles) from Armin F. Koernig (AFK), Cannery Creek (CC), and Wally Noerenberg 
(WN) hatcheries in 2001. 
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Figure 4. Average (±SE) scale radius (µm) of surviving adult hatchery pink salmon 
(closed dot and solid line) and hatchery juvenile salmon (open dot and dotted line) at 
comparable juvenile stages. 
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Chapter III: Functional Response of Juvenile Pink (Oncorhynchus gorbuscha) 
and Chum (Oncorhynchus keta) Salmon: Effects of Consumer Size and Two 

Types of Zooplankton Prey 
 

Introduction 

Developing models that predict the feeding behavior of planktivorous fish under 

specific environmental conditions can provide useful tools in advancing understanding 

of trophic dynamics in the marine environment. Planktivorous fish consume relatively 

small prey of different types and sizes, and often engage in saltatory searching for 

food (O’Brien et al. 1990). Therefore, changes in prey type or abundance could 

influence foraging rate and affect the total amount of prey consumed during a foraging 

bout. Juvenile pink salmon (Oncorhynchus gorbuscha) collected in Prince William 

Sound (PWS) and the coastal Gulf of Alaska (GOA) feed on a diversity of highly 

visible planktonic prey in the surface 10 m of the water column during daylight hours, 

but do not necessarily consume the planktonic species with the greatest biomass or 

highest abundance (Armstrong et al. 2005). Juvenile pink and chum salmon (O. keta) 

demonstrate a high degree of spatial and temporal overlap during their first months of 

marine life in Alaskan waters (Farley and Munk 1997; Orsi et al. 2005). Because 

larger body size and faster growth are associated with higher marine survival for 

Pacific salmon (Willette et al. 1999; Beamish and Mahnken 2001; Moss et al. In 

press), mechanistic comparisons of the effect of prey type and concentration on 

consumption rate provide important insights into the potential for competition or 
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resource partitioning, and the implications for density-dependent growth and survival, 

during the early marine life history of these commercially and ecologically important 

species. 

 

The functional response (Holling 1959, 1966) predicts the consumption rate of a 

predator as a function of prey density, and provides a fundamental framework for 

studying predator-prey interactions (Begon et al. 1996; Gotelli 1998). Functional 

response curves have been used successfully in models that predict foraging behavior 

and growth rates of planktivorous salmon in freshwater systems (Stockwell and 

Johnson 1997, 1999). The correct form and accurate parameterization of the functional 

response is crucial for inferring the significance of predation by fish in the wild 

(Heikinheimo 2001).  

 

The functional response takes three basic forms. The type I functional response has 

been observed in filter feeding organisms foraging in homogenous prey environments 

and reflects a linear increase in consumption rate with increasing prey density. In the 

type II functional response, consumption rates initially increase rapidly, and then 

decelerate asymptotically at higher densities. The asymptotic portion of the curve 

denotes constraints in predation rate due to handling of prey. Actions requiring time 

for the handling of prey would include but not be limited to chasing, biting, and 
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ingestion. A type III functional response takes the form of a sigmoid and is used when 

consumers are switching from feeding on one prey type to another. 

 

Previous studies report on salmonid feeding rate relative to prey density. O’Brien et al. 

(2001) report on the functional response of Arctic grayling (Thymallus arcticus) 

feeding on small invertebrate prey under varying current velocity. Results from this 

study showed that search and pursuit time dropped with increasing prey density, but 

was not affected by increased current velocity, and that this may reflect a trade off 

between an increased likelihood of encountering prey and a decrease in location 

efficiency. Koski and Johnson (2002) report that fingerling kokanee salmon exhibit a 

type I functional response to Daphnia at low light levels and a type II functional 

response at higher light levels. In this study, functional response models parameterized 

in laboratory experiments were used to simulate feeding conditions in a Colorado 

reservoir. 

 

We conducted laboratory experiments to parameterize functional response models for 

juvenile pink and chum salmon foraging on zooplankton prey. A primary goal was to 

explore the effect of zooplankton prey size on consumption rate, and note interspecific 

differences in the response. The effect of consumer body size on maximum 

consumption rate was investigated for pink salmon. Efforts were made to replicate the 
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physical conditions of GOA and PWS surface waters during summer months in 

laboratory foraging rate experiments.  

 

Methods 

Pink salmon fry feeding rate experiments 

Pink salmon fry were captured in a beach seine along the shore of Mukilteo, 

Washington on 14 April 2002, transported to NOAA Fisheries Mukilteo Field Station, 

and held for one month outdoors in circular tanks (1.22 m diameter) supplied with 

unfiltered seawater pumped from 9.14 m below the surface of Puget Sound. During 

this period, fish were fed a mixed diet of zooplankton and pelletized fish food, and 

were monitored daily to verify that they remained accustomed to zooplankton prey. 

Pink salmon fry averaged 39 mm FL during the experiments (Table 1). Forty-eight 

hours prior to initiating functional response experiments (hereafter called “feeding 

trials”), fish were brought into the lab and held in 38-L aquaria supplied with filtered 

(≥ 50 µm pore diameter) seawater and oxygen.  

 

Feeding trials were conducted in 8-L rectangular plexiglass tanks painted flat gray on 

the inner surface of the tank to minimize reflection. The front panel was not painted to 

allow for video surveillance. Experimental tanks were filled with filtered (≥50 µm 

pore diameter) seawater, provided oxygen via an air-stone, and placed in a water bath 
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to maintain a constant temperature. Water temperatures ranged from 10.5 to 12 °C 

over feeding rate trials, but remained constant for a given trial. A partition frame was 

constructed from PVC piping and was shrouded with visquine around the 

experimental tank to isolate the experimental arena from the rest of the wet lab. Light 

within the experimental arena was provided by 91.5-cm fluorescent bulbs (400-700 

nm wavelength) suspended overhead and filtered with mesh screens. Ambient light 

levels were measured at the water surface with a Li-Cor Model 189 radiometer and 

were maintained at 160 lx for all feeding trials. 

 

Twenty-four hours prior to running a feeding trial, a single pink salmon fry was 

transferred from a 10-gallon holding tank to one of three 8-L experimental tanks. 

Zooplankton prey were captured from unfiltered seawater supplied by the Mukilteo 

Field Station backup water supply system and were filtered through a 750-µm mesh 

net where coarse material (bivalves and plant material) and large zooplankton were 

removed. The resulting filtrate was then passed through a 300-µm mesh sieve and 

organisms that were too large to pass through the sieve were rinsed into a petri dish. 

Copepods (Tisbi sp.) were then pipetted into a separate petri dish, and enumerated just 

prior to initiating a feeding trial. 
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From 40 to 1,400 copepods were added to the experimental tank (resulting in densities 

of 5-175 copepods/L) from behind the visquine partition via a feeding tube 

constructed from Tygon tubing. Behavioral observations were made remotely from a 

television monitor wired to a closed circuit video camera. The timing of feeding rate 

trials began at the first strike made at a prey item and trials were 10 minutes in 

duration. Additional prey were added to the tank at the rate prey were consumed. Fish 

were dip-netted from the tank and placed in a water bath containing a lethal 

concentration of tricaine methanesulfonate (MS-222) at the cessation of feeding trials. 

Once the specimen was euthanized, a length and weight measurement was made and 

stomach contents were quantified under a dissection microscope. 

 

Juvenile pink and chum salmon feeding rate experiments 

Juvenile pink and chum salmon were collected from Icy Strait, Alaska on 27 June 

2004 using a two-boat trawl that was deployed and retrieved by the NOAA Ship John 

N. Cobb, assisted by the NOAA Auke Bay Laboratory vessel RV Quest. The mouth of 

the two-boat trawl was 3 m deep and 6 m wide, 14.9 m long, and was held open 

vertically by a pair of steel spreader bars fitted with bottom weights and top floats. 

The net mesh tapered from 7.6 cm at the mouth to approximately 1.5 mm at the cod 

end, and was fished at 1.0 m·s-1 for 10 minutes with one towing bridle hooked to each 

vessel. Once the net was hauled aboard, fish were immediately transferred to live 
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tanks, transported to the Auke Bay Laboratory within the following 24 hours, and held 

in raceways. Fish were allowed to acclimate to the wet lab for a two-week period prior 

to initiating feeding rate experiments, and were fed a mixed diet of zooplankton and 

pelletized fish food during the acclimation period. Juvenile pink and chum salmon 

were similar in size during the foraging rate experiments, with average fork length 

(FL) ranging between 102 and 107 mm (Table 1). Foraging rate experiments were 

conducted in a 100-L rectangular fiberglass tank filled with 50 L of water and isolated 

from other areas of the wet lab by black, opaque visquine shrouding suspended from 

the ceiling to the floor. Fluorescent bulbs provided overhead light that was held 

constant at 90 lx for all experimental trials. Light intensity was measured with a Li-

Cor Model 189 radiometer at the water surface with the photosensitive detector 

pointed upwards. A chiller held water temperature constant at 11ºC (± 0.5º) and 

oxygen was provided to the tank via an air pump and stone. 

 

Forty-eight hours prior to initiating a feeding trial, juvenile pink and chum salmon 

were transferred to a holding tank and denied food. One hour prior to the initiation of a 

feeding trial, five juvenile salmon were transferred to the experimental tank. 

Zooplankton prey used in feeding trials were copepods (Tisbi sp.) and mysid shrimp 

(Mysidopsis bahia). Zooplankton prey were enumerated and 50-11,800 prey were 

added to the tank (resulting in densities of 1-236 copepods/L) via a feeding tube from 
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behind the visquine partition. The timing of feeding trials began when the first strike at 

a prey item was observed and trials were 10 minutes in duration. Additional prey were 

added to the tank at the rate prey were consumed. Fish were observed remotely by 

television and a digital video camera (JVC model GR-D72US) that was suspended 

directly over the tank. After the 10-minute feeding trial, fish were dip-netted from the 

tank and placed in a water bath containing a lethal concentration of MS-222. Once 

specimens were euthanized they were placed in a plastic bag and frozen whole. Fish 

were thawed upon the completion of all feeding rate trials, length and weight were 

measured, and stomach contents quantified with the aid of a dissection microscope. 

