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ABSTRACT

This study explores how the climate shift in the late 1970’s impacted sockeye salmon 

feeding. Stable isotope ratios (8 13C and 8 15N) of recent muscle and scale tissues from five 

mature salmon species are highly correlated (R2 = 0.96 and 0.91, respectively), validating 

the use of archived scales for retrospective analysis. These data suggest a trophic 

separation by species with chinook occupying the highest level, followed by coho with 

some degree of overlap among sockeye, pink and chum at the lowest level. Archived 

scales from four different sockeye stocks from Kodiak Island and Southeast region were 

analyzed over the last 34 years to investigate changes relative to the 1976-77 Climate 

Regime Shift. Most stocks show no statistical differences before and after the regime 

shift in either isotope. Despite recorded differences in sockeye abundance and size 

between these two regimes, these data suggest only minor changes in prey items.
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CHAPTER 1. INTRODUCTION 

Fluctuations in Salmon Abundance

Harvesting of many salmon stocks provides a vital subsistence resource as well as a 

valuable economic resource for the state of Alaska. The total Alaskan salmon catch over 

the last century reported by the Alaska Department of Fish and Game (ADF&G) (Figure

1- 1) shows dramatic shifts in the number of salmon commercially harvested on 

interannual as well as interdecadal timescales. Many studies have suggested that changes 

in salmon populations, particularly growth and survival, appear to reflect changes in 

environmental conditions of the Pacific basin (Beamish and Bouillon 1993; Francis and 

Hare 1994; Hare and Francis 1995; Mantua et al. 1997; Welch et al. 1998; Hare et al. 

1999), yet the mechanisms for these relationships are only speculative.

Potentially clouding this observed relationship between climate change and salmon 

production is the current state of salmon enhancement programs such as salmon 

hatcheries. The success of many Pacific Rim hatcheries, especially in Alaska, and the 

consequent increase of juvenile salmon released since 1976 (Cooney 1993; Heard 1998) 

have important implications with regard to resource limitations in the North Pacific 

Ocean and carrying capacity. It has been suggested that many signals of environmental 

change should be incorporated into prediction models for the purpose of more accurate 

fisheries management techniques (Noakes et al. 1998). This makes it even more critical 

for those in the field of fisheries management to understand the mechanisms responsible



for such climate/salmon interactions, to better predict the potential response of salmon 

stocks to future climate perturbations.
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Figure 1-1. Total Alaskan salmon catch over the last century as reported by the Alaska 

Department of Fish and Game (ADF&G). Data reported from 1994-1999 are 

preliminary and are not for legal interpretation. 

(http://www.cf.adfg.state.ak.us/cf_home.htm)

Carrying Capacity and Density Dependence

One cannot deal with the complexities of food web processes and the influence of climate 

on marine ecosystems without first addressing the fundamental concept of carrying

http://www.cf.adfg.state.ak.us/cf_home.htm


capacity within the North Pacific Ocean. Carrying capacity for both terrestrial and marine 

systems can best be defined as “a measure of the biomass of a given population that can 

be supported by the ecosystem. The carrying capacity changes over time with the 

abundance of predators and resources. Resources are a function of the productivity of 

prey populations and competition” (U.S. GLOBEC 1996). Carrying capacity may be 

controlled by both “bottom-up” (e.g. primary productivity) and “top-down” (e.g. 

predation) processes (Pearcy et al. 1999) and can be difficult to measure especially with a 

large number of complex trophic relationships. The salmonid food web, in particular, is 

very complex and many other species compete directly or indirectly (Pearcy et al. 1999). 

Many have attempted to estimate the carrying capacity of the North Pacific Ocean for 

salmonids using calculations of production and salmon forage demand estimates, which 

are now thought to have been underestimated (Pearcy et al. 1999). Using present 

estimates of zooplankton and salmon biomass (including hatchery contributions), Cooney 

and Brodeur (1998) suggest that per capita rations for salmon have been substantially 

reduced, leading to increased competition and ultimately resulting in density-dependent 

effects on growth and survival.

Density dependence as manifested in reduced growth or survival should be evident if 

carrying capacity is approached or exceeded (Pearcy 1992; Pearcy et al. 1999). Indeed, 

there have been many studies, that have documented both density-dependent survival and 

density-dependent growth in Pacific salmon; however, it appears that density-dependent 

survival is more important during early life history phases, and there is more evidence to
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support density-dependent growth (Pearcy 1992). Over the last two decades, production 

of Pacific salmon has dramatically increased due to favorable coastal conditions, better 

management techniques, and the proliferation of enhancement programs (Cooney and 

Brodeur 1998). The enhancement programs in particular have greatly affected the number 

of salmon entering the coastal environment and Cooney and Brodeur (1998) suggest that 

they have also potentially altered the species composition and trophic structure in the 

open ocean environment. Consequently, evidence for density-dependent growth has been 

observed in multiple species of Pacific salmon, including declines in mean body size of 

returning salmon, decreases in size at age, and decreases in age at maturity (Ricker 1994; 

Bigler et al. 1996; Cox and Hinch 1997; Helle and Hoffman 1998; Kaeriyama 1998).

While prey resource availability and number of competitors can define aspects of density 

dependence and carrying capacity, there are also underlying physical forcing processes, 

which can directly and indirectly affect the salmonid food web. Temperature is known to 

directly affect and influence overall feeding area as many salmon species are restricted by 

thermal limits (Welch et al. 1995; Welch et al. 1998) most probably due to metabolic 

constraints (Brett et al. 1969). This characteristic of Pacific salmon has many 

implications with regard to changes in carrying capacity, when considering long-term 

changes in climate such as global warming (Welch et al. 1998) or abrupt changes in 

regional climate such as shifts in the position and strength of the Aleutian Low Pressure 

System (Beamish and Bouillon 1993).



Aleutian Low Pressure and Regime Shifts

The Aleutian Low pressure system is the predominant climatological phenomenon in the 

North Pacific Ocean. It is generally centered over the Aleutian Islands and forms during 

September-November, intensifies over the winter, and breaks down by summer (Beamish 

and Bouillon 1993). Beamish and Bouillon (1993) calculated an Aleutian Low Pressure 

Index (ALPI) which indicates the area (km2) covered by the Aleutian Low pressure 

system with sea level pressure equal to or less than 100.5 kPa. High index numbers 

correspond to intense low pressures and low index numbers correspond to higher 

pressures or weak lows (Beamish and Bouillon 1993; Beamish et al. 1999). During the 

1970s, there was a drastic and abrupt change in the ocean conditions of the North Pacific, 

including an intensification of the Aleutian Low pressure system towards a period of 

intense lows (Beamish and Bouillon 1993), as well as an increase in salmon production 

that has continued into the 1990s (Hare and Francis 1995). Similarly, there was another 

abrupt change in ocean conditions, though not as drastic, in the 1940’s, which coincided 

with a decrease in salmon production (Figure 1- 1) (Hare and Francis 1995). These abrupt 

changes in the apparent stable time series of physical parameters (Beamish et al. 1999) 

have been called “regime shifts”. Perry et al. (1998) concluded that production of 

epipelagic fish such as salmon is most likely to be a function of food web processes 

(“bottom-up” control) rather than a function of fish abundance on their diet (“top-down” 

control). This would be indicative of direct linkages with climate variability, supporting 

conclusions by Beamish and Bouillon (1993) and Hare and Francis (1995), as well as 

others.
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Stable Isotope Ratio Analysis in Ecosystem Studies

Changes in ecosystem structure, natural or anthropogenic in origin, can be reflected in the 

trophic position or diet composition of an included species (Wainright et al. 1993). In 

addition to stomach content analysis, an alternative method of evaluating such variables 

is through the analysis of stable isotope ratios of carbon (13C /12C denoted as 513C) and 

nitrogen (15N /14N denoted as 8 15N) of consumer tissue (Peterson and Fry 1987; Welch 

and Parsons 1992; Wainright et al. 1993). Because consumers assimilate products of diet 

into their own tissues, the isotope ratios of diet can be reflected in the isotope ratios of 

consumer tissue (Peterson and Fry 1987). Variations in SI3C and S15N values originate at 

the primary producer level during the uptake of nutrients and the carbon fixation process 

and are subsequently passed up through the food web via dietary consumption (Peterson 

and Fry 1987; Fry et al. 1999). It is generally recognized that 513C values increase 0-1 

per trophic level while S15N values increase 3-5%c per trophic level (DeNiro and Epstein 

1978; DeNiro and Epstein 1981; Minagawa and Wada 1984; Peterson and Fry 1987; 

Hobson and Welch 1992).

Variations in 8 13C values have been used to interpret interactions between phytoplankton 

and their physical environment. Laws et al. (1995; 1997) found strong relationships 

between marine diatom 8 I3C and relative cell growth rates and [CC^laq- Popp et al. (1998) 

included a strong relationship between diatom cell geometry and diatom 8 ljC. Schell 

(2 0 0 0 ) took these relationships a step further to interpret variations in S13C from whale
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baleen in the Bering Sea to be indicative of variations in relative rates of primary 

productivity over time and subsequently, changes in carrying capacity. Temporal 

variations in 513C values at the primary producer level, especially in more recent history, 

may also be subject to the Suess effect or the depletion of 13C in atmospheric CO2 and 

13C of dissolved inorganic carbon (DIC) in the ocean due to the combustion of fossil fuels 

(Quay et al. 1992; Gruber et al. 1999). Quay et al. (1992) reported an approximate 

decrease in Pacific Ocean surface water DIC 8 13C values of 0.4 between 1970 and 

1990. Similarly, Gruber et al. (1999) calculated the oceanic surface water 13C Suess effect 

of about -0.018%c yr' 1 from 1980-1995 based on secular measurements in the North 

Atlantic, North Pacific, tropical Pacific, and Indian Oceans. Quay et al. (1992) do report, 

however, that decreases in 8 13C values are smaller in subpolar regions than the 

subtropical gyres. Both studies demonstrate a paucity of data in the NE Pacific Ocean, 

which is the region most relevant to my research.

When multiple organisms are considered, 8 I5N values of consumers within a food web 

can indicate relative trophic level or position (Peterson and Fry 1987; Wainright et al. 

1993; Welch and Parsons 1993; Fry et al. 1999). Temporal and spatial variations in 8 I5N 

values have thus been used to interpret changes in diet and thus trophic relationships of 

organisms within an ecosystem (Wainright et al. 1993; Welch and Parsons 1993). 

Fluctuations in 8 15N values may also be a function of nutrient dynamics, primarily 

inorganic nitrogen sources and subsequent utilization by primary producers. Nitrogen, an

7



essential phytoplankton macronutrient, is generally available in two forms, “new” 

nitrogen supplied via advection and deep mixing as nitrate (NO3') and “recycled” 

nitrogen such as ammonium (N H /) and urea (Lalli and Parsons 1993). NO3' is advected 

into the euphotic zone where phytoplankton preferentially uptake 14NC>3' resulting in 

initially depleted photosynthate and a progressively enriched 15NC>3' residual pool (Farrell 

et al. 1995). Thus, an inverse relationship exists between the near-surface [NO3 ] and the 

515N of particulate organic matter (POM) in the water column (Saino and Hattori 1987; 

Altabet and Francois 1994; Farrell et al 1995; Rau et al. 1998). In regions of upwelling, 

phytoplankton rely heavily upon new nitrogen to support primary production and there is 

a high correlation between NO3' uptake and [NO3'] in the water column (Varela and 

Harrison 1999). In oligotrophic conditions such as sub-tropical gyres, phytoplankton rely 

more on regenerated or recycled nitrogen (e.g. NH4+ and urea) (Varela and Harrison 

1999). High Nutrient Low Chlorophyll (HNLC) regions, such as the NE Pacific Ocean, 

however, are not technically oligotrophic with regard to macronutrient availability (i.e. 

[NO3 ]) but may be considered oligotrophic with regard to phytoplankton-nitrogen 

interactions (Dugdale and Wilkerson 1991), which may be more a function of 

micronutrient limitation (e.g. iron) (Boyd et al. 1998). Therefore, stable isotope ratios in 

consumer tissues may reflect both the trophic level of the consumer level and the S15N of 

the primary producers (Wainright et al. 1993).

Since most somatic growth (>99%) and much of the life history for Pacific salmon occurs 

in the ocean environment (Welch and Parsons 1993), stable isotope ratios obtained from

8



salmon tissues reflect primarily ocean processes. Wainright et al. (1993) used isotope 

ratios in fish to gain better insight into the dynamics of Northwest Atlantic marine food 

webs. No systematic collection of most salmon tissues extends over the tome period of 

interest. However, fortunately, there are several archived collections of Pacific salmon 

scales for most species dating back 50 - 100 years.

Statement o f the Problem

The mechanisms of interaction among North Pacific salmon species and climate in the 

open ocean are poorly understood. Overlapping salmonid distributions and prey resources 

as well as an increased evidence of density dependence require a diagnostic tool to assess 

the degree of competition among salmon species in the open ocean. This study used 

stable isotope ratio analysis as a tool to identify changes in the trophic level of salmon as 

a response to changes in climate. Efforts were focused on the well-documented 1976-77 

regime shift as an element of climate change. Using retrospective stable isotope ratio 

analysis of archived scale tissue from four different stocks of the commercially important 

sockeye salmon species from two distinct geographic regions of Alaska, appropriate 

intraspecific (between stocks) comparisons were made of stable isotope ratios before and 

after this climatological event. This study further attempts to characterize the recent 

trophic positioning of five species of mature North Pacific salmon and thus, to assess 

potential dietary overlap during their last year at sea.

9



Hypotheses

1.) Following the 1976-77 regime shift, conditions in the North Pacific Ocean were 

such that primary productivity was drastically increased relative to the pre-1976- 

77 regime. Increases in primary productivity should be reflected in enriched 513C 

signatures of consumer tissue (Wainright et al. 1993; Schell 2000). This “bottom- 

up” control of 513C values on higher order consumers such as salmon would be 

indicative of changes in primary productivity with subsequent changes in primary, 

secondary and apex consumers. Such increases in primary productivity in the 

Pacific Ocean may be in response to macro and micro nutrient advection, which 

could also affect 51SN values of primary producers as well as those of the 

consumers throughout the food web.

2.) Higher 8 I5N values in consumer tissue in the pre-1976-77 regime are expected 

due to NO 3' limitation and more utilization of the heavier residual pool of NO 3' 

by phytoplankton.