 

Fish and zooplankton prey behavior was carefully observed during both series of 

feeding trials. Salmon actively swam around the tank regardless of the presence or 

concentration of food. Strikes at prey were characterized by a rapid acceleration, 

sudden stop, and biting action. Juvenile salmon did not appear to associate the feeding 

chute with food and zooplankton prey were generally distributed randomly throughout 

the tank. Copepods of the genus Tisbi are important prey for pink and chum salmon, 

are commonly associated with the benthos and eelgrass beds (Webb 1991), but were 

observed actively swimming in the water column during foraging rate experiments, 

and were thus deemed an acceptable surrogate species for small pelagic copepods. 
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Zooplankton size 

A sample of 30 copepods used in pink salmon fry feeding rate experiments and 50 

copepods and 50 mysids used in the larger juvenile pink and chum salmon 

experiments were randomly selected. Digital images of prey were captured with a 

Coolsnap digital camera linked to a Zeiss dissection microscope. Zooplankton prey 

length and surface area of the sagittal plane of a single zooplankton prey item (±SD, 

mm2) was calculated from the digital images using Optimas 6.51 software. Surface 

area of copepod prey presented to pink salmon fry (0.50 mm2) was slightly less than 

those presented to juvenile pink and chum salmon (0.88 mm2). Mysid prey (6.46 mm2) 

was approximately seven times larger than copepod prey (0.88 mm2) presented to 

juvenile pink and chum salmon (Table 1). Zooplankton prey length and surface area 

were fit to the following equation: 

 

naLSA =  

 

where SA is the surface area (mm2) of the sagittal plane of a single zooplankton prey 

item and L is the total length (mm) of the zooplankton prey item (Table 2). 
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Statistical analysis 

Using linear and nonlinear models specified in PROC GLM and NLIN in SAS (2001), 

functional response curves were fit to data for juvenile pink and chum salmon feeding 

on copepod and mysid prey and pink salmon fry feeding on copepod prey, linear 

curves were fit to the equation 

 

aPN =  

 

where N is the consumption rate of the predator (zooplankton·min-1), P is prey density 

(zooplankton·L-1), and a is the slope of the consumption rate (Koski and Johnson 

2002). Nonlinear curves were fit to the equation 
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where N is the consumption rate of the predator (zooplankton·min-1), P is prey density 

(zooplankton·L-1),  β0 is the maximum consumption rate (zooplankton·min-1), and β1 is 

the prey density (zooplankton·L-1) at which the consumption rate reaches half its 

maximum (Real 1979). 
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Model goodness of fit was assessed by R2 and Akaike’s information criteria (AICc, 

AIC corrected for small sample size) (Burnham and Anderson 1998) for juvenile pink 

and chum functional response curves. The R2 values were calculated as the ratio of the 

explained sum of squares (ESS) over the corrected total sum of squares (TSS) when 

ESS equals corrected TSS less the residual sum of squares (RSS). Given the differing 

number of parameters that could be estimated for each model, AIC/AICc was used to 

help determine which model was the most appropriate for each dataset. The AIC 

statistic is a calculated value that is used to select the most appropriate model for a 

given dataset, where the smaller AIC value indicates the better fit to the model 

(Burnham and Anderson 1998). The AIC values were estimated using the equation 

 

pMYLAIC 2)(2 +−=  

 

where L(Y|M) is the log likelihood, Y is the data, M is the hypothesized model, and p is 

the number of parameters in the model. The AICc statistic is AIC with (2k(k+1))(n-k-

1)-1 added, where k is the number of estimable parameters in the dataset including one 

for σ2, and n is the number of trials for a given data set. The AICc test statistic falls on 

a relative scale where the lower value indicates the most appropriate model given the 

data (Burnham and Anderson 1998; Koski and Johnson 2002). 
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Results 

Effect of body size on functional response 

At the smaller fry stage, pink salmon demonstrated a type II response to copepod prey. 

The non-linear model showed a stronger correlation (r2 = 0.93) and had lower AICc 

values for the type II model (30.3) than the linear type I model (r2 = 0.73; AICc = 

34.0). The estimated maximum consumption rate for pink salmon fry feeding on 

copepods was 2.8 prey·min-1, a value nearly five times that for the larger juvenile pink 

salmon (Fig. 1). The density of prey at which consumption rate reaches half its 

maximum was estimated to be 24 prey·L-1 for pink salmon fry. 

 

Juvenile pink and chum salmon functional response to zooplankton prey 

Both juvenile pink and chum salmon demonstrated a type II functional response to 

both copepods and mysids (Fig. 2). When the salmon were feeding on either copepods 

or mysids, the non-linear type II models were consistently superior with higher r2 and 

lower AICc values than the linear models for the larger juvenile pink salmon (Table 3) 

and juvenile chum salmon (Table 4). 

 

When salmon were feeding on copepods, the maximum feeding rates for juvenile pink 

salmon (0.4 copepods·min-1) were nearly 10 times lower than for juvenile chum 
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salmon (3.8 copepods·min-1), but the half-saturation density for juvenile pink salmon 

(8.5 copepods·L-1) was less than half that for juvenile chum salmon (19.4 prey·L-1). 

When salmon were eating mysids, the maximum feeding rates were similar between 

juvenile pink salmon (12.3 prey·min-1) and juvenile chum salmon (11.5 prey·min-1), 

but the half-saturation rate was 14.8 prey·L-1 for pink salmon and 8.2 prey·L-1 for 

chum salmon. 

 

Discussion 

Juvenile pink and chum salmon demonstrated a type II functional response to 

zooplankton prey over the range of densities presented in laboratory experiments; 

however, in PWS and the Coastal Gulf of Alaska (CGOA), ambient densities of prey 

available to pink and chum salmon were much lower. Zooplankton density estimates 

for PWS and the GOA, acquired from vertical 0-10 m bongo tows fitted with a 333-

µm mesh net, indicated that the mean densities of abundant small copepods were only 

0.045-0.21·L-1, and for large copepods 0.001-0.039·L-1 (L. J. Haldorson unpublished 

data). The type II functional response model parameterized for pink salmon foraging 

on copepods predicted that only 11-51 small copepods, and 1-10 large copepods 

would be consumed over a 24-hour foraging bout. The type II functional response 

model parameterized for chum salmon predicated that 4-19 small copepods and 2-48 

large copepods would be consumed over a 24-hour foraging bout when the functional 
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response parameterized for mysids was substituted for large copepods. Such low daily 

prey consumption estimates are unrealistic, and may have resulted from foraging 

behavior differences in the laboratory versus those that occur in nature. Zooplankton 

density estimates from the field were lower than those presented in feeding trials, and 

efforts should be made to conduct future functional response experiments with 

densities of prey within the range of those encountered by the consumers. However, 

the spatial distributions of zooplankton may not have been effectively captured during 

sampling. If high densities of zooplankton congregate in small volumes of water and 

are absent in others, high-density prey patches that may be targeted by consumers may 

not have been integrated over a larger volume of water, or may have been missed 

completely. 

 

As in PWS and the GOA, zooplankton densities in Icy Strait, Alaska from 1997 to 

2002 were estimated using bongo nets fitted with a 333-µm mesh net; however, 

samples collected from Icy Strait were collected from a depth of 200 m to the surface 

or from within 20 m of the bottom rather than from the surface 10 meters. Mean 

densities of small copepods (0.20-0.80·L-1) and large copepods (0.05-1.10·L-1) were 

estimated to be much higher than those measured in PWS and the CGOA (Park et al. 

In press). The type II functional response model for pink salmon foraging on copepods 

predicted 12-264 small copepods, and 48-193 large copepods would be consumed 
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over a 24-hour foraging bout under conditions representative of Icy Strait, Alaska. The 

type II functional response model for chum salmon predicted 17-69 small copepods 

and 61-1184 large copepods would be consumed over a 24-hour foraging bout under 

conditions representative of Icy Strait, Alaska when the functional response 

parameterized for mysids was substituted for large copepods. These estimates of daily 

consumption are more realistic than for PWS and the GOA; however, zooplankton 

samples from Icy Strait were collected from the entire water column, whereas juvenile 

pink and chum salmon are known to inhabit the surface 10 m of the water column. 

Thus, zooplankton densities estimated in this study do not represent habitat that is 

available to juvenile pink and chum salmon. Therefore, making the assumption that 

the entire biomass of zooplankton in the water column is available as prey for juvenile 

salmon may be misleading. 

 

Chum salmon feed at higher rates than pink salmon in laboratory experiments, which 

may have implications for competitive interactions in the wild, as pink and chum 

salmon of similar age and size are known to co-mingle in large and small schools 

during their early marine life history (Heard 1991). Estimates of juvenile pink and 

chum salmon maximum consumption rates on mysid prey were an order of magnitude 

greater than consumption rates on copepods. Average body size (surface area) of 

mysid prey was approximately seven times greater than for copepod prey; thus, the 
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interaction between increased prey size and increased consumption rate results in a 

nonlinear relationship regarding the profitability of foraging on one prey type 

compared to another. Given the low densities of ambient prey concentrations 

measured in the field, the higher rate of capture combined with greater energetic 

benefits per captured prey item will have positive implications for the growth and 

survival of juvenile pink and chum salmon. 

 

Estimates of maximum consumption rates for pink and chum salmon were much lower 

for copepod prey relative to mysid prey, indicating that copepods were either not 

preferred or more difficult to capture than mysids. Given that fish were observed 

feeding actively on copepods, the most plausible explanation for the decrease in 

ingested prey is a decrease in prey capture ability. Wright et al. (1983) found that the 

probability that zooplankton prey was retained by the gill rakers of white crappies 

(Pomoxis annularis) decreased with decreasing zooplankton size. When 

experimentally measured prey retention rates were applied to zooplankton size 

measurements in lakes, the model predicted that many small-bodied zooplankton were 

immune to predation. Estimates of prey availability should incorporate size-based 

limitations and increased focus on finer-scale spatial-temporal overlap of these 

exploitable prey and consumers. 
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Smaller pink salmon fry consumed the relatively small copepod prey more readily 

than larger juvenile pink salmon. Smaller bodied juvenile salmon would thus have a 

competitive advantage over larger bodied conspecifics when feeding in overlapping 

areas dominated by smaller bodied zooplankton species, or the different sizes of 

consumers could readily partition and specialize on different prey types, based on size-

specific prey capture ability. Therefore, acquiring a basic understanding of the 

relationship between predators and their prey will advance the accurate assessment of 

prey fields relative to consumers. Zooplankton prey size (Hays et al. 1994) and 

pigmentation (Starkweather 1983; Saito and Hattori 1997) affect the visibility of prey, 

and planktivorous fish can have large impacts on the abundance (Levy 1990), 

composition (Christoffersen et al. 1993), and size structure (O’Brien 1979) of their 

prey. Therefore, effects of differential consumption impacts by consumers can skew 

species-specific estimates of zooplankton production inferred from field 

measurements over different spatial-temporal cells. 

 

Juvenile pink and chum salmon demonstrated a type II functional response to 

zooplankton prey, indicating that prey handling time becomes a factor limiting 

consumption rates at high prey densities. The appropriateness of the type I versus the 

type II functional response model was further evaluated with AICc, and it was 

determined that the type II model was most desirable for all data sets with the 
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exception of juvenile chum salmon feeding on copepods. In this latter case, observed 

feeding rates were highly variable, and although R2 values were lower for the 

nonlinear model, the AICc statistic did not warrant a model with an additional 

parameter. Variability in consumption rate along the asymptotic portion of the 

functional response curve in experiments where juvenile chum salmon fed on mysid 

prey, combined with the presence of full guts, suggests that satiation may have had an 

effect on consumption rate. Previous studies have shown that hunger can influence the 

feeding rate of a fish. A functional response model of largemouth bass feeding 

indicated that predation rates can be reduced by satiation when prey density was high 

or patchy, and thus the importance of recognizing the effect of satiation when using a 

functional response model to estimate ration will increase for systems where prey 

density is high or highly patchy (Essington et al. 2000). The interaction between 

satiation, prey density, and consumption rate has relevance to optimal foraging theory, 

which explains the factors that determine the operational range of food type for a 

consumer. In addition to prey, predators can also influence the favorability of foraging 

conditions. No threat of predation was present in laboratory experiments, but a 

proportion of total time exposed to prey may have been allocated to activities and 

behaviors other than feeding during experimental trials. 
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The parameterization of functional response models should occur under physical (e.g., 

light intensity and turbidity) and biological (e.g., appropriate range of prey densities) 

conditions similar to those experienced in the wild by the fish being modeled (Koski 

and Johnson 2002). Foraging ability of fish that use vision to detect prey is influenced 

by attributes of their prey, water clarity, and light intensity (Utne 1997; O’Brien 1990; 

Confer et al. 1978). Many species and populations of juvenile salmon perform diel 

vertical migrations (Eggers 1978; Levy 1990; Bevelhimer and Adams 1993), and 

therefore feed under variable light intensities and temperatures. De Robertis et al. 

(2003) report that prey consumption by juvenile chum salmon is less sensitive to 

increased turbidity at low light intensities than at high intensities, and Koski and 

Johnson (2002) report that juvenile kokanee salmon (Oncorhynchus nerka) shift from 

a type I functional response when transitioning from foraging under low light 

intensities to a to type II functional response when foraging under higher light 

intensities. Preliminary information from recent studies on populations of juvenile 

pink and chum salmon that inhabit the coastal and shelf waters of the GOA and PWS 

show that juvenile pink salmon feed in near-surface waters during daylight hours 

(Armstrong 2005 et al.) and in low turbidity conditions (J.H. Moss unpublished data). 

Light levels of 90 and 160 lx fall within the range where increases in light intensity 

have a minimal effect on consumption rate (Koski and Johnson 2002), and feeding 

rate trials were run at water temperatures within the range of ocean surface 
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temperatures measured in the GOA during summer months (J.H. Moss unpublished 

data). 

 

Feeding experiments in this study were conducted over a range of prey concentrations 

that did not prove to be relevant to those measured in the field. The feeding behavior 

reported in this study at higher densities ignores some of the most relevant issues for 

growth and survival of juvenile salmon. Therefore, we recommend that future studies 

focus on feeding behavior and foraging strategies at lower prey concentrations. The 

peak feeding rates described in this study are relevant for comparing how well juvenile 

pink and chum salmon of similar body sizes could exploit super-high density patches 

of zooplankton, if or when they exist. Over the “average” range of zooplankton 

densities measured in the field, the form of the functional response (linear or type II) is 

likely unimportant because the curve will likely appear linear over the ambient range 

of low prey densities. 
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Table 1. Average (±SD) body size (FL) of salmon used in functional response 
experiments; average (±SD) surface area of zooplankton prey used in functional 
response experiments; and water temperature, light intensity at water surface, and trial 
duration for functional response experiments. 
 

Experimental group A B C D E 
Predator Pink Pink Chum Pink Chum 
   Body Size* (±SD, mm) 39.2 (± 

4.4) 
102.6 (± 
5.6) 

107.2 (± 5.6) 104.0 (± 
9.4) 

105.8 (± 
4.0) 

   (n) 10 9 37 5 18 
Prey Copepod  Copepod  Copepod  Mysid Mysid 
   Body Size** (±SD, mm2) 0.50 

(±0.20) 
0.88 
(±0.25) 

0.88 (±0.25) 6.46 
(±0.1.43) 

6.46 
(±0.1.43) 

   (n) 30 50 50 50 50 
Water Temp (°C) 10.5-12.0° 11° (±0.3) 11° (±0.3) 11° (±0.3) 11° (±0.3) 
Light Intensity (lx) 160 90 90 90 90 
Trial Duration (min) 10 10 10 10 10 
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Table 2. Parameters for relationship between zooplankton prey sagittal surface area 
and total length for equation SA = aLn, where SA is the sagittal surface area (mm2) and 
L is total body length. 
 

Experimental 
group 

A B C D E 

Predator Pink Pink Chum Pink Chum 
Prey Copepod  Copepod  Copepod  Mysid Mysid 
   a 0.28 0.11 0.11 0.31 0.31 
   n 1.60 1.96 1.96 1.37 1.37 
   r2 0.31 1.37 1.37 0.69 0.69 
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Table 3. Parameter estimates for theoretical linear and nonlinear models of juvenile 
pink salmon consumption rate relative to copepod and mysid shrimp prey density. 
 

 Copepods  Mysid shrimp  
 Linear model Nonlinear model Linear model Nonlinear model 
Slope 0.0032 N/A 0.071 N/A 
Corrected total df 8 8 4 4 
β0 N/A 0.4 N/A 12.3 
β1 N/A 8.5 N/A 14.8 
n 9 9 5 5 
k 2 3 2 3 
RSS 0.76 0.54 98.9 21.5 
R2 0.57 0.69 0.66 0.92 
AICC 36.3 34.9 32.6 30.9 
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Table 4. Parameter estimates for theoretical linear and nonlinear models of juvenile 
chum salmon consumption rate relative to copepod and mysid shrimp prey density. 
 

 Copepods  Mysid shrimp  
 Linear model Nonlinear model Linear model Nonlinear model 
Slope 0.023 N/A 0.06 N/A 
Corrected total df 36 36 17 17 
β0 N/A 3.8 N/A 11.5 
β1 N/A 19.4 N/A 8.2 
N 37 37 18 18 
K 2 3 2 3 
RSS 1,000 944.0 742.9 211.4 
R2 0.18 0.22 0.48 0.85 
AICc 160.9 173.8 81.9 44.9 
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Figure 1. The copepod model for 39 mm pink salmon (solid line) and for 103 mm pink 
salmon (dashed line). 
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Figure 2. Type II functional response curves for large juvenile pink (A) and chum 
salmon (B) fit to a range of copepod densities; and for large juvenile pink (C) and 
chum salmon (D) fit to a range of mysid densities. 
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Chapter IV: Consumption Demand by and Growth Potential of Juvenile Pink 
(Oncorhynchus gorbuscha) in the Gulf of Alaska During Summer Months 

 

Introduction 

Large fluctuations in the abundance of fish stocks have been well documented 

(Rothschild 1995, Smith 1978, Sharp 1992); however, recent efforts have been 

focused on understanding fluctuations in Northeast Pacific salmon populations with 

respect to climate change and variability (Beamish 1993, Beamish and Bouillon 1993, 

Brodeur and Ware 1995, Francis and Hare 1994, Hare and Francis 1995). Much 

remains to be learned about how physical and biological variability in the environment 

mechanistically influences fish production across space and time (Fasham 1978, 

Horne 1995, Mackas et al. 1985, Lasker 1978). Correlating biophysical information 

with performance measures of marine organisms may not adequately describe the 

effect of habitat quality on growth or survival; thus, we need to transition from 

correlative approaches to targeted sampling and modeling mechanistic processes 

(Aydin et al. 2005). Insight gained from such inquiries can complement ongoing 

research by facilitating a more comprehensive understanding of how oceanic habitat 

influences fish growth, survival, and production. 