3.) Interspecific and intraspecific competition for food resources increased during the 

pre-1976-77 regime resulting in a discernible change, again with higher 8 15N 

values, in trophic structure relative to the post 1976-77 regime. This could occur 

if there were major shifts in prey items toward a higher trophic level due to 

stresses on resource availability.

4.) There should be no significant differences with regard to stable isotope ratios in 

multiple stocks of sockeye salmon over a long-term period. Assuming direct

10



linkages between salmon abundance and climate variability due to "bottom-up" 

controls (Perry et al. 1998), salmon should be similarly influenced by the basin- 

wide ocean processes, ultimately yielding similar stable isotope ratios. There is 

controversy in the literature regarding the degree of prey selectivity exhibited by 

North Pacific salmon, especially sockeye. Welch and Parsons (1993) concluded, 

based on stable isotope ratio analysis of salmon tissue, that Pacific salmon form a 

trophic hierarchy on the high seas by partitioning prey resources.

5.) Trophic hierarchy is maintained through time to optimize forage efficiency and 

minimize open ocean mortality. Thus analysis of more recent salmon tissues 

should yield similar results.

Thesis Project Objectives

The primary objectives of this thesis research were as follows:

1.) To determine any differences in stable isotope ratios of carbon and nitrogen between 

muscle and scale tissue from five species of North Pacific salmon. Since muscle is the 

preferred tissue in stable isotope ratio analysis, this assessed the validity of using 

scale tissue in place of muscle tissue for retrospective analysis as well as providing a 

calibration tool for back-calculating stable isotope ratios in muscle.

2.) To examine the current trophic structure of salmonid species. Using 513C and 8 15N 

values from five species of North Pacific salmon tissues, interspecies comparisons 

were performed to assess the degree of potential dietary overlap and thus relative 

trophic position within the salmonid ecosystem.

11



3.) To determine the carbon and nitrogen stable isotopic signatures (513C and 8 15N) of 

sockeye salmon ( Oncorhynchusnerka) from two geographic regions over a period of 

approximately three decades. Long-term stable isotope data from one of the

most commercially important species of salmon were analyzed for temporal and 

perhaps spatial variability.

4.) To interpret stable isotope ratio data in terms of variations in primary productivity in 

the North Pacific and trophic positioning within the salmonid ecosystem as a result of 

abrupt climate change. If major large-scale changes in productivity occurred, they 

should be registered by changes in the S13C signatures of all species from widespread 

areas. If there was a shift in trophic position of sockeye salmon, it should be 

registered by changes in the 5 I5N signatures of consumer (salmon) tissue (scales).

5.) Using the combined information of the first five objectives, I hoped to better define 

mechanisms responsible for the response of salmon to changes in climate.

Thesis outline

This thesis is divided into four chapters. Chapter 1 (this chapter) is provided as a general 

introduction and background and includes the main hypotheses and objectives of this 

thesis research. Chapters 2 and 3 comprise the data collected during the course of this 

research as well as the interpretation and discussion of results. There is some overlap in 

theme between Chapters 2 and 3. This resulted from the opportunity to submit a 

manuscript to the U.S. GLOBEC Special Issue in Progress Oceanography, which has

12



been accepted with moderate revisions, before all data had been analyzed. Finally, 

Chapter 4 includes the overall results of the thesis research, a critique of the research, and 

directions for future studies in this field.
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CHAPTER 2. STABLE ISOTOPE ANALYSIS OF PACIFIC SALMON: INSIGHTS 

INTO TROPHIC STATUS AND OCEANOGRAPHIC CONDITIONS 

OVER THE LAST 30 YEARS

ABSTRACT

Food web interactions and mechanisms of the response of Pacific salmon to physical 

processes in the North Pacific Ocean over interannual and interdecadal timescales are

13 12explored using naturally occurring stable isotope ratios of carbon ( C/ C) and nitrogen 

(15N /14N). Recent stable isotope analyses from five species of sexually mature North 

Pacific salmon from Alaska ( Oncorhynchusspp.) support the existence of competitive 

dietary overlap. The trophic structure for mature salmon represented by our samples is: 

chinook salmon ( O.tshawytscha) occupy the highest trophic level, followed by coho (O. 

kisutch), with chum (O. keta), sockeye ( O.nerka), and pink (O. gorbuscha) together 

occupying the lowest level. Isotope relationships between muscle and scale are 

consistent: 8 I3C (R2 = 0.96) and 8 I5N (R2 = 0.91). Thus, scales, which have been 

routinely archived for many systems, can be used for retrospective analyses. Archived 

sockeye salmon scales, spanning the last 33 years from Red Lake, Kodiak Island (1966- 

1999) were analyzed for their stable isotope ratios of carbon and nitrogen. Variations in 

S13C could result from variations in primary productivity, and suggest the early 1980’s,

F. R. Satterfield IV and B.P. Finney
Submitted to Progress in Oceanography, Accepted with moderate revisions
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early and late 1990’s and early to mid 1970’s represent periods of relatively higher 

production separated by periods of lower production. The S15N record displays a 

decreasing trend of ~3 %cfrom 1969-1982 and an increasing trend of ~3 from 1982- 

1992. Sockeye prey shifting of approximately one trophic level over decadal scales could 

explain these data. Alternatively, the successive enrichment of 515N from the early 1980’s 

is consistent with observations of decreases in mixed layer depth (MLD) and nitrate 

concentration over time in the NE Pacific. Changes in the 8 13C record, which do not track 

S15N, suggest that factors controlling 8 I3C (e.g. primary productivity, phytoplankton 

assemblages) differ from those factors that control 8 I:,N (e.g. trophic level, [NO3'], 

utilization rate). Though the present data is limited to a small number of stocks, it points 

to the value of stable isotopes in learning more about present and past changes in the 

North Pacific ecosystems and their relation to climate change.

Key words: Pacific salmon, stable isotope ratios, trophic structure, food web, carrying 

capacity

INTRODUCTION

It has only been since the early 1990’s that studies regarding Pacific salmon have shifted 

from an emphasis on freshwater conditions to a marine perspective (Brodeur and Pearcy 

1990; Pearcy 1992). Since salmon complete most of their life history in the marine



environment and >99% of their somatic growth occurs during the marine phase (Welch 

and Parsons 1993), it is important to understand marine processes and their influence on 

salmon growth and survival. Evidence continues to accumulate on the fluctuations of 

salmon stock abundance on interannual and interdecadal time scales (Downton and 

Miller 1998) and their relationship to changes in the marine environment (Beamish and 

Bouillon 1993, Beamish et al. 1998, Hare and Francis 1995, Mantua et al. 1997, Noakes 

et al. 1998). With the expansion of salmon enhancement programs, particularly 

hatcheries, concerns have arisen regarding hatchery and wild stock interactions in the 

ocean environment and their potential influence on the overall North Pacific Ocean 

ecology (Cooney and Brodeur 1998, Heard 1998). Understanding such influences on the 

salmonid ecosystem involves consideration of available resources and salmon forage 

demands, two concepts underlying carrying capacity for salmonids.

Prey resource limitation during periods of high salmonid abundance can decrease the 

growth rates of salmon in their oceanic phase. Such resource limitation may also induce a 

temporary shift in salmonid prey items or perhaps overall diet. Several stocks of pink 

and chum salmon have been reported to shift major components of their diet in response 

to increased abundance of both inter- and intra-specific competitors to maintain optimum 

feeding efficiencies (Tadokoro et al. 1996; Walker et al. 1998). Abundance of 

competitors and their prey populations, as well as processes of nutrient dynamics and 

basin-wide physical processes, can influence total resource availability which may, 

subsequently, have a direct bearing on the carrying capacity of the North Pacific Ocean

16



for salmonids (Pearcy et al. 1999). Substantial evidence regarding decreased mean body 

size at age and at maturity as well as increased age at maturity (see Bigler et al. 1996,

Cox and Hinch 1997, and Ricker 1994) has been collected over the last decade. These 

observations suggest that the carrying capacity for salmonids may have been approached 

(Pearcy et al. 1999); however, the underlying mechanistic processes regulating carrying 

capacity (“top-down” or “bottom-up” controls) are still unclear (Perry et al. 1998). In 

either scenario, there is dependence on food-web processes and trophic interactions; thus, 

understanding of such interactions within the Pacific salmon ecosystem, may give insight 

on the mechanistic controls on carrying capacity.

Studies on Pacific salmon trophic interactions have focused primarily on stomach content 

analyses, particularly during summer months (Brodeur 1990), to determine their prey 

items as well as to elucidate diet overlap with other fish species, which indicates potential 

competition. These studies (see LeBrasseur 1966, Beacham 1986, Pearcy et al. 1988, and 

Brodeur 1990) reveal that Pacific salmon are opportunistic, feeding on a variety of prey 

such as: amphipods, copepods, decapod larvae, euphausiids, pteropods, squid, gelatinous 

plankton (e.g. ctenophores and jellies), and small fishes. Welch and Parsons (1993) 

suggest that maturing Pacific salmon may form a trophic hierarchy to partition food 

resources and reduce levels of interspecific competition during their marine phase, when 

they co-occur in regions of limited prey resources (Groot and Margolis 1991). The 

consistency with which salmon maintain this hierarchy throughout their marine phase is 

relatively unknown.
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Naturally occurring stable isotope ratios of carbon (13C/12C) and nitrogen (15N/14N) have 

become an increasingly useful tool in a variety of ecological studies, including assessing 

phytoplankton growth rate (Laws et al. 1995), and describing trophic positioning of 

organisms within an ecosystem (see Wainright et al. 1993, Welch and Parsons 1993, Fry 

et al. 1999). Welch and Parsons (1993) used stable isotopes of carbon and nitrogen in 

muscle tissue to assess competitive dietary overlap and trophic structure in five species of 

maturing Pacific salmon caught on the high seas and in five different stocks of mature 

sockeye salmon ( O.nerka) collected from spawning grounds. They concluded that there 

is a separation among Pacific salmon species into a trophic hierarchy, where chinook (O. 

tshawytscha) occupy the highest trophic level, followed by coho (O. sockeye (

nerka), and pink (O. gorbuscha). Chum salmon keta), however, were determined to

occupy a different branch of the food chain just beneath chinook.

One objective of this study was to revisit Welch and Parsons’ (1993) working hypothesis 

of potential competitive overlap among the different species of Pacific salmon using 

stable carbon and nitrogen isotope ratio analyses. Our particular emphasis, however, is on 

mature adult salmon that enter freshwater to spawn. However, we do investigate stable 

isotope ratios from three species (chum, pink, and sockeye) of salmon caught in the open 

ocean. Phase-specific stable isotope ratio data for mature adult Oncorhynchus spp. will 

help determine if competitive overlap exists among mature salmon from the last winter of 

feeding to the time of collection in freshwater. We also investigate tissue-specific



fractionation in two tissues, muscle and scale for five species of Pacific salmon, and 

discuss the implications of isotope integration time. We then provide isotope ratio 

calibration data between muscle and scale tissue, which is used to retrospectively back- 

calculate trophic structure and ocean conditions using archived scale tissue. Finally, we 

examine 513C and 8 I5N from archived scales of sockeye salmon from Red Lake, Kodiak 

Island over the period 1966-1998, and suggest hypotheses that might be responsible for 

the observed variations.

METHODS

Recent Samples

Muscle and accompanying scale samples were obtained from five different North Pacific 

salmon species ( Oncorhynchusspp.) from Alaska Department of Fish and Game 

(ADF&G) personnel. Tissue samples were collected from mature fish shortly after the 

individuals entered their spawning streams or hatcheries (Table 2-1). Approximately 5cm 

x 5cm x 3 .5cm plugs of muscle tissue with the attached tegument (scales) were collected 

from the dorsal musculature posterior to the dorsal fin (preferred region) of the adult fish 

and were kept frozen at -20°C until preparation for analysis. Muscle and scale samples 

were also collected from freshwater sockeye smolts from different lake systems in Alaska 

and Washington (Table 2-1). Smolt scales were removed by scraping the lateral tegument 

with a spatula and collected by rinsing with distilled water in a 250pm sieve. Muscle 

tissue was obtained by grinding the remainder of the smolt without scales.
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Archived Samples

Archived sockeye salmon scales (2-6 individuals/year) from Red Lake on Kodiak Island 

spanning 33 years (1966-1999) were obtained from Alaska Department of Fish and Game 

(ADF&G). Each scale represents an individual fish and was removed from stored glue 

cards or “gum-cards” maintained by ADF&G. Archived scales were cleaned by 

submersion into 80° C filtered, deionized (DI) water, to remove glue and paper residue, 

and dried flat on a sterile towel. The portion of the scale representing the last marine 

year’s growth (last annulus to periphery) was removed using a micro-scalpel blade and 

stored in individual vials until isotope analysis.

Table 2-1. Locations (SE = Southeast; SW = Southwest; SC = South-central; WA = 

Washington), species, year, and number of muscle -  scale pairs collected 

(* = Data supplied by Dr. Bruce P. Finney).
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System Region Lat.(°N) L ong . (°W) Species Year N

Hugh Smith* SE,AK 55.06 130.42 0. nerka 

(adults)

1992 3
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Table 2-1. Continued.

System Region Lat.(°N) L ong . (°W) Species Year N

Redoubt* SE,AK 56.53 135.15 O. nerka 

(adults)

1996 1

Benzemen* SE,AK 56.47 134.55 O. nerka 

(adults)

1996 1

Chilkoot* SE,AK 59.21 135.35 O. nerka 

(adults)

1990;

1997

1;3

Chilkat* SE,AK 59.15 135.53 O. nerka 

(adults)

1990;

1997

3;3

Chilkat SE,AK 59.15 135.53 O. keta 

(adults)

1997 10

Chilkat SE,AK 59.15 135.53 O. kisutch 

(adults)

1997 12

Chilkat SE,AK 59.15 135.53 O. gorbuscha 

(adults)

1997 8

Speel* SE,AK 58.12 133.34 O. nerka 

(adults)

1992 3

Crescent* SE,AK 60.22 152.56 O. nerka 

(adults)

1991 3

Eva* SE,AK 57.40 135.70 O. nerka 

(adults)

1995 3

Sweetheart SE,AK 57.58 133.35 O. nerka 

(adults)

1996 4

Becharof SW,AK 57.50 156.07

...

O. nerka 

(adults)

1997; 1 

998

10;20
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Table 2-1. Continued.