 

Salmon experience high mortality during early marine life (Parker 1965 and 1968, 

Matthews and Buckley 1976, Bax 1983, Hartt 1980, Furnell and Brett 1986, Fisher 
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and Pearcy 1988); however, size-dependent mortality might be concentrated during 

specific life stages (Beamish and Mahnken 2001), and vary among regions (Mueter et 

al. 2002 and 2005, Pyper et al. 2005). Survival of pink salmon during their marine 

residence appears to be determined in two stages, with the first stage characterized by 

high initial size-selective predation on juveniles as they enter the coastal regions 

(Parker 1965, 1968, Willette et al. 1999), and the second by significant size-selective 

mortality after the first summer growing season (Moss et al. 2005). Different stocks of 

fish will experience different conditions, as they inhabit different areas during 

different portions of their life cycle. However, each stock should respond to the same 

underlying mechanisms, and may express this 2-stage mortality process differently. 

For pink and chum salmon, similar marine survival was reported for populations 

originating within regions (within 100-200 km) but differed among regions, 

suggesting that localized environmental processes operated similarly on early life 

stages in nearshore and coastal marine waters (Mueter et al. 2002, 2005, Pyper et al. 

2005). Therefore, initial size or localized conditions affecting growth during the first 

summer in coastal shelf regions could determine the severity of over winter survival. 

Inter-annual and inter-decadal changes in physical forcing on spatial-temporal food 

web dynamics could influence the relative importance of initial marine mortality 

versus the over-winter mortality phase. 
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Bioenergetics models have been used to represent pink salmon (Oncorhynchus 

gorbuscha) in the North Pacific (Boldt and Haldorson 2002, Aydin et al. 2005, Cross 

et al. 2005); and have been used to investigate the effects of distribution or 

physiological and biological variables on salmon growth (Beauchamp et al. 1989, 

2004), and survival (Orsi et al. 2005). Bioenergetics models represent the flow and 

transformation of energy within an organism given a specified set of biological and 

physical conditions, and has been used to estimate prey consumption. Bodies of water 

are commonly treated as a homogenous habitat for single or multiple cohorts of fish 

(Cross et al. 2005, Beauchamp et al. 2004). This approach has been used for assessing 

the energetic demand of fish in relation to their prey; however, it does not typically 

account for finer scale spatial heterogeneity in the ecosystem. Effects of habitat quality 

on somatic growth may not be linear (Brandt et al.1992), and salmon brood year 

strength can be determined during critical bottlenecks such as early marine residence 

(Parker 1968) or the first winter at sea (Beamish and Mahnkin 2001), thus local 

conditions rather than spatially averaged conditions are likely to offer greater insight 

into the linkage between fish production and the environment (Horne et al. 1999). 

Therefore, applying bioenergetics analyses to numerous relatively small regions over a 

short period could reveal habitat quality differences at higher resolution. 
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The potential for models of fish growth potential to describe how environmental 

variables affect physiologically important processes occurring at the organism level is 

promising (Brandt et al. 1992). Employing this approach can offer insight on how 

climatic shifts can affect somatic growth and distribution of consumers (Welch et al. 

1998), explore direct effects of habitat quality at appropriate time and space scales, or 

be used as management tools (Mason and Brandt 1999). For example, a decline in 

simulated growth potential for lake trout was correlated with a measured reduction in 

the length-weight relationship, suggesting that spatially-explicit models of habitat 

quality have relevance to the performance of individual organisms in the field (Luecke 

et al. 1999). Similarly, a decline in GOA sockeye salmon (Oncorhynchus nerka) 

biomass was explained by an order of magnitude decrease in growth potential (Rand 

2002). Integrating foraging and bioenergetics models transformed environmental 

variables into measures of potential growth rates for menhaden (Brevoortia tyrannus), 

which were used to estimate seasonal and spatial patterns of carrying capacity in 

Chesapeake Bay (Luo et al. 2001). 

 

Quantifying the relationship between habitat quality, juvenile salmon growth, and 

survival is rooted in the premise that ocean survival of salmon is primarily determined 

by growth in coastal regions and its effect of preconditioning juvenile salmon for 

surviving their first winter of ocean residence (Beamish and Mahnken 1999 and 2001, 
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Moss et al. 2005). Faster growth and larger body size is generally associated with 

higher marine survival for most species of juvenile salmon (Holtby et al. 1990, 

Koenings et al. 1993, Willette et al. 1999, Ruggerone et al. 2003, Ruggerone and 

Goetz 2004); therefore, quantifying spatial differences in the ability of marine waters 

to support juvenile salmon growth will help decipher the relationship between habitat 

quality and upper trophic level production from the standpoint of the processes that 

influence growth during the early marine life stage. 

 

The northern coastal Gulf of Alaska (CGOA) is a highly productive, down-welling 

based system where freshwater runoff and winds dominate the physical processes on 

the shelf (Weingartner et al. 2005). Inter-annual variability in these physical processes 

influences the distribution, feeding, growth, and survival of juvenile salmon (Francis 

and Hare 1994, Mantua et al. 1997), and climatic forcing alters temperature, salinity, 

food web structure, and juvenile salmon distribution (Beamish and Bouillon 1993 and 

1995, Francis and Hare 1994, Hare and Francis 1995). Biophysical conditions vary 

spatially and temporally, and could differentially influence pink salmon growth and 

survival; depending on timing, location, and life stage. Pink salmon are the 

predominant species of salmon in CGOA in terms of numbers, biomass, and harvest; 

and since 1988, hatcheries in Prince William Sound (PWS) have annually released 

500-600 million juvenile pink salmon in May, with annual returns averaging 23.7 
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million fish (Johnson et al. 2002) and marine survival rates ranging from 1% to 9%. 

By virtue of their short 18-month life span in marine waters, pink salmon are 

responsive to short-term environmental change. Because all hatchery pink salmon 

from PWS are thermally marked the origins of hatchery fish captured at sea can be 

determined by otolith analysis, thereby making them an excellent target species for 

investigating effects of ocean habitat on growth and survival. 

 

Previous studies have estimated consumption demand by juvenile pink salmon 

inhabiting PWS during summer and early fall (Cross et al. 2005, Boldt and Haldorson 

2002) and along the Seward transect (Cross et al. 2005) for single years. In this study, 

we examined inter-annual differences in daily consumption demand by hatchery and 

wild juvenile pink salmon inhabiting a broad region of the CGOA during July-August 

2001 and 2002. Daily growth potential was estimated for the mean individual at each 

sampling location based upon site-specific differences in thermal experience, diet 

composition, and diet quality. The relationship between daily growth potential and 

catch per unit effort (CPUE) for all juvenile pink salmon and four hatchery stocks was 

examined. Inter-annual differences in habitat-specific daily consumption demand, prey 

supply, and growth potential were examined during 2001, a year corresponding to 

relatively low PWS hatchery pink salmon marine survival (3%), and during 2002, a 

year corresponding to relatively high PWS hatchery pink salmon marine survival 
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(8%). Insight gained from this study should enhance our understanding of how spatial 

heterogeneity in environmental conditions influence planktivorous fish production, 

and reveal the degree of potential the spatially-explicit growth potential metric may 

hold as a fisheries management tool. 

 

Methods 

Study Location and Timing 

Biological surveys were conducted during mid July through early August 2001 and 

2002 aboard the 38-m stern trawler F/V Great Pacific. Each survey included 11 

transects beginning with the Ocean Cape transect near Yakutat, Alaska; and ending 

with the Cape Kaguyak transect located near the southwestern end of Kodiak Island, 

Alaska (Figure 1). Transects sampled during each survey were perpendicular to shore 

and extended from shore across the continental shelf to oceanic waters beyond the 

200-m shelf break. Sampling stations along each transect were generally spaced 18.5 

km apart, with each including a nearshore station (station less than 4 km from shore). 

Oceanic habitat was classified as nearshore, shelf (over the continental shelf), slope 

(over the continental slope), and offshore (waters beyond the continental slope). The 

density (catch · km2) and proportion of juvenile pink salmon captured in each habitat 

was reported for each study year. 
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Sample Collection and Biophysical Measurements 

Fish samples were collected in a 198-m long mid-water rope trawl with hexagonal 

mesh wings and body, and a 1.2-cm mesh liner in the codend. The rope trawl was 

towed at 6.5 to 9.3 km · hour-1, at or near the surface, and typically spread 40 m 

horizontally and 15 m vertically. All tows lasted 30 minutes, covered 2.8 to 5.2 km, 

and were performed during daylight hours. The surface area (km2) of ocean swept by 

the trawl was calculated by multiplying the length of the trawl mouth opening by the 

distance the net was towed. Salmon and other fishes collected by the trawl were sorted 

by species and counted. Standard biological measurements including fork length and 

body weight were taken from sub-samples of juvenile pink salmon, which were frozen 

whole for laboratory analyses of food habits. The reliability of CPUE estimates for the 

trawl used in this study is well established and specifics can be found in Shuntov et al. 

(1993). 

 

Depth profiles of temperature were measured using a Sea-Bird SBE 911+ CTD 

(conductivity-temperature-depth) profiler (reference to trade names does not imply 

endorsement by National Marine Fisheries Service) at trawl stations immediately prior 

to launching the trawl. Surface water was collected with a bucket at each station for 

turbidity measurements; and the samples were sealed in 50 ml glass vials and stored in 
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a cool dark location until analyzed. Turbidity was measured with a LaMotte model 

2008 turbidity meter within one week after the termination of a research cruise. 

 

Plankton samples were collected using a 1-m2 NIO/Tucker trawl, fitted with a 505-µm 

mesh net, towed horizontally near the surface (approximately 1.8 km · hour-1) for 5 

minutes prior to each surface-water trawl haul, and plankton samples were preserved 

in buffered 5% formalin. The volume of water filtered by the zooplankton net was 

estimated by multiplying the surface area of the net (1 m2) by the distance traveled. 

The amount of water sampled by the net was estimated with a General Oceanics 

model 2031 flowmeter suspended inside the net. Zooplankton standing stock biomass 

(g · m-3) was estimated from the displacement volume (DV) where 1 ml of DV was 

assumed to be equivalent to 1 g of wet weight (Park et al. 2004). DV was estimated by 

subtracting the volume of decanted liquid from the sample-liquid starting volume, and 

converted to standing stock (ml · m-3) by dividing the volume of water filtered per 

sample (Park et al. 2004). This assumed that estimates of zooplankton standing stock 

biomass were proportional to the amount of zooplankton prey available to juvenile 

pink salmon. However, this assumption may not be accurate because biomass 

estimates did not account for the size fraction and prevalence of edible prey. Juvenile 

pink salmon are believed to feed in the surface 10 m of the water column (Heard 

1998); however, the fish trawl sampled to a depth of 15 meters. Therefore, 
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zooplankton biomass estimates from the surface 1 m of the water column were 

extrapolated to estimate densities in the surface 15 m. 

 

Diet Analysis 

Fish were thawed in the laboratory and the esophagus and gut anterior to the pyloric 

caeca were removed. The food bolus was removed, immediately preserved in 10% 

formalin, and stored in glass containers until diet analysis was completed. Stomach 

contents were categorized to the lowest possible taxonomic group. Each taxonomic 

group was weighed, and the percent contribution by weight calculated individually for 

each stomach, then prey proportions were averaged across non-empty stomachs 

collected at each sampling station. 

 

Juvenile Salmon Stock Identification 

Left and right sagittal otoliths were removed from juvenile pink salmon heads and 

mounted on a petrographic slide using thermal resin and ground to expose the 

primordia. Otolith microstructure of the left sagittal otolith was examined under a 

compound microscope and compared to thermal mark patterns from voucher 

specimens collected from hatcheries that mark and release pink salmon in the North 

Pacific. A second reader independently read all otoliths and disagreements between 

otolith readers were resolved by the most experienced otolith reader to assure accuracy 



 
 
 

 

113

 

(Hagen et al. 1995). Fish not displaying thermal marks were presumed wild, and the 

percent of hatchery versus unmarked fish in the catch estimated. Sub-samples of up to 

50 juvenile pink salmon per haul were used in the otolith analysis. The total amount of 

fish identified as belonging to a particular hatchery stock in a given year was reported 

(Table 1). 

 

Bioenergetics Model and Parameters 

Bioenergetics models describe how energy acquired by an organism is partitioned 

among metabolic costs, waste losses, and growth; given the body mass of the 

consumer, ambient temperature conditions, and the energetic quality of food, (Kitchell 

et al. 1977). The model calculates the consumption of prey required to satisfy the 

observed growth over a given time interval, or the growth rate that should result from 

a specified amount of consumption, and is based on the energy-balance equation: 

 

(1) C = G + M + W 

 

where C is the total energy consumed, G is the growth, M is metabolic costs (e.g. 

respiration, activity, and specific dynamic action (SDA)), and W is waste (excretion 

and egestion). The amount of energy acquired by the consumer is calculated from the 

mass of the food consumed and its energy density. After metabolic costs and waste are 
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removed, the remaining energy is converted to a mass estimate of growth based on the 

energy density of the consumer. The model updates the physiology of the consumer on 

a daily time-step, based on species-specific functions for M, W, and maximum specific 

consumption. Physiological parameters used to represent juvenile pink salmon were 

taken from the pink/sockeye parameter set (Beauchamp et al. 1989) provided by the 

Wisconsin bioenergetics model software (Hanson et al. 1997). 

 

Spatially-explicit Simulations of Consumption and Growth Performance 

Bioenergetics model growth and consumption demand simulations were based on site-

specific diet, temperature, and body mass of hatchery and wild pink salmon, and 

literature values for energy density of prey and pink salmon. The model inputs 

included proportional contribution of taxonomic groups of prey in diet during 2001 

(Table 2) and 2002 (Table 3), energy density of prey (Table 4), energy density of 

consumer, and consumer thermal experience and body weight (Table 5). Thermal 

experience of the consumer was modeled as the mean temperature of the surface 15 

meters of the water column (Table 5), measured with a CTD at 1-meter increments. 

Diet composition at each survey station was estimated from a random sub sample of 

20 juvenile pink salmon. No differences in diet composition between hatchery and 

wild fish inhabiting the same sampling station location in the CGOA have been 

detected (J. Armstrong, in prep); therefore, diets for both hatchery and wild fish 
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captured at the same station were assumed to be similar. Consumer body weight was 

measured to the nearest hundredth of a gram and energy density fixed at 4,534 · g-1 

(Boldt and Haldorson 2002). 

 

Consumption Demand Simulations 

The bioenergetics model was used to evaluate the spatial aspects of growth 

performance and consumption requirements of juvenile pink salmon during their first 

growing season in the CGOA during contrasting years of low marine survival (2001, 

juvenile-adult survival S = 3%) and three-fold higher survival (2002, S = 9%). Site-

specific catch per unit effort (salmon · km-2), temperature, mean body mass, and mean 

diet composition by weight were used in bioenergetics modeling simulations to 

account for spatial and inter-annual differences on the effects of consumer density, 

size structure, diet, and thermal conditions on consumption demand. Thermal 

experience and average body size were also specified for each location for estimates of 

daily consumption demand and growth potential to be representative of the average 

consumer at numerous discrete locations across the CGOA. When using a 

bioenergetics model to estimate the consumption rate of a consumer, an independent 

estimate of growth is typically used to fit the model. Applying a fixed growth rate 

across a range of consumer body sizes could potentially generate artificially smaller 

ration sizes for smaller bodied consumers and artificially larger ration sizes for larger 
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bodied consumers. The goal of this exercise was to investigate the effect of body size, 

thermal experience, and consumer density on daily consumption demand across the 

CGOA; therefore, a fixed, independent estimate of proportion of maximum daily 

consumption (p-value) was applied across all locations. Independently estimated 

monthly p-value estimates for PWS juvenile pink salmon during summer 2001 and 

2002 were estimated by fitting consumption to somatic growth increments inferred 

from scale growth back-calculations (A. Cross unpublished data), thus accounting for 

inter-annual differences in average consumption rate. Ideally, the last full scale 

increment (between the 2 outermost complete circuli) of juvenile pink salmon 

captured during our survey would have been used to drive consumption demand 

simulations. However, a sufficient amount of samples with readable scales were not 

available, because many of the juvenile salmon are de-scaled by the trawl. 

Bioenergetics model simulations were limited to one day based on mean body weight, 

and were generated separately for hatchery and wild juveniles at each sampling station 

location. Thermal experience and diet composition were site-specific and applied to 

both hatchery and wild cohorts. Daily prey consumption by the mean individual for 

each group was multiplied by their respective abundance estimate based on the surface 

area of ocean swept by the trawl (km2) to provide a Gulf-wide “snap-shot” of prey 

consumption demand. 

 



 
 
 

 

117

 

Spatially-explicit Simulations of Growth Potential 

Daily growth potential for the mean juvenile pink salmon (combination of hatchery 

and wild stocks) at each haul location was calculated from fixed proportions of 

theoretical maximum consumption (averaged estimates for hatchery and wild stocks 

during the month of July 2001 and 2002) (Table 6). Spatially explicit models of fish 

growth rate potential typically involve linking a foraging module with a bioenergetic 

module to estimate potential growth of an individual based on localized prey 

availability, prey quality, and thermal conditions, however foraging models were not 

developed to a state where they could provide reliable estimates of prey fields or 

foraging responses; therefore, the fixed-p-value approach was used as an interim step. 

Additionally, density estimates for exploitable zooplankton prey were not readily 

available; however p-values for PWS pink salmon stocks estimated during the years 

encompassed by this study were, and thus substituted for a foraging module. By 

accounting for inter-annual differences in proportion of maximum consumption, we 

can learn about the consequences of inter-annual differences in consumption when 

overlaid on spatial heterogeneity of diet and temperature. Site-specific inputs for 

thermal experience, diet, and average consumer body weight were specified in the 

model as in the consumption demand simulations. 
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Effect of Growth Potential on Marine Survival 

Prince William Sound hatchery pink salmon are commonly captured in the CGOA 

during summer months (Farley et al. 1999), dominated the juvenile pink salmon catch 

at stations located along the Cape Cleare, Seward, and Gore Point transects (Figure 5), 

but were rarely collected at stations located along other transects; therefore, 

corresponding estimates of daily growth potential along these transects were compared 

to hatchery-specific estimates of marine survival (Table 1) using a variety of 

approaches. Initially, annual averages of daily growth potential estimates for stations 

located along the Cape Cleare, Seward, and Gore Point transects was calculated and 

compared to estimates of PWS hatchery pink salmon marine survival. CPUE was 

plotted against estimated daily growth potential for all stations across the CGOA. 

Frequency histograms of growth potential estimates for 2001 and 2002 were plotted to 

identify the scope and variability in the range of these estimates across the CGOA. 

Finally, average value and variability in habitat-specific differences in growth 

potential were plotted for 2001 and 2002. Hatchery stock-specific CPUE was 

regressed against average growth potential at each station along the Cape Cleare, 

Seward, and Gore Point transects as a partial test of conforming to the ideal free 

distribution (IFD). This was only a partial test because constant p-values were used to 

generate daily growth potential estimates, whereas a true test would require estimating 
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consumption based on densities of localized exploitable zooplankton, temperature, and 

a useable functional response equation. 

 

Results 

Consumption Demand 

The average localized daily population-level consumption estimates for wild juvenile 

pink salmon (706g · km-2 · d-1, SE 371) were greater than for hatchery pink salmon 

(127g · km-2 · d-1, SE 75) during 2001, whereas, hatchery pink salmon were estimated 

to have consumed more prey (203g · km-2 · d-1, SE 88) than wild pink salmon (60g · 

km-2 · d-1, SE 20) during 2002, primarily because of differences in relative density. 