System Region Lat.(°N) L ong . (°W) Species Year N

Iliamna s w ,a k 59.30 155.00 O. nerka 

(adults)

1997 10

Auke* SE,AK 58.38 134.39 O. nerka 

(adults)

1997 3

Karluk SC,AK 57.25 154.05 O. nerka 

(adults)

1998 5

Karluk* SC,AK 57.25 154.05 O. nerka 

(smolts)

1997 1

Spiridon* SC,AK 57.41 153.29 O. nerka 

(smolts)

1997 2

Laura* SC,AK 58.38 152.30 O. nerka 

(smolts)

1997 2

Coghill* s c ,a k 61.04 147.29 O. nerka 

(smolts)

1997 4

Wenatchee WA 47.83 120.78 O. nerka 

(smolts)

1998 5

DIPAC SE, AK 58.30 134.40 O. keta 

(adults)

1997 15

DIPAC SE,AK 58.30 134.40 O. gorbuscha 

(adults)

1997 15

DIPAC SE,AK 58.30 134.40 O. tshawytscha 

(adults)

1997 15

Red SC,AK 57.15 154.20 O. nerka 

(adults)

1966-

1998

103



Preparation and Stable Isotope Analysis

Recent muscle and attached scale samples were thawed from a frozen state and rinsed 

with distilled water. Muscle was removed using a scalpel and scales were removed using 

forceps. Fat was intentionally avoided during removal of the muscle tissue and total lipids 

were estimated using equations based on C/N ratios. Because of large differences in 

carbon isotope fractionation between muscle and lipids, we corrected 8 13C values (S’) 

using the estimated lipid content (McConnaughey 1978, McConnaughey and McRoy 

1979) as follows:

L = 93 /  [1 + (0.246 C/N - 0.775) '1 ]

8 ’ = 5 + D [-0.207 + 3.90 / (1 + 287 / L) ]

Where (L) is % Lipid and (D) is the depletion of l2C (%c) relative to protein, assigned a 

value of 6%c (McConnaughey, 1978). Muscle tissue was freeze-dried at -50° C for 72 

hours and homogenized prior to isotopic analyses. These muscle and scale samples were 

analyzed using the Europa 20/20 continuous flow isotope ratio mass spectrometer at the 

Institute of Marine Science (EMS), University of Alaska Fairbanks.

To assess within-fish variability of scale S13C and S15N values, five randomly chosen 

scales from five individual adult sockeye salmon from Karluk Lake (total sample N = 25)
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were selected for isotope analysis. Finally, archived scale samples (last marine year) were 

analyzed for their stable isotopes using the Finnigan Delta Plus mass spectrometer at 

IMS. All 8 ljC and 8 15N isotope values are reported conventionally against Pee Dee 

Belemnite (PDB) (carbon) and atmospheric air (nitrogen) standards as:

8  (% c) =  1 0  [(Rsample /  ^standard) "1]

Precision of these measurements is ±0.1%c for 8 13C and ±0.3%c for 8 15N.

RESULTS

Relationships between S13C and SI5N isotope ratios for adult salmon muscle tissue from 

samples collected in 1997 are shown in Figure 2-1. This year was selected because it was 

the only year in which all 5 species were represented, and thus eliminates interannual 

variability as a factor in controlling isotopic differences. For this year, SI3C and 8 I5N are 

highly correlated (R2 = 0.82) when considering all species data as a group. The slope of 

the regression line is 1.14 ± 0.08, which is similar to the slope found by Welch and 

Parsons (1993) (0.83 ± 0.29) for high-seas salmon. The studies of Minagawa and Wada 

(1984), Rau et al. (1990), and Wu et al. (1997) support the use of 8 15N isotope ratios as a 

tool for assessing trophic relationships within a variety of ecosystems. We have chosen to 

compare the mean 8 15N isotope ratios between species as an assessment of trophic
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interactions. After confirming sample normality, the mean 8 15N value for each species 

was compared with the mean values of all other species using a standardized t-test 

(p=0.05) (Fowler et al. 1998). Among pink, chum, and sockeye salmon, there are no 

significant differences in mean 5 15N values, indicating a potential for competitive overlap 

for prey items. Coho and Chinook, however, are significantly different from one another 

as well as from pink, chum, and sockeye.

Since 1997 was a significant El Nino year, we tested whether the isotope data for adult 

sockeye from this year were atypical relative to sockeye from other recent years. We 

compared the pooled mean 8 13C and 8 I5N values for all sockeye collected from 1990- 

1998 (excluding 1997 and referred to as 1990’s sockeye) with the pooled mean of 1997 

sockeye (Table 2-2.). The standardized t-test show no significant difference between the 

mean SI3C and 8 15N values of 1997 sockeye and the means of 1990’s sockeye (p<0.05).

The SI3C ratios of muscle and scale tissues (Figure 2-2.) are very strongly correlated (R2 

= 0.96). There is, however, a difference in fractionation of 8 13C between these tissues, 

with scales enriched relative to muscle (Table 2-3.). This fractionation between scale and 

muscle tissue is consistent for all species of salmon, where the mean enrichment relative 

to muscle (corrected for lipids) for all salmon is 3.69%c ± 0.60 SD. This value is very 

close to the muscle-scale correction factor used by Wainright et al. (1993) for haddock in 

the Georges Bank ecosystem. The 8 15N ratios of muscle and scale
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Table 2-2. Stable Isotope values (mean ± SD) of adult salmon by species. 8 13C’ values 

are corrected for lipids. The (1990’s) sockeye are all adult sockeye collected 

from 1990-1998 (excluding 1997). All other data are for samples collected in 

1997.

Species S13C (%c) 8 13C ’ (%c) a 13c 81SN (%o) N

O. nerka 

(1990’s)

-20.93 ± 0.93 -21.35 ±0.49 0.42 11.24 ±0.56 47

O. nerka 

(1997)

-20.58 ±0.53 -21.21 ±0.63 0.63 11.01 ±0.58 29

O. keta -20.29 ± 0.69 -21.28 ±0.72 0.99 11.01 ± 1.21 25

O. kisutch -19.08 ±0.35 -20.02 ± 0.37 0.94 13.81 ±0.49 12

O. tshawytscha -17.19 ±0.70 -17.85 ±0.65 0 .66 15.23 ±0.34 15

O. gorbuscha -20.96 ± 0.43 -21.89 ±0.43 0.93 10.79 ±0.41 22

tissues are also strongly correlated (Figure 2-4.) (R2 = 0.91). Muscle and scale tissue 8 15N 

were not significantly different (0.22%c ± 0.50SD; no tissue fractionation) (Table 2-3.). 

Within-fish variability (reported as standard error) for scales was found to be very small 

averaging 0.07 %cfor 8 I3C and 0.10 %cfor S15N for five different Karluk Lake sockeye.
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Figure 2-1. A scatter plot of muscle S13C’ (corrected for lipids) and 515N stable isotope 

ratios for 5 species of adult Pacific salmon collected in 1997.

Table 2-3. Mean fractionation (% c) ± SD between scale and muscle tissue for five species 

of adult salmon. The 8 ,JC of muscle is corrected for lipids, as described in the 

text.

Species Fractionation 513C (%c) Fractionation 8 1SN ( )

O. nerka (adults) 3.72 ±0.51 0.08 ±0.55

O. keta 3.88 ±0.70 0.24 ±0.57

O. kisutch 3.65 ±0.33 0.43 ± 0.36

O. tshawytscha 3.68 ±0.39 0.11 ±0.55

O. gorbuscha 3.31 ±0.56 0.25 ±0.53
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Figure 2-2. A scatter plot comparing 513C stable isotope ratios in muscle vs. scale tissue 

for 5 species of Pacific salmon.

Yearly mean 8 13C and 5I5N stable isotope ratios ± 1SE for Red Lake sockeye salmon 

from 1966-1999 are shown in Figures 2-4 and 2-5. The yearly means range from about -  

16.5 to -18.5%c for 5 I3C and from 8.2 to 11.7%c for 815N. Standard errors of the yearly 

means based on analyses of scales from multiple fish range from <0.1  to 0.75 for 8 I3C 

and <0.1 to 1.5 for 5 15N. Considering the analytical uncertainty and between-sample 

variability, significant trends in isotope ratios occurred during the 1966-1999 period. 8 13C 

values vary interannually throughout this period but have consistently higher values 

during 1974-1976, 1980-1986, 1991-1992, and 1996-1999, separated by periods with 

lower values. 5 15N values (Figure 2-5) show more of an interdecadal trend with



increasing values from 1966-1969, decreasing values from 1969-1982, a generally 

increasing trend during 1982-1992, and a decline from 1992 to 1993, followed by fairly 

constant, but relatively high values during 1993-1999.
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2-4. Yearly mean S13C (%c) for the last marine year of Red Lake archived sockeye 

scales for the period from 1966-1999. Standard errors are based on 

variability of data from different fish (2 -6 ) for each year.
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Figure 2-5. Yearly mean 5I5N (%c) for the last marine year of Red Lake archived sockeye 

scales for the period from 1966-1999. Standard errors are based on 

variability of data from different fish (2 -6 ) for each year.



DISCUSSION

Interspecies Comparisons

Variations in isotope ratios of consumer tissue can have their origins at the level of 

primary producers during carbon fixation (Peterson and Fry 1987, Fry et al. 1999). These 

variations are complicated through trophic enrichments within the food web (Minagawa 

and Wada 1984, Peterson and Fry 1987, Wada et al. 1987, Welch and Parsons 1993, Fry 

et al. 1999) as well as tissue-specific metabolic fractionation at the consumer level 

(Tieszen et al. 1983). The issue of muscle tissue turnover time and subsequently, time of 

isotope integration from diet into consumer muscle tissue must be considered and can 

have important implications with regard to interpretation. The close similarity in isotope 

composition between muscle and scale suggest that either long-term diet is relatively 

constant, though tissue turnover within muscle and scale may be variable, or that the 

period in which both tissue types integrate stable isotopes are similar. The muscle tissue 

turnover time for adult Pacific salmon is not clearly known. The time period in which 

stable isotope ratios are assimilated into consumer tissue varies depending upon tissue 

type, size, and age of the animal (Tieszen et al. 1983, Hesslein et al. 1993, Fry et al.

1999). Muscle tissue of gerbils can incorporate dietarily distinct isotope ratios in a few 

weeks, whereas muscle tissue of some adult fish can have isotope assimilation times on 

the order of a year, or even longer in slow growing fish (Hesslein et al. 1993). Because 

stable isotope ratios probably assimilate into scale tissue gradually, the close similarity in 

stable isotope ratios between muscle and the last year of scale growth suggests that the 

scale tissue represents predominantly newly assimilated material. As sockeye gain
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approximately 50% of their biomass during this last marine year (Burgner 1991), this 

suggestion may be reasonable. Therefore, for this study we assume that our analyses of 

both scale and muscle tissue largely represent the period following the last winter of 

oceanic feeding.

The 1997 stable isotope values (Figure 2-1.) cluster into three distinct groups. This 

suggests some degree of similarity among pink, sockeye, and chum salmon diets and 

unique diets for coho and chinook. Our data support the following as the trophic 

hierarchy for the Pacific salmon analyzed: chinook salmon occupying the highest 

position, followed by coho, with chum, sockeye, and pink together occupying the lowest 

level. The isotope ratios of several large 1997 chum salmon overlap with those of coho. 

This trophic hierarchy differs significantly from that reported by Welch and Parsons

(1993) who reported chum trophic level between chinook and coho. Differences may be 

due to interannual variability, different feeding locations, and different stages in the life 

history. While our data represent a small number of stocks, it is the first data set for the 

five species of mature North American Pacific salmon.

The observed differences between our 1997 data and those of Welch and Parsons (1993) 

could be due to interannual variability; however, our data only allowed us to assess 

interannual variability for sockeye salmon. The mean isotope ratios for carbon and 

nitrogen in 1997 sockeye are not significantly different from the mean values of all other 

sockeye analyzed from this decade, though several of the stocks we analyzed from 1997
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did originate from systems in which returns were much lower than forecasted (e.g. 

Becharof and Iliamna). The 1997 El Nino did not appear to have a strong effect on the 

isotopic composition of sockeye, which suggests that the trophic level of prey items did 

not change. Using scales from the Red Lake time series of sockeye salmon, we find high 

but variable 8 I3C values in Red Lake sockeye in the 1990’s. Only the period 1980-1983 

(excluding 1982) shows higher values (Figure 2-5). The 6 15N values from the 1990’s are 

consistently high relative to the entire record, similar only to the period of 1967-1974.

Interpretations of isotope values in adult salmon are hindered by the few data on stable 

carbon and nitrogen isotope ratios of prey items in the North Pacific Ocean. In addition to 

the data in Chapter 3, Wu et al. (1997) reported SI5N values of 8-12%c for zooplankton 

collected during 1991-93 from coastal and oceanic stations, respectively, in the North 

Pacific Ocean. Assuming 515N values of 5-7%c for North Pacific oceanic copepods and 

approximately 8 for oceanic squid, as well as an enrichment in 5I5N of 3-4%c for each 

trophic level (Minagawa and Wada 1984; Wada et al. 1987), the diets of sockeye, pink, 

and chum may result from consumption of squid or other organisms at this trophic level, 

if the greater copepod 8 15N and enrichment is assumed if the lower end of the ranges 

applies to approximately 50% copepods or equal trophic level prey and 50% prey from 

the next higher trophic level (e.g. squid) would constitute the diet.



Most of the 1997 chum salmon appear to feed at a trophic level similar to pink and 

sockeye salmon. Tadokoro et al. (1996) reported that during 1991, increased abundance 

of pink salmon induced a shift in chum salmon prey to more gelatinous zooplankton 

(81% by volume) than crustaceans and micronekton (16% and 2 % by volume, 

respectively). Welch and Parsons (1993) inferred from stable isotope ratios of carbon 

and nitrogen that the immature chum salmon caught in the marine environment in 1991 

fed on different prey higher in the food web than coho, sockeye, and pink salmon. Their 

513C (-21 to -22%c) and 5I5N (12 to 13%c) values did not conform to the trends in carbon 

and nitrogen isotopes of the other species and suggested maturing chum prey on 

carnivorous, gelatinous zooplankton (Welch and Parsons 1993). The mean S13C for 

mature chum collected in 1997 (not corrected for lipids to allow for comparison) is 

-20.29%c ± 0.14SE and the mean 5I5N value is 11.0l%o ± 0.24SE. These isotope data do 

not fall into a unique field and thus do not point to unique prey.