Daily prey consumption demand by wild juvenile pink salmon was greater than that 

estimated for hatchery stocks in nearshore and shelf habitats, but similar in magnitude 

with slope and offshore habitats during 2001 (Figure 2). During 2002, daily prey 

consumption demand by hatchery and wild stocks were similar in nearshore, shelf, and 

offshore habitats, but estimates of prey consumption by hatchery stocks was greater in 

slope habitat than for wild stocks (Figure 2). An overall trend of greater prey 

consumption in nearshore regions during 2001 and greater prey consumption in slope 

regions during 2002 existed. Diets were more diverse in 2001 relative to 2002, with 

crab larvae, larvaceans, and limicina composed the largest proportion of the diet at 

nearshore stations whereas larvaceans and copepods were most common over the 
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shelf, slope, and offshore (Figure 2). Diets were less diverse in 2002, with larvaceans 

and euphausiids as dominant prey items (Figure 2). 

 

Zooplankton Abundance 

Index values of zooplankton density in CGOA surface waters was relatively high in 

nearshore, slope, and offshore habitats, but lower in shelf habitats during 2001, 

whereas zooplankton density was relatively high in shelf habitats; and relatively low 

in nearshore, slope, and offshore habitats during 2002 (Figure 2). Daily prey 

consumption demand by juvenile pink salmon was relatively high in nearshore regions 

and over the continental shelf during 2001, and over the continental slope during 2002 

(Figure 2). 

 

Growth Potential 

Estimates of daily growth potential were greater during 2002 for each habitat across 

the CGOA relative to 2001 (Figure 3). Shelf and slope habitats were estimated to have 

the highest rates of potential growth during 2001, whereas the nearshore region had 

the lowest (Figure 3). Average of daily growth potential estimates for a given habitat 

type during 2002 were relatively constant, but had a high degree of variability around 

the mean (Figure 3). Densities of juvenile pink salmon were greatest in nearshore 

regions and to a lesser degree shelf stations during 2001, whereas densities were 
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highest at shelf stations and to a lesser degree slope stations during 2002 (Figure 3). 

The frequency distributions of site-specific daily growth potential appeared to indicate 

that growth potential was considerably lower among sites during 2001 than during 

2002 (Figure 4), however, there was no statistical difference between the two years 

(paired t-test p = 0.514; K-S test p = 0.392). 

 

Linear models used to regress site-specific daily growth potential against the 

proportion of total CPUE for each of four PWS hatchery stocks during 2001 and 2002 

were not significant. However, intercept values calculated for three of four brood year 

2000 hatchery stocks were negative, whereas intercept values for all 2001 brood year 

hatchery stocks were positive. Average daily growth potential estimates for survey 

stations located along the Cape Cleare, Seward, and Gore Point transects increased 

from 0.63 g · day-1 (SE 0.03) during 2001 to 0.93 g · day-1 (0.04 SE) during 2002. 

Estimates of marine survival for Cannery Creek hatchery stocks increased 5.5 fold, 

Solomon Gulch hatchery stocks 3.5 fold, and Wally Noerenberg hatchery stocks 3.8 

fold from brood year 2000 to 2001. Armin F. Koernig hatchery stocks experienced a 

13% decrease in marine survival from brood year 2000 to 2001. 
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Discussion 

Consumption demand on prey resources varied spatially across habitats. Growth 

potential was relatively low and varied among habitats during 2001, where as growth 

potential was relatively high and constant across habitats during 2002. Spatial 

differences in zooplankton abundance revealed that food limitation exists in some 

years and locations. Higher and more uniform estimates of daily potential growth 

across habitats during 2002 suggested that the probability of fish encountering waters 

with less favorable growing conditions was decreased, whereas during 2001 growing 

conditions were less favorable across the CGOA than during 2001 and the largest 

proportion of juvenile pink salmon catch occurred in the nearshore, the habitat with 

the least favorable conditions for supporting growth. 

 

Wild juvenile pink salmon consumed prey at a higher rate than hatchery pink salmon 

during 2001, and hatchery pink salmon consumed prey at a higher rate than wild pink 

salmon during 2002. These findings suggest that intra-specific competition between 

wild and hatchery pink salmon can vary widely during summer months between years 

and among habitats. Wild juvenile salmon consumed more prey than hatchery stocks 

during 2001, the year with low marine survival for PWS hatchery stocks, whereas 

hatchery juveniles consumed more than wild stocks during 2002, the year with high 

marine survival for hatchery stocks. There was no strong relationship between sites 
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with high consumption demand and high zooplankton bio-volumes. Daily prey 

consumption demand by juvenile pink salmon was high relative to zooplankton 

standing stock index in nearshore and continental shelf habitat during 2001 and in 

continental slope habitat during 2002, further suggesting that density dependent forces 

and intra-specific forces acting on these fish can be severe. However, the biomass and 

energy density of exploitable zooplankton prey available in a parcel of water might not 

have correlated well with zooplankton biomass estimates because of spatial 

heterogeneity in species composition and deficiencies in 1-m surface zooplankton 

tows to adequately characterize zooplankton density over the volume of water sampled 

by the fish trawl. Severe underestimation (~20-fold) of exploitable prey by Tucker 

trawls occurred, and further work is needed to more directly connect relevant 

estimates of exploitable zooplankton density and biomass to feeding and growth 

performance of juvenile pink salmon. 

 

Speculations of intra-specific competition between hatchery and wild pink salmon 

were published (Hilborn and Eggers 2000), and challenged (Wertheimer et al. 2001). 

A coincident decline in abundance and body size of wild pink salmon in conjunction 

with increased production of PWS hatchery pink salmon in recent years has been 

interpreted as evidence of density-dependent growth (Hilborn and Eggers 2000, 

Wertheimer et al. 2004). In this study, we attempted to quantify the magnitude of 
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differences in consumptive demand across the CGOA during early marine residence, a 

period identified as important for pink salmon to achieve levels of growth needed to 

achieve a sufficient body size to survive the first marine winter (Moss et al. 2005). 

Increased numbers of hatchery pink salmon inhabited the CGOA during mid July-

early August 2002 relative to 2001, and demand on prey resources by hatchery stocks 

increased accordingly in 2002. Thus, intra-specific competition can vary widely inter-

annually, such that the largest proportion of prey consumed by pink salmon can shift 

from being primarily consumed by hatchery stocks to being consumed wild stocks. 

 

Wertheimer et al. (2004) concluded that for the 1975 – 1998 brood years, PWS 

hatchery releases affected wild stocks productivity, but that hatchery releases did not 

explain as much as of the variability in survival as did an index of density-independent 

marine survival conditions. They argue that reduced wild stock production due to 

intra-specific competition was minimal relative to the net benefits gained from 

enhancement. However, inter-annual differences in hatchery verses wild stock 

consumption demand show that inter-annual intra-specific competition during summer 

months is highly variable. This observation supports the hypothesis that wild stocks 

replaced hatchery stocks in PWS (Hilborn and Eggers 2000), even though net benefits 

from enhancement exceed the level of production that wild stocks would have 

experienced in the absence of hatcheries (Wertheimer et al. 2004). This study was 
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unable to directly address how inter-specific competition affects hatchery and wild 

stock productivity. 

 

Wild juvenile pink salmon are typically larger than their hatchery co-specifics in the 

CGOA and PWS, (Boldt and Haldorson 2004, Cross et al. 2005). The bioenergetics 

model accounts for differences in body size when calculating consumption, and 

thereby provides for a more accurate assessment of competition than abundance 

estimates could alone. For example, daily consumption demand for a single hatchery 

and wild pink salmon along the Seward Transect during July and August in 2001 was 

estimated to be 1.56g · day-1 and 2.21g · day-1 respectively (Cross et al. 2005), which 

amounts to a difference of 29%. Therefore, if wild stocks impose a greater level of 

competition for prey resources on a per capita basis, then potentially negative impacts 

by hatchery stocks could be mitigated by not allowing hatchery releases that create 

conditions in the ocean where hatchery fish impose a competitive impact by depleting 

prey densities enough to reduce feeding rates by the wild cohorts. 

 

Hatchery and wild pink salmon prey consumption demand varied among habitats and 

years, with the highest levels occurring in nearshore and shelf habitats during 2001, 

and in slope habitats during 2002. Demand on prey resources were commonly greatest 

in areas with low zooplankton abundance, however both consumption demand and 
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prey supply were high at nearshore stations during 2001. Assuming that the 

zooplankton biomass indices were proportional to the availability of exploitable prey, 

juvenile pink salmon might have remained in nearshore areas because of a surplus of 

prey resources during 2001. Daily growth potential estimates were low in 2001, and 

juvenile pink salmon could have exploited high prey densities to compensate for 

deficiencies in prey quality. Boldt and Haldorson (2002) found that juvenile pink 

salmon inhabiting PWS consume a small proportion of the zooplankton biomass or 

production, but that consumption could represent a substantial proportion of certain 

zooplankton taxonomic groups such as large calanoid copepods and amphipods. Cross 

et al. 2005 found that consumption demand by juvenile pink salmon exceeded the 

average standing stock biomass of key prey (large copepods, pteropods, and hyperiid 

amphipods, and larvaceans) during some summer months, however, in this study the 

biomass of key prey were severely underestimated. Consumption demand estimates 

reported in this study did not account for species-specific prey consumption. However, 

our approach did account for prey quality, which has been shown to affect juvenile 

pink salmon consumption estimates by as much as 68% (Boldt and Haldorson 2004). 

 

High consumption demand coupled with a high diversity of prey in the diet at 

nearshore stations during 2001 suggests that juvenile pink salmon may have been 

feeding on non-preferred prey items as a result of density-dependence. Consumption 
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demand was lower over the shelf, slope, and offshore due to lower densities, and diets 

in these regions were less diverse and largely composed of larvaceans, large copepods, 

and euphausiids. These prey items are likely to be preferred. During 2002, 

consumption demand was less and growth potential high. Larvaceans, large copepods, 

and euphausiids dominated the diet, suggesting that fish were able to catch and 

consume high quality prey items. 

 

Per capita prey consumption by juvenile pink salmon increases with body size, and 

thus a large and disproportional influx of larger juveniles entering the CGOA would 

impose a greater demand on prey resources per individual than would smaller 

juveniles. Seasonal dynamics of prey populations may also create localized prey 

depletions that increase density dependent interactions and suppress growth. 

Subsequent dispersal or enhanced feeding capability by larger juveniles would 

theoretically lead to higher growth rates during summer. Smaller fish, being less 

effective foragers, may encounter a reduced suite of prey and experience suboptimal 

growth rates during summer months. Despite limitations in foraging ability, smaller 

fish impose less per capita demand on prey resources than larger fish, so growth would 

not be affected as much as it would for larger juveniles. 
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Zooplankton density estimates from collections made at 1-m water depth were used as 

a proxy for the availability of exploitable zooplankton prey, where biomass was 

estimated from volumetric displacement, which effectively incorporated all types and 

sizes of zooplankton. Not all types of zooplankton prey are utilized or necessarily 

available to juvenile pink salmon (Chapter 3); therefore, the relative contribution of 

available prey based on size and species undoubtedly varied according to location. Not 

accounting for the effect of size and species composition in prey availability estimates 

added uncertainty to our inferences, and we recommend that future investigations 

attempt to account for such effects. Juvenile salmon feed visually on planktonic prey, 

and prey detection can vary as functions of light (Koski and Johnson 2002), turbidity 

(De Robertis et al. 2003), prey size (Chapter 3), and contrast (Tsuda et al. 1998). 

Turbidity levels were low in the GOA (0.2-1.3 NTU) during the 2001 and 2002 

research cruises, and were considered to have a negligible effect on consumption rate 

(De Robertis et al. 2003). 

 

Spatially explicit models of fish growth have previously been used to quantify habitat 

quality (thermal regime, prey quantity, and prey quality) based on fish foraging rate 

and growth (Brandt et al. 1992, Luecke et al. 1993, Mason et al. 1995). Assuming that 

site-specific diet composition of juvenile pink salmon reflected the quality of prey 
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available, each parcel of water sampled could theoretically be evaluated in terms of its 

ability to support fish growth. Daily growth potential for juvenile pink salmon 

inhabiting the CGOA increased from 2001 to 2002, as did marine survival for juvenile 

PWS hatchery stocks. Total returns to PWS (hatchery and wild stocks combined) were 

greater in 2002 relative to 2001 by a factor of 2.21. This suggests that the daily growth 

potential metric has the ability to describe variation in marine survival. A large 

proportion of juvenile pink salmon were concentrated in nearshore habitats, which 

ranked the lowest in daily growth potential relative to other habitats during 2001, and 

average juvenile pink salmon body size and estimated consumption rates were lower 

in 2001 than 2002. Estimates of growth potential were higher in all areas of the CGOA 

during 2002, as were average body sizes and specific consumption rates. Marine 

survival estimates for three of four PWS hatchery stocks increased from 2001 to 2002, 

as did estimates of daily growth potential along the Cape Cleare, Seward, and Gore 

Point transects where the majority of juvenile pink salmon captured belonged to PWS 

hatchery stocks. This finding alone is not conclusive evidence that more favorable 

growth conditions during the first marine summer effectively increased marine 

survival for these stocks, but strongly suggests that a link exists, and warrants further 

investigation into the relationship between growth potential, fish performance, and 

survival. Only the Armin F. Koernig hatchery stock experienced a slight decrease 

(0.7% reduction) in marine survival from 2001 to 2002, whereas other PWS hatchery 



 
 
 

 

130

 

stocks experienced increases ranging from 4.8 - 12.4%. Growing conditions for 

juvenile pink salmon during July and August are thought to be more favorable in the 

CGOA than in PWS (Cross et al. 2005), and lower marine survival for Armin F. 

Koernig hatchery stocks may have been related to the marked decline of stock in the 

CGOA during 2002. 

 

The daily growth potential metric accounts for a combination of prey quality, thermal 

conditions, and body size. The effect of temperature alone on potential growth was not 

examined in this study, but temperature did not vary much and was less likely to be an 

important factor than prey quality and body size. Cross et al. (2005) noted that 

temperatures in PWS and the CGOA did not vary enough to affect juvenile pink 

salmon growth, consumption, and growth efficiency. However, thermal experience 

was shown to influence simulated growth potential for sockeye salmon inhabiting the 

CGOA by influencing a feeding index that was calculated as the product of feeding 

probability and stomach fullness (Rand 2002). 

 

We conclude that preliminary investigations into the utility for estimates of daily 

growth potential to provide information on the quality of marine habitat and its 

relation to juvenile pink salmon survival holds promise. Realized benefits gained from 

employing this approach through future investigations relating juvenile pink salmon 
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growth and survival will enhance our understanding of how biophysical conditions 

influence zooplanktivorous fish production. We encourage future investigations to 

explore the utility of using the growth potential metric as a forecasting tool to increase 

the predictability of stock production. Utilizing foraging behavior models based on 

measured physical and biological conditions to generate consumption rate estimates is 

likely to generate more accurate estimates of daily consumption than fixed theoretical 

proportion of maximum consumption rates estimated over relatively large spatial and 

temporal scales. 
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Table 1. Marine survival estimates for Prince William Sound hatchery pink salmon 
stocks and sample sizes of fish used in otolith stock identification. 
 

 2001 2002 

Hatchery Name 
% Marine 
Survival 

 
Sample Size (n) 

% Marine 
Survival Sample Size (n) 

Solomon Gulch 2.5 127 8.8 190 
Wally Noerenberg 4.4 104 16.8 116 
Armin F. Koernig 5.2 68 4.5 20 
Cannery Creek 1.1 14 6.0 11 
Other Hatchery - 6 - 0 
Non-Marked - 145 - 97 
Total - 464 - 434 
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Table 2. Percent diet composition by weight of juvenile pink salmon by survey station 
during 2001. Prey composition was averaged over non-empty stomachs. 
 

Transect Cape C. Seward
Station CC1 CC3 CC5 CC6 CC7 GAK10 GAK9 GAK8 GAK7 GAK6 GAK5 GAK4 GAK3 GAK2
Large 
Copepods 0.00 0.00 0.00 0.00 0.00 0.47 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Small 
Copepods 0.00 0.05 0.02 0.27 0.30 0.25 0.19 0.09 0.00 0.28 0.00 0.96 0.01 0.11
Cladoceran 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15
Euphausiid 0.00 0.06 0.44 0.48 0.00 0.00 0.00 0.00 1.00 0.10 0.03 0.00 0.05 0.21
Gammarid 0.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hyperiid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Barnacle 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Crab 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00
Shrimp 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bivalve 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Crust. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Limacina 0.00 0.00 0.00 0.00 0.70 0.07 0.48 0.01 0.00 0.04 0.85 0.02 0.19 0.00
Clione 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Gastropod 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Larvacean 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Aphid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Diptera 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Insect 0.70 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.32 0.31
Fish 0.00 0.76 0.53 0.25 0.00 0.21 0.33 0.86 0.00 0.58 0.12 0.00 0.36 0.22
Other 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00
Unid. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
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Table 2 continued. 
 

Transect Seward Gore P. Cape C. Cape N. Cape K.
Station GAK1 GP3 GP4 GP5 GP10 CCH2 CN1 CN2 CN3 CK1 CK2 CK3 CKAG1
Large 
Copepods 0.00 0.01 0.15 0.00 0.03 0.00 0.00 0.00 0.21 0.00 0.22 0.03 0.00
Small 
Copepods 0.03 0.02 0.26 0.15 0.09 0.00 0.00 0.00 0.32 0.03 0.30 0.00 0.00
Cladoceran 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Euphausiid 0.00 0.00 0.03 0.10 0.00 0.00 0.16 0.00 0.01 0.19 0.36 0.91 0.00
Gammarid 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.72
Hyperiid 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Barnacle 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Crab 0.14 0.00 0.00 0.13 0.00 0.00 0.84 0.92 0.00 0.72 0.12 0.02 0.28
Shrimp 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bivalve 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Crust. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Limacina 0.02 0.11 0.34 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Clione 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Gastropod 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Larvacean 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.08 0.35 0.00 0.00 0.00 0.00
Aphid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Diptera 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Insect 0.24 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.11 0.00 0.00 0.00 0.00
Fish 0.56 0.79 0.22 0.60 0.87 0.95 0.00 0.00 0.00 0.06 0.00 0.04 0.00
Other 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Unid. 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
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Table 3. Percent diet composition by weight of juvenile pink salmon by survey station 
during 2002. Prey composition was averaged over non-empty stomachs. 
 

Transect Cape Y. Cape C. Seward
Station IB5 IB3 IB2 CC1 CC2 CC3 CC6 CC7 GAK10 GAK9 GAK8 GAK7 GAK6 GAK5
Large 
Copepods 0.00 0.00 0.00 0.00 0.00 0.92 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11
Small 
Copepods 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00
Cladoceran 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Euphausiid 0.00 0.00 0.14 0.18 0.18 0.00 0.00 0.10 0.71 0.79 0.46 0.98 0.28 0.45
Gammarid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hyperiid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.46 0.02 0.23 0.00
Barnacle 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Crab 0.23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Shrimp 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bivalve 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Crust. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Limacina 0.77 1.00 0.86 0.82 0.82 0.08 1.00 0.15 0.02 0.00 0.08 0.00 0.00 0.01
Clione 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Gastropod 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Larvacean 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Aphid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Diptera 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Insect 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.22 0.02
Fish 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.71 0.27 0.19 0.00 0.00 0.27 0.42
Other 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Unid. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00  
 



 
 
 

 

136

 

Table 3 continued. 
 