Based on stable isotope studies of marine food webs, including those with fish, 515N and 

SI3C increase at each trophic level at a ratio of approximately 3-3.8:1 (Wada et al. 1987, 

Wainright et al. 1993, Welch & Parsons 1993). Our data on five salmon species, as well 

as those of Welch and Parsons (1993), show a slope in 8 15N versus 5 I3C close to 1 

(Figure 2-1). As we have accounted for fractionation in carbon isotopes due to lipids, 

variability in lipid content cannot explain the trend. We speculate that differences in 

feeding location between chinook and the grouping of pink, sockeye and chum, may
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account for the lower slope in 8 15N versus 513 C slope than expected due to changes in 

trophic level. Regions closer to the shelf break in the NE Pacific subarctic gyre, where 

enhanced primary productivity may increase phytoplankton 513C ratios relative to those 

of 8 15N, may be such a feeding location. While there are presently no data to test this idea 

in the North Pacific, the distribution of stable isotope ratios in zooplankton in the Bering 

Sea have been attributed to such processes (Schell et al. 1998). Distributions of ocean- 

type chinook in the NE Pacific show closer proximity to the margin (Healey 1991), 

consistent with this hypothesis.

Sockeye Time-series

Red Lake sockeye scale 8 13C and Sl5N isotope ratios show substantial variation through 

the period 1966-1998 (Figures 2-4 and 2-5) with annual mean values varying by about 

2 %cand 3.5%c for carbon and nitrogen, respectively. Variation in these isotope ratios 

through time may result from changes in: a.) trophic level of feeding b.) location of 

feeding, or c.) isotopic fractionation at the base of the food web (phytoplankton) that is 

transferred through the food web.

The decline in 8 I5N from the late 1970’s to the early 1980’s, and the subsequent increase 

from 1982-1992 are close to 3 %cand thus could represent gradual changes in feeding of 

almost one trophic level. Nitrogen and carbon isotopes for Red Lake sockeye over the
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period of 1966-1998 are not correlated (Figures 2-4 and 2-5; R2 = 0.07). Since both 

isotopes are enriched up food chains, the lack of co-variation in 8 15N and 513C suggests 

that changes in trophic level through this period are not the primary factor controlling 

variation in one or both isotopes. Alternatively, the complexity of trophic relationships 

and the mechanisms by which stable isotopes are incorporated into food webs may result 

in temporal changes in relationships between stable carbon and nitrogen isotopes.

As discussed, spatial variability in prey types and prey isotopic composition probably 

exist but are poorly understood. Temporal changes in isotopic composition in consumer 

tissue could therefore result from temporal changes in feeding location. Limited modeling 

data suggest that Kodiak sockeye spend their last summer in the Gulf of Alaska gyre 

(Burgner 1991), though year-to-year variability in migration routes has not been 

determined. As scale tissue isotopic composition probably represents integrated diet over 

three to six months, these data probably represent the stable isotope composition of prey 

over a substantial area. Thus, if the feeding area of a stock of salmon is relatively 

constant over time, then changes in oceanographic conditions over a large region may be 

inferred from scale isotope data. Analysis of archived scales from additional systems over 

this period will help to test this hypothesis.

Isotopic fractionation at the base of the food web may vary due to variations in 

phytoplankton dynamics and productivity, which are controlled by physical conditions 

such as temperature, depth of the mixed layer, and availability of nutrients. Laws et al.
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(1995) have shown that variations in algal 513C can result from variations in algal cell 

growth rates, [C0 2 ]aq, cell size and other factors. If we assume processes influencing 

metabolic fractionation within phytoplankton up through salmon were consistent through 

time, and that feeding location and trophic level remain constant, then the 8 13C variability 

could be due to temporal fluctuations in rates of ocean primary productivity. Under this 

scenario, the Red Lake sockeye scale 513C data suggest that the North Pacific has 

undergone interannual and possibly interdecadal fluctuations in primary production. 

Highest productivity appears to have occurred in the early to mid-1980’s, except for an 

anomalously low value in 1982 that may reflect an El Nino influence. There appear to be 

two periods of relatively low production; one period in the early 1970’s and the other 

occurring in the early 1990’s. There is not however, a distinct and persistent change in 

8 13C associated with the 1976 regime shift, which has been associated with an increase in 

sockeye salmon abundance in the Gulf of Alaska (Beamish and Bouillon 1993). 

Consistent temporal patterns among multiple stocks will be needed to thoroughly test this 

hypothesis.

Interannual variations in 515N isotope ratios may reflect changes in nitrogen cycling in 

the water column. A change in the mixed layer depth (MLD) may impact nitrogen 

cycling in the North Pacific Ocean (Freeland et al. 1997). Polovina et al. (1995) and 

Freeland et al. (1997) report that MLD in the Northeast North Pacific Ocean decreased 

during 1970-1994. A decrease in MLD could increase NO3' utilization rates by
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phytoplankton (Altabet and Francois 1994). Since 14NC>3'is  preferentially removed from 

the dissolved nitrogen pool by phytoplankton, the residual pool becomes progressively 

enriched in S15N. Thus an inverse relationship between the surface [NO3-] and the 515N 

of particulate organic matter (POM) has been recognized (Farrell et al. 1995). A simple 

Raleigh distillation model (Francois et al. 1996) suggests that the observed decrease in 

[NO3 ] from 16 to 12p.mol/L (Freeland et al. 1997) could result in an increase of 

approximately l-2%c S15N in phytoplankton. This enrichment is consequently transferred 

to the higher-order consumers within the food web such as Pacific salmon. The high 8 15N 

observed during the early part of the record, however, is not consistent with a deep MLD 

at this time. If variations in 5 I3C and 8 15N are related to changes in primary productivity 

and nitrate utilization, the lack of correlation between SI3C and 8 15N suggests an 

uncoupling between primary productivity and nitrogen cycling. This may occur in the 

subarctic gyre where primary productivity does not appear to be limited by nitrate and 

may respond to factors such as eolian iron input (Boyd et al. 1998).

SUMMARY

Stable isotope analysis provides a tool with which we can gain a better understanding of 

food web processes and trophic interactions among species. Stable isotopes can provide a 

retrospective look into past changes in the marine environment, although robust 

interpretation of stable isotope data is currently hindered by the lack of data for
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Oncorhynchus spp. and their prey in the North Pacific Ocean. In addition, because 

zooplankton isotope ratios differ in coastal and oceanic regions, a better understanding of 

the oceanic migration routes of salmon and how this varies between species and stocks 

over time is needed. Despite these limitations, our analysis of five species of mature 

Pacific salmon allows several general conclusions.

1. A defined trophic structure exists within the five species of Oncorhynchus analyzed - 

chinook occupy the highest trophic level, followed by coho, with chum, sockeye, and 

pink salmon together occupying the lowest trophic level.

2. Salmon scales incorporate the stable isotopes of carbon and nitrogen in a consistent 

fashion and are suitable tissues to analyze for retrospective studies.

3. Temporal variability in 8 13C and 8 15N for one sockeye salmon stock (Red Lake) can 

be explained by several potential mechanisms including shifts in trophic level 

through changes in prey items or diet, shifts in feeding location, and changes in 

isotopic composition at the base of the food web. We hypothesize two possible 

scenarios to account for variability in 513C and 8 15N in sockeye salmon over the past 

30 years. The first hypothesis is that the changes originate at the level of primary 

producers via processes such as variation in primary productivity (8 13C) and nitrate 

utilization (8 15N). If so, then 8 I3C data represent interannual variability in primary 

productivity with high values in the early to mid 1970’s, early 1980’s and early and 

late 1990’s. Variability in 8 1:>N is related to changes in relative nitrate utilization rate.

39



The 8 I5N record is not correlated with 8 13C and shows some similarity to 

measurements of MLD and changes in climate indices such as the Aleutian Low 

Pressure index. The second hypothesis suggests that changes in 8 1:>N (~3%c) are a 

function of prey shifting by sockeye on the order of one trophic level. Temporal 

changes in 8 13C do not track S15N, but may be influenced by additional factors such 

as primary productivity or changes in feeding location. Future studies on other stocks 

and species should help test these hypotheses.
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CHAPTER 3. RETROSPECTIVE STABLE ISOTOPE RATIO ANALYSIS OF 

SOCKEYE SALMON ( ONC NERKA) SCALES

INTRODUCTION

Studies of Pacific salmon ( Oncorhynchusspp.) in the open ocean environment, while 

elucidating important information about salmonid feeding ecology and behavior during 

this phase of their life history, are patchy in space and time due to the vastness of the 

North Pacific Ocean. There are currently no studies which document long-term changes 

in the trophic relationships of particular stocks of salmon in the open ocean. However, 

these types of data are needed to answer important questions regarding long-term changes 

in resource availability, carrying capacity and changes in feeding ecology of salmonids in 

the North Pacific Ocean.

Changes in ecosystem structure, such as increases in the number of competitors and/or 

limitation of prey resources, may reduce growth rates of salmon and induce a temporary 

shift in prey items (Tadokoro et al. 1996) or perhaps even overall diet. Observed evidence 

of density dependent growth for many salmon stocks, such as decreased mean body size 

at age, and at maturity, as well as increased age at maturity (see Ricker 1994; Bigler et al. 

1996; Cox and Hinch 1997; Helle and Hoffman 1998; Kaeriyama 1998), suggests that 

carrying capacity for salmonids has been approached (Pearcy et al. 1999). However, 

fundamental processes regulating carrying capacity (“top-down” and “bottom-up”
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controls) are still unclear (Perry et al. 1998). Direct linkages with climate variability 

suggest that production of epipelagic fish such as salmon is primarily a function of 

“bottom-up” processes (Perry et al. 1998).

Numerous studies have documented relationships between salmon stock abundance and 

changes in climate on interannual and interdecadal timescales (Beamish and Bouillon 

1993; Beamish et al. 1999; Hare and Francis 1995; Mantua et al. 1997, Downton and 

Miller 1998, Noakes et al. 1998). The abrupt increase in the strength of the Aleutian Low 

Pressure System in 1976-77 (Beamish and Bouillon 1993) is one of over 40 

environmental variables (Ebbesmeyer et al. 1991) that occurred in what has been termed 

a “Regime shift”. Beamish and Bouillon (1993) found strong correspondence between the 

trends of Aleutian Low Pressure Index and salmon abundance. Subsequent studies have 

related indices of climate change with salmon abundance, but the potential mechanisms 

can only be speculated in such studies.

The use of stable isotope ratios of carbon (13C/I2C) and nitrogen (l5N /l4N) (denoted as 

SI3C and 8 15N, respectively) in ecosystem studies has increased in recent years. The 

stable isotope ratios of consumer tissue reflect an assimilation of stable isotope ratios of 

the respective diet (Peterson and Fry 1987). Variations in 5 I3C and 515N values in 

consumer tissue, however, derive from processes at the primary producer level during the 

uptake of nutrients and carbon fixation process (Peterson and Fry 1987; Fry et al. 1999). 

Due to metabolic effects, there is a recognized ~0-l%c and ~3-5%c increase per trophic



level in S13C and 8 15N values, respectively (DeNiro and Epstein 1978; DeNiro and 

Epstein 1981; Minagawa and Wada 1984; Peterson and Fry 1987; Hobson and Welch 

1992).

Salmon scales from many different stocks have routinely been collected and archived for 

many years by a variety of state and federal agencies (e.g. Alaska Department of Fish and 

Game, NOAA etc.). Scales have traditionally been used for age determination and stock 

identification, and have recently been used to provide important information regarding 

growth patterns throughout the life history (Fukuwaka and Kaeriyama 1997; Fukuwaka

1998). Wainright et al. (1993) demonstrated that archived scale tissue from demersal fish 

in the Georges Bank region could be analyzed for their stable isotope ratios of carbon and 

nitrogen, to obtain insight into past food web dynamics. To date, such studies have not 

been attempted for Pacific salmon. Since >99% of somatic growth and much of the life 

history of salmon occurs in the marine environment (Welch and Parsons 1993), variations 

in stable isotope ratios of scale tissue primarily reflect ocean processes. This may 

ultimately more clearly elucidate linkages between changes in the physical environment 

and the response of salmon stocks to these changes.

In this chapter, I examine temporal variations in stable isotope ratios of carbon and 

nitrogen from archived scales collected from four stocks of sockeye salmon (O. nerka) 

(1966-1999) from the Southeast and Kodiak regions in Alaska over the past 34 years. A 

major goal is to determine the stable isotope ratios of carbon and nitrogen before and
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after the “regime shift’’ of 1976-77 to assess possible changes in the feeding ecology of 

sockeye salmon, and changes potentially originating at the primary producer level. This 

analysis may give some insight as to the biological and physical mechanisms responsible 

for the observed changes in the abundance and size of Pacific salmon.

METHODS

Salmon Prey Items

Open ocean squid, euphausiid, larval fish, ctenophore, and polychaete samples were 

obtained in a frozen state from University of Washington. These salmonid prey items 

were collected from approximately 49° N to 55° N Latitude along the 145° W Longitude 

line in July of 1998. Also, open ocean copepod samples were obtained from Auke Bay 

Laboratory, Juneau, AK. These samples were collected in 550pm mesh bongo nets at an 

average tow depth of 220m during a May cruise in 1998 aboard the F/V Great Pacific 

along the 145° W Longitude line and preserved in 10% formalin. All samples were 

thoroughly rinsed in distilled water, freeze-dried at -50°C for 72 hours and homogenized 

for stable isotope ratio analysis. Previously prepared and freeze-dried copepod ( 1- 1.7mm 

size fraction) samples collected in June of 1998 by the Pacific Biological Station in 

Nanaimo, British Columbia along two coastal transects: Dixon Entrance (54.582° N, 

132.325°W to 53.995° N, 134.692° W) and Triangle Island (51.247° N, 128.217° W to 

50.910° N, 128.982° W) were also obtained and analyzed for stable isotope ratios of 

carbon and nitrogen for comparisons between open ocean and coastal domain 

zooplankton.



High-Seas Salmon

To assess spatial variation in salmon 8 13C and 5 I5N values in the open ocean environment 

as well as to assess trophic structure within this environment, frozen chum, pink, and 

sockeye salmon muscle tissue samples were obtained from Auke Bay Laboratory in 

Juneau, Alaska. These salmon were caught along two major transects (145° W and 

165°W) (Table 3-1) via the National Oceanic and Atmospheric Administration (NOAA) 

chartered vessel FA/ Great Pacific in the northeastern Pacific Ocean during the period of 

May 4-24, 1999. All frozen tissue samples were subsequently rinsed in distilled water 

and freeze-dried at -50° C for 72 hours and homogenized for stable isotope ratio analysis.