Transect Seward Gore P. Cape N. Cape K.
Station GAK4 GAK3 GAK2 GAK1 GP1 GP2 GP3 GP4 GP11 GP12 CN3 CN2 CK2
Large 
Copepods 0.00 0.00 0.04 0.26 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.14 0.00
Small 
Copepods 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cladoceran 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Euphausiid 0.23 0.40 0.13 0.04 0.87 0.00 0.83 0.00 0.90 0.32 0.01 0.02 0.26
Gammarid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hyperiid 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.36 0.00 0.00 0.01
Barnacle 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Crab 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00
Shrimp 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bivalve 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Crust. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Limacina 0.00 0.15 0.74 0.59 0.10 0.00 0.00 0.00 0.08 0.05 0.27 0.61 0.54
Clione 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Gastropod 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Larvacean 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.00 0.00
Aphid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Diptera 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Insect 0.06 0.07 0.00 0.05 0.04 1.00 0.00 1.00 0.00 0.25 0.01 0.02 0.19
Fish 0.71 0.38 0.03 0.00 0.00 0.00 0.17 0.00 0.03 0.00 0.47 0.18 0.00
Other 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Unid. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00  
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Table 4. Percent indigestible and energy content estimates for prey taxonomic groups 
used in bioenergetics simulations in daily consumption demand and growth potential 
estimates. 
 
 
 
Prey 

 
Percent 

Indigestible 

Energy 
Content (J/g 

wet wt) 

 
 
Literature Sources 

Large calanoid copepods 9.04 3,810.7 Davis et al. 1998; Harris 1985; 
Kosobokova 1980 

Small calanoid copepods 9.04 3,810.7 Davis et al. 1998; Harris 1985; 
Kosobokova 1980 

Hyperiid amphipods 12.99 2,906.0 Davis et al. 1998; Harris 1985; Cooney 
et al. 1981 

Gammarid amphipods 12.99 2,906.0 (Hyperiid literature values substituted) 
Euphausiids 10.35 3,454.8 Davis et al. 1998; Harris 1985 
Shrimp larvae 10.35 3,454.8 (Euphausiid literature values 

substituted) 
Insects 10.00 4,531.8 Griffiths 1977 
Cladocerans 10.00 2,513.5 Cummings and Wuychek 1971 
Larvaceans 10.00 3,287.8 Healey 1991; Cooney et al. 1998 
Limicina 8.50 2,619.8 Davis et al. 1998 (values estimated 

from gastropods) 
Larval crab 10.00 3,790.4 Dawirs et al. 1996 (at 9 ºC assuming 

30% dry wt) 
Fish 8.95 5,353.4 Davis et al. 1998; Ciannelli et al. 1998 
Other 10.18 3537.08 Average value for other prey 
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Table 5. Average temperature (15-m depth) and body weight of wild, hatchery, and all 
juvenile pink salmon by survey station during 2001. 
 
   Average Body Weight (g) 

Year Station ID Temperature Wild Hatchery Combined 
2001 IP2 12.06 15.07 14.60 15.07 
2001 IP4 12.53 18.18 18.98 18.28 
2001 OC5 12.80 17.86 14.05 17.29 
2001 OC4 12.16 16.14 16.10 16.14 
2001 OC3 11.98 17.30 - 17.30 
2001 OC2 11.80 11.36 6.50 11.04 
2001 IB1 12.26 16.40 - 16.40 
2001 IB2 12.56 10.21 - 10.21 
2001 IB3 12.62 14.92 18.20 15.03 
2001 IB5 12.19 21.53 31.50 21.86 
2001 IB6 12.21 23.28 - 23.28 
2001 CSE3 13.02 26.80 18.20 23.05 
2001 CSE1 12.00 22.80 - 22.80 
2001 CC1 12.74 16.67 8.85 13.54 
2001 CC3 11.87 12.96 11.56 12.34 
2001 CC5 12.49 13.91 14.18 14.12 
2001 CC6 13.85 18.75 20.11 19.62 
2001 CC7 12.54 - 13.61 12.70 
2001 GAK10 13.10 11.86 13.99 13.64 
2001 GAK9 11.54 21.38 19.40 19.91 
2001 GAK8 10.53 19.72 20.07 19.95 
2001 GAK7 11.64 29.90 14.40 17.50 
2001 GAK6 11.07 21.80 18.44 19.24 
2001 GAK5 13.37 23.39 22.01 22.61 
2001 GAK4 13.35 18.07 23.60 19.45 
2001 GAK3 11.78 17.02 16.79 16.86 
2001 GAK2 11.80 16.36 15.11 15.52 
2001 GAK1 12.63 11.61 11.30 11.45 
2001 GP3 12.43 28.86 21.03 24.51 
2001 GP4 13.42 17.51 17.24 17.31 
2001 GP5 13.25 18.93 14.59 15.46 
2001 GP10 12.76 28.95 26.47 26.80 
2001 CCH2 11.49 - 26.60 26.60 
2001 CN1 12.52 13.28 - 13.28 
2001 CN2 11.94 20.84 18.60 20.61 
2001 CN3 11.27 15.21 16.35 15.28 
2001 CK1 11.65 25.03 - 25.03 
2001 CK2 12.00 24.19 - 19.89 
2001 CK3 11.81 29.32 20.70 29.03 
2001 CKAG1 10.67 36.48 - 36.48 
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Table 5 continued. 
 
   Average Body Weight (g) 

Year Station ID Temperature Wild Hatchery Combined 
2002 IB5 12.88 - 25.50 25.50 
2002 IB3 12.88 50.35 - 50.35 
2002 IB2 12.72 - 52.00 52.00 
2002 CC1 12.76 9.20 9.40 9.30 
2002 CC2 13.28 20.60 - 20.60 
2002 CC3 11.66 14.31 18.26 16.98 
2002 CC6 13.37 17.60 - 17.60 
2002 CC7 12.74 24.02 24.73 24.56 
2002 GAK10 12.60 27.89 27.48 27.58 
2002 GAK9 12.66 41.10 36.99 37.36 
2002 GAK8 12.31 25.94 22.05 22.90 
2002 GAK7 12.71 23.01 24.66 24.45 
2002 GAK6 12.49 30.13 28.73 29.15 
2002 GAK5 11.36 20.27 26.99 25.05 
2002 GAK4 12.30 25.61 26.60 26.43 
2002 GAK3 11.78 25.06 22.27 20.48 
2002 GAK1 12.39 14.93 15.91 15.64 
2002 GAK2 12.31 26.01 28.45 27.96 
2002 GP1 11.84 - 23.87 23.87 
2002 GP2 12.30 - 27.95 27.95 
2002 GP3 12.52 34.59 32.60 33.02 
2002 GP4 11.23 44.27 - 44.27 
2002 GP11 13.07 50.43 38.83 40.62 
2002 GP12 53.40 39.53 42.73 12.79 
2002 CN3 17.90 28.97 18.97 12.18 
2002 CN2 13.04 30.70 15.43 12.35 
2002 CK2 15.75 37.20 20.04 11.39 
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Table 6. Proportion of theoretical daily maximum consumption rate (p-value) based on 
scale-based back-calculated changes in body mass during July through August 2001 
and 2002 (A. Cross unpublished data) applied in bioenergetics modeling simulations 
to estimate daily consumption demand and growth potential. P-values used in 
consumption demand estimates were hatchery or wild stock specific, whereas the 
average of these values was used in daily growth potential simulations. 
 

 2001 2002 
Hatchery 0.830 1.02 
Wild 0.860 1.06 
Average 0.845 1.04 

 



 
 
 

 

141

 

Table 7. Linear regression model coefficients, r2, and p-values for models regressing 
site-specific growth potential against station specific proportion of catch per unit effort 
for Armin F. Koernig (AFK), Cannery Creek (CC), Solomon Gulch (SG), and Wally 
Noerenberg (WN) hatcheries. 
 

Hatchery Year Slope Intercept r2 p 
AFK 2001 8.983-2 -2.41-3 0.137 0.158 
CC 2001 0.143 -2.033-2 0.215 0.247 
SG 2001 2.440-2 4.536-2 0.019 0.609 
WN 2001 0.109 -1.880-2 0.217 0.069 
AFK 2002 1.259-2 0.114 0.001 0.944 
CC 2002 8.369-2 4.602-2 0.080 0.496 
SG 2002 -1.430-2 6.907-2 0.010 0.698 
WN 2002 4.691-2 1.498-2 0.096 0.226 
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Figure 1. Station locations (•) and transects sampled within the Gulf of Alaska during 
July-August 2001 and 2002. 
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Figure 2. Consumption demand by juvenile pink salmon at near shore stations (NS), 
over the continental shelf (SH), over the continental slope (SL), and offshore of the 
continental slope (OS) during Gulf of Alaska research cruises during July-August 
2001 and 2002. 
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Figure 3. Top panel displays the proportional contribution of total juvenile pink 
salmon catch by habitat, which is classified as either nearshore (NS), continental shelf 
(SH), continental slope (SL), or waters located offshore of the continental slope (OS) 
during July-August 2001 and 2002 Gulf of Alaska research cruises. The bottom panel 
displays corresponding daily juvenile pink salmon growth potential estimates. 
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Figure 4. Frequency of stations corresponding to juvenile pink salmon daily growth 
potential estimates during 2001 and 2002 Gulf of Alaska surveys. 
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Figure 5. Proportion of Prince William Sound hatchery stocks and wild juvenile pink 
salmon captured along the Cape Cleare, Seward, and Gore Point transects during July 
and August 2001 and 2002 surveys. Hatchery stocks are classified as either Solomon 
Gulch (SG), Walley Noerenberg (WN), Armin F. Koernig (AFK), Cannery Creek 
(CC), or other hatchery (Other). 
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