Archived Scale Preparation

Archived sockeye salmon ( O.nerka) scales from Red Lake and Upper Station stocks on 

Kodiak Island, Alaska and from Chilkat Lake and Chilkoot Lake stocks from Southeast 

Alaska (Figure 3-1) were obtained from the Alaska Department of Fish and Game 

(ADF&G) spanning the time period 1966-1999 (see Table 3-2). Salmon stocks were 

chosen based on availability of scales, yearly consistency of the scale record and total 

length of the scale record. Scales from chosen salmon stocks were kept consistent for 

month of harvest or timing of run for bimodal stocks, sex, and age when possible. Two to 

five scales per year, representing two to five individual fish, were prepared for stable 

isotope ratio analysis by submersion into 80° C filtered, deionized (DI) water for 

approximately one minute and drying flat on a sterile towel to remove glue and ink 

residue. The portion of each scale representing growth from the last marine year (last
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annulus to periphery) was carefully removed using a micro-scalpel under a dissecting 

microscope (400X) and stored in an individual vial until stable isotope ratio analysis.

Table 3-1. High seas salmon caught in May 1999 and analyzed for stable isotope ratios 

of carbon and nitrogen (I = Immature; M = Mature based on gonad to body 

mass). Species data provided by Auke Bay Laboratory, Juneau, Alaska.

Species Latitude (°N) Longitude (°W) # Samples I/M

Sockeye 47.00 165.00 6 I

Sockeye 48.03 145.00 4 I

Sockeye 48.03 145.00 2 M

Sockeye 49.72 145.00 4 M

Sockeye 55.00 145.00 4 M

Sockeye 58.50 145.00 4 M

Pink 46.40 165.00 4 M

Pink 45.02 145.00 4 M

Pink 49.72 145.00 3 M

Chum 49.05 165.00 4 M

Chum 49.72 145.00 5 M

Chum 55.00 145.00 4 M

Chum 58.50 145.00 4 M
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Table 3-2. Location of sockeye stocks, time period spanned for all archived salmon 

scales used in this study, and missing yearly samples. (SE = Southeast)

Stock Region Time Period Missing Years

Red Lake Kodiak, AK 1966-1999 1968

Upper Station Kodiak, AK 1967-1999 1969,1985

Chilkat Lake SE AK 1968-1998 1970,1977

Chilkoot Lake SE AK 1968-1998 1970,1975

Stable Isotope Ratio Analysis

All samples were analyzed for stable isotopes of carbon and nitrogen using the Finnigan 

Delta Plus mass spectrometer at the Institute of Marine Science (IMS), University of 

Alaska Fairbanks. All 8 I3C and 8 I5N isotope values are reported conventionally against 

PDB (carbon) and atmospheric air (nitrogen) standards as:

8 (%c) = 103 [(Rsample / Rstandard) ~ 1 ]

Precision of measurements is ±0.1%c for 513C and ±0.3 for 515N. Because of large 

differences in carbon isotope fractionation between muscle and lipids, I corrected 5I3C 

values (S’) from 1999 salmon samples using the estimated lipid content (McConnaughey 

1978, McConnaughey and McRoy 1979) as follows:
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L = 93 / [1 + (0.246 C/N - 0.775) '1 ]

5’ = 8 + D [-0.207 + 3.90 / (1 + 287 / L) ]

Where (L) is % Lipid and (D) is the depletion of 12C (%c) relative to protein, assigned a 

value of 6%c (McConnaughey, 1978).

Statistical Analysis

Simple linear regression techniques were used to assess correlations of 1998 salmon prey

items and 1999 sockeye, pink, and chum salmon with Latitude. To assess potential

trophic interactions between the three 1999 open ocean salmon species, Student’s t-tests 

were used to compare mean 5 l5N values, as in Chapter 2, among five mature species.

For archived samples, a General Linear Model (GLM) was employed to determine 

whether stock, year, or stock-year interactions were valuable statistical predictors of S13C 

and 8 i5N values. To account for interannual differences in 513C and 8 I5N values, a 

Balanced Incomplete Block Design with year as a blocking factor was used. This allowed 

for stock-specific differences to be explored for the entire period (1966-1999) and 

characterized without interference due to yearly fluctuations, in order to test the working 

hypothesis of isotopic similarity among sockeye salmon stocks. Statistical differences in
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8 I3C and 8 15N values among the four stocks of sockeye for the overall period (1966-

1999) were determined using multiple comparison techniques. Tukey’s Studentized

Figure 3-1. Map showing archived sample sites for four stocks of sockeye salmon in two 

regions of Alaska.



Range Tests (p=0.05 and p=0.01), Waller Duncan K-ratio t Tests (p=0.05) and Duncan’s 

Multiple Range Tests (p=0.01) were all used to make these stock comparisons. Finally, to 

determine if significant temporal shifts in 8 13C and 515N values were associated with the 

1976-77 regime shift, a contrast linear function between two factor level means such that 

the first factor level contained all 8 13C or 515N values prior to 1976 and the second factor 

level contained all 8 13C or 8 I5N values following 1977 was performed on each stock. All 

statistical tests were performed using SAS Version 8 Statistical Software Package for 

Windows, licensed to the Institute of Arctic Biology, University of Alaska Fairbanks.

RESULTS 

Salmon Prey Items

8 i3C and 8 15N values for the various prey items collected in the open ocean in 1998 are 

shown in Figure 3-2 along with stable isotope values from 1998 sockeye muscle samples 

(Chapter 2). To increase the number of sockeye stocks and samples for this figure, the 

regression equation developed from muscle-scale comparisons in Chapter 2 was used to 

calculate estimated muscle SI3C and 8 15N values using archived scale values from the 

four stocks. Euphausiid S15N values are similar to values obtained by Wu et al. (1999) 

from 1992 samples collected at Ocean Station Papa (OSP). Most 8 15N values from these 

prey items appear to cluster logically according to trophic level with the exception of the 

ctenophores. Copepod samples collected in the open ocean appear to have 8 15N values
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ranging from about 4.8 %cto 7.5%c, which are a function of Latitude (Figure 3-3).

Copepod 5 i3C values were not used due to effects of the formalin preservative; thus only 

815N values were available for comparisons. The 5 15N of coastal domain copepod 

samples from the Dixon Entrance and Triangle Island transects in 1998 ranged from 

8.9%c to 13.3%c (Table 3-3) with more depleted values occurring further off shore. These 

coastal zooplankton 5 15N values are significantly enriched in ,5N relative to the open 

ocean samples, similar to findings by Wu et al. (1997) for these two domains from 1991- 

1993. Variations of 8 I5N within the coastal domain follow similar trends (values 

decreasing off-shore), consistent with trends observed by Schell et al. (1998) for both 

copepods and euphausiids. Squid S15N values ranged from approximately 7.6 to 9.2%o 

with a decreasing trend with increasing Latitude (Figure 3-4).

High-Seas Salmon

Sockeye salmon samples represented the majority of all open-ocean samples obtained. 

Sockeye were selected for stable isotope ratio analysis to span approximately 10°

Latitude on the 145° W transect, to test for latitudinal effects on stable isotope ratios of 

carbon and nitrogen (see Table 3-1) and to compare to values from fish caught near their 

natal streams. An apparent inverse relationship exists between the stable isotope ratios of 

(both carbon and nitrogen) and Latitude (Figures 3-5 and 3-6) where an approximate 2 

decrease is observed northward over 10° Latitude (R2 = 0.54 and 0.58, respectively). 

While more samples are needed to verify the consistency of this trend, it indicates that
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there is potentially substantial spatial variability in stable isotope ratios of sockeye 

salmon on a latitudinal scale, that relate to changes at lower trophic levels (Figure 3-3).

Table 3-3. 8 13C and 51SN values from copepods collected from two coastal transects

in June, 1998. Samples were provided by Pacific Biological Station, Nanaimo, 

British Columbia.
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Transect Latitude

(°N)

Longitude

(°W)

813C

( % c )

51SN

( % c )

Bottom Depth

(m)

Dixon Entrance 54.582 132.325 -18.98 9.96 247

Dixon Entrance 54.530 132.530 -19.01 8.88 313

Dixon Entrance 54.480 132.747 -18.51 9.95 380

Dixon Entrance 54.427 132.972 -19.87 9.78 177

Dixon Entrance 54.367 133.190 -19.95 9.09 458

Dixon Entrance 54.343 133.297 -21.05 8.44 450

Dixon Entrance 54.210 133.827 -22.04 10.78 220

Dixon Entrance 54.155 134.062 -22.38 10.10 405

Dixon Entrance 54.053 134.468 -20.68 9.77 > 1000

Dixon Entrance 53.995 134.692 -22.89 8.51 > 1000

Triangle Island 51.247 128.217 -15.02 13.34 35

Triangle Island 51.195 128.337 -18.04 10.00 141

Triangle Island 51.002 128.752 -18.97 9.45 66

Triangle Island 50.560 129.743 -22.26 10.22 > 2000

Triangle Island 50.910 128.982 -18.26 8.96 60

Triangle Island 51.018 128.718 -19.94 10.04 66
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Figure 3-2. A scatter plot of 5 l3C and 515N values from various 1998 open ocean and

coastal prey items as well as 1998 sockeye (RS) muscle isotope values from 

muscle-scale comparisons (See Chapter 2).
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Latitude (°N)

Figure 3-3. 515N values from homogenized 1998 copepods (1-2.5mm) collected over 

approximately 18° Latitude on the 145° W Longitude line.

Latitude (°N)

Figure 3-4. 5 I5N values vs. Latitude in squid caught in 1998 along the 145 W Longitude 

line.
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Latitude (°N)

Figure 3-5. A scatter plot of 513C’ values (corrected for lipids -  see text) from 1999 

sockeye muscle over ~ 10° Latitude along the 145° W Longitude line.

Latitude (°N)

Figure 3-6. A scatter plot of 8 15N values from 1999 sockeye muscle over -10° Latitude 

along the 145° W Longitude line.



A scatter-plot of three species of salmon caught in the open ocean in 1999 (Figure 3-7) 

demonstrates the wide variability among these species. Student’s t-tests were used to 

determine statistical differences in mean 8 15N values between each species, as well as 

between immature and mature phases in the life history (for sockeye) to assess the 

possible degree of trophic interactions. While there appears to be overlap between some 

individuals of different species, the results show that there were significant differences 

between the mean 8 15N values for each species (p<0.05). Immature sockeye were also 

found to be significantly different from mature sockeye and the other mature species; 

however, immature and mature sockeye collected from the same station were not 

significantly different although sample size for this comparison is very small (two mature 

and four immature from the same station). Comparisons of mean 515N values from all 

three species collected from the same station along the transect yielded similar results.

Archived Samples

The initial General Linear Model results showed that stock was not a significant predictor 

for 8 13C values (p=0.13), meaning there were no significant differences in 8 ljC values 

detected among these stocks over this time period, 1966-1999; thus, multiple comparison 

tests were not necessary. Stock factor was a statistically significant predictor for 515N 

values (p<0 .0 0 0 1 ) as was the year factor (p<0 .0 0 0 1 ), but the interaction between year and 

stock was less significant (p=0.054) and higher F values clearly indicate stock as the 

primary statistical factor. Results of the multiple comparison tests at the 0.05 level of
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significance for 5 15N values among stocks over the period 1966-1999 showed that the 

Chilkoot Lake stock was statistically different relative to all other stocks. At the 0.01 

level of significance, the Chilkoot Lake stock was still significantly different from Red 

Lake and Chilkat Lake stocks but no other statistical differences were observed (Table 3- 

4).
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Figure 3-7. Scatter plot of S13C’ (corrected for lipids) and 8 15N values from immature (I) 

sockeye, mature (M) sockeye, pink, and chum salmon caught on the 145° W 

Longitude transect.



The statistical results for comparison by stock of 5 I3C or 515N values before and after the 

1976-77 regime shift, using a contrast linear function for factor level means, are shown in 

Table 3-5. The Upper Station stock was the only stock out of four, that had significant 

shifts in both S13C and 8 15N values from the pre-1976-77 to the post-1976-77 regime.

The Chilkoot Lake stock was the only other stock that had a statistically significant shift 

in stable isotope ratios (8 15N, p = 0.029) concurrent with the 1976-77 regime shift.

Table 3-4. Difference between means of 8 I5N (%c) among four stocks of sockeye.

(*) Significantly different at 0.05 level. (**) Significantly different at 0.01 

level.
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STOCKS Upper Station Chilkat Lake Chilkoot Lake

Red Lake 0.0202 0.2370 0.3389 **

Upper Station 0.2168 0.3592 *

Chilkat Lake 0.5760 **
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Table 3-5. Least Squares means (LS-means) of 8 13C and 8 15N values for each stock for

the pre-1976-77 and post-1976-77 regimes with associated p-values calculated 

using a contrast linear function to compare factor level means between the two 

periods.

Stock C hilkat Lake Chilkoot Lake Red Lake Upper Station

Factor 813C 815N 813C 81SN 813C 815N 813C 81SN

LS-means

(pre-1976)

-17.75 9.97 -17.64 9.99 -17.61 10.02 -17.23 10.29

LS-means

(post-1976)

-17.59 9.68 -17.61 10.41 -17.52 9.96 -17.60 9.89

p-value 0.31 0.14 0.79 0.03 0.52 0.78 0.0002 0.02

DISCUSSION

Sockeye Prey Items

Based on the literature reviews of LeBrasseur (1966), Brodeur (1990), Burgner (1991) 

and Pearcy (1992), among others, many common potential sockeye salmon prey items 

were analyzed. Stomach content analyses of all 1999 open-ocean sockeye salmon caught 

during the sampling period indicate that euphausiids, pteropods, amphipods, and squid 

were major components of sockeye diet (Edward Farley, Jr., Personal Communication). 

While pteropods and amphipods were not available for stable isotope ratio analysis, other 

organisms at a presumably similar trophic level were analyzed (e.g. copepods and 

euphausiids). Along with stable isotope values measured by Wu et al. (1999) for



amphipods and euphausiids, data for the prey items and sockeye salmon analyzed in this 

study are shown in Figure 3-8. The carbon and nitrogen stable isotope ratios of the 

archived sockeye salmon (back-calculated to muscle stable isotope ratios using the 

regression equation from Chapter 2) (Figure 3-8) indicate that slope copepods or other 

prey items at this trophic level may contribute strongly to their diet. Sockeye salmon 

caught in freshwater in 1998 plot similarly to archived sockeye, and thus may have had a 

similar diet. Archived and 1998 sockeye samples were both collected from coastal 

fisheries, and the stable isotope data suggest feeding along the continental margin during 

their homeward journey. Open-ocean sockeye caught in 1999 have similar 515N but 

lighter 8 I3C, and thus appear to rely more heavily upon squid and other open-ocean prey 

items (e.g. euphausiids and larval fishes). Stable isotope data from more prey species on 

greater temporal and spatial scales would be helpful to further investigate this hypothesis.

The latitudinal variation in 5 15N vs. for the 1998 copepods and the 1999 sockeye salmon 

(regression slopes -0.154 and -0.123, respectively) (Figures 3-3, 3-5, and 3-6), suggest 

gradients in two distinct trophic levels. A similar trend in 5 15N vs. Latitude was observed 

for squid (regression slope -0.133) along the 145° W Longitude line (Figure 3-4); 

however, the sample size is small (n=5) and the correlation in not significant (R = 0.21) 

(Figure 3-4). Thus, it is reasonable to assume that within this open ocean region of the 

North Pacific, organisms from many different trophic levels have 8 15N values that change 

similarly along a spatial scale. Differenced in 515N values of consumer tissues could
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result from variations in trophic position or Latitude of feeding. Prey item S13C values 

span a large range from open ocean to the coast (approximately 8%o) (Figure 3-2) and 

change at a similar or slightly faster rate than 8 15N when moving from one domain to the 

other in contrast with much smaller S13C trophic level changes. Thus, 8 13C values in 

consumer tissue appear to be mostly a function of changes in feeding location (north- 

south or onshore-offshore). Open-ocean sockeye caught in 1999 have similar S15N values 

to the sockeye caught in streams in 1998 but have lighter 8 I3C values. This is consistent 

with the isotopic gradient observed in prey items from open ocean to the continental 

margin, suggesting that feeding occurs near the coast during the spawning migration.
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Figure 3-8. Compilation scatter plot of mean 5l3C and 8 I5N values for prey items and 

sockeye salmon.



Sockeye Stock Comparisons

Fluctuation in 5 13C values for the sockeye stocks over the last 34 years are relatively 

minor. Two of the four stocks range within l%c over the entire record whereas the other 

two stocks range within 2 % c  over the entire record (Figure 3-9). These long-term ranges 

of variation are equivalent to or even less than the degree of variability encountered in 

any given year. Mean stock differences are less than 0.2%c over the entire record and no 

long-term trends are consistent between stocks.

For the approximate 30-year period (1966-1999) all four sockeye salmon stocks show 

variations in 513C values on interannual timescales (Figure 3-9) about a long-term mean 

with no apparent long-term trends. Making comparisons between stocks on such 

interannual timescales with this data set is not practical given that the scale record has 

missing years and these missing years are not consistent among the four stocks. Using the 

block design statistical approach to the general linear model, with year as the blocking 

factor, allows a more reasonable comparison among the four stocks over the entire period 

of time, accounting for annual variability accounted for. The original working hypothesis 

(# 4, Chapter 1) that there should be no differences in the long-term 5 13C values among 

stocks of the same species was not disproved (Table 3-4). Sockeye salmon are known to 

make extensive and overlapping migrations within the North Pacific Ocean and feed 

opportunistically throughout these migrations (Burgner 1991; Pearcy 1992). Stable 

isotope ratios of consumer tissue (salmon scales) are a direct function of dietary stable
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isotope ratios, with some predictable degree of fractionation due to the metabolic effects 

of respiration (an enrichment of approximately 0-l%c per trophic step) (Minagawa and 

Wada 1984; Peterson and Fry 1987). Variations in dietary stable isotope ratios, in turn, 

ultimately have origins at the primary producer level during carbon fixation (Wainright et 

al. 1993; Schell 2000) and are thus subject to regional and basin-wide physical processes. 

Since only the portion of the scale representing the last year of growth was analyzed for 

the stable isotope ratios representing each year, the resulting isotope values represent an 

assimilation of dietary isotopes over this particular feeding period. Given the period of 

time between the last winter at sea and the time of collection by fisheries,, a substantial 

geographic area can be traversed by migrating sockeye. Considering the large range of 

5 i3C values within the North Pacific Ocean (a range of approximately 2%o over 10° 

Latitude in the open ocean and large differences between coastal and open-ocean 

domains), homogenization of the long-term 5I3C signature among multiple stocks of the 

same species could occur, obscuring minor or regional changes.

Over the approximatly 30-year period there have also been variations in 8 15N values on 

interannual timescales (Figure 3-10). Stock did prove to be a statistically valuable 

predictor of 8 15N values (p<0.0001) indicating some differences between 8 15N values of 

the Chilkoot Lake stock and those of the other three stocks. Multiple comparisons, which 

were used to further analyze these differences, revealed a statistically significant 

difference at the 0.05 level between the Chilkoot Lake stock and all other stocks analyzed
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with differences in mean values ranging from 0.34%c to 0.58 Assuming the recognized 

~3 %cdifference between trophic levels (Minagawa and Wada 1984; Peterson and Fry 

1987; Wada et al. 1987; Welch and Parsons 1993), Chilkoot Lake sockeye have been 

feeding on average, approximately 0.11 to 0.19 trophic levels higher than other sockeye 

stocks studied for this 34-year time period, if the isotopic differences were due solely to 

this effect.

While some statistical differences calculated using the block design approach were 

significant, it is necessary to put the small differences in means (<1 into perspective. 

The biological significance of less than 0.2 trophic level differences among stocks is 

doubtful, given the many uncertainties, and does not indicate any major differences in 

prey items or feeding.
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13Figure 3-9. Mean annual 5 C values from four stocks of mature sockeye salmon.

The highlighted region represents the 1976-77 regime shift (Error bars 

represent annual standard errors.)
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Figure 3-10. Mean annual 8 I5N values from four stocks of mature sockeye salmon.

The highlighted region represents the 1976-77 regime shift. (Error bars 

represent annual standard errors.)



Regime Shift Effects

The total years represented for each regime were weighted unequally due to a lack of 

scales prior to 1966 for the four stocks studied. Thus, sample size was greater in the post- 

1976-77 regime than the pre-1976-77 regime; however, the comparison technique of a 

contrast linear function for factor level means does not require equal sample sizes. Given 

that regimes are conceptualized as periods of time characterized by persistent or stable 

mean environmental conditions separated by abrupt shifts (Beamish et al. 1999) and that 

there have been no similar regime shifts since 1976-77, the calculated factor means for 

each regime should be representative and suitable for comparison. Trenberth and Hurrell

(1994) concluded, based on a North Pacific Index, that there was a shift in conditions in 

1988. Beamish et al. (1999) used an Atmospheric Circulation Index (ACI) in conjunction 

with the Aleutian Low Pressure Index (ALPI) to calculate a Regime Index, which 

suggested that a shift in the Aleutian Low may have occurred in 1988, but that the shift 

was not back to pre-1976 conditions. I tested the influence of an additional climate shift 

in 1988 by again using the contrast linear function for factor level means to include three 

factors where the first factor included all data points from 1966-1975, the second factor 

included all data points from 1977-1987, and the third factor included all data points from 

1989-1999. Again, the results did not reveal consistently significant differences between 

any of these periods. Ideally, longer records of archived scale samples could further test 

these hypotheses; however, this was not possible for these stocks. The 8 13C and 51SN 

values did not change consistently in each of the four stocks studied changed between the 

two climate regimes, but isotopically small shifts that were detected statistically between
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the two regimes for some stocks. This suggests that minor changes in trophic level 

occurred between the two regimes for Alaskan sockeye, assuming these stocks are 

representative.

Overall Trends

To facilitate stock stable isotope ratio comparisons, 8 I5N and 8 ljC data were first 

standardized by subtracting the 30-year mean of each stock from the respective yearly 

stable isotope means and dividing by the 30-year standard deviation of each respective 

stock. This created an isotope anomaly index for each stock. Accumulated sums 

(CuSums) were then calculated for each stock over this period and plotted in Figures 3-11 

and 3-12.

A 8 15N composite anomaly index was calculated using all four stocks, which then 

allowed a calculation of the composite accumulated sums (CuSums) for visual clarity of 

long-term trends (Beamish et al. 1999). A CuSum of the 515N was also calculated 

without the Chilkoot Lake stock because Chilkoot Lake was substantially different from 

the other three stocks in the study. Similarly, the publicly available mean Jan-Feb 

Aleutian Low Pressure data were transformed using this method and were plotted with 

the Composite 5I5N CuSums (without and with Chilkoot Lake stock) in Figures 3-13 and

3-14.



There is a correspondence in long-term trends between the sockeye Composite 8 15N, 

without Chilkoot Lake stock, and the Aleutian Low with a marginally significant 

correlation (R2 = 0.48). Assuming these three stocks are representative of sockeye salmon 

in general, these data suggest some climate influence on 515N variability in sockeye 

salmon over the last 30 years, perhaps originating at the primary producer level. 

Weakened Aleutian Low Pressures, a shallower mixed layer depth (MLD) (Freeland et al. 

1997) and the resulting increased NO3 utilization (Altabet and Francois 1994) since the 

early 1980’s are consistent with the observed increasing 515N trend over this period, and 

point to an underlying mechanism (See also Discussion, Chapter 2). When the Chilkoot 

Lake stock was added into the Composite trend, the correlation decreased substantially 

(R2 = 0.09) suggesting this particular stock has other factors influencing its 515N 

variability. Relationships between physical forcing factors and 8 l5N values in higher 

order consumers such as salmon may be manifested on long timescales when the signal 

to noise ratio among individuals is reduced. A longer-term record would be helpful in 

testing this hypothesis in more detail. The SI3C CuSums show apparent dissimilarity 

among long-term S13C trends between stocks and therefore were not compared to climate 

indices.
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Figure 3-11. Accumulated sums (CuSums) of the 8 13C anomaly (see text) for each 

sockeye salmon stock over the period (1968-1998).
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Figure 3-12. Accumulated sums (CuSums) of the 515N anomaly (see text) for each 

sockeye salmon stock over the period (1968-1998).
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Figure 3-13. Composite sockeye 515N (without Chilkoot Lake stock) and

Aleutian Low Pressure (ALP) trends over the period 1968-1998. The 

dashed line is ALP and the solid line is Composite 515N CuSums.
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Figure 3-14. Composite sockeye 515N (with Chilkoot Lake stock) and Aleutian

Low Pressure (ALP) trends over the period 1968-1998. The Dashed line is 

ALP and the solid line is Composite 5 i5N CuSums.



SUMMARY

1. New but limited 8 13C and 8 15N values from 1998 open ocean prey items and 

sockeye salmon outline possible oceanic feeding relationships. Open ocean 

sockeye appear to feed heavily on squid or on prey items at similar trophic 

levels, while sockeye caught in their natal streams appear to feed on copepods 

along the continental margin during spawning migrations.

2. Latitudinal variations in S13C and 515N values are present on and are equally 

represented in at least three distinct trophic levels (i.e. copepods, squid, and 

sockeye salmon).

3. Stable isotope analysis suggests that immature and mature sockeye salmon as 

well as mature pink and chum salmon maintain unique trophic positions in the 

open ocean environment such that immature sockeye feed at the highest 

trophic level, followed by mature sockeye, chum, and pink salmon feeding at 

the lowest trophic level.

4. Mean stable isotope ratios among four different sockeye stocks from 1966- 

1999 are similar (p<0.05) for 513C and only one stock is different in 5I5N.

5. Consistent and significant shifts for both stable isotope ratios from the pre- 

1976-77 regime to the post-1976-77 regime were not observed suggesting no 

major changes in trophic level or feeding location. The data do not support the 

initial hypothesis of major changes in primary production.
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Preliminary analysis suggests some correlation between 5l2N values of 

sockeye and the Aleutian Low Pressure System. No long-term trend in 5 

evident.
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CHAPTER 4. SUMMARY AND CONCLUSIONS 

Sources o f Error

Errors arising from the mass spectrometer are thought to be very small. Some inherent 

error (about ± 0.1 %cfor 8 13C and ± 0.3 %cfor 5 15N), determined from analysis of 

standards and replicate samples, will always be present and limits interpretation of 

variation. Error arising from different scale samples from the same fish or “within-fish” 

error is also low and within the margin of error from the mass spectrometer (about ± 

0.07%o for 513C and ± 0.1 %cfor 8 15N). “Between-fish” error within a given sub-stock and 

a given time of collection in the coastal fishery is low (about ± 0.11 for 8 I3C and ± 

0.07 %ofor 515N for Becharof Lake stock in 1998; N=20). Variability within sub-stocks 

of large or variable nursery lakes was not assessed in detail. More samples per year of a 

given stock will be necessary to further characterize inherent variability within the natural 

populations of salmon and thus error associated with the current sampling techniques. 

Assuming the samples analyzed are representative of larger populations, these sources of 

error are negligible relative to measurement of the mass spectrometer.

The sole use of stable isotope ratios as a tool for retrospective studies, given the variety 

of interpretations in recent studies, is the most problematic source of error for this thesis 

research. In particular, the degree of certainty regarding the separation of geographic or 

spatial effects versus the metabolic or trophic effects on stable isotope ratios in salmon



tissue over a temporal scale is poor. There are many variables for such a study, which, if 

kept consistent over the entire scale record, could help to reduce annual variability over 

the entire record. Variables such as age, size, time or season of harvest, and actual 

location of collection along the natal streams were in some cases kept consistent in this 

study, but in most cases this was not possible. Ultimately, it is not clear if this would 

offer further interpretive value for separating spatial and trophic effects. Obviously, 

knowing location and time within that location, actual prey consumed over this time 

period, and condition of the fish prior to cessation of feeding would be necessary to allow 

the separation of such effects but this is currently not possible given the funding 

necessary to determine these parameters. Increased knowledge of migration patterns and 

timing, as well as stable isotope data on both spatial and temporal scales for known prey 

items, is needed to better constrain the interpretation of stable isotope values.

Based on the degree of long-term variability among four stocks of salmon in two distinct 

regions over 34 years, sampling from more stocks for a similar future study is not 

necessary; however, more information is needed about the stocks in question 

migration pathways) to improve stock comparisons.

Overall Conclusions

This study set out to test some very complex hypotheses (Chapter 1) regarding salmon 

response to changes in climate. The consistent linear relationship of stable isotope ratios 

of carbon and nitrogen that exists between recent salmon muscle and scale tissues allow
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scales to be used in place of muscle for obtaining isotopic information for retrospective 

studies. No significant isotopic differences among most stocks of sockeye salmon over a 

common time period (1968-1998) were observed. The most significant exception was the 

higher mean S15N values of the Chilkoot Lake stock relative to the other stocks in the 

study. The hypothesis that significant and consistent shifts in stable isotope ratios of 

sockeye salmon would occur from the pre-1976 to the post-1976 climate regimes was not 

corroborated by the results of this study. Only one stock (Upper Station) demonstrated a 

statistically significant shift in stable isotope ratios, though the biological significance of 

the 0.4%o change in 8 I5N is not substantial. Because of the high degree of spatial 

variability (~2 %cover 10° Latitude and >5 %cfrom open-ocean to margin regions) in 

stable isotope ratios of both recent open ocean salmon and in salmon prey items such as 

squid and copepods, such a shift can be interpreted as changes in spatial distribution or 

changes in trophic position.

Contributions and Future Directions

This research has pointed to some advantages and disadvantages of using stable isotope 

ratio analysis in ecosystem research. In retrospect, I regard stable isotope analysis as a 

highly informative tool but additional data are needed to draw more definitive 

conclusions. Specifically, stable isotope ratios have shown an important segregation with 

respect to the five Pacific salmon species but both spatial and trophic effects can explain 

the underlying reasons for this separation. However, data from open-ocean salmon of 

different species collected from the same station suggest some true trophic level
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differences. The finding of an unequivocal linear relationship between muscle and scale 

tissues for five species of salmon is an important contribution, which validates the use of 

scale analysis. This allows further studies from archived scale collections to better 

characterize and understand variations through time. The variations in both the stable 

isotope ratios of carbon and nitrogen in sockeye salmon over the last 34 years have 

contributed another long-term biological data set for the North Pacific Ocean, which may 

lead to a better understanding of the interactions between the biota and the physical 

environment. The similar trends in 5I5N and the Aleutian Low strengthen the current 

observations of close relationships between changes in climate and the biota, in 

particular, fish production. I would like to see stable isotope ratios of Pacific salmon 

scales on longer temporal scales accompanied by a thorough characterization of the 

stock(s) used. Finally, I would like to see stocks that are major contributors to the 

commercial salmon industry (e.g. Bristol Bay region) represented in a similar study to 

relate the variations observed to relevant management issues such as catch, escapement, 

and overall abundance.
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APPENDIX A. SALMON LIFE HISTORIES

Introduction

With few exceptions, North Pacific Salmon ( spp.) are anadromous,

meaning that the adults migrate from a marine environment to a freshwater environment 

to spawn, as well as semelparous, meaning that the adults die following spawning (Groot 

and Margolis, 1991; Pearcy, 1992). There are a total of seven species of North Pacific 

salmon, five of which are commercially exploited by Pacific Rim countries (Beamish & 

Bouillon 1993; Welch and Parsons 1993). These five species: O. tshawytscha (Chinook), 

O. keta (Chum), O. kisutch (Coho), O. gorbuscha (Pink), and O. nerka (Sockeye) have 

been known to undertake extensive and overlapping ocean migrations and maintain 

variable freshwater and marine residence times (Table A l) (Groot and Margolis 1991; 

Pearcy 1992; Welch and Parsons 1993). This section summarizes information about the 

life history of three species (chum, pink and sockeye) particularly with regard to 

information about diet and distribution, which is important to interpret results obtained 

through this research.
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Table A l. Spawning habitat, freshwater, and marine residence times for five species of 

Pacific salmon. (Adapted from Pearcy, 1992).

Species Spawning Habitat Freshwater

Residence

Marine Residence

0. tshawytscha 

(Chinook)

Large & small rivers 0-2 years 0.5-6 years

0. keta 

(Chum)

Coastal streams and 

rivers

Days-weeks 2-4 years

0. kisutch 

(Coho)

Coastal streams, shallow 

tributaries

0-4 years 0.5-1.5 years

0. gorbuscha 

(Pink)

Large & small streams, 

intertidal

Days-weeks 1.6 years

0. nerka 

(Sockeye)

Streams, usually with 

connecting lakes

0-3 years 1-5 years

Chum Salmon (Oncorhynchus keta)

The second most abundant of Oncorhynchus, chum salmon have the widest natural 

geographic distribution of all Pacific salmon species (Salo 1991). They range in Asia 

from Korea to the Arctic coast of Russia and west to the Laptev Sea and in North 

America from Monterey, California to the Arctic coast and east to the Beaufort Sea (Salo 

1991).
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Adult chum salmon spawn in streams and rivers of various sizes after marine residence 

times ranging from 2-7 years (Salo 1991) but are highly dependent on estuarine 

environments early in their life history (Pearcy 1992). Juveniles take advantage of the 

estuarine environments for their high productivity, which allows for rapid growth as well 

as for the protection they offer from marine predators. However, avian predation of 

juveniles in these environments may be significant (Pearcy 1992). Seaward migration 

from estuaries is primarily a function of size, and an inverse relationship exists between 

the size of chum salmon and their estuarine residence time, although particular prey item 

availability may also affect this residence time (Pearcy 1992).

Within these estuaries, juvenile chum are highly selective with regard to prey. In the 

North Pacific, juveniles prefer the epibenthic harpacticoid copepod Harpacticus uniremis 

early in their estuarine residence (Pearcy 1992). Upon entering the open ocean 

environment, their feeding becomes quite variable and stomach contents are known to be 

unique relative to other salmonids (Pearcy 1992). While prey is often well digested and 

largely unidentifiable, major components of their diets including pteropods, chaetognaths, 

euphausiids, copepods, amphipods, larvaceans, salps and fishes have been reported 

(LeBrasseur 1966; Brodeur 1990; Pearcy 1992; Tadokoro et al. 1996). In the Gulf of 

Alaska, Pearcy et al. (1988) reported that the dietary overlap among salmonids was 

lowest between chum and other species and Pearcy (1992) stated that diets of chum were 

different from other maturing salmonids in the open ocean. There has been some
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evidence that suggest chum salmon in the central subarctic Pacific Ocean and Bering Sea 

change major components of their diet from predominantly crustaceans to predominantly 

gelatinous zooplankton during periods of increased abundance of pink salmon (Tadokoro 

et al. 1996). This not only indicates incidence of interspecific competition but may also 

be an explanation of the observations made by Pearcy et al. (1988).

Pink Salmon (Oncorhynchus gorbuscha)

The most abundant Pacific salmon, pink salmon are also the smallest as adults and 

assuming a common marine ancestor, have the simplest life cycle (Heard 1991). With 

only few exceptions, pink salmon maintain a fixed two-year life cycle; therefore, within a 

given river system, even and odd year spawners are reproductively isolated from each 

other and differ genetically (Heard 1991). Their spawning grounds range from central 

California to the Mackenzie River in North America and from North Korea to the Yana 

and Lena rivers in Russia on the Asian continent (Heard 1991).

The dietary habits of pink salmon have been well documented over the years and studies 

have shown them to be opportunistic feeders, which can at times specialize in specific 

prey items (Heard 1991). In North America, pink fry in near shore nursery areas (e.g. 

estuaries) are highly dependent on calanoid, cyclopoid and like chum, epibenthic 

harpacticoid copepods (Heard 1991). Because of the rapid growth of juveniles in the 

marine environment, there is relatively rapid movement to offshore waters where they 

feed primarily on fish, copepods, amphipods, euphausiids, pteropods, and chaetognaths



(Brodeur 1990). Beacham (1986) found that pink salmon in the Strait of Juan de Fuca, 

British Columbia fed predominantly on euphausiids, hyperiid amphipods, and decapod 

larvae. There have been several studies, that have documented open ocean feeding habits 

of pink salmon as well. Brodeur (1990) summarized that pink salmon in offshore waters 

feed primarily on fishes, hyperiid amphipods, euphausiids, and squid, while secondarily 

feeding on pteropods, copepods, and polychaetes. In 1991 and 1992, Tadokoro et al.

(1996) determined the predominant food items for pink salmon on the high seas to be 

crustaceans (euphausiids, copepods, and amphipods) and micronekton (squids and 

fishes).

Sockeye Salmon (Oncorhynchus nerka)

The third most abundant species of Oncorhynchus, sockeye salmon characteristically 

utilize lake-rearing habitats in juvenile stages much more so than the other species of 

Pacific salmon (Burgner 1991). While the requirement of a lake environment for rearing 

juveniles restricts the availability of spawning habitat, the high abundance produced and 

the more precise homing abilities of sockeye salmon have lead to the overall success of 

the species (Burgner 1991).

In North America, spawning populations of sockeye salmon range from the Sacramento 

River in California north to Kotzebue Sound in Alaska and west to streams located on 

Attu Island in the Aleutian Archipelago (Burgner 1991). Spawning populations in the 

Western North Pacific range from the Anadyr River in northeastern Russia, south to the
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Kamchatka Peninsula as well as some streams on the Kuril Islands, west to the Okhota 

and Kukhtuy rivers of the northwest coast of the Sea of Okhotsk (Burgner 1991). 

Commercially, the most important production areas of sockeye salmon include the Bristol 

Bay watershed in Alaska and the Frazer River, Skeena River, Nass River, Somass River, 

and Smith inlet area in British Columbia (Burgner 1991).

Because sockeye salmon remain in nursery lake environments for as much as three 

growing seasons (Burgner 1991; Pearcy 1992), early freshwater juvenile stages consume 

many types of freshwater prey such as dipteran larvae, pupae, and adults, cyclopoid 

copepods, and cladocerans in the littoral zone and entomostracan zooplankton in the 

limnetic zone (Burgner 1991). Upon entering the coastal region, juvenile sockeye take 

advantage of a wide variety of prey items including euphausiids, hyperiid amphipods, 

copepods, pteropods, larval and juvenile fishes, squid and decapod larvae (Brodeur 

1990). In the marine waters of southeastern Alaska and northern British Columbia, 

Landingham et al. (1998) found that, in 1983 and 1984, fish and hyperiid amphipods 

were important prey types. Studies performed in 1981 and 1982 off the coast of Oregon 

and Washington by Brodeur and Pearcy (1990) also show fish prey as well as euphausiids 

to be important prey items. It is generally thought that sockeye salmon are not selective 

predators in the open ocean and are primarily opportunistic feeders; however, there are 

few studies that detail the prey selectivity of sockeye in these regions (Brodeur 1990). 

Feeding in the open ocean depends heavily on the availability and abundance of prey 

items (Burgner 1991), but a summary of prey items is as follows: euphausiids, hyperiid

101



amphipods, small fish (including myctophids and gadids), squid, copepods, pteropods, 

crustacean larvae, and pelagic polychaetes (Brodeur 1990; Burgner 1991).
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APPENDIX B. DATA

Table B l. Sockeye (adults) muscle tissue mean stable isotope ratios, standard errors, 

and number analyzed from 13 different stocks. (8I3C ’) Indicates lipid- 

corrected carbon values (* = Data provided by Dr. Bruce P. Finney).

System (Year) 813C % c S13C’ % C SE 51SN % c SE N

Hugh Smith (1992) * -21.88 -21.29 0.06 11.52 0.22 3

Redoubt(1996)* -20.37 -21.33 N/A 11.46 N/A 1

Benzemen (1996) * -20.88 -21.46 N/A 11.36 N/A 1

Chilkoot (1990)* -20.43 -21.04 N/A 11.13 N/A 1

Speel (1992) * -21.55 -21.50 0.21 11.38 0.35 3

Chilkat (1990) * -23.00 -21.69 0.87 11.59 0.44 3

Crescent (1991) * -20.39 -21.13 0.36 10.39 0.28 3

Eva (1995)* -20.86 -21.73 0.17 11.62 0.59 3

Sweetheart (1996) -20.76 -21.10 0.19 11.28 0.25 4

Becharof (1997) -20.53 -21.29 0.13 10.97 0.14 10

Becharof (1998) -20.70 -21.35 0.09 11.25 0.11 20

Chilkoot (1997) * -20.19 -21.22 0.14 11.02 0.32 3

Auke (1997) * -20.95 -21.99 0.16 10.72 0.14 3

Chilkat (1997) * -20.92 -21.89 0.05 10.47 0.20 3

Karluk (1998) -20.40 -21.21 0.15 10.92 0.17 5

Iliamna (1997) -20.54 -20.68 0.19 11.37 0.22 10
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Table B2. Sockeye (smolts) muscle tissue mean stable isotope ratios, standard errors, 

and number analyzed from 5 different stocks. (§13C’) Indicates lipid- 

corrected carbon values (* = Data provided by Dr. Bruce P. Finney).

System (Year) S13C % o 813C’ % o SE 81SN % c SE N

Spiridon (1997) * -28.87 -29.10 0.01 10.83 0.04 2

L aura(1997)* -24.09 -25.06 3.48 12.08 1.69 2

Karluk (1997)* -24.92 -25.69 N/A 16.13 N/A 1

Coghill (1997) * -34.77 -34.37 0.46 9.44 0.24 4

Wenatchee (1998) -30.10 -29.75 0.29 8.66 0.14 5

Table B3. Adult Pink, Chinook, Chum, and Coho muscle tissue mean stable isotope

ratios, standard errors, and number analyzed from 3 different stocks. (S13C’) 

Indicates lipid-corrected carbon values.

Species System (Year) 513C % o S13C’ % c SE 81SN % o SE N

Pink DIPAC (1997) -21.01 -21.88 0.13 10.80 0.10 15

Pink Chilkat (1997) -20.87 -21.89 0.07 10.81 0.16 8

Chinook DIPAC (1997) -17.19 -17.85 0.17 15.23 0.09 15

Chinook Big Boulder (1999) -18.11 -19.38 0.44 14.62 0.34 5

Chum DIPAC (1997) -20.46 -21.45 0.12 10.40 0.12 15

Chum Chilkat (1997) -20.03 -21.02 0.30 11.92 0.45 10

Coho Chilkat (1997) -19.08 -20.02 0.11 13.81 0.14 12
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Table B4. Sockeye (adults) scale tissue mean stable isotope ratios, standard errors, and 

number analyzed from 12 different stocks (* = Data provided by Dr.

Bruce P. Finney).

System (Year) 513C %o SE 81SN % c SE N

Hugh Smith (1992) * -17.50 0.16 11.61 0.23 3

R edoubt(1996)* -18.23 N/A 9.85 N/A 1

Benzemen (1996) * -18.13 N/A 11.37 N/A 1

Chilkoot (1990) * -17.79 N/A 11.24 N/A 1

Speel(1992)* -17.74 0.15 12.17 0.38 3

Chilkat (1990) * -18.29 0.37 11.60 0.51 3

Crescent (1991) * -17.46 0.21 10.60 0.21 3

Eva (1995)* -17.96 0.23 11.50 0.31 3

Sweetheart (1996) -17.52 0.41 10.45 0.12 4

Becharof(1997) -17.52 0.13 10.87 0.09 10

Becharof (1998) -17.40 0.07 11.23 0.11 20

Chilkoot (1997) * -17.65 0.22 11.66 0.33 3

Auke (1997) * -18.40 0.58 10.51 0.25 3

Chilkat (1997) * -18.57 0.37 10.64 0.17 3

Karluk (1998) -17.54 0.14 10.27 0.22 5
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Table B5. Sockeye (smolts) scale tissue mean stable isotope ratios, standard errors, and

number analyzed from 5 different stocks.

System (Year) 513C % o SE 51SN % c SE N

Spiridon -25.16 0.32 10.24 0.26 2

Laura -20.10 4.67 12.93 2.02 2

Karluk -21.23 N/A 16.16 N/A 1

Coghill -30.60 0.56 7.54 0.31 4

Wenatchee (1998) -26.41 0.30 7.20 0.21 5

Table B6. Adult Pink, Chinook, Chum, and Coho scale tissue mean stable isotope ratios, 

standard errors, and number analyzed from 3 different stocks.

Species System 813C %o SE . 51SN % o SE N

Pink DIPAC (1997) -18.42 0.12 11.24 0.09 15

Pink Chilkat (1997) -18.87 0.25 10.69 0.29 8

Chinook DIPAC (1997) -14.17 0.17 15.34 0.12 15

Chinook Big Boulder (1999) -15.07 0.42 14.51 0.30 5

Chum DEPAC (1997) -17.45 0.25 10.95 0.11 15

Chum Chilkat (1997) -17.20 0.25 11.83 0.35 10

Coho Chilkat (1997) -16.37 0.15 13.38 0.17 12
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Table B7. Chilkat Lake archived sockeye scale mean stable isotope ratios, standard

errors, and number of scales analyzed (1968-1998).

Year 513C %c SE 51SN %o SE N

1968 -17.23 0.13 10.00 0.12 4

1969 -17.72 0.12 10.17 0.19 2

1970 N/A N/A N/A N/A 0

1971 -18.41 0.33 9.57 0.30 4

1972 -17.80 0.02 9.80 0.33 2

1973 -17.91 0.14 9.87 0.26 2

1974 -17.64 0.29 10.40 0.14 2

1975 -17.42 0.23 10.33 0.15 2

1976 -17.72 0.48 8.87 0.18 2

1977 N/A N/A N/A N/A 0

1978 -17.32 0.29 9.42 0.71 3

1979 -16.46 0.10 9.91 0.02 2

1980 -17.61 0.17 9.90 0.09 5

1981 -17.08 0.29 9.72 0.30 4

1982 -17.86 0.20 9.09 0.21 4

1983 -17.74 0.18 9.45 0.36 4

1984 -16.98 0.13 10.45 0.33 5

1985 -17.99 0.10 8.43 0.53 2

1986 -17.33 0.16 9.38 0.49 2

1987 -17.88 0.05 9.58 0.11 2

1988 -17.30 0.18 9.85 0.23 5

1989 -17.89 0.22 8.61 0.79 3
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Table B7. Continued.

Year 513C % c SE 815N % c SE N

1990 -17.38 0.36 9.77 0.78 2

1991 -17.71 0.27 9.21 0.30 5

1992 -17.46 0.34 9.70 0.38 5

1993 -17.46 0.34 10.29 0.18 2

1994 -17.72 0.00 9.86 0.00 1

1995 -18.62 0.18 9.83 0.42 5

1996 -17.42 0.12 10.04 0.16 5

1997 -18.57 0.37 10.64 0.17 3

1998 -17.32 0.23 9.46 0.37 3

Table B8. Chilkoot Lake archived sockeye scale mean stable isotope ratios, standard 

errors, and number of scales analyzed (1968-1998).

Year 513C %c SE 51SN %c SE N

1968 -17.23 0.10 10.23 0.21 5

1969 -17.50 0.16 10.38 0.56 2

1970 N/A N/A N/A N/A 0

1971 -18.04 0.33 9.81 0.60 2

1972 -17.83 0.17 9.73 0.16 5

1973 -17.83 0.28 9.92 0.32 2

1974 -17.78 0.33 9.93 0.34 2

1975 N/A N/A N/A N/A 0

1976 -18.13 0.14 10.04 0.11 5

1977 -18.08 0.04 9.66 0.09 2
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Table B8. Continued.

Year 513C % c SE 815N % c SE N

1978 -18.12 0.15 9.96 0.26 2

1979 -17.65 0.18 10.67 0.19 2

1980 -17.86 0.13 9.51 0.14 5

1981 -17.41 0.07 10.22 0.14 2

1982 -17.22 0.23 10.22 0.26 2

1983 -17.43 0.25 10.32 0.36 2

1984 -17.55 0.18 10.33 0.26 5

1985 -17.59 0.08 9.46 0.19 2

1986 -17.71 0.08 10.56 0.22 2

1987 -18.02 0.23 9.95 0.05 2

1988 -17.97 0.31 10.25 0.42 5

1989 -17.46 0.23 10.28 0.29 5

1990 -17.61 0.20 10.28 0.28 5

1991 -17.52 0.04 10.10 0.08 2

1992 -17.26 0.14 11.24 0.24 5

1993 -16.99 0.08 11.11 0.46 2

1994 -17.15 0.25 11.13 0.67 2

1995 -18.06 0.22 10.17 0.41 6

1996 -17.72 0.25 10.75 0.38 5

1997 -17.65 0.22 11.66 0.33 3

1998 -17.15 0.21 10.51 0.17 4
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Table B9. Red Lake archived sockeye scale mean stable isotope ratios, standard errors,

and number of scales analyzed (1966-1999).

Year S13C %o SE 815N % c SE N

1966 -17.78 0.19 9.30 0.36 5

1967 -17.43 0.07 10.31 0.26 5

1968 N/A N/A N/A N/A 0

1969 -17.41 0.02 10.89 0.50 2

1970 -18.15 0.13 9.69 0.46 5

1971 -18.12 0.15 9.73 0.45 2

1972 -17.83 0.33 10.71 0.28 2

1973 -17.41 0.23 10.33 0.23 4

1974 -17.08 0.21 10.33 0.49 4

1975 -17.21 0.06 9.38 0.95 2

1976 -17.37 0.08 9.86 1.54 2

1977 -18.05 0.37 9.00 0.21 2

1978 -17.92 0.28 8.54 0.55 5

1979 -17.47 0.08 9.83 0.22 2

1980 -16.98 0.23 9.65 0.10 5

1981 -16.49 0.39 9.35 1.16 2

1982 -17.66 0.39 8.29 0.21 5

1983 -17.19 0.29 10.41 0.43 4

1984 -17.16 0.20 8.81 1.64 2

1985 -17.01 0.17 9.49 0.10 2

1986 -16.70 0.30 10.32 0.65 5

1987 -18.21 0.03 9.20 0.13 2

1988 -17.71 0.12 10.51 0.05 2
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Table B9. Continued.

Year 813C % c SE S15N % c SE N

1989 -18.33 0.11 10.30 0.01 2

1990 -17.73 0.36 10.78 0.70 5

1991 -17.16 0.12 10.96 0.43 2

1992 -17.07 0.02 11.62 0.15 2

1993 -18.46 0.28 9.96 0.46 2

1994 -17.93 0.51 10.39 0.35 5

1995 -18.08 0.28 10.50 0.32 5

1996 -17.15 0.28 10.50 0.17 5

1997 -17.18 0.21 9.91 0.35 2

1998 -17.31 0.43 10.07 0.50 2

1999 -17.48 0.16 10.27 0.31 2

Table BIO. Upper Station archived sockeye scale mean stable isotope ratios, standard 

errors, and number of scales analyzed (1967-1999).

Year 813C %o SE SlsN %C SE N

1967 -17.36 0.18 10.52 0.23 4

1968 -17.02 0.18 10.38 0.06 2

1969 N/A N/A N/A N/A 0

1970 -17.16 0.13 10.48 0.20 4

1971 -17.13 0.00 10.00 0.00 1

1972 -17.12 0.04 10.00 0.16 2

1973 -17.12 0.18 10.44 0.24 2

1974 -17.60 0.07 9.86 0.69 2



112

Table BIO. Continued.

Year S13C %o SE 8,5N %o SE N

1975 -17.23 0.07 10.06 0.25 2

1976 -17.72 0.31 9.51 0.09 2

1977 -18.12 0.24 8.08 0.18 2

1978 -17.48 0.05 9.56 0.37 4

1979 -17.40 0.20 9.49 0.22 2

1980 -17.07 0.17 9.93 0.22 2

1981 -17.28 0.03 9.51 0.08 2

1982 -17.76 0.06 9.01 0.44 2

1983 -17.73 0.12 9.96 0.31 4

1984 -17.81 0.05 9.97 0.29 2

1985 N/A N/A N/A N/A 0

1986 -17.53 0.18 10.05 0.36 4

1987 -17.50 0.11 10.63 0.39 4

1988 -17.43 0.05 9.79 0.88 2

1989 -18.05 0.02 9.33 0.01 2

1990 -17.78 0.09 9.60 0.62 2

1991 -17.81 0.16 9.78 0.59 2

1992 -16.92 0.07 10.43 0.36 2

1993 -17.79 0.03 10.23 0.15 2

1994 -17.06 0.01 10.68 0.19 2

1995 -18.30 0.21 9.98 0.18 4

1996 -17.53 0.11 10.36 0.50 2

1997 -17.28 0.21 10.20 0.03 2

1998 -17.80 0.04 8.54 0.36 2

1999 -17.91 0.04 10.11 0.41 2
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Table B l l .  1999 Open ocean sockeye pink and chum maturity (M = Mature; I =

Immature), sex, Latitude and Longitude of collection, muscle stable isotope 

ratios, and number collected. (S13C ’) indicates lipid corrected carbon values.

Species M/I Sex Latitude
m

Longitude
(°W)

813C 513C' 81SN N

Sockeye I F 47.00 165.00 -19.80 -20.91 11.80 6

Sockeye I F 48.03 145.00 -20.56 -21.69 11.45 6

Sockeye M M 49.72 145.00 -21.27 -21.75 11.56 4

Sockeye M F 55.00 145.00 -22.34 -22.60 11.31 4

Sockeye M M 58.50 145.00 -22.24 -22.16 10.30 4

Pink M M 46.40 165.00 -21.60 -22.79 9.18 4

Pink M F 45.02 145.00 -21.78 -22.81 9.76 4

Pink M N/A 49.72 145.00 -22.76 -23.60 8.78 3

Chum M M 49.05 165.00 -21.97 -22.66 8.81 4

Chum M M 49.72 145.00 -21.93 -22.88 9.42 5

Chum M F 55.00 145.00 -22.49 -23.06 10.85 4

Chum M F 58.50 145.00 -21.19 -21.86 10.91 4
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Table B12. 1998 Open ocean and coastal salmonid prey items -  Latitude and Longitude 

of collection and stable isotope ratios. (* Samples provided by Auke Bay 

Laboratory, Juneau, Alaska; ** Samples provided by University of 

Washington.)

Prey Type
Latitude

(°N)
Longitude

(°W) S13C 815N

Polychaetes ** 55.00 145.00 -25.45 9.40

Ctenophores ** 55.00 145.00 -19.40 11.72

Euphausiids ** 55.00 145.00 -25.96 5.03

Megalope Larvae 1 56.75 154.00 -19.82 9.87

Megalope Larvae 2 56.75 154.00 -20.01 10.40

Larval Fish ** 52.00 145.00 -25.55 6.28

Med. Squid 1 ** 53.00 145.00 -23.45 8.50

Med. Squid 2 ** 51.00 145.00 -23.60 8.15

Med. Squid 3 ** 50.00 145.00 -25.42 7.68

Med. Squid 4 ** 45.50 165.00 -24.31 5.21

Med. Squid 5 ** 54.00 145.00 -24.38 7.73

Med. Squid 6 ** 49.00 145.00 -23.01 9.16

Copepods * 59.75 144.82 -24.27 7.59

Copepods * 59.22 144.80 -27.15 4.76

Copepods * 55.05 145.02 -28.16 5.43

Copepods * 52.98 144.98 -26.94 5.50

Copepods * 51.95 145.02 -26.55 5.29

Copepods * 50.97 145.02 -28.52 6.47

Copepods * 48.95 145.00 -27.90 5.78

Copepods * 44.98 145.00 -28.37 7.45

Copepods * 42.95 145.00 -26.16 6.16
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Table B13. 1998 Coastal copepod (1-1.7 mm size fraction) from two transects, Latitude 

and Longitude of collection, and stable isotope ratios. (Samples provided by 

Pacific Biological Station, Nanaimo, British Columbia.)

Station ID Transect/Region Latitude
m

Longitude
(°W)

813C 81SN

HS981601 Triangle Island 51.247 128.217 -15.02 13.34

HS981602 Triangle Island 51.195 128.337 -18.04 10.00

HS981604 Triangle Island 51.002 128.752 -18.97 9.45

HS981608 Triangle Island 50.560 129.743 -22.26 10.22

HS981613 Triangle Island 50.910 128.982 -18.26 8.96

HS981614 Triangle Island 51.018 128.718 -19.94 10.04

HS981619 Dixon Entrance 54.582 132.325 -18.98 9.96

HS981620 Dixon Entrance 54.530 132.530 -19.01 8.88

HS981621 Dixon Entrance 54.480 132.747 -18.51 9.95

HS981622 Dixon Entrance 54.427 132.972 -19.87 9.78

HS981623 Dixon Entrance 54.367 133.190 -19.95 9.09

HS981624 Dixon Entrance 54.343 133.297 -21.05 8.44

HS981626 Dixon Entrance 54.210 133.827 -22.04 10.78

HS981627 Dixon Entrance 54.155 134.062 -22.38 10.10

HS981629 Dixon Entrance 54.053 134.468 -20.68 9.77

HS981630 Dixon Entrance 53.995 134.692 -22.89 8.51